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Fluorescence has proven to be a robust and powerful method of analysis in
numerous fields: forensics, pharmaceutics, geology, food science, and environmental
sciences have all developed a large collection of fluorescence instruments and methods to
overcome application-specific challenges. Biological applications saw the same
development of a fluorescence toolkit with methods capable of multiplexing, in vivo
sensing, or surpassing the diffraction limit. Using these new technologies, a new biomarker
– microRNA (miRNA) – emerged as playing an important role in post-transcriptional gene
regulation. Since then, miRNA have closely studied as early indicators of cellular diseases
such as cancer. However, the several miRNA will need to be monitored if any useful
information about how gene expression and cancer progression are related. This research
is two-fold: 1) characterize the signal generation/quenching by a biosensor developed in
the Burrows group, and 2) reduce spectral cross-talk to increase the number of available
colors for analysis.
The development of sensitive, selective, and robust miRNA biosensors is a
principle objective of the Burrows group. Our current understanding is that over- or underexpression of certain miRNA are indicative of the current state of a cell’s gene expression.
However, most in situ miRNA detection methods are complicated by false signals arising
from sensor degradation, off-analyte binding, and poor spatiotemporal resolution. The
Burrows group initially developed a ‘Reporter+Probe Complex’ (R+P) miRNA biosensor

that reduced degradation and off analyte binding. Chapter 2. of this dissertation focuses on
the differences in analytical figures of merit when the using this biosensor in two opposing
detection mechanisms: Signal generation vs. signal quenching. It was found that signal
generation is slightly more sensitive, but the (R+P) biosensor (a signal quencher) had less
off-analyte binding than the current ‘standard’ signal generation method, molecular
beacons (MB). Furthermore, the comparison of theoretical thermodynamic (∆G) and
equilibrium (K) values to experimental limits of detection (LOD) showed that the LOD
could be further lowered by lowering the initial reporter and probe concentrations.
However, there is a lower limit, as too dilute will eventually reduce the binding and total
signal generated.
Chapters 3. and 4. will discuss the development of an in silico prediction model and
in situ experimental system that work together to reduce spectral cross-talk from samples
with several co-localized fluorophores (dyes). CLEER (CoLocalized Excitation Emission
Resolution) uses a custom MATLAB script to compare excitation-emission matrices
(EEM) of dyes and generate a set of Dye-Specific Excitation Emission Coordinates
(DyeSEECs). These coordinates are dye-specific excitation and emission wavelengths that
are tuned in situ with a tunable ultra-fast laser and novel continuous variable filters (CVF).
This research will show how some DyeSEECs are very effective at reducing cross-talk,
while other DyeSEECs fail at this goal. The conclusion of this work will demonstrate how
the fluorescent peak shape and emission filter cut-off profile play an important role in peak
position accuracy, and how that eventually affects the spectral cross-talk.
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Chapter 1.
1

Introduction
Current Fluorescence Technology and Limitations to Biological Applications
Significant technological advancements in the 20th century produced an

extraordinary toolkit of laser-induced fluorescence instruments and methods1–7. A
combination of novel lasers, unique spectrometer configurations, highly-responsive
detectors, and advanced computational methods frequently found applications in food
science8–11, petroleum12, and pharmaceutical fields13–15. However; fluorescence
applications in biological fields such as biosensor development remains especially
challenging due to the inherently complex and dynamic nature of the samples. Matrix
effects such as turbidity, autofluorescence, sensor degradation, and analyte heterogeneity
are just a few of the limitations that must be overcome2,16,17. Analytical figures of merit
such as limit of detection, sensitivity, dynamic range, selectivity, and reproducibility are
evaluated to determine if a biosensor is suitable for the desired experiment.
A common concern from a signal collection standpoint is the limit of detection,
which must be in the femtomolar (fM) to micromolar (µM) range to match the
physiological range of most biomolecules of interest such as nucleic acids, proteins, antibodies, etc. A common strategy to improve biosensor performance is to increase the signal
of interest while reducing background and other interfering signals. This is analogous to
how image quality improves with increasing contrast; increasing the signal to background
ratio (S/B) and signal to noise ratio (S/N) is a critical goal of biosensor performance. The
prevalent theme throughout this dissertation will be improving the signal from analytes
of interest while removing interfering or non-specific (background) signals. The first
publication of the Burrows group detailed the development of a miRNA biosensor (Section
1.1.4 citation) which demonstrated improved selectivity for the target molecule, reducing
non-specific signals. A variation of this biosensor was examined in Chapter 2; the
hypothesis was that there is a small difference between signal-on and signal-off biosensors,
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in terms of analytical figures of merit. This was in response to the question often asked,
‘Which is better: signal generation or signal quenching?’.
The next approach to improving the performance of our biosensor was to reduce
spectral-cross-talk, a phenomenon where the emission profile of one dye overlaps with the
emission profile of another dye. Cross-talk makes is difficult to accurately identify and
quantify two or more colocalized fluorophores, limiting most fluorescence systems to 2-4
color channels18. Section 1.3 discusses an assortment of innovative methods for reducing
cross-talk. Inspired by several of these techniques, a second hypothesis was developed: In
silico prediction of excitation-emission coordinates for several colors, could reduce
spectral cross-talk compared to conventional technology when combined with a novel filter
technology (linear variable filters). Chapter 3 discusses the proof-of-concept work that
demonstrated that our experimental approach could reduce cross-talk, while chapter 4
focuses on the incorporation of the in silico prediction model with the experimental system,
and new challenges that arise from the use of new technologies from original equipment
manufacturers (OEM).
1.1.1

Relevance of miRNA as potential Analytical Biomarkers
The spatial and temporal dynamics of cells are of interest of researchers wanting to

characterize cellular disease progression19. Cells use a diverse network of signaling
molecules, with high spatial and temporal specificity, to sense and react to the environment
around them. We have learned that the initial stages of cellular diseases such as cancer are
related to the over- or under-expression of specific genes. These pathways have been
designated as the ‘Hallmarks of Cancer’ for their correlation to the wide variety of cellular
diseases, colloquially known as cancer20–22.
A noteworthy example is the classification of aggressive breast cancers based on
the expression estrogen receptor (ER), HER2 oncogene, and progesterone receptor
(PR)22,23. Over expression of these pathways enables cells to evade programmed death
(apoptosis), resulting in unregulated growth and replication (tumorigenesis). Breast
carcinomas positive for these factors are typically responsive to chemotherapy24,25.
However, carcinomas that do not express these factors, loosely termed ‘triple-negative’ are
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highly aggressive and lethal. Earlier detection and treatment has much better outcomes;
there is a need for biomolecules that are factors in triple-negative carcinomas, allowing for
earlier detection and treatment.
We have learned that microRNA (miRNA) are signaling molecules implicated in
gene regulation, highly-conserved across mammalian species (citation). miRNA are small
(~22 nucleotides) non-coding molecules that regulate gene expression by either blocking
ribosome activity or initiating mRNA degradation26. Many hundreds of miRNA have been
identified in mammalian cancer cells, making them ideal molecules to investigate the
signaling mechanisms involved in cellular disease (citation). However, the spatial and
temporal differences in miRNA expression complicates efforts to understand disease
progression; furthermore, physiological concentrations of miRNA range from femto- to
nanomolar, and several miRNA need to be monitored simultaneously19. To better
understand cellular biology and disease progression, there is a need for biosensors that can
selectively detect small changes in miRNA expression levels over minutes/hours with little
degradation and interference from background signals.
1.1.2

Two-Photon Excitation Advantages for Biology
Maria Goeppert-Mayer first predicted two-photon excitation (TPE) in her doctoral

dissertation during the development of quantum mechanics in the 1930’s; however, it could
not be observed experimentally until after the development of lasers in the 1960s. Figure
1.1 show an energy diagram for single-photon and two-photon excitation fluorescence
processes.
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Figure 1.1 Two-Photon Excitation Advantages. A) Energy diagram showing singlephoton and two-photon excitation, and a cross-section of a focused beam profile
from an objective. B) Real image2 demonstrating the several advantages of the small
focal volume from two-photon excitation.
Two-photon excitation is a low-probability event (excitation cross-sections ~1050

cm4•s) because two photons must interact with the dye molecule at during the lifetime of

the excited state (~1-10ns)1. Focusing a femtosecond-pulsed laser beam increases the
power density in the focal volume to a point where two-photon excitation becomes
possible; therefore, dyes that are not within the focal volume do not undergo two-photon
excitation. The background signal from out-of-focus excitation is greatly reduced,
increasing the desired signal and improving the S/B ratio.27
The use of NIR photons for two-photon excitation reduces scattering of excitation
light, which is necessary for biological samples where scattering is unavoidable. Many
biomolecules are roughly the same size as the wavelengths in the visible spectrum and
cause Mie scattering, which has an approximately linear inverse relationship to
wavelength. Additionally, Rayleigh scattering (molecules smaller than the wavelength) has
a λ-4 dependence; therefore, near infrared (NIR) photons used in two-photon excitation will
have much lower Mie and Rayleigh scatter contributions than the ultraviolet (UV) and
visible photons from typical lamps and continuous-wave laser sources. Deeper tissue
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penetration is possible since more photons can make it to the focal plane without being
scattered away, increasing the S/B ratio. It seems that the only downside of two-photon
excitation is the cost of the ultra-fast laser system. As super-continuum fiber lasers with
pulsed outputs are commercialized, the initial cost of two-photon excitation sources is
likely to drop.
1.1.3

Multi-Photon Microscopy
Denk and Watt developed multi-photon microscopy (MPM) in 1990, enabling

biological spectroscopy and imaging using two-photon excitation to avoid interference
from scattering, out-of-focus emission, and photo-damage28. MPM is a powerful
alternative to confocal microscopes for optical sectioning (constructing a threedimensional fluorescence image) because there is no need for a pinhole to reject out-offocus signal. The use of a pinhole increases z-axis resolution by rejecting out-of-focus light,
but this also decreases overall signal intensity and requires a descanned configuration,
where additional signal losses occur passing the emission back through the scanning
mirrors 29. In contrast, MPM typically uses PMTs in a non-descanned configuration that
places the PMT next to the objective to increase sensitivity compared to confocal
microscopy. (citation, Nikon microscopy). In the past, multi-photon scanning microscopes
were simple and custom-built; now, incredibly advanced MPM systems are commercially
available and being utilized in both private and shared-instrument labs. The ability to create
diffraction-limited, three-dimensional fluorescent images of cells and tissues invigorated
the field of biosensor design and development. Researchers could not only quantify the
expression of biomarkers, but localize their expression within the cell, a crucial piece of
information for understanding cellular biology. Inspired by previous sensor designs, the
Burrows group set out to design a miRNA biosensor that mitigated false signals from
sample degradation and non-specific binding, increasing the signal-to-background ratio.
Furthermore; we aimed to increase signal generation or quenching abilities, further
enhancing the signal to background ratio.
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1.1.4

The Reporter-Probe miRNA Biosensor
The first innovation of the Burrows lab was the Reporter-Probe complex miRNA

biosensor (R+P, Larkey et al.30). The biosensor consists a single DNA strand, called the
reporter, with a fluorescent dye on each end. If the dyes are in proximity (15-60 Å, citation),
they can undergo a process known as Förster Resonance Energy Transfer (FRET). In
principle, one dye absorbs a photon and non-radiatively transfers energy to the other dye,
which emits at different wavelengths. The transfer rate (kT) is highly dependent on distance
(r) between dyes and the signal transduction mechanism relies on this for sensing the target
miRNA.31
When the dyes are in proximity, the dyes FRET quench; separated they both
fluoresce (Figure 1.2). Another version of this biosensor had Cy5 and Iowa Black RQ, the
latter being a dye designed to quench the red fluorescence from Cy5. The incorporation of
this quencher allowed the biosensor to work in either a signal generation or a signal
quenching mechanism; a focus of the work in Chapter 2.

Figure 1.2 Reporter-Probe Biosensor (adapted from Larkey et al. Anal. Chem.,
2014)
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The target sensing mechanism relies on changes in Gibbs Energy and strand
melting temperature (∆∆G And ∆Tm, respectively) to shift the appropriate association or
dissociation equilibria. The reporter is partially complementary to a probe strand of DNA;
in the absence of probe, the reporter folds into a hairpin, bringing the two dyes within
proximity of each other (Figure 1.2). Probe molecules will spontaneously hybridize with
the reporter, opening the hairpin and moving the dyes away from each other. The biosensor
is now ready to detect the miRNA target. Since the probe is designed to be fully
complementary to the target, the probe and target will hybridize while the reporter folds
back into a hairpin, bringing the dyes near each other again.
The successive generations Reporter-Probe biosensors have overcome several
previous limitations to miRNA detection such as selectivity and resistance to sensor
degradation, while maintaining a pM to nM LOD. Our group continues to apply our
knowledge of biosensor design to develop multicolor logic sensors, capable of detecting
specific combinations of target miRNAs. As more miRNA are implicated in cellular
disease mechanisms, the need for multiple biosensors in situ will require the use of several
dyes/colors, leading to the multicolor problem.
The Multicolor Problem: Spectral Cross-talk
One of the great advantages of fluorescence is the molecular specificity; Dye-labeled
molecules emit a distinct spectral profile (excitation and emission) that is specific to dye
used. However, the spectral profiles of most fluorophores are very broad (~100 nm), and
the need for more than 2-4 dyes results in overlap of the individual spectra from each
molecule. This overlap – called spectral cross-talk (Figure 1.2 A) – makes it difficult to
identify and quantify different dye molecules that are colocalized in the sample. Traditional
methods for reducing cross-talk include the use of monochrometers or filters (Figure 1.2
A), but even these are not capable of completely removing spectral cross-talk (Figure 1.2
B) and their performance drops outside of narrow spectral ranges. Table 1.1 C compares
common technologies available for color tuning; linear variable filters are relatively new
but are able to overcome some of the downfalls of traditional technologies.
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Figure 1.3 Cross-Talk Demonstration and Filter Comparison. A) Overlap of broad
emission profiles produces cross-talk. B) Cross-talk demonstrated in-situ with our
two-photon scanning microscope.
Commercial and academic labs have both developed instruments that take
advantage of filter wheels and interchangeable filter cubes to obtain multicolor
spectroscopy and imaging abilities 6,32–36. However, the dyes and filter combinations must
be carefully chosen so that cross-talk is minimized, and often compromises are made (e.g.
using a filter cube with dyes it wasn’t designed to ideally resolve). Additionally, as new
dyes are continually being synthesized, developing a specific filter for each dye becomes
unrealistic. The desire to have the best spectral resolution pushed researchers to develop
advanced techniques that demonstrate multicolor imaging. The resulting fluorescence
multicolor toolkit is full of different techniques for increasing spectral resolution, each with
their own advantages and limitations.
Table 1.1 Emission Filtering Technology Comparison
LVF
AOTF/LCTF
Uniform light throughput
Yes
No

Prism/Grating Fixed Filters
No
Yes

Tunable λmax

Yes

Yes

Yes

No

Tunable FWHM
Under $2000 to filter 6
dyes

Yes

No

No

No

Yes

No

No

No
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The Fluorescence Toolkit for Multicolor Analysis
Table 1.2 Fluorescence Analysis Toolkit
Application

Method/Instrument

Limitations

Routine quantitation,

Fluorimetry, PCR, Flow

Single-color analysis or

multicomponent analysis

Cytometry, FRET, MEF,

spectrally resolved dyes

…

Conventional (single-

Inverted or Confocal

Single-color analysis or

photon) imaging

Scanning Microscope

spectrally resolved dyes

Super-resolution

PALM, STORM, SI,

Prohibitive cost

microscopy

STED, TSUNAMI,
SCAPE, …

Two-Photon imaging

Scanning microscopes

Single-color analysis or
spectrally resolved dyes

Prohibitive cost
Single-color analysis or
spectrally resolved dyes

Hyperspectral Imaging

Pushbroom, point-scan,
snapshot 37

Prohibitive cost
Advanced computations

Fluorescence in situ hybridization (FISH) became a gold-standard for MPM in
biology due to the wide range of biomarkers that could be conjugated with fluorescent dyes
and imaged in cells; however, multicolor-FISH results are commonly plagued with crosstalk from overlapping spectral profiles (Figure 1.4 A) and tedious sample preparation and
rinsing protocols.
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Fluorescence lifetime imaging microscopy (FLIM) and time-correlated singlephoton counting (TCSPC) are powerful techniques for their ability to spectrally resolve colocalized fluorophores38. In contrast to methods that identify a dye by the spectral profile
(excitation or emission), FLIM and TCSPC take advantage the fluorescent lifetimes unique
to each fluorophore (Figure 1.4 B). However, these methods are plagued by complicated
instrument requirements such as precise timing equipment required to capture the short
fluorescence lifetime and remain synchronized with laser-scanning and pulsed
excitation14,31,38.
Multispectral and hyperspectral imaging methods (MSI, HSI, respectively) have
found a wide range of applications in agriculture, geology, environmental science, foodquality, astronomy, and national security32,39–41. The distinction between MSI and HSI is
not clearly defined, but many agree that hyperspectral imaging requires collection of a
nearly continuous spectrum (1000s of discrete wavelengths)42. Multispectral imaging
applies to a large variety of methods that have 10’s to hundreds of color channels. In fact,
conventional microscopy with 2-4 colors is inherently MSI. Regardless of the number of
detection channels, both methods (MSI/HSI) collect spectral information for every pixel in
the x,y plane of an image43.
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Figure 1.4 Multicolor Methods FISH, FLIM, and Hyperspectral Methods
A variety of modalities exist for collecting spectral information such as pointscanning, pushbroom, wavelength scanning, or snapshot31,37,41 (Figure 1.4 C). Spectral
filtering is accomplished with traditional gratings, tunable filters, and interferometers. In
contrast, conventional microscopy (e.g. FISH, MPM) captures an intensity-based
monochrome image for ~ 2-4 wavelengths; these are merged to create an overlay of each
wavelength.
The data set resulting from MSI/HSI methods, referred to as a hypercube, consists
of x,y, and lambda data for each image. Hypercube data sets often contain several gigbytes
of data, and require complicated post-processing to obtain the spectrally resolved images
(Figure 1.4 D). A complication faced by all methods of MSI/HSI is the linear demixing
required for spectral resolution.
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Ultimately, the complex instrumentation, data processing, and demixing
calculations limit these applications from being applied where multicolor resolution is
needed most: shared instrument facilities with multi-disciplinary applications. This work
details the development of a simpler approach for a multicolor fluorescence spectroscopy
method, with a goal of finding applications in shared instrument suites serving a variety of
chemical and biological research groups.
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Abstract
Many microRNA biosensor platforms use ﬂuorescence signal generation or

quenching; however, signal generation is often regarded as the superior method. An
argument can be made that if the noise is the same for both methods, then there should be
no diﬀerence between the two methods. Current literature details the analytical ﬁgures of
merit (FOM) for transduction and recognition mechanisms that use either signal generation
or quenching, but lacks a direct comparison using the same ﬂuorescent reporter molecule.
Here we provide such a direct comparison. The signal-on and signal-off ﬂuorescence
metrics were found to be comparable rather than competitive. We found ﬂuorescence
enhancement provides marginal improvements to sensitivity and limits of detection (LOD)
over ﬂuorescence quenching. In fact, both transduction mechanisms are capable of
picomolar LOD. The role thermodynamics plays on the sensitivity and LOD are discussed.
Both signal-on and signal-off gave statistically similar signal-to-noise ratios. Finally, the
selectivity of the two recognition mechanisms for miRNA detection will be addressed. In
the future, we will use this knowledge to advance highly sensitive and selective in situ
microRNA sensors for cell and tissue imaging.
Introduction
The growing understanding of the role that microRNA (miRNA) plays in posttranscriptional gene regulation has led to an increased demand for sensitive and selective
biosensors that can withstand or mitigate enzymatic degradation and off-target
interactions.26,30,44–47 (1–6) There are many fluorescent nucleic acid biosensor platforms for
RNA/DNA analysis in cells and tissues.

48–64 (7–22)

In general, there are two mechanisms

fluorescent biosensors use to achieve a change in signal: either signal generation (signalon)51–53 (10–12) or signal quenching (signal-off).54,55,57 (13–15)
Fluorescence generation is often regarded as more sensitive than quenching
mechanisms because conceptually it is easier to detect a signal increase from a dark
background as opposed to detecting a decrease from a bright signal. Such an argument is
typically used to explain why fluorescence is regarded as having better sensitivity than
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absorbance.3 (23) However, one could argue that if the noise is identical for signal-on and off, then the sensitivity and limits of detection should be the same.
There are many analytical figures of merit (FOM) that need to be considered in order
to gauge a biosensor's attributes. The overall performance of a biosensor can be determined
from sensitivity, selectivity, limits of detection and quantitation (LOD and LOQ), signalto-noise ratio (S/N), signal-to-background ratio, kinetics, false signal generation, accuracy,
and reproducibility.30,46 (1,5)
There is no perfect nucleic acid biosensor that will optimize all of the analytical
FOM; however, there are several that have varying degrees of advantages and
disadvantages. When attempting to determine if signal-on really is superior to signal-off,
the specific application must be considered as well as the FOM of the biosensor. Some
biosensors utilize signal- on methods for improved sensitivity at the expense of another
analytical FOM. Conversely, a signal-off method may prove to have moderate sensitivity
but improve other important FOMs.
Evaluation of the current literature concerning nucleic acid biosensors reveals the
trade-off between analytical FOM's for signal-on and signal-off. Silver nanoclusters have
been found to be highly selective and easily multiplexed, but lack sensitivity and
robustness.55,58

(14,16)

Molecular beacons based on organic quenching dyes or gold

nanoparticles boast high selectivity and sensitivity, but are susceptible to false signal
generation from degradation and in some cases poor selectivity.49 (8)
One method of increasing sensitivity involves improving quenching mechanisms to
reduce the background fluorescence prior to analyte binding.53,57,60,65–67

(11,12,15,18,24,25)

Recent work with graphene oxide based quenchers has shown high selectivity (90%) for
miR-16, miR-21, and miR-26a. However, this comes at a cost of increased time for analysis
and undesired side reactions from amplification procedures.52,57

(11,15)

Du et al. have

demonstrated the use of gold nanoparticles as efficient quenchers that are combined with a
molecular beacon-like transduction mechanism to gain single-mismatch selectivity.66

(24)

Unfortunately, the surface-immobilized sensor design is complicated by additional
preparation procedures for coating the nanoparticles as well as requiring rinsing steps.
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Furthermore, their biosensor suffers from poor sensitivity below a target concentration of
2 mM and a non-linear response above 2 mM. Work with cadmium quantum dots in a
Förster Resonance Energy Transfer (FRET)- quenching signal-off mechanism has shown
great sensitivity (1 fM for miRNA-21) and selectivity (~50% for single-mismatch miRNA21). The downside is the unavoidable toxicity of cadmium that limits the in vivo
applications of the biosensor.
The difference between signal-on and signal-off methods is well recognized. Some
current literature seeks to work around the pros and cons of both signal-on and signal-off.
For example, Kang et al. describe a dual biosensing system to overcome the deficiencies
of signal-on and signal-off.59

(17)

They used a luciferase assay in signal-off mode upon

binding of target analyte and a molecular beacon in signal-on mode for the same target
analyte. While the dual sensing system employs both a signal-on and a signal-off method,
both the transduction and recognition mechanisms are different and thus a direct
comparison of signal-on and signal-off analytical FOM cannot be made.
Other work seeks to use signal-on and signal-off as a type of molecular
opened/closed indicator. Landon et al. reported the use of DNA zippers and tweezers that
alter the proximity of a fluorescent dye and quencher in the presence of various opening
and closing strands.68 (26) The authors did not compare the sensitivity of signal-on to signaloff. However, they did demonstrate that DNA zippers have selectivity for the target strand
in the presence of non-complementary strands with up to 24% sequence mismatches.
All biosensors have distinct advantages and disadvantages depending on the specific
application. However, of the literature we could find, none of the methods have directly
evaluated analytical FOM for both signal-on and -off with the same fluorescent reporter
molecule. Therefore, it is difficult to compare fluorescent enhancement or quenching
analytical FOM for two separate reporting molecules, since they will always have some
benefits and pitfalls that will favor one figure of merit over another. A direct comparison
of the difference between signal- on and signal-off should be done with two biosensors that
use the same reporting molecules and have closely related recognition mechanisms.
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We have recently created a fluorescent miRNA-biosensor that mitigates false signal
generation and has shown rapid and selective detection of let-7a with nanomolar detection
limits.1 Our ‘reporter–probe’ biosensor consists of a Cy3/Cy5 dye pair on a selfcomplementary reporter oligonucleotide strand that partially binds to a probe sequence.
Competitive binding of miRNA analyte, let-7a, for probe (P) displaces the reporter from
the reporter–probe complex (RQ + P). False signal reduction was achieved because the
reporter brings two dyes together after displacement from the reporter–probe complex. The
competitive displacement reaction operates at a user-defined temperature to control the
selectivity of the reporter–probe biosensor. This is in contrast to other biosensors that
require a temperature gradient to impart selectivity.49,51 (8,10)
The way in which the reporter folded into a hairpin leads to ~50% quenching of the
Cy5 emission. The work presented here uses the same reporter–probe recognition
mechanism but uses a Cy5 and Iowa Black Red Quencher on distal ends of the reporter
(referred to as RQ for Reporter–Quencher). The use of a quencher resulted in ~80%
reduction of the Cy5 signal.
Here we directly compare and contrast the analytical FOM of fluorescence
generation and quenching using the same reporter molecule. The analytical FOM of interest
are: sensitivity, selectivity, limits of detection and quantitation (LOD and LOQ),
reproducibility, accuracy, precision, and signal-to-noise ratio (S/N). Signal-on and -off
were addressed using a reporting strand with the same reporting fluorophore, quencher,
and nucleic acid sequence. For signal-on, the loop region of the reporter strand was capable
of binding to either a partially complementary probe (P) or a fully complementary reporter
target (RT). The RT helps ensure that the analytical FOM determined for signal-on account
for the complementarity of the binding. For signal-off, the probe binds the analyte with full
complementarity. Displacement of the reporter causes the signal to decrease as it refolds
into the hairpin conformation. Using this approach, the analytical FOM are representative
of the transduction mechanism.
To compare the analytical FOM for the same miRNA analyte, let-7a, we designed a
molecular beacon (MB). The MB was similar to the reporter in terms of the stem sequence
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and fluorophore–quencher pair, but the loop region was changed to be complementary for
let-7a. A terminal adenine–thymine base pair was added to the stem of the MB to improve
the stability and ultimately the selectivity. We will show the sensitivity of signal-on is only
a factor of 1 to 2 greater than signal-off. The limits of detection and quantitation were over
a factor of 20 better for signal-on than signal-off. We will demonstrate that the signal-tonoise ratio was comparable for both methods. Finally, we will show the selectivity of the
reporter–probe biosensor was superior to the molecular beacon.
Experimental
2.2.1

Recognition and transduction mechanism
Several analytical FOM for signal-on were directly compared to those for signal-

off using the same reporter molecule. These merits include detection limits, sensitivity,
selectivity, signal-to-noise, reproducibility, accuracy, and precision. The analytical FOM
for detection of let-7a were compared between the (RQ + P) biosensor and a molecular
beacon. All sequences used are listed in Table 1. DNA was used instead of miRNA because
it is more stable and thus easier to work with.
Table 2.1 Oligonucleotide sequences a
Name:
RQ

Sequence (5ʹ to 3ʹ)
5Cy5/CATCGTTGAATAC+TAGGTTGT+ATAGTTCGAT+G/3IAbR
QSp
Probe
ACTATACAACCTACTACCTC
Let-7a
TGAGGTAGTAGGTTGTATAGTT
RT
AACTATACAACCTAGTATTCA
MB
5Cy5/TCATCGAACTATACA+ACCTACTAC+CTCACGAT+GA/3
IAbRQSp
Let-7aVb
U*GA*uGUAcaAGGUUGUAU*AGU*U
a
Bold sections refer to complementary binding sites. Bold and italic show where the
reporter and probe hybridize. Underlined sections depict complementary regions of the
stems for RQ and MB. (+) symbol represents location of locked nucleic acid. (*)
symbol represents location of a phosphorothioated modification. b Let-7aV was
purchased as RNA. The lowercase letters in let-7aV show the position of the
nucleotides that were changed relative to let-7a.
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Scheme 2.1
The RQ starts in a hairpin conformation where the quencher is next to Cy5,
minimizing emission from Cy5 (Scheme 2.1A). As probe binds to the loop region of RQ
the hairpin opens, moving the quencher away from the Cy5 dye, allowing for an increase
in fluorescence emission. The reporter–probe complex (RQ + P) was then used to evaluate
the analytical FOM for signal-off. The parentheses around the RQ and P signify that they
are bound together as the complex. Signal-off was achieved by increasing target analyte (a
DNA mimic of let-7a miRNA) concentration in the presence of the reporter–probe complex
(Scheme 2.1B). Addition of target analyte causes the probe to form a more
thermodynamically stable complex with the miRNA analyte and displaces the reporter.
This process allows the reporter to return to the hairpin and quench the Cy5 emission
(Scheme 2.1B).
Since the probe is only partially complementary to the loop region of the reporter,
there was concern over how the amount of complementarity between the reporter and probe
would influence the analytical FOM. To address this issue a target sequence that was fully
complementary to the loop region of the reporter, RT, was designed and tested (Scheme
1C). In this case RQ was used like a molecular beacon for signal generation. These
experiments allowed comparison of signal-on to signal- off using the same molecular
structure of reporter molecule. However, this did not compare the FOM for the same target.
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In order to compare analytical figures of merit for the same target a molecular
beacon (MB) for let-7a was designed. The MB had the same Cy5 dye and quencher
(Scheme 1C) as the reporter. The stems of the MB and RQ were also similar, except the
MB has an additional terminal adenine–thymine base pair to improve selectivity.
Selectivity in terms of non-specific binding was determined for (RQ + P) complex and MB
using let- 7aV, a tri-nucleotide variant of let-7a. See Table 1 for a list of all nucleic acid
sequences used in this study.
2.2.2

Signal acquisition
All spectra were collected with a custom-built fluorimeter detailed in previous

work.1 Briefly, a titanium–sapphire laser (Mai Tai, Spectra Physics, Newport Corporation)
tuned to emit 742 nm of pulsed light was used as the excitation source (100 femtosecond
pulses, 80 MHz repetition rate). The average power was selected using a half-waveplate
and polarizing beam splitter. The angle of the half-waveplate's optical axis was set using a
computerized controller (Newport Corporation). All experiments were conducted at an
average power of approximately 75 mW. Fluorescence was collected using the same lens
for excitation and separated from the incident beam using a 705 nm long pass dichroic
mirror (Semrock, FF705-Di01-25 36). Backscatter from the laser into the spectrometer was
minimized using a 720 nm shortpass filter (Semrock, FF01-720/SP-25). The signal then
entered the back of an objective (10x, 0.25 NA) for fiber optic coupling. The fiber optic
delivered the signal to an Acton Spectrometer (SP-2356, 300 mm focal length, Princeton
Instruments) equipped with a 300 groove per mm grating blazed at 500 nm. The grating
center wavelength was set to 680 nm to correspond with the Cy5 emission peak. To allow
maximum light throughput, the entrance slit was opened to 1000 mm. Signal was acquired
with an electron multiplied CCD detector (512B-eX-celon3-EMCCD, Princeton
Instruments). Acquisition settings were optimized for different RQ concentrations. For
analysis starting with 1 mM RQ with 500 nM probe (500 nM (RQ + P) complex and 500
nM RQ), 500 nM (RQ + P) complex, 1 mM MB, or 500 nM MB; the detector was set to:
100 ms exposure time, 10 exposures averaged per frame, 6 frames were collected to gauge
instrumental error, 600 ns frame transfer read-out mode, a region of interest (ROI) of 512
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17 (4 vertical rows binned), high Analog-to-Digital Conversion gain (ADC), 5 MHz ADC
speed, and the CCD was thermoelectrically cooled to -70 C to minimize dark noise. For 1
nM RQ, Electron Multiplied (EM) Gain mode was used with 75x gain, 1000 ms exposure
time averaging 20 exposures per frame with 6 frames saved per file. All other parameters
were the same as for the micromolar solutions. To gauge error from cuvette placement all
samples were subjected to three cuvette placements. A cuvette placement consisted of
lifting the cuvette from the holder and replacing it prior to the next measurement. Cuvette
error analysis was needed because of the custom nature of the fluorimeter. Commercial
systems with a locking position cuvette holder would not need such error analysis.
2.2.3

Solution Preparation
All oligonucleotide strand sequences in Table 1 were purchased from IDT

(Integrated DNA Technologies, Inc., Coralville, Iowa, United States). Tris buffer (pH 10),
Tween-20, phosphate buffered saline (PBS 1X, pH 7.0), and 2 M magnesium chloride
(MgCl2) were obtained from Fisher Scientific and used as received. Working solutions of
oligonucleotides were prepared by diluting stock oligonucleotide solutions in a custom
buffer that consisted of: 10 mM Tris buffer (pH 10), 2.5 mM MgCl2, and 0.005% Tween20 in PBS 1X. The final pH of the solution was around 8. All work was done at room
temperature (~22˚C).
Signal-on analytical FOM were investigated by preparing solutions of 1 mM RQ with
incremental additions of 100 nM to 750 nM probe (P) or reporter target (RT). The solutions
were allowed to hybridize for 20 minutes.
Signal-off figures of merit were acquired by first incubating RQ and P at a 2:1 ratio
(1mM RQ:0.5mM P) for 20 minutes to ensure all P was bound for a final (RQ + P) complex
concentration of 500 nM. The unbound RQ remained in the hairpin conformation, but due
to insufficient quenching there was a small amount of background fluorescence (see
Appendix I Figure S1). Next, increasing amounts of let-7a analyte from 100 nM to 750 nM
were added to the (RQ + P) biosensor. All analyte additions were allowed to hybridize for
10 minutes. The RQ concentration was reduced to 1nM with 500pM P to make 500pM of

22
(RQ+P) complex. This complex was titrated with let-7a from a concentration of 50 pM to
750 pM, using similar hybridization times as before: 20 minutes to form the (RQ + P)
complex, followed by 10 minutes after addition of let-7a.
A 3-nucleotide variant of let-7a (let-7aV) was used to test the selectivity of the (RQ
+ P) complex and MB. The (RQ + P) was prepared by hybridization of 500 nM RQ and
500 nM P for 20 minutes. The concentration of the MB was also 500 nM. Each solution
was made separately to accommodate the addition of up to 500 nM let-7a or let-7aV with
a 10 minute hybridization time.
Solutions were prepared to examine inter- and intra-assay variability for signal-off.
Intra-assay variability solutions were prepared as a series of increasing analyte
concentrations using 3 the volume needed for one experiment. The solution at each analyte
concentration was then aliquoted into three separate vials prior to analysis. Inter-assay
solutions were prepared by making the series of increasing analyte concentrations with
enough volume for one experiment. This process was repeated for a total of three times to
determine day-to-day solution preparation variations.
2.2.4

Data processing
All data was processed with a custom written MATLAB code (R2012b, The

MathWorks, Inc., Natick, Massachusetts, United States). Each data point in the calibration
curves was a back- ground corrected sum from 640.1425 to 690.0957 nm over an averaged
fluorescence peak (N = 3). Analyte, probe, reporter, and molecular beacon concentrations
were validated using a calibrated Nanodrop 1000 spectrophotometer (Thermo Fisher
Scientific, United States). The true concentration of analyte was taken as that determined
by Nanodrop. Then the RQ, P, let-7a, and MB concentrations were multiplied by a
correction factor to properly correlate fluorescence intensity with the true concentration in
solution. For each cuvette placement, the S/N was found by averaging the intensity from 6
frames at 673.206 nm, and dividing the average by the standard deviation of the 6 frames.
Each S/N was then averaged over three cuvette placements.
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2.2.5

Thermodynamic and structure predictions
Predictions of the Gibbs energy and melting temperatures of the various

conformations of the biosensors were obtained using freeware available from the
DINAMelt Web Server managed by The RNA Institute at SUNY-Albany.69–71

(27-29)

The

predicted values cannot incorporate added stability from chemical modifications or any
deviation in stability from dye and quencher interactions or their interactions with the
nucleotides. Rather the predictions remain valuable on a comparative basis.
DINAMelt prediction of energy values for single stranded hairpins and
hybridization of two single strands uses partition functions that take into account all
possible conformations and configurations of the constituents.69–71

(27-29)

For example,

when calculating the DG for the hybridization of the (RQ + P) complex from single strands
of RQ and P, the calculation considers the partition functions of folded RQ and P, unfolded
RQ and P, (RQ + RQ) and (P + P) homodimers, and (RQ + P) heterodimer. In other words,
the predicted DG includes the equilibriums of all possible conformations and
configurations present in the hybridization of RQ with P. The reader is encouraged to
review the works by Zuker and co-workers for an in-depth description of the assumptions
and characteristics of the DINAMelt freeware.69–71 (27-29)
For single stranded hairpins DINAMelt assumes no homo- dimers will form. This
assumption is based on the fact that the unimolecular hairpin must first unfold to a less
stable open conformation before forming a stabilizing dimer. Zuker and co- workers state
that assuming single stranded hairpins do not form homodimers does not limit the partition
functions and calculated energy values.71 (29)
The “Two State melting (hybridization)” function was used for double-strand
hybridization calculations. The “Quikfold” function was used for hairpin calculations.
Hybridization parameters for all calculations were: 22˚C, 10 mM Na+, 2.5 mM Mg2+, and
1 mM oligonucleotide. The Quikfold function did not allow for definition of
oligonucleotide concentration. All other parameters for both the Quikfold and Two State
melting (hybridization) were left at the default values. Thermodynamic values for let-7aV
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hybridization were calculated as a DNA sequence instead of an RNA sequence because
there was no RNA–DNA option.
The DINAMelt servers do not provide an overlay of the hairpin conformational
structures and associated probabilities. To gain such information the RNAstructure Web
Servers at the University of Rochester Medical Center were used.30 To mimic
physiological conditions, RNAstructure pre-defines the sodium concentration as 1 M and
this value cannot be changed. The only parameters we defined were DNA rules and 22 ˚C;
all other user-defined values were left at the default settings. The resulting energy values
and structures were similar between the DINAMelt and RNAstructure servers, provided
the same salt concentrations were used.
Results and Discussion
2.3.1

Sensitivity and detection limits for signal-on and signal-off
Sensitivity of the reporter, RQ, is correlated to the slope of a calibration curve with

either increasing amounts of probe (P) or reporter-target (RT) added to the RQ. Similar
calibration curves for the (RQ + P) and molecular beacon (MB) used incremental additions
of target analyte, let-7a. As mentioned previously, P and RT additions to RQ only provide
a signal-on reference point for comparison to signal-off with the (RQ + P) biosensor. The
MB provides a comparison of the FOM to (RQ + P) for the same analyte.
Figure 2.1 shows the sensitivity for signal-on using the RQ and MB plus their
respective targets. The MB demonstrated the greatest sensitivity for let-7a, followed by the
RQ for RT and then RQ for P. Figure 2.1 and 2.2, and Table 2.2 reveal that the sensitivity
of signal-on with (RQ + P) and (RQ + RT) were only marginally better than signal-off by
a factor of about 1.2 and 1.7, respectively. From Table 2.2 it is apparent this difference is
small but statistically significant (95% confidence level).

25

Figure 2.1 Comparison of Signal-On Slopes

Figure 2.2 Signal-On and Signal-Off titrations
Comparing the results of the RQ in Figure 2.2 to Table 2.2 for signal-on and signaloff show a small yet statistically significant discrepancy in the slopes. In the signal-on case,
the sensitivity was 41 116 ± 2347 for 1 mM RQ and 46 108 ± 1511 counts per nM for 500
nM RQ. The same can be seen in the signal-off case, the sensitivity changes from 34 764
± 4331 to 38 587 ± 1079 counts per nM, for the 1 mM RQ and 500 nM RQ, respectively.
For the signal-off case it should be noted that both Figure 2.2 and Table 2.2 deal with 500
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nM (RQ + P) complex, but in Table 2.2 there was an excess of 500 nM RQ that Figure 2.2
did not have. We attribute these increases in sensitivity to a lower background signal for
the signal-on and signal-off case. In both cases, there is a decrease in signal due to fewer
fluorescent dyes in the detection volume at the lower concentrations of RQ. The fact that
the sensitivity increased when fewer dye molecules were in the detection volume supports
the hypothesis that it is easier to detect an increase or decrease in fluorescence when the
background is dimmer.
Appendix I Figure S1 helps visualize the lower signal for RQ at different
concentrations. The reason uncomplexed RQ–hairpin contributes to the background signal
is because the fluorescence is only 80% quenched when in the hairpin conformation for a
1 mM solution. The remaining 20% represents unquenched signal that contributes to the
background signal. The 20% unquenched signal comes from incomplete quenching by the
Iowa Black Red Quencher and the fact that some hairpins are not fully closed and are in an
open state. The average fluorescence from the RQ hairpin is an ensemble of various states
of open and closed hairpins. The number of hairpins that are in an open state was calculated
from theoretical Gibbs energy values and the equilibrium constant for hairpin formation.
Starting with 1 mM RQ gives an equilibrium concentration of about 2.6 nM of reporters
remaining in some partially open conformation with the dyes further apart than when the
hairpin is fully closed.
The spatial orientation and distance between the quencher and Cy5 are important
for both FRET and static quenching. If the hairpin does not fold in such a way to achieve
optimal spatial distance and orientation, then the amount of quenching will suffer. The
quenchers used in this study were obtained from IDT and optimized to quench fluorescence
in the red region of the spectrum where Cy5 emits. Different stem sequences and use of
spacers at the end of the stems will be explored in future work to obtain better quenching.
Sensitivity only reveals how much the signal will change per nanomolar analyte
added. However, there is no information about statistically significant changes in
concentration that will give statistically significant changes in signal. To make this
determination, limits of detection and quantitation were investigated.
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The limits of detection were determined by taking three times the standard
deviation of the signal intensity without analyte divided by the slope from the calibration
data (data not shown, but similar to Figure 2.1 and 2.2). In this derivation, the y- intercept
was forced through the first data point (no analyte added). The limits of quantitation were
determined with a similar method, but used 10 times the standard deviation of the signal
intensity without analyte. The results are presented in Table 2.2 for comparison of signalon to signal-off.
Table 2-2 Analytical figures of merit for signal-on and -off
Signal-ona
LOD
LOQ

RQ+P
0.183 ± 0.117
0.609 ± 0.390

RSD

63.9%

Signal-offb
RQ+RT
0.326 ±
0.094
28.8%

MB + let-7a
0.131 ± 0.036
0.437 ± 0.120

(RQ+P)+let-7a
2.72 ± 1.33
9.07 ± 4.44

27.6%

50.0%

Slope (counts
41 116 ± 2347 60 405 ±
68 804 ± 2627
-34 764 ± 4331
per nM)
1592
RSD Slope
5.7%
2.6%
3.8%
12.5%
a
b
N=3. N = 9, RQ and MB at 1µM. (RQ + P) at 500 nM with 500 nM excess RQ.
Errors in slope, LOD, and LOQ for signal-on are all statistically similar.

The signal-on LOD was assessed using three different analytes (P, RT, and let-7a)
and two slightly different reporting molecules (RQ and MB). The only difference in
reporting molecules was the sequence of the loop region. The LOD's for (MB + let-7a),
(RQ + P), and (RQ + RT) were found to be statistically similar around 0.2 nM (at the 95%
confidence interval and N = 3). In comparison, the signal-on LOD of RQ for P and RT
were respectively about 15 and 28 times more sensitive than the signal-off (RQ + P)
biosensor. Upon comparison of LOD's for the same analyte (let-7a), the signal-on with the
molecular beacon was about 21 times more sensitive than the signal-off (RQ + P)
biosensor.
The limits of detection of the signal-off biosensor were improved to the picomolar range
by lowering the concentration of the (RQ + P) complex to 500 pM (1 nM RQ and 500 pM
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P). Titration of this (RQ + P) complex with let-7a target up to 500 pM gave an LOD and
LOQ of 49.38 ± 1.77 pM and 164.60 ± 5.91 pM, respectively (data not shown, error
represents cuvette placements from one experiment). These results show that by adjusting
the reporter–probe concentration the limits of detection and dynamic range can be tuned.
While the signal-on mechanism showed high precision in the sensitivity (RSD slope 3 to 6
%, Table 2.2), signal-off demonstrated moderately less precision with an RSD slope around
12%. The precision is higher with the samples that were fully complementary (RQ + RT,
MB + let-7a, ~3 % RSD), and there was less precision with the samples that had partial
complementarity or competitive binding (RQ + P, (RQ + P) + let-7a, 6 and 12%
respectively). In terms of precision for LOD and LOQ, the fully complementary signal-on
had the lowest RSD of about 28% for both MB and RQ. The precision of the RQ for P and
the (RQ + P) for let-7a were 64 and 50%, respectively; a little more than twice that of the
MB and RQ for their respective targets. This suggests that the precision of forming the (RQ
+ P) complex manifests itself in the precision for let-7a binding to the (RQ + P) biosensor.
2.3.2

Influence of thermodynamic parameters on equilibrium concentrations and
sensitivity
Figure 2.3 plots the Gibbs energy (∆G, kcal mol-1) and melting temperature (Tm,

˚C) of the various DNA structures involved in this study. The values were predicted from
freeware available from The RNA Institute at SUNY-Albany.69,7027,28 DNA structures with
negative Gibbs energy and melting temperatures over 22˚C (lab temperature) are
considered stable. Greater stability is associated with larger negative Gibbs energy values
and larger positive melting temperatures. Recall the thermodynamic values do not account
for added stability of locked nucleic acids, dye–quencher interactions, or dye/quencher
interactions with nucleic acids. As a result, these values are most likely under or over
estimates. However, the same chemical modifications, dyes, and quenchers were used
allowing for a comparison of the thermodynamic values to evaluate the relative stabilities
of the various biosensor conformation and hybridization states. The thermodynamic values
also allow for an estimation of equilibrium concentrations.
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The stability of dimerization of two strands was defined as the change in Gibbs
energy (∆∆G) and the change in melting temperature (∆Tm) before and after a hybridization
reaction. The following equations were used to determine changes in thermodynamic
values:
∆∆𝑮 = ∆𝑮𝒇𝒊𝒏𝒂𝒍 − ∆𝑮𝒊𝒏𝒊𝒕𝒊𝒂𝒍
𝒇𝒊𝒏𝒂𝒍

∆𝑻𝒎 = 𝑻𝒎

− 𝑻𝒊𝒏𝒊𝒕𝒊𝒂𝒍
𝒎

Eqn 2.1
Eqn 2.2

where final and initial represent the final and initial states of the hybridization reaction.

Figure 2.3 Predicted Thermodynamic Values
Table 2.3 lists the equilibrium constants, Keq., and changes in melting temperature
(∆Tm) and Gibbs energy (∆∆G) upon target binding for the various biosensors. The changes
in thermodynamic values are related to the thermodynamic driving force governing the
change in equilibrium upon hybridization.
For the signal-on case there appears to be a relationship between the sensitivity and
thermodynamic stability upon comparison of Figure 2.1, Table 2.2, Figure 2.3, and Table
2.3. The order of most to least sensitive (i.e. the steepness of slopes) follows the
thermodynamic stability in terms of ∆∆G and equilibrium constants for duplex formation
from most to least stable: (MB + let-7a) > (RQ + RT) > (RQ + P), see Figure 2.3 and Table
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2.3. Furthermore, the steeper slopes, greater stability, and larger equilibrium constants of
(MB + let-7a) and (RQ + RT) compared to (RQ + P) reflect the fully complementary nature
of the loop regions of the hairpins for their respective targets.
Table 2.3 Predicted equilibrium constants and change in thermodynamic values for
biosensing.
Chemical Equilibrium
Keqa
∆∆G (kcal mol-1) ∆Tm (˚C)
8.3
-23
+7
MB + let-7a ⇌ (MB + let-7a)
2.5
-20
+ 15
RQ + RT ⇌ (RQ + RT)
2.3
-11
+2
RQ + P ⇌ (RQ + P)
4.2
-10
+ 16
(RQ + P) + let7a ⇌ RQ + (P + let-7a)
a
Units for equilibrium constants of biomolecular reactions that start with two
reactants and produce one product will be 1/M but trimolecular reactions that involve
a competition reaction of two reactants and give two products will have a unit-less
equilibrium constant. The Keq. for biomolecular reactions was determined using ∆G
from DINAMELT. Keq. for the trimolecular reaction used Kcomp derived in text.

Figure 2.4 Structure Probability Prediction
In general, the sensitivity, detection limits, equilibrium constants, the ∆G, and ∆∆G
were better for signal-on than signal-off. In an attempt to understand how thermodynamics
played a role in the sensitivity and LOD/LOQ for signal-on vs. signal-off we looked to
differences between the types of competitive binding reactions (Table 2.2 and Scheme 2.1B
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and 2.1C). Then the predicted Gibbs energy and the association constant of the binding
equilibrium, KA = Keq., were used to determine how thermodynamic values and equilibrium
concentrations might influence the sensitivity and LOD.
As depicted in Scheme 1 the MB and RQ have a stem-loop structure. As the loops
of the hairpins interact with their respective targets the target must outcompete the stem
stability. Fig. 4 shows the predicted hairpin structures probability for RQ and MB. The MB
has a typical stem-loop structure but the terminal A–T base pair was only predicted to bind
60–70 % of the time in 1 M Na+ (and 25% of the time in millimolar amounts of Na+ and
Mg2+, Figure S2B, Appendix I). These probabilities may be underestimations given the
LNA's, on the other hand the proximities of the dye–quencher pair causes unpredictable
changes in stability.
The competition reaction of the MB for let-7a is between a stem of 5–6 base pair
interactions and a loop–target complex with 22 base pair interactions. The RQ is predicted
to have 5 base pairs, a 4 × 4 internal loop, another 4 base pairs, and a hairpin loop of 6
nucleotides, for a total of 9 base pairs. The RT and P must outcompete these 9 base pairs
in order to bind the RQ to form 21 base pairs with RT and 11–13 base pairs with P. For the
reporter–probe complex as a biosensor the competition reaction is between 11–13 base pair
interactions of the (RQ + P) complex and 20 base pair interactions of the probe–target
complex. In other words, the let-7a competes against a stem of 5–6 base pair interactions
with the MB, but 11–13 base pairs with the reporter–probe complex.
Not all of the complementary interactions are predicted to form base pairs in the
(RQ + P) biosensor. The DINAMelt freeware69–7127-29 predicts that the (RQ + P) complex
has up to 19 base pairs. However, only nine are predicted to occur from nucleotide 3 to 11
on the probe with over 99% probability. The tenth and eleventh base pairs at probe
positions 2 and 12 are predicted to form over 98% and 94% of the time, respectively. Both
the twelfth and thirteenth base pairs at probe positions 1 and 13 are only predicted to occur
35% to 50% of the time, suggesting the binding events are dynamic. In fact, the base pair
at probe position 13 may be more stable given the proximity to a LNA. The remaining base
pair interactions are expected to occur less than 5% of the time. Basically, half of the time
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there are 11 base pairs and the other half of the time there are 13 base pairs. Figure S1.3 in
Appendix I shows the probability map and predicted structure of (RQ + P) binding interactions.69–7127–29 The dynamic nature of the nucleotides on the distal ends of the probe in
the (RQ + P) biosensor most likely aid in the displacement reaction.
In the signal-off mechanism, the let-7a target must work against the stability of the
(RQ + P) interaction. The ∆∆G between the (RQ + P) and the (P + let-7a) interaction is
about 10 kcal mol-1 (see Table 2.3). The MB has a greater change in Gibbs energy, ∆∆G
(23 kcal mol-1), better sensitivity, and better LOD than the (RQ + P) biosensor. Taking this
into consideration, one might wonder if the differences in DDG influence the LOD and
sensitivity for different recognition and transduction mechanisms.
To investigate the role of thermodynamics on the sensitivity and LOD we look to
equilibrium concentrations derived from predicted Gibbs energy and the association
constant of the binding equilibrium, KA. The relationship between Gibbs energy and the
KA is given by the following equations:31
∆𝑮 = −𝑹𝑻𝒍𝒏(𝑲𝑨 )
𝑲𝑨 = 𝒆

∆𝑮⁄𝑹𝑻

Eqn 2.3
Eqn 2.4

where R is the ideal gas constant (1.987 10-3 kcal mol-1K-1) and T is the temperature (in
Kelvin). For bimolecular interactions between single strands the KA was obtained from
solving eqn (2.4) using the Gibbs energy from Figure 2.3. The KA's were 2.3 × 1010, 2.5 ×
1017, 9.9 × 1017, and 8.3 × 1019 for (RQ + P), (RQ + RT), (P + let-7a), and (MB + let-7a),
respectively. The equilibrium concentrations of (RQ + P), (RQ + RT), and (MB + let-7a)
formed were determined from the initial reaction conditions prior to hybridization and the
respective KA value.
Using the KA for(RQ+P), 1mM RQ, and 500nM P, only about 43 pM of P will be
uncomplexed. Given our sensitivity, limit of detection, and noise at 500 nM (RQ + P), this
amount is negligible. In other words, essentially all probe is converted to (RQ + P).
Similarly, a negligible amount of let-7a, about 1.2 10-20 M, will be uncomplexed upon
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reaction with MB. The same can be found for (RQ + RT); only 4.0 10-18 M of RT will be
uncomplexed. These results were expected from the predicted DG and KA values.
The overall reaction and equilibrium constant (Kcomp) that govern the competition
reaction between (RQ + P) and (P + let-7a) are given by:
(𝑹𝑸 + 𝑷) + 𝒍𝒆𝒕– 𝟕𝒂 ⇌ (𝑷 + 𝒍𝒆𝒕– 𝟕𝒂) + 𝑹𝑸
𝑲𝒄𝒐𝒎𝒑 =

[𝑹𝑸] [(𝑷 𝒍𝒆𝒕–𝟕𝒂)]
[𝒍𝒆𝒕–𝟕𝒂][𝑹𝑸 𝑷]

Eqn 2.5
Eqn 2.6

Derivation of the equilibrium concentrations of (P + let-7a) and RQ from the reaction
requires consideration of two competing reactions. We must simultaneously consider
association of (P + let-7a) and the dissociation of the (RQ + P) complex as given by the
following reactions and equilibrium constants:
Eqn 2.7

𝑷 + 𝒍𝒆𝒕– 𝟕𝒂 ⇌ (𝑷 + 𝒍𝒆𝒕– 𝟕𝒂)

Eqn 2.8

(𝑹𝑸 + 𝑷) ⇌ 𝑷 + 𝑹𝑸
(𝑷 𝑻)

𝑲𝑨
(𝑹𝑸,𝑷)

𝑲𝑫

=

=

[(𝑷 𝒍𝒆𝒕–𝟕𝒂)]
[𝑷][𝒍𝒆𝒕–𝟕𝒂]

Eqn 2.9

[(𝑹𝑸)(𝑷)]
[(𝑹𝑸 𝑷)]

Eqn 2.10

where KRQ,P is the dissociation constant of (RQ + P) and K(P+let7a) is the association constant
of (P + let-7a). Using eqn (9) and (10) we can rewrite eqn (6) in terms of KRQ,P and K(P+let7a)
as follows:
(𝑷 𝒍𝒆𝒕–

𝑲𝒄𝒐𝒎𝒑 = (𝑲𝑹𝑸,𝑷
)(𝑲𝑨
𝑫

)

)

Eqn 2.11

Eqn (11) was used in the derivation of the quadratic equation to determine the change in
equilibrium concentrations as (P + let-7a) complex forms and RQ is freed. First, the amount
of (RQ + P) formed was determined using its KA. Then we use the (RQ + P) equilibrium
concentration and its dissociation constant KARQ,P, the (P + let-7a) association constant
K(P+let7a), and the amount of let-7a added to find the equilibrium concentrations of (P + let7a) and RQ–hairpin.
Given the signal-off (RQ + P) biosensor had a limit of detection around 3 nM we
used 0.1 nM of let-7a, which is lower than the signal-off limits of detection, to determine
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if thermo- dynamics alone define the limits of detection. If we find the reaction does not
go to completion from a thermodynamic derivation, then there is a thermodynamic
limitation on the LOD of the signal-off with (RQ + P). Recall that a mixture of 1 mM of
RQ with 500 nM of P results in 43 pM of uncomplexed P and 499.957 nM of (RQ + P).
For this calculation, 0.1 nM of let-7a was added to 499.957 nM (RQ + P) complex. From
these initial RQ, P, P+let7a conditions and the product of KD and KA, we found about 0.1
nM of (P + let-7a) should form and only 5 10-22 M let-7a will be unreacted. Such a small
amount compared to the nanomolar limits of detection is a negligible amount. In other
words, we can say almost 100% of let-7a reacts with P to form (P + let-7a). Thus, from this
standpoint thermodynamics should not influence the detection limits.
A similar approach can be used to determine if 0.02 nM of RT can be detected by
the RQ. We pick a concentration below the empirical detection limit to see if
thermodynamics alone will prevent the reaction from going to completion. Table 2.3
provides the KA for the reaction of RQ and RT. The amount of (RQ + RT) formed is
essentially 0.02 nM with 8.3 10-23 M of uncomplexed RT. Again, thermodynamics alone
is not influencing the detection limit
There is a legitimate concern that uncomplexed probe will react with let-7a before
interaction with the (RQ + P) complex. This will influence the accuracy of the
measurement. Given only 42 pM of the probe is uncomplexed and the error in the LOD is
only ± 1.3 nM, such a small loss of target will not ruin the accuracy of the signal-off (RQ
+ P) biosensor's measurement.
With excess RQ and considering the amount of predicted uncomplexed probe, the
error associated with accuracy for the LOD and LOQ are 1.5 and 0.5%, respectively. An
interesting result from this analysis is that as long as the uncomplexed probe is well below
the LOD, then pico- to nanomolar limits of detection can still be reached. The upper limit
of detection is defined by the amount of (RQ + P) actually formed.
Next, we considered the equilibrium concentration of (RQ + P) prepared from
solutions of 500 nM RQ and 500 nM P. The equilibrium concentrations were 495 nM (RQ
+ P), 5 nM (RQ), and 5 nM (P). Given the limits of detection, this amount of uncomplexed
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probe will be problematic. The thermodynamics will influence the accuracy and limit the
dynamic range from about 5 nM to 495 nM. At the low end of the dynamic range,
uncomplexed probe will bind to a significant amount of target before the (RQ + P)
complex, thereby preventing accurate determination of the detection limit and ruining the
overall accuracy.
From this analysis, we find that as long as there is a slight excess of RQ the amount
of uncomplexed probe will not influence the sensitivity, limits of detection, or accuracy.
Even the formation of (RQ + RT) is not influenced by thermodynamics, provided there is
excess RQ. A similar argument can be made for the MB, provided MB has a greater
concentration than its target.
If equimolar amounts of RQ and P are used, then the uncomplexed probe will be a
limiting factor. However, it is not so much the thermodynamics alone that create this
limitation but rather the respective initial concentrations of RQ and P. When using the
reporter–probe biosensor for a given miRNA the amount of uncomplexed probe must be
determined based on the amount of reporter and probe being used.
The more likely reason for the improved sensitivity and limit of detection for signalon over signal-off is the amount of excess fluorescence from Cy5. We have shown that the
sensitivity and LOD/LOQ of signal-off is better when there are fewer dye molecules in the
probe volume. Signal-on also showed better sensitivity when the starting concentration of
RQ was lower. Additionally, we have shown that lowering the concentration of the (RQ +
P) biosensor lowers the limits of detection for signal- off. These results help give validity
to the notion that detecting changes in fluorescence with a dimmer background leads to a
more sensitive analysis. However, sensitivity is only one out of many metrics to consider.
For miRNA detection in particular, selectivity is very important.
Another important consideration is the formation of MB and RQ homodimers (MB
+ MB) or (RQ + RQ) and their effect on the fluorescence. The RQ homodimer structure
predicted by DINAMelt is 5 base pairs, a 4 × 4 internal loop, 4 base pairs, a 6-6 internal
loop, 4 base pairs, a 4 × 4 internal loop, and 5 base pairs. The RQ homodimer structure still
brings the 5’ stems of each RQ molecule next to the 3’ stems of the corresponding RQ
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molecule. Based on the homodimer structure, two dye– quencher pairs will form and the
fluorescence results are not expected to deviate from RQ hairpin results. Any unquenched
fluorescence from a homodimer will be as much as two hairpins. Even if an equilibrium
between RQ homodimer and hairpin existed the ensemble nature of the measurement
would average out the signal fluctuations over the acquisition time. The instrumental error
of 0.02% serves as evidence that any equilibrium between hairpin and homodimer does not
affect any of the fluorescence results for RQ or MB.
The predicted ∆G and Tm values of the (RQ + RQ) homodimer are 6.4 kcal mol-1
and 18.5 ˚C, respectively. Based on the melting temperature, the RQ homodimer should be
unstable and not form at room temperature. The bimolecular RQ homodimer has a lower
DG than the unimolecular hairpin, but the melting temperature for the homodimer is lower
than the hairpin. These competing thermodynamic values make it difficult to determine the
more thermodynamically stable species. In fact, these predicted values are likely
underestimates given the use of LNA's throughout the reporter. Furthermore, the presence
of quencher and dye may either stabilize or destabilize the predicted ∆G and Tm values.
Any changes in stabilization should be similar for both hairpin and homodimer because
they use the same LNA's and dye–quencher pairs. In the event the melting temperature is
larger than expected and close to or greater than room temperature some RQ homodimer
may form.
Even if RQ homodimers do form, once probe is added the (RQ + P) complex is
more stable in all respects than the RQ homodimer resulting in disruption of any
homodimers. Thus, any freed RQ will contribute to the baseline as either a hairpin or form
a new homodimer. Early experiments showed that addition of probe beyond equimolar
amounts of probe to a fixed amount of RQ gave more signal but the slope changed and in
some cases plateaued rapidly (data not shown). However, it was hard to distinguish sample
preparation errors from homodimers in relation to this increase in signal. Future biosensor
designs will investigate this issue in more detail.
DINAMelt assumes that the solution concentrations are dilute enough so the
average distance between two interacting molecules is greater than the intramolecular
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distance needed for each molecule to sample all possible conformations.69,71

(27,29)

This

assumption coupled with the stability of the hairpin suggests the hairpin will form prior to
the homodimer. This will be especially true upon RQ displacement from the probe when
miRNA is added. Zuker and co-workers69,71 (27,29) never state what dilute means; however,
they use solutions that contain DNA concentrations in the hundreds of micromolar to
validate their energy predications with experiments. Given the reporter stock solutions used
in this study are hundreds of micromolar and our operation concentrations are nano- to low
micromolar, the RQ solutions are sufficiently dilute that the hairpins should form first.
To estimate the amount of RQ homodimer that may form we considered two cases:
(1) homodimer from open RQ that is in equilibrium with the closed conformation and (2)
homodimer formation if the homodimer forms prior to the hairpin. First the amount of open
RQ was determined from the Quickfold function to obtain Gibbs energy of hairpin
formation. In a solution of 1 mM RQ, only 2.6 nM RQ will be in the open conformation.
This open conformation will more likely form a homodimer than the closed conformation.
Considering two strands are needed to form a homodimer, the homodimer equilibrium
constant, and a total open RQ concentration of 2.6 nM; only 93 fM of RQ homodimer will
form. Next, we calculated the equilibrium concentration of RQ homodimer using 1 mM
and 500 nM RQ as the total initial concentrations and assumed the homodimer forms first.
The equilibrium RQ homodimer concentrations are 13 nM and 3.3 nM for 1 mM and 500
nM RQ, respectively. From this analysis RQ homodimers do not predominantly form
because they make up about 0 to 1.3% of the RQ solution depending on the total amount
of RQ present. These values are subject to debate because LNA's provide additional
stability and the dye–quencher pair influences the energy in unpredictable ways. From
these calculations, we expect anywhere between 93 fM and 13 nM of RQ homodimer for
1 mM RQ. The extent of the RQ homodimer will be tested in future work using a mixture
of RQ strands with and without the dyes or quenchers.
For comparison, we investigated the homodimer of the molecular beacon. From
Quickfold a solution of 1 mM MB will have about 0.8 nM in the open conformation. The
Gibbs energy and melting temperature for a MB homodimer is 7.7 kcal mol-1 and 19.5 ˚C,
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respectively. These values imply the MB homodimer is as stable or more stable than the
RQ homodimer. Considering just the amount of open MB, about 80 fM of MB will form a
homodimer. If we assume the MB forms a homodimer prior to a hairpin, then the
equilibrium concentrations of homodimers are 86 nM and 25 nM for initial concentrations
of 1 mM and 500 nM MB respectively. MB homodimer formation ranges from 80 fM to
86 nM for 1 mM total MB.
The main difference between RQ and MB hairpins and homodimers is the predicted
structure and associated probability of base pair formation. Figure S2 in Appendix I
compares probabilities of RQ and MB hairpins and homodimers. For the MB the
DINAMelt69,71 (27,29) partition function predicts a homodimer structure of 5 base pairs, a 22
× 22 internal loop, and 5 base pairs. The probability of MB homodimer formation is less
than 64% of the time. The hairpin on the other hand is predicted to have a 5 base pair stem
over 97% of the time, but the 6th base pair in the stem is only expected to occur less than
25% of the time and is even less likely than the other 5 base pairs of the stem (note these
values are in contrast to Figure 2.4 because DINAMelt lets you define the actual salt
concentration). The MB hairpin structure is 5 to 6 base pairs and a hairpin loop of 22
nucleotides. In other words, the probability of homodimer formation is less than that of the
hairpin (Appendix I Figure S2.2). On the other hand, the probability of forming an RQ
hairpin structure over a homodimer is about the same. This supports the argument that an
equilibrium may exist between hairpins and homodimers. However, the very small
instrumental error does not support the claim that the equilibrium will influence all of the
fluorescence results.
2.3.3

Selectivity
Selectivity of the MB and (RQ + P) biosensors were investigated using a three-

nucleotide variation of the let-7a sequence. Table 1 shows the sequence for let-7a and the
let-7a variant (let-7aV). The selectivity was determined by the amount of signal change
that each oligonucleotide caused when added to equimolar amounts of (RQ + P) or MB
(both at 500 nM). Recall the only difference in the nucleic acids used for the reporting
molecules (RQ and MB) were the sequence in the loop region and an extra terminal A–T
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base pair on the MB stem. This extra base pair in the stem was to improve stability in an
attempt to prevent non- selective binding. The stems used on the MB and RQ were adapted
from Bao's work on dual molecular beacons.72 (32)

Figure 2.5 Selectivity of (RQ+P) and MB biosensors for let-7a and let-7aV
As seen in Fig. 5, the MB had about a 17-fold increase in signal when complexed
with either let-7a or let-7aV. This shows the MB was susceptible to non-selective binding
when just 3 nucleic acid residues in the target were changed.
Addition of let-7a to the (RQ + P) complex causes the signal to decrease by a factor
of 12.00 ± 0.029 (Figure 2.5). The (RQ + P) only showed a marginal decrease in signal by
a factor of 1.080 ± 0.003 when let-7aV was added to (RQ + P) complex. A signal change
factor of 1 represents the absence of non-selective binding. Thus, very little non-selective
binding occurred for the (RQ + P) biosensor.
The reason for the poor selectivity of the MB could be due to the fact that the stem
of the MB only has three pairs of G–C interactions. To address problems with selectivity
more G–C content could be added to the stem. However, using a MB developed by Akins
and co-workers7333 for the 271–293 region of Sensorin mRNA with a stem of 6 G–C base
pairs we were unable to detect the analyte, let alone any off-target interactions. The
backbone of the loop and stem consisted of 2’-O-methyl-oligo-ribonucleotide
modifications. Such a modification increases stability and minimizes enzymatic
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degradation. However, adding more stable G–C content and stabilizing chemical
modifications did not help improve the selectivity; rather it rendered the MB nonfunctional (data not shown).
The change in thermodynamics of the MB for let-7a and let- 7aV helps explain why
the MB is not selective for let-7a alone. Recall from Table 3 (MB + let-7a) is more stable
than the MB hairpin by almost 23 kcal mol-1 (∆∆G) and 7 ˚C (∆Tm). The MB will also
bind let-7aV because the (MB + let-7aV) interaction is more stable than the MB hairpin by
nearly 12 kcal mol-1 (∆∆G) but the change in melting temperature is destabilized by about
13 ˚C (+∆Tm ). Despite the destabilizing change in melting temperature the MB still binds
the let-7aV. This suggests Gibbs energy contributes more to shifting the equilibrium than
the melting temperature. In fact, these are just two of many thermodynamic considerations.
In future studies, we plan to investigate the role of activation barrier, enthalpic, and entropic
regulation of the equilibrium.
The high selectivity of the (RQ + P) biosensor for let-7a is due to the increased
stability of the (RQ + P) complex compared to the stability of the MB's hairpin
conformation. The biosensor was selective towards the let-7a target since the (P + let-7a)
formation is more stable than the (RQ + P) complex by 10 kcal mol-1 (DDG) and 16 ˚C
(Tm) (see Table 3). In comparison, this was not the case for (P + let-7aV). Figure 2.1 shows
(P + let-7aV) interaction was less stable than the (RQ + P) complex by 0.3 kcal mol -1 and
had a Tm that is 4 C lower than the (RQ + P) complex. These are both destabilizing changes.
In the presence of let-7aV, there was no sufficient thermodynamic driving force to disrupt
the (RQ + P) complex.
From Figure 2.5 we can also see the signal from the MB hairpin is larger than the
RQ hairpin. Despite the fact RQ and MB have nearly identical stems (MB has an additional
terminal A–T base pair), their loop sequences are different and contribute to different DG
and KA values for their respective hairpins. The MB hairpin is about 1 kcal mol-1 more
stable than the RQ hairpin. Using 500 nM of MB and RQ and their respective KA values,
we found that about 0.4 nM of MB and about 1.3 nM of RQ will be in an open
conformation. Taking this information into consideration the MB should actually have a
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lower signal than RQ, but this was not observed. One reason for the intensity difference is
guanine tends to quench fluorescence better than any other nucleic acid.301 The RQ has the
Cy5 much closer to a terminal guanine than the MB. The other reason is related to the
predicted structure of the MB. Fig. 4 shows the terminal A–T base pair is only formed 60
to 70% of the time. Thus, the stem of the MB fluctuates by opening and closing more than
the RQ. During the acquisition time the average signal is slightly higher for MB than RQ
due to the Cy5 and Q fluctuation. Figure S4 in Appendix I compares signal intensity from
equimolar amounts of RQ to MB. Equilibrium between MB homodimer and hairpin may
be another explanation for MB having more intensity than the same amount of RQ. Based
on DINAMelt's Energy minimization model the MB homodimer only has 5 base pairs
formed by the complementary stems and leaves the remaining nucleotides unbound. Such
a structure only forms one pair of dye–quencher. The other pair may interact from time to
time, but overall will have an increased fluorescence if they are not quenched or quenched
to a lesser extent. Of course an even more simple reason for the slight difference is sample
preparation and cuvette placement errors. However, such simple errors do not explain the
consistently greater signal observed with MB over RQ.
Another interesting observation is that the RQ biosensor exhibited less change in
signal upon binding to P and RT than the MB biosensor did upon binding to let-7a. Given
the fact Cy5 and the quencher are the same for RQ and MB the signal change should have
been the same. Considering the type of quenching and examination of the secondary
structure of the (RQ + P) and the (MB + let-7a) complexes reveals a plausible explanation
for the difference in signal change (Appendix I Figure S5). Given the lack of full
complementarity of the probe for RQ, the secondary structure of the (RQ + P) complex
may have the quencher and Cy5 closer together than in the case of (MB + let- 7a). This is
plausible because of the noncomplementary section of the reporter allowing the Cy5 to fold
back closer to the quencher. From a FRET quenching standpoint this would explain the
smaller change in signal of RQ compared to MB. In addition, the Cy5 dye could orient
itself in such a way as to interact with the nucleotides on the RQ or in the noncomplementary region of the probe leading to increased signal quenching.301
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The evidence of distance dependence between Cy5 and quencher is further evident
by comparison of intensities of (RQ +P), (RQ+RT), and (MB+let-7a) in Figure 1. In the
case of RQ for P or RT, the RT binding gives a larger change in signal. Considering the
fully complementary nature of (RQ + RT) binding, a larger distance between the quencher
and Cy5 is expected. In addition, there will be fewer degrees of freedom for Cy5 meaning
it will be less likely to interact with nucleotides and thus less quenching is expected.
As for the difference in signal between (RQ + RT) and (MB + let-7a), the MB is
simply longer than the RQ by 2 bases. When the distance between Cy5 and quencher is
extended by target binding, the MB will be longer than RQ and thus the distance between
quencher and Cy5 will be greater leading to less quenching. The argument about guanine
quenching can also be used here as RQ has Cy5 closer to a terminal guanine than in the
case of MB. These arguments make more sense and seem more convincing from a FRET,
dynamic, or static quenching stand- point considering the likelihood of interaction between
quencher and Cy5.
2.3.4

Signal to noise comparison
The average signal-to-noise ratio (S/N) from three cuvette placements is presented

in Figure 2.6. The S/N was evaluated at a single data point, 673 nm. The reason for this
was to get an idea of the S/N at a given wavelength over time. We found no statistically
significant difference in the S/N between the signal- on and -off mechanisms (95%
confidence level).
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Figure 2.6 Average signal to noise (S/N) ratio for various combinations of RQ and
MB with probe, RT, let-7a., and let-7aV.
While the error in S/N is rather large, inspection of the actual emission plots show
the signal is quite reproducible within one cuvette placement (Appendix I Figure S2.6).
The error in the average S/N arises from cuvette placement error (Appendix I Figure S2.7).
On a fundamental level the ability to observe a change in signal should be limited
by the accompanied noise. The argument that if the S/N of signal-on is the same as signaloff, then the sensitivity should be the same is not entirely true based on the data presented
above. The sensitivities were actually quite similar with signal-on being only twice as
sensitive as signal-off. However, the LOD for signal-on was about 20 times better than that
of signal-off.
2.3.5

Variability of the signal-off method
We investigated the signal reproducibility of the (RQ + P) biosensor in terms of

instrumental error, cuvette placement error, and sample preparation method. Instrumental
error was determined for signal-off experiments by examining the RSD of the signal for
six acquisitions within 1 cuvette placement (N = 6). Cuvette placement error was
determined from the RSD of the three cuvette placements, or 18 total frames (N = 6, N’ =
3, 6 x 3 = 18).
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The signal from a 500 nM solution of (RQ + P) was determined by summing over
a region of interest (640.1425 to 690.0957 nm). The RSD of the signal from three cuvette
placements was about 2%. The instrumental error was determined to be 0.02% RSD from
six acquisitions within one cuvette placement. Note that the error in S/N discussed in the
previous section arises from looking at a single data point, while here the RSD accounts
for intensity summed over the region of interest.
The reproducibility of the (RQ + P) biosensor from solution preparation for the
calibration curves was tested for intra- and inter-assay variability. Inter-assay variability
was used to deter- mine the day-to-day variation when solutions were prepared separately
on different days. Intra-assay variability determined the variation when solutions were
prepared on one occasion but the experiments were run on three separate days. The details
of how the solutions were prepared can be found in the Experimental section above.
Table 2.4 Inter- and Intra-assay variability for signal-offa
Inter-assay

Intra-assay

Average slope (counts per nM)

-37 526

-37804

Standard deviation slope (counts per nM)

4516

4599

RSD slope

12.0%

12.2%

a

N = 3 for inter- and intra-assay variability.

Table 2.4 shows the slopes and RSD of the slopes for intra- and inter-assay
variability were nearly identical at ~3.7 104 counts per nM and 12%, respectively. The
LOD for inter- and intra- assay variability were 3.30 ± 0.40 and 1.12 ± 0.14 nM,
respectively. The RSD for the LODs from each type of variability were also about 12%.
Not only did this show the sensitivity and LODs of the (RQ + P) biosensor had good
reproducibility, but also the way the sample was prepared did not change the outcome of
the experiment.
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2.3.6

Advantages and challenges of signal-on and signal-off methods for future cell
and tissue imaging
The sensing application will greatly dictate the analytical FOM and ultimately the

biosensor that will demonstrate optimal performance. The body of work presented herein
only dealt with analysis in clean solutions. Future work will revisit analysis of signal-on
vs. signal-off in more complex cell and tissue samples.
Currently the reporter–probe biosensor functions in signal- off mode but
preliminary data that will be the subject of future work shows we can use donor–acceptor
dye pairs for FRET enhancement. The signal-off and signal-on reporter–probe biosensor
will find most use as an in situ sensor for cell and tissue imaging. The primary advantage
of the reporter–probe biosensor design is for measuring low copy number and small
changes in miRNA expression when other sensors cannot provide enough sensitivity or
specificity. With tissue and cellular analysis, endogenous autofluorescence, off-target
binding, and enzymatic degradation may raise the noise floor and mask any signal from
small amounts or changes of miRNA.7333 Molecular beacons are notorious for burying
signal from miRNA in the background because of sensor degradation from enzymes.30,44,72
(1,2,32)

Thus, the reporter–probe biosensor may prove more useful because of its reduced

false signals,30 (1) high sensitivity, high S/N, and high selectivity.
One advantage to the signal-off sensor is its baseline signal will be well above the
background signal established by autofluorescence of the cell or tissue. The reporter–probe
biosensor may have a better chance to detect a decrease in fluorescence from the dye's
baseline rather than an increase from the base- line of cells and tissues established by
autofluoresence.
Signal-off biosensors serve best to test for the absence of a given miRNA that
regulate oncogenes. For example, let-7a regulates the expression of oncogenes like RAS
and MYC.47 (6) Loss of let-7a will allow RAS and MYC messenger-RNA and subsequent
proteins to become over expressed and can lead to cancer.47

(6)

In this case a sensitive

signal-off sensor is needed to report on the absence or decrease of miRNA that regulate
oncogene expression.
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Limitations for both signal-on and signal-off biosensors for in situ cell and tissue
imaging include the difficulty of transfection,73 (32) quantification of copy number,4,74–77 (3438)

and determination of miRNA location.43 (4) Often the variability from cell-line to cell-

line requires trying different types of transfection techniques to find the most efficient
one.72 (32) Once the appropriate transfection technique is found, ensuring that the uptake of
biosensors is the same or similar among all the cells under investigation remains a
challenge.
Use of the reporter–probe biosensor for cell and tissue imaging will require
hybridization of the reporter and probe prior to transfection into the cells or tissue. If the
reporter and probe are transfected individually, then the fluorescence intensities in different
cells will vary and the probe will most likely bind the miRNA before the reporter. If the
reporter–probe complex is not formed first, then it will be very difficult to monitor signal
change before and after a biochemical change.
Both signal-on and signal-off techniques will require a standard curve for in situ
quantification of miRNA copy number.4,76

(34,37)

Positive and negative control cells or

tissues are always required to validate quantification results. In general, both signal-on and
signal-off biosensors for in situ cell and tissue imaging is qualitative or semi-quantitative
at best.74–77 (35-38) Determination of miRNA copy number is especially difficult given their
small size and low expression.78 (39) In some cases there are discrepancies between different
types of in situ methods and quantitative real time polymerase chain reaction (qRT-PCR)
or microarray quantification of messenger-RNA, gene transcript, and especially
miRNA.74,79

(35,40)

There are a few examples of ensemble and single molecule in situ

biosensors that give messenger-RNA copy numbers that correlate well with qRT-PCR and
other in situ analysis techniques but not many for miRNA copy number.4,51,76 (10,34,37)
Counting miRNA copy number by measuring fluorescence from a diffraction
limited spot in cell and tissue imaging may be difficult if more than one miRNA or even
one reporter molecule is present in the probe volume.43 (4) One difficulty of measuring copy
number in living cells will be the diffusion of the biosensor for both signal-on and signaloff during the acquisition time. Basically, if the biosensor drifts back into the detection
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volume you will count the same miRNA at least twice, this is especially problematic for
single molecule in situ analysis.80

(41)

Alternatively for ensemble measurements if many

biosensors diffuse into and out of the detection volume during acquisition, then the
intensity from one spot may correlate with many molecules rather than just one. Even fixed
cells will have problems with quantification because signal-on sensors that generate
fluorescence from a single spot may come from a single copy if the miRNA are dispersed
throughout the cell or from many copies if they are colocalized.43 (4) Considerations of the
cell's volume, miRNA copy number, and the diffraction limitation of the objective are
needed for any quantitation or counting of fluorescent spots. In addition to following
calibrations similar to work done by Femino et al.,81

(42)

we will investigate standard

addition with mock miRNA for quantification with the signal- off reporter–probe
biosensor.
Determination of miRNA location will be the most challenging aspect for signaloff biosensors. Location information is particularly important because miRNA in one cell
type may have a different role in another cell type.47,75 (6,36) It is conceivable that signal-off
sensing could still permit location and determination of copy number by counting dark
spots. Tsourkas and coworkers describe a method to find bright spots from messengerRNA biosensors by sampling dim intensity around the bright spot to define the size of the
bright spot for subsequent counting.76

(37)

Signal-off could perform the opposite task of

searching for dim spots by sampling around the dim spot to find where it gets brighter thus
defining a dim spot. Alternatively a negative image could be made that transforms bright
signals into dark ones and dark signals into bright ones. Then a method similar to that
described by Tsourkas could be used to gain location information and possibly copy
number of miRNA.76 (37)
We aim to use about 1 nM of a reporter–probe biosensor in about 1 pL of cellular
volume. This corresponds to about 600 biosensors. Just like signal-on generates signal from
binding to a miRNA, so too can the signal from a reporter be correlated to a single probe.
If the number of spots in control and altered cells are counted and compared, then the
number of miRNA can be determined by subtracting the number of bright spots in the
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control from altered cells. Future designs will investigate methods to incorporate an
internal standard to the sensor to account for inherent variability of quantification by
comparison to controls.
Following fluorescent spots in cells for tracking the transportation of miRNA will
only work if the miRNA is chemically modified with a dye and incorporated in the RNAinduced silencing complex (RISC).82

(43)

Performing in situ labeling is difficult and may

actually change the nature of the miRNA. Monitoring location and even transport of
miRNA in cells using molecular beacons, reporter–probes, or even ratiometric
biomolecular beacons76 (37) will not be very informative and any results will be suspect.43
(4)

These types of sensors are best for location information in tissue to identify the cells that

show altered expression of miRNA indicative of disease. The reason miRNA biosensors
that bind directly to the miRNA preclude tracking is once the sensor binds the miRNA it
becomes non- functional and can no longer participate in regulation of messenger-RNA.
Furthermore the miRNA bound biosensor complex or biosensor itself can diffuse anywhere
in the cell and its location may be meaningless. The most important location information
comes from cell specific location information from tissue imaging.
Conclusions
Taking these results in the aggregate, we have quantifiable data to show that there is
only a small difference between signal-on and signal-off in terms of LOD and sensitivity.
The LOD for signal-on was a little over an order of magnitude (20–30 times) better than
signal-off. However, by adjusting the concentration of the (RQ + P) biosensor we showed
both signal-on and signal- off can detect miRNA down to 50–200 pM. In terms of
sensitivity and reproducibility signal-on and signal-off were comparable. The
reproducibility did vary based on cuvette placement error. The cuvette error defined the
reproducibility rather than the biosensor itself.
The idea that LOD is better for signal-on than signal-off due to the difficulty in
sensing a signal decrease against a bright background is true to an extent. We observed
improved sensitivity by lowering the concentration of RQ and (RQ + P). In addition,
lowering the (RQ + P) complex concentration lowered the LOD for signal-off from
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nanomolar to picomolar. Using less (RQ + P) gave a dimmer background, permitting
smaller changes in signal to be observed. Finally, we demonstrated that the S/N was the
same for signal-on and signal-off.
Analysis of how thermodynamics influences the equilibrium concentrations revealed
that a slight excess of RQ was needed to ensure any uncomplexed probe did not influence
the sensitivity, limits of detection, or accuracy. However, if equimolar amounts of RQ and
P were used, then the uncomplexed probe will be a limiting factor. This means for a given
(RQ + P) biosensor the amount of excess RQ needs to be determined such that it will not
influence the accuracy but minimize unnecessary background signal.
Sensitivity and LOD are important analytical FOM for determining the performance
of a fluorescent biosensor, but other analytical FOM play a role in determining the overall
performance of a biosensor. The signal-off (RQ + P) biosensor proved to be significantly
more selective than the MB for the same analyte. However, the advantage is in the
recognition mechanism rather than the transduction mechanism. Future generation
biosensor designs will focus on FRET enhancement to combine the attributes of signal-on
sensitivity with the displacement mechanism to improve sensitivity, selectivity,
reproducibility, and reduce false signals.
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Abstract
The fundamentally important ﬂuorescent imaging has one major limitation, resolution

of over three dyes. This limitation is in part due to the overlap of the broad emission proﬁle
of each of the emitters used in ﬂuorescence detection. The overlapping emission
contaminates each emitter’s detection channel, referred to as cross-talk. To reduce
ﬂuorescence cross- talk for two photon applications, we present an innovative TwoPhoton−Dye-Speciﬁc Excitation−Emission Offset (TP-DSO) method. TP-DSO selectively
detects each dye by synchronously scanning the excitation and emission wavelengths at
deﬁned wavelength offsets. This technique advances multicolor analysis signiﬁcantly by
resolving dyes with highly overlapping spectral proﬁles. We identiﬁed three beneﬁts:
reduced excitation spectral bandwidth, reduced emission cross-talk between colocalized
emitters with closely overlapping ﬂuorescence, and validated use of thin-ﬁlm variable
optical emission ﬁlters for tuning the bandwidth and center wavelength. TP-DSO will
advance multicolor analysis for many applications.
Introduction
The past decade has seen vast improvements in the fluorescent single molecule and
super-resolution toolkit.5,7,83 (1-3) While powerful techniques and instruments are advancing
spatial, temporal resolution, and sensitivity, there is a continued need for a spectral
resolution technology that makes multicolor fluorescent analysis accessible to a broader
audience. Figure 3.1A and B shows how cross-talk is especially troublesome for dyes with
closely overlapping spectral profiles. Scatter and cross-talk from colocalized emitters raise
back- ground signals, create false signals, and limit the number of resolvable spectral
signatures.
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Figure 3.1 Excitation and emission spectra for three overlapping dyes. (A) Emission
spectra and (B) excitation spectra of Rhodamine 110 (Rh110), Rhodamine B (RhB),
and Alexa Fluor 594 (Alexa594). In a mixture, the broad overlapping peaks of these
dyes create cross-talk. The large cross-talk hinders resolution between the three
dyes in both the emission and excitation dimensions.
Fluorescent multicolor analysis will find applications in a wide range of fields such
as biomedical engineering, biochemistry, pharmacy, and food chemistry.9,33,84–88

4-10

For

example, an imaging microscope capable of rapidly detecting three or more custom
wavelength channels would enable routine analysis of complicated cellular disease
mechanisms using well-established89–93 (11-15) or novel biosensors.30 (16)
Many instruments establish a color detection channel using optical filters or
gratings that have nontunable characteristics. Often each detection channel requires a
separate detector and dye-specific filter sets for each fluorophore.2,31,94,95

(17-20)

The need

for several detectors limits the broad use of multicolor analysis. Even with multiple
detectors, the number of colocalized dyes that can be resolved is limited to three by the
broad spectral profiles of most fluorophores.4 (21)
For single-photon techniques, a method known as synchronous scanning reduces
cross-talk by scanning both the excitation and emission wavelengths at a defined
wavelength offset.9,93,96–107 (10,15,22-33) The resulting spectrum has a reduced FWHM that is
responsible for the reduced cross-talk. Single-photon techniques typically use high-energy
photons (ultraviolet) that lead to scatter, photodamage, and matrix autofluorescence in
turbid and biological samples. Biochemical and biomedical applications of multicolor
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analysis will benefit from two-photon techniques that overcome many of the single-photon
limitations.
Mahou et al. demonstrated two-photon multicolor tissue imaging; however, their
method required a complex system to achieve two separate excitation beams and four wave
mixing. The technique still relied on resolution of the dyes on the excitation axis. 85

(6)

Radosevich et al. described a hyperspectral two- photon excitation scanning technique.
However, to remove cross-talk, a cumbersome fluorescence demixing method was used
that required detailed a priori information on spectral data from all emitters.108

(38)

The

complexity of biological systems hinders such precise knowledge for each emitter. To
improve two-photon multicolor analysis, reduce background signals, and facilitate
hyperspectral fluorescence imaging methodologies, methods are needed to reduce crosstalk from colocalized fluorophores.
Here, we aim to advance fluorescent multicolor analysis by reducing spectral crosstalk from three dyes with severe spectral profile overlap. This work will highlight the
necessary proof-of- concept for a two-photon dye-specific offset (TP-DSO) method prior
to incorporating more dyes and expansion to an imaging platform. Our method uses a
tunable two-photon excitation source in combination with two thin-film linear variable
filters (LVFs) to create custom dye-specific offsets (DSO, Figure 3.2A). LVFs are thinfilm interference filters with different cutoff wavelengths along their length. A dye-specific
offset is defined as the difference between the two-photon excitation wavelength and
fluorescence emission wavelength used to analyze a specific fluorescent dye.
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Figure 3.2 TP-DSO instrument layout and dye-specific offset concept diagram (A)
Two-photon DSO instrument showing linear variable filters and basic instrument
layout. Power control and beam-steering optics have been omitted for clarity. The
spectrometer is easily replaced with a PMT for future applications. (B) Concept of
dye-specific offsets with excitation in the NIR and collection of emission in the
visible with a generic spectral profile for a typical dye. The dye-specific offsets do
not have to be scanned in any particular order.
The use of tunable filters eliminates the need for several dye-specific bandpass
filters that increase analysis time and instrument complexity.94,100,101,109 (17,26,27,35) LVFs do
not need function generators like AOTF and are independent from polarization of incident
light (a requirement with AOTF). The unique advantage of using LVFs to create tunable
filters over liquid crystal tunable filters (LCTFs) and acousto-optical tunable filters
(AOTFs) is that LVFs have tunablilty in both the center wavelength passed and the FWHM
of the emission bandwidth. While AOTFs and LCTFs can be purchased with different
bandwidths, these are still fixed bandwidths. The light throughput of LCTFs typically
varies from 30 to 80% depending on the wavelength passed and bandwidth used. Compared
to LCTF, the LVFs have a relatively constant light throughput of about 64% across a broad
spectral range (340− 850 nm).
As a model system for proof-of-concept, we used Biotin-Rhodamine110 (Rh110),
Rhodamine B (RhB), and AlexaFluor 594 (Alexa594) because these dyes had severe color
overlap (cross-talk) and were difficult to spectrally resolve in both the excitation and
emission domain (Figure 3.1A and B). A CCD spectrometer was used in this work to (1)
visually confirm the shape of the LVF bandpass, (2) calibrate the LVF bandwidth and
center wavelength positions, and (3) validate and investigate the cross-talk for a given dyespecific offset. In future work, the CCD will be replaced with a photomultiplier tube
(PMT). A PMT will improve sensitivity and increase the spectral range (CCD allows only
520−690 nm).
We will demonstrate proof-of-concept for our TP-DSO method with four distinct
benchmarks. First, we will determine if scanning with a constant dye-specific offset can
reduce the FWHM of a fluorescent emitter’s excitation spectral profile. A detailed
description of the differences between constant and changing DSOs can be found in the
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Results and Discussion. The second benchmark will be to confirm two-photon excitation
of the three dyes. The third benchmark will be to confirm a reduction in cross-talk of
colocalized dyes using various dye-specific offsets. We will investigate how the cross- talk
changes when 15 and 30 nm emission bandwidths are used. The fourth benchmark will
show that the TP-DSO method reduces the cross-talk when the intensity of the emitters is
not the same, which is far more likely in a sample of multiple emitters. The analysis of
unbalanced intensities will be done by changing one dye’s concentration and keeping the
others’ concentrations constant. The last two benchmarks will compare TP-DSO to
emission filters commonly used in a conventional fluorescence microscope. Here we used
a 60 nm bandwidth that was modeled after the spectral profiles of the emission filters in
our two-photon microscope. To the best of our knowledge, this work represents the first
time thin-film linear variable filters have been used to achieve DSO for two-photon
fluorescence applications.
Experimental
3.2.1

TP-DSO Instrument
Figure 3.2A shows a simplified depiction of the instruments key components. An

ultrafast, tunable Ti:sapphire laser (Mai Tai HP14, Spectra Physics, Newport) was used as
the excitation source. An average excitation power of 100 mW was maintained using a
variable attenuator (not shown) consisting of a rotating half-wave plate and polarizer
(Newport VA-BB variable attenuator, Conex AGP controller, Newport CCVA-PR
software). A power meter (Newport 1918-R) measured the average power using a 4%
reflective beam-sampler (Newport 10B20-01NC.2) placed in the beam path of the laser. A
series of 4 mirrors (>96% reflection for each mirror) directed the excitation beam into the
back of a 10× objective to focus the beam into a cuvette. The fluorescence emission was
collected with another 10× objective that was at a 90° angle to the excitation objective. The
objectives were mounted on xy-objective holders that were each on their own z-translation
stage. The emission objective was aligned so that maximum light was observed from the
two- photon absorption focal spot. For DSO measurements and cross-talk analysis, the
emission light passed through a long wavepass (LWP, 300−850 nm, Delta Optical Thin
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Film LF102064-P119465) and a short wavepass (SWP, 340−850 nm, Delta Optical Thin
Film LF102155-P114157) linear variable filter (LVF) arranged in series (Figure 3.2 A).
Each LVF was mounted on a motorized linear translation stage (Zaber LM-200 and Zaber
Console freeware). By arranging the short pass and a long pass LVF in series, a bandpass
filter was created that was both tunable in the center wavelength and the full width halfmaximum. Both unfiltered and filtered emission was focused onto a fiber optic (Ocean
Optics CPatch 2767620, 1000 μm, 0.22 NA) using a 10× objective mounted on an xyobjective holder. The fiber optic was mounted to an xy-fiber coupler that was mounted on
a z-translation stage. The fiber optic delivered the emission to a CCD spectrometer (Ocean
Optics, QE65Pro, 1200 g/mm). The thermoelectric cooler on the spectrometer was used to
reduce thermal background signal. The exposure time was 500 ms, and there was one
exposure per acquisition, with one acquisition per data point. As previously mentioned, the
CCD spectrometer was used here for validation and proof-of-concept. For imaging
applications, the CCD will be replaced with a single element detector like a PMT.
Synchronous Scanning Procedure. Figure 3.2B shows the general concept of selective
synchronous excitation and emission scanning to obtain dye-specific offsets. The
excitation/emission offset value was based on the type of DSO scan: constant-offset,
variable-angle, nonlinear variable angle (NLVA), or custom dye-specific offsets. The
constant- offset, variable-angle, and nonlinear variable-angle scan types are described in
detail in the Results and Discussion section. The range of excitation wavelengths possible
was determined from the emission range of the spectrometer (520 to 690 nm) and the offset
value. For example, with an offset of 260 nm and emission centered at 520 nm, the shortest
excitation wave- length possible was 780 nm. A larger range of dye-specific offsets could
be analyzed with a PMT; the spectral range for analysis then would on a combination of
the tuning range of the excitation source (690−1040 nm) and the emission cutoff range of
the LVF (340−850 nm). A detailed, step-by-step description of the scanning procedure can
be found in the methods section of the Supporting Information (SI) in Appendix II.
Traditional single-photon constant-offset synchronous scanning methods reduce
the FWHM of a dye’s spectral profile when the offset is equal to the difference of excitation
and emission peaks.96,100

(22,26)

In this work, we will refer to any difference in excitation
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and emission as dye-specific offsets. For experiments with different dye concentrations or
emission bandwidths, the dyes were scanned at certain dye-specific offsets, while the
emission bandwidth (FWHM) was set at 15, 30, or 60 nm.
3.2.2

Data Analysis
Cross-talk was determined by summing each dye’s background-subtracted signal

intensity over a defined bandwidth in a given dye-specific offset (see Appendix II Figure
S3.1 for an example of summing each dye control in a dye- specific offset and Appendix
II Figure S2 for an example of summing for each bandwidth. The summed intensity of all
three dyes at a given dye-specific offset was normalized to the intensity of a given dye’s
detection channel. For a given dye’s detection channel, the following equation was used
for cross-talk analysis:
%(𝒄𝒓𝒐𝒔𝒔– 𝒕𝒂𝒍𝒌)𝑫𝑪 = 𝟏𝟎𝟎 ×

𝑰𝒊
𝑰𝑫𝑪

Eqn 3-1

where Ii is the intensity of the ith dye (i = dye 1, dye 2, and dye 3) and IDC = intensity of
the ith dye’s detector channel.
Error for statistical analysis of cross-talk was determined from the instrumental
noise (peak-to-peak) of a background- subtracted baseline signal from Alexa594. The 520
to 565 nm region from the Alexa594 sample was chosen so that there was a large area of
baseline signal and noise with no fluorescence. Alexa594 emission starts around 570 nm
(Figure 3.2 A). The peak-to-peak noise over this region was determined at the three
excitation wavelengths used for the DSOs evaluated. The three peak-to-peak noise values
were then averaged and this average was used as the error for statistical analysis of the
cross-talk. The “n” for each analysis was dependent on the bandwidth of the linear variable
filters. When the bandwidth was 15, 30, and 60 nm, the pixels summed was 90, 180, and
360 pixels, respectively.
3.2.3

Solution Preparation
Fluorophores were prepared as 400 μL solutions of 10 μM RhB (Acros 296570100),

30 μM Rh110 (VWR 89139−494), and 2.3 μM Alexa594 (Molecular Probes A375−72) as
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separate solutions and as a mixture in 400 μL, prepared in deionized water. All solutions
were prepared from 100 μM stocks of their respective dyes. The concentrations were such
that the dyes had approximately equal emission intensity when excited at 800 nm
(determined from calibration curves not shown). Each dyes spectra used 150 μL of a given
dyes solution. After analysis the 150 μL solution was retrieved and reused for at most 10
experiments. The samples were prepared fresh after 10 experiments. The Rh110 and
Alexa594 were resuspended in DMSO (500 μM) and further diluted in deionized water to
100 μM. Deionized water was used to obtain a blank spectrum for the background
correction. In addition to 10 μM of RhB, a 20 μM and 5 μM solution was prepared to
perform cross-talk analysis when the dyes had unbalanced intensities.
Results and Discussion
3.3.1

Results and Discussion
Since TP-DSO method was based off synchronous scanning, the first benchmark

was to demonstrate two-photon synchro- nous scanning was possible. Here the excitation
and emission wavelengths were scanned with a constant offset to show a reduction of the
FWHM of the excitation spectrum from each dye under two-photon excitation conditions.
Figure 3.3A−C shows the two-photon synchronous scan (colored diamonds) of each dye
individually at its dye-specific constant-offset. An offset of 260 nm for both RhB and
Rh110 gave similar spectra to their respective dye-specific offsets of 250 and 270 nm (RhB
and Rh110, respectively). The dye-specific offset for Alexa594 was 180 nm. The twophoton synchronous scan was compared to conventional excitation spectrum (Figure 3.3,
black triangles). In a conventional excitation spectrum, the entire emission profile is
collected at each excitation wavelength. As seen in Figure 3.3, two-photon synchronous
scanning did reduce the FWHM of each dye by ∼64% compared to conventional twophoton excitation (Figure 3.3, black triangles).
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Figure 3.3 Two-photon constant-offset synchronous scanning at (A) 260 nm for
Rh110, (B) 260 nm for RhB, and (C) 180 nm for Alexa594. Synchronous scanning
reduced the FWHM of all three dyes by ∼64%. Black triangles represent
conventional two-photon excitation spectra. Two-photon absorption from
synchronous scanning was confirmed by the expected slope of two from log−log
plots of summed signal intensity vs excitation power (25, 50, 75, and 100 mW) for
(D) Rh110, (E) RhB, and (F) Alexa594. The signal intensity was summed in a
manner similar to the method described in Appendix II Figure S3.3.
Appendix II Figures S3.3 and S3.4 demonstrate how the excitation curves in Figure
3.3 were generated from summed emission intensity data. The next benchmark for our TPDSO was to confirm that the dyes were undergoing two-photon absorption. Figure 3.3 D−F
showed the log−log relationship between excitation power and synchronous scanning peak
DSO intensity for each dye. A slope of approximately 2 was expected and observed,
confirming two- photon absorption using the synchronous scanning. Each point in the
synchronous scanning curve of Figure 3.3 is just a different DSO. Since the peak DSO
demonstrated two-photon excitation, we can conclude that two-photon excitation can be
used with dye-specific offsets. Our initial investigations into dye-specific offsets focused
on three distinctly different conventional synchronous scanning methods of changing the
offset: (1) constant-offset scanning, which changes the excitation and emission
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wavelengths at the same interval, so that the offset between excitation and emission is
constant throughout the scan, (2) variable-angle, and (3) nonlinear variable-angle (NLVA).
Both variable-angle and NLVA change the offset during the scan, the only difference being
how the offset changed. The variable-angle scan constantly decreased the offset value at a
constant rate, while nonlinear variable-angle increased and decreased the offset at nonconstant rates. The goal of changing the offset was to excite each dye at wavelengths that
maximized the fluorescent signal from one dye but reduced cross-talk from other dyes.
We found that the magnitude of the offset, as well as the way in which the offset
was varied, changes the spectral profile of the fluorescent emitter(s). Figures S3.5 and S3.6
in the SI (Appendix II) show how the spectral profiles of the mixture and/or individual
dyes change as the magnitude and type of offset changes. Briefly, constant-offset
synchronous scanning only improved resolution between two dyes that were already well
resolved in the excitation and emission domain (Appendix II Figure S3.5). For example,
the three constant-offsets we tested showed good spectral separation of Rh110 and
Alexa594. However, the goal was to resolve three dyes that had a high degree of spectral
cross-talk but could not be resolved with conventional filtering. The variable-angle offset
scan of the mixture was an overlap of emission from all three dyes above 780 nm excitation
(Appendix II Figure S3.6). The variable angle was not able to reduce cross-talk for the
offsets we tested.
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Figure 3.4 Excitation−emission matrix (EEM) from a mixture of Rhodamine 110
(Rh110), Rhodamine B (RhB), and AlexaFluor 594 (Alexa594). Dotted vertical lines
and solid horizontal lines indicated common excitation and emission wavelengths,
respectively. The ×’s mark specific DSOs tested. Different colored ×’s are for
different dyes.
Unlike variable-angle scanning, NLVA was able to visually separate a mixture of
dyes into broad peaks on a 2D excitation−emission matrix (EEM, Appendix II Figure S7).
The peaks in the NLVA scan inspired the concept of dye-specific offsets. We postulated
that by only collecting data at the excitation− emission wavelengths that optimized signal
from a specific offset, analysis time could be reduced while still reducing cross- talk. These
wavelength combinations were termed dye-specific offsets. Figure 3.4 shows the dyespecific offsets tested in this work. The white solid lines correspond to peak emission
wavelengths for each dye (labeled on right axis). The dashed white lines correspond to
excitation wavelengths tested. Each “X” marks the excitation−emission coordinates that
define the dye-specific offsets listed in Table 3.1.
Table 3.1 shows the reduction of cross-talk at each dye-specific offset, for both 15
and 30 nm emission bandwidths. The values were determined by subtracting the percent
cross-talk of the conventional (60 nm) bandpass from the percent cross-talk of various dyespecific offsets.
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Table 3.1 Percentage Point changes in cross-talk with LVF from five Dye-Specific
Offsetsa
Dyes with 15 nm LVF bandpass Dyes with 30 nm LVF bandpass
Dye-specific
(n = 90 pixels summed)
(n = 180 pixels summed)
offset (ex/em,
nm)
(Alexa594) (RhB)
(Rh110)
(Alexa594) (RhB)
(Rh110)
Alexa594:
–
10.72
3.40
–
11.74
3.17
(810/620)
Alexa594:
–
0.88*
0.63
–
2.61
0.87
(820/630)
RhB: (820/580) 25.33
–
20.22
17.41
–
11.45
RhB: (710/580) 18.79
–
24.57
13.44
–
8.74
Rh110:
-0.69*
11.20
–
0.16*
11.33
–
(800/530)
a

Statistical analysis used α = 0.01 ( n = 360 and 180 or 90), the * indicates no statistical difference. Positive values indicate the

percent cross-talk was reduced compared to the conventional filter model with a 60 nm bandpass. A dash indicates that the crosstalk was not applicable because emission was normalized to that DSO.

For dye-specific offsets using both 15 and 30 nm emission bandwidths, nearly every
DSO statistically (α = 0.01, n = 90, 180, 360) reduced the spectral cross-talk between 10−25
percentage points when compared to a conventional filter model (60 nm filter bandwidth).
For both RhB dye-specific offsets, the 15 nm bandpass reduced the cross-talk more than
the 30 nm bandpass. In the case of the Rh110 and both Alexa594 dye-specific offsets, the
30 nm reduced the cross-talk just as well as the 15 nm bandpass.
TP-DSO was able to reduce the RhB and Rh110 cross-talk in the Alexa595 (810
nm/620 nm) dye-specific offset by about 11 and 3 percentage points, respectively. The
Alexa594 and Rh110 cross-talk in the RhB (820 nm/580 nm) dye-specific offset were
reduced by 25 and 20% points, respectively. The RhB cross-talk in the Rh110 dye-specific
offset (800 nm/530 nm) was reduced by 11 percentage points. The RhB cross-talk was
initially ∼11%; the DSO brought the cross-talk down to almost 0% (data not shown).
Cross-talk from Alexa594 was not present in the Rh110 dye-specific offset.
In general, changing either the excitation or emission wavelength component of the
dye-specific offset had a noticeable effect on the cross-talk reduction. Increasing the
excitation and emission wavelength of the Alexa594 dye-specific offset by 10 nm (810/620
to 820/630 nm) resulted in less cross-talk reduction. This was likely because Alexa594 and

65
RhB were excited equally well at 820 nm, and the RhB still emits strongly enough in the
620 nm region where Alexa594 emits to increase cross-talk.
The excitation wavelength of the RhB DSO was changed while the emission
wavelength remained unchanged (820/580 to 710/580 nm). 710 nm was selected since it
seemed to weakly excite only RhB. The cross-talk from Rh110 decreased further, but crosstalk from Alexa594 increased by nearly the same amount (Table 1). In other words, the
820/580 nm DSO reduced the cross-talk from Alexa594 the most, while the 710/ 580 nm
DSO reduced the cross-talk from Rh110 the most.
In a realistic sample, the emission intensity of the various fluorescent emitters will
probably not be similar. To observe how non-equal emission intensities would affect the
cross-talk, the concentration of the RhB was varied. We expected that as the concentration
of the RhB decreases, the cross-talk of that RhB in the other dye-specific offsets will
decrease, but the cross-talk from other emitters will increase in the RhB dye- specific
offset. The opposite would hold true for an increase in RhB concentration, with less crosstalk in the RhB dye-specific offset from the other emitters, but more cross-talk from RhB
in the other dyes’ offsets. As expected, the cross-talk in other offsets increased with
concentration, while the relative cross- talk from other emitters does down (Appendix II
Table S1 and S2).
Overall the use of DSOs still demonstrated reduced cross-talk compared the model
conventional filter sets. When the concentration of RhB was changed to create unbalanced
emission intensities in the mixture, the magnitude of cross-talk reduction was even larger.
When the RhB concentration was reduced, the RhB TP-DSO reduced the cross-talk from
Alexa594 by up to 60 percentage points. Increasing the RhB concentration resulted in the
Alexa594 TP-DSO reducing the RhB cross-talk by up to 25 percentage points.
3.3.2

Imaging Prospects and Future Directions
Integration of the TP-DSO method into a hyperspectral imaging platform is not

trivial, as speed, detection limits, and other device-level issues complicate the process.
Scan speed depends on the time to change excitation wavelength, emission bandpass and
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center wavelength, excitation power, and collect the image. To address these concerns and
show that this proof-of-concept will succeed in a hyperspectral imaging platform, we
propose the following imaging method that will be the focus of follow-up work from our
group.
Prior to collecting an image, an EEM spectrum similar to Figure 3.4 will need to be
collected from each dye of interest alone and as a mixture. This process will take roughly
30 min for each dye with our new automation methods and excitation wavelength steps of
1 nm, as opposed to the 10 nm used in this work. With larger excitation wavelength
increments, this process can be reduced to approximately 5−10 min. From the EEM
information, the user or an automated program will determine dye-specific offsets that
minimize the cross-talk from other dyes. Development and validation of the automated
DSO prediction model will be the subject of future work.
Using the determined DSO for each dye, an image at each DSO will be collected using a
PMT. Each acquisition takes roughly a total of 5−10 s to tune the excitation wavelength,
adjust the excitation power, position the LVFs, and collect the image. This process is
repeated for each DSO. For three dyes, if the image acquisition at each DSO takes 10 s,
then the minimum acquisition will be 30 s (note the laser will be blocked as the detection
channels are adjusted to prevent damage to the sample). However, depending on
experimental acquisition parameters and number of dyes to image, the time could be
several minutes.
The power of a TP-DSO hyperspectral imaging platform will be resolution of
emitters with closely overlapping excitation and emission spectra. In contrast to current
imaging platforms that can only image one color per detection channel we envision more
than three colors per channel. On the basis of the results of this paper with 3 dyes, if this
system were used with a 4-PMT microscope, then 12 colors with strong overlap will be
resolved. An added benefit is the use LVF that allow customization of the center
wavelength and bandwidth for each dye. Our method makes improvements to more
cumbersome ultrafast methods that require separate excitation beams, additional optical
parametric oscillators, four wave mixing, and resolution of the dyes on the emission and
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excitation axis. The TP-DSO method is especially powerful because it does not need
detailed a priori information on the emitters. The initial EEM comparison (which will be
automated) will determine the spectral profile and the dye-specific offsets to minimize
cross-talk for all emitters present in the two-photon focal volume (even endogenous
fluorophores such as Flavins, Nicotinamides, etc.).
Conclusions
In summary, proof-of-concept for an innovative two-photon dye-specific offset
method achieved several benchmarks: (1) Constant-offset synchronous scanning gave a
64% reduction in the FWHM of each dye’s excitation spectrum. (2) Power studies
confirmed two-photon absorption with DSO. (3) Dye-specific offsets reduced cross-talk
among three dyes with closely overlapping excitation and emission spectra. (4) Cross-talk
was reduced when emission intensity was not balanced. Decreasing cross-talk will mean
all the difference for sensitive fluorescence measurements. The analysis of constant-offset,
variable-angle, NLVA, and dye-specific offsets indicates there is a combination of offsets
and bandwidth that will further reduce cross-talk. A dye-specific offset prediction model
that incorporates concentration effects and bandwidths is the focus of future work and will
be developed based on the results presented in this work.
With this proof-of-concept, we demonstrated that TP-DSO is a practical method of
multicolor fluorescent imaging and analysis. TP-DSO will benefit established techniques
like STochastic Optical Reconstruction Microscopy (STORM) and STimulated Emission
Depletion (STED) because they still require good spectral resolution of the dyes used and
a low background autofluorescence. One barrier to super-resolution techniques is the
temporal resolution; success of the TP-DSO technique will provide access to biomolecular
events that happen on the subdiffraction scale without the long times needed for superresolution methods. TP-DSO will leverage the temporal resolution of widefield
fluorescence measurements with the information afforded by super-resolution methods but
through spectral rather than spatial resolution.

68
References
(1) Walter, N. G.; Huang, C.-Y.; Manzo, A. J.; Sobhy, M. A. Nat. Methods 2008, 5,
475−489.
(2) Bates, M.; Dempsey, G. T.; Chen, K. H.; Zhuang, X. ChemPhysChem 2012, 13,
99−107.
(3) Betzig, E. Angew. Chem., Int. Ed. 2015, 54, 8034−8053.
(4) Galanzha, E. I.; Shashkov, E. V.; Tuchin, V. V.; Zharov, V. P. Cytometry, Part A
2008, 73A, 884−894.
(5) Smith, B. A.; Xie, B.-W.; van Beek, E. R.; Que, I.; Blankevoort, V.; Xiao, S.;
Cole, E. L.; Hoehn, M.; Kaijzel, E. L.; Löwik, C. W. G. M.; Smith, B. D. ACS
Chem. Neurosci. 2012, 3, 530−537.
(6) Mahou, P.; Zimmerley, M.; Loulier, K.; Matho, K. S.; Labroille,
G.;Morin,X.;Supatto,W.;Livet,J.;Deb́ arre,D.;Beaurepaire,E.Nat. Methods 2012, 9,
815−818.
(7) Bentolila, L. A.; Weiss, S. Cell Biochem. Biophys. 2006, 45, 59−70.
(8) Liu, J.; Liu, J.; Liu, W.; Zhang, H.; Yang, Z.; Wang, B.; Chen, F.; Chen, H. Inorg.
Chem. 2015, 54, 7725−7734.
(9) Lacoste, T. D.; Michalet, X.; Pinaud, F.; Chemla, D. S.; Alivisatos, A. P.; Weiss,
S. Proc. Natl. Acad. Sci. U. S. A. 2000, 97, 9461−9466.
(10)
Poulli, K. I.; Mousdis, G. A.; Georgiou, C. A. Food Chem. 2009, 117,
499−503.
(11)

Larson, D. R. Proc. Natl. Acad. Sci. U. S. A. 2003, 96, 1434.

(12)
Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose, S.; Li, J.
J.; Sundaresan, G.; Wu, A. M.; Gambhir, S. S.; Weiss, S. Science 2005, 307,
538−544.
(13)
Conlon, P.; Yang, C. J.; Wu, Y.; Chen, Y.; Martinez, K.; Kim, Y.;
Stevens, N.; Marti, A. A.; Jockusch, S.; Turro, N. J.; Tan, W. J. Am. Chem. Soc.
2008, 130, 336−342.
(14)

Perlette, J.; Tan, W. Anal. Chem. 2001, 73, 5544−5550.

(15)
Alhasan, A. H.; Kim, D. Y.; Daniel, W. L.; Watson, E.; Meeks, J. J.;
Thaxton, C. S.; Mirkin, C. A. Anal. Chem. 2012, 84, 4153−4160.
(16)
Larkey, N. E.; Almlie, C. K.; Tran, V.; Egan, M.; Burrows, S. M. Anal.
Chem. 2014, 86, 1853−1863.
(17)
Morris, H. R.; Hoyt, C. C.; Treado, P. J. Appl. Spectrosc. 1994, 48,
857−866.
(18)
Lakowicz, J. R. Principles of fluorescence spectroscopy, 3rd ed.; Springer:
New York, 2006.
(19)

Murphy, D. B.; Davidson, M. W. Fundamentals of light microscopy and

69
electronic imaging, 2nd ed.; Wiley-Blackwell: Hoboken, NJ, 2013.
(20)
Closing the spectral gap − the transition from fixed-parameter
fluorescence to tunable devices in confocal microscopy. Proceedings of SPIE. Vol
6090.Borlinghaus, R.; Gugel, H.; Albertano, P.; Seyfried, V. Conchello, J.-A.,
Cogswell, C. J., Wilson, T., Eds.; 2006; p 60900T− 60900T−6.
(21)
Pitchiaya, S.; Heinicke, L. A.; Custer, T. C.; Walter, N. G. Chem. Rev.
2014, 114, 3224−3265.
(22)
Ingle, J. D.; Crouch, S. R. Spectrochemical Analysis; Prentice Hall:
Englewood Cliffs, NJ, 1988.
(23)

Lloyd, J. B. F. Nature, Phys. Sci. 1971, 231, 64.

(24)

Lloyd, J. B. F. Analyst 1974, 99, 729−738.

(25)

Lloyd, J. B. F.; Evett, I. W. Anal. Chem. 1977, 49, 1710−1715.

(26)

Vo-Dinh, T. Anal. Chem. 1978, 50, 396−401.

(27)

Vo-Dinh, T. Appl. Spectrosc. 1982, 36, 576−581.

(28)

Pulgarín, J. A. M.; Molina, A. A. Analyst 1994, 119, 1915−1919.

(29)
Pulgarín, J. A. M.; Molina, A. A.; Robles, I. S.-F. Appl. Spectrosc. 2010,
64, 949−955.
(30)
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Chapter 4.
CLEER: CoLocalized Excitation Emission Resolution with continuously
variable filters
4

Abstract
The advent of novel filter technologies has produced a diverse fluorescence toolkit for

multicolor analysis; despite these remarkable advances, there remains a need for a straightforward process to reduce spectral cross-talk when working with multicolor in situ
biological samples. Building on proof-of-concept work, the CLEER method consists of an
in silico prediction model and an in situ instrumental platform for spectral resolution of
colocalized fluorophores. The prediction model produces a pair of excitation and emission
wavelength coordinates for each dye used in a multicolor experiment; the wavelength pairs
are unique to each dye and represent the spectral space that reduces cross-talk from other
colocalized dyes. These pairs are termed Dye-Specific Excitation-Emission Coordinates,
or DyeSEECs. The instrument consists of an ultra-fast, tunable Ti:Sapphire laser (700 –
1040 nm), a set of long wavepass and short wavepass continuously variable filters (350 800 nm), and either a PMT or spectrometer/CCD. We demonstrate how the predicted
coordinates reduce cross-talk compared to traditional filtering technology, and why some
coordinates fail to reduce cross-talk. We found that it is partially due to how the spectral
profiles the fluorophores themselves influence the accuracy of the bandpass formed by the
cut-off spectrum of the continuously variable filters. Further work will determine the
dependence of the prediction model on the spectral resolution of the input data.
Introduction
The four primary factors in fluorescence image quality are spatial resolution,
temporal resolution, dynamic range, and S/N ratio. However, there is only so much
information contained in monochromatic images, and the incorporation of multicolor
methods has facilitated a wealth of new data for fluorescence analysis. In multicolor
fluorescence, an additional primary factor is spectral resolution, or the number of colors
that can be accurately identified and quantified in an image.

71
Every fluorescence method is some balance of the 5 primary factors; the experiment
often determines which factor(s) are most important. For example, super-resolution
methods such as STORM110–113, PALM114, STED 115,116, Structured Illumination 117–119 all
seek to maximize the spatial resolution factor by surpassing the Abbe optical diffraction
limit. This comes at a price, as these methods often require long acquisition times (reducing
the temporal resolution) and special photo-stable dyes and buffer solutions to prevent
photobleaching or dye degradation (reducing the dynamic range and S/N ratio).
The molecular specificity of many labeling techniques means that single
fluorophores can be detected and localized; a powerful implication for biological research.
In applications such as detecting miRNA to track cellular disease progression, it is critical
to accurately detect changes in expression levels, often of 5 or more miRNA
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. This is

challenging since all 5 factors are comparable: the spatial and temporal resolution must be
sufficient to see colocalized signals change in the order of minutes to seconds. The
changing signals against a background signal (e.g. autofluorescence) demands that the S/N
be sufficiently high while maintaining a linear dynamic range. Finally, multiple colors must
be spectrally separated. This presents one of the toughest challenges, as fluorescent spectral
profiles are often ~100 nm wide.
Significant progress has been made to develop multicolor fluorescence instruments
and methods that can improve spectral resolution without sacrificing other factors. Bates
et al. combined STORM, a super-resolution method, with pairs of photo-switchable dyes
to produce unique color-signatures captured with one CCD. This requires multiple
excitation sources, which may interfere with the activator source, as well as careful design
of the switchable dye pairs (6,35). As with most super-resolution methods, the temporal
resolution is severely reduced as well. Another approach for improving spectral resolution
is to use a single source for excitation of multiple fluorophores, while using spectral
filtering elements to separate the colocalized, multicolor emission. This leads to
complicated and expensive systems to contain the filter sets, or compromising and using a
filter that was designed for a dye similar to the one being used.
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The motivation for using CVFs instead of traditional filtering technologies is twofold: Their optimal spectral performance and the potential for applications in multi-user or
shared-instrument suites. The goal is for a system where the user can select the dyes in
their multicolor experiment, and the instrument creates a custom bandpass profile for each
color (excitation and emission wavelengths, bandpass FWHM). Current dual-color
methods require careful selection of dyes, filters, and excitation sources to minimize crosstalk. Multicolor (5+ dyes) applications with conventional technology would require
extensive filter sets while sacrificing temporal resolution to configure multiple filter sets.
Alternatively, AOTFs and LCTFs offer fast (~10 ms) center wavelength tuning, but suffer
from low transmission efficiency and costly electronic control systems. CVFs offer an ideal
compromise; high (84%) and continuous transmission efficiency, moderate (1-5 seconds)
center wavelength and bandpass tuning, and a small physical footprint – making CVFs
ideal for adaptation into existing technologies.
Continuous Variable Filter Technology (CVF) and Dye-Specific Excitation
Emission Coordinates (DyeSEEC) Theory
4.2.1

Terminology Changes
The TP-DSO method described in our proof-of-concept work (Chapter 3) set a

crucial benchmark of demonstrating the ability of linear variable filters (LVF) to help
reduce cross-talk. As development of the method has continued to advance, we have made
two noteworthy changes to the nomenclature use in previous work:
1) The name ‘Dye-Specific Offsets (DSO)’ was changed to ‘DyeSEECs’ to reflect changes
in the signal collection method. The system no longer scans with a wavelength offset, it
tunes dye-specific wavelength coordinate pairs.
2) Linear variable filters are now referred to as Continuously Variable Filters (CVF). The
filter manufacturer, Delta Optical Thin Film, changed their naming convention around the
same time we (individually) discovered that the wavelength change across the filter is
continuous but not quite linear.
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4.2.2

Dye-Specific Excitation Emission Coordinates (DyeSEECs) Theory
The work in Chapter 3 used DyeSEECs that were determined in a ‘brute force’

method, i.e. the two-photon excitation emission matrix (EEM) of one dye was visually
compared to two other dye’s EEMs. We selected DyeSEECs based on the peak two-photon
excitation and fluorescent emission wavelength for each dye. Furthermore, we selected
other wavelength coordinates for two of the dyes that were separated from the other peak
wavelengths, to reduce the crosstalk from overlapping profiles. However, brute force
inspection of mixtures containing 3 or more dyes was tedious and prone to human error.
There was a need for an in silico algorithm that could determine DyeSEECs for several (5
or more) dyes in a multicolor experiment. We designed a MATLAB program that where
the input was a series of EEMs (one for each dye in the multicolor experiment) and the
output was a DyeSEEC, one for each EEM in the input (Figure 4.1 A). The algorithm was
developed to determine excitation and emission wavelength pairs that spectrally resolve
dyes that are not well-resolved (~25nm) by conventional methods.
Table 4.1 is a legend of the dye numbers, the corresponding names, and DyeSEEC
and standard filter wavelengths. Spectral resolution was achieved by reducing cross-talk
from other dyes present in the mixture (Figure 4.1 B). The algorithm is based on the idea
of minimizing the DyeSEEC ratio, defined as the cross-talk (blue lines, Figure 4.1B)
divided by the total emission of mixture (magenta lines, Figure 4.1B). The minimum of the
DyeSEEC ratio is the wavelength pair (excitation and emission) that has the lowest amount
of cross-talk in the mixture signal. At the DyeSEEC, the signal of the mixture is mostly
from the dye of interest. This system can also be used to produce a set of secondary
DyeSEECs, the focus of future work.
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Table 4.1 Dye Legend, DyeSEEC wavelengths, Standard wavelengths, and
Concentrations
Dye
Dye Name DyeSEEC
Standard filters
Concentration
Number
Excitation,
Excitationa, Emissionb
(µM)
Emission
(nm)
(nm)
1
Alexa
715, 545
710, 554
41
Fluor 532
2
Alexa
1034, 570
810, 573
43
Fluor 546
3
Alexa
788, 615
800, 620
12.2
Fluor 594
4
Alexa
707, 691
820, 640
2.6
Fluor 633
5
Rhodamine 824, 521
805, 520
21
110
a
The standard excitation wavelength was the peak two-photon excitation determined
from an excitation-emission matrix developed in-house. b The emission wavelength
was the emission maximum from each dye’s datasheet.
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Figure 4.1 CLEER System Outline and Prediction Algorithm Basis. A)
Demonstrates the work flow in the CLEER system. The prediction algorithm
determines the excitation wavelength and emission profile that minimizes cross-talk
from other dyes in a multicolor mixture. B) The calculation performed by the
algorithm to determine DyeSEECs. I is the intensity of a given dye in the mixture:
A, B, C, …, to N dyes.
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4.2.3

DyeSEEC Prediction Algorithm Work Flow

Figure 4.2 Prediction Algorithm Work Flow. An Excitation Emission Matrix for
each dye is loaded from a home-made catalog. The EEM is binned and the
calculation outlined in Figure 4.1B is used to generate a DyeSEEC 1˚ ratio. The
minimum of the 1˚ ratio is the DyeSEEC coordinates as an ordered pair (Ex, Em).
The EEMs from each dye in Table 4.1 are loaded into the matlab program. The
program then bins the EEM according to the user-defined bin width (Figure 4.4). Binning
reduces the spectral resolution of the EEM, but makes the algorithm less sensitive to noise
in the EEM data. For most prediction experiments the bin width was set at 15 nm and a
CVF bandpass that maintained adequate signal (~150 counts / 500 ms). From there, a
DyeSEEC ratio map was generated using the equation shown in Figure 4.1B. The location
of the ratio minimum was converted from a pair of bin numbers to an excitation – emission
wavelength pair ([BinX, BinY]

[Ex, Em]).
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Experimental
4.3.1

Solution Preparation
Five dyes were chosen so that their respective emission peaks wavelengths were

within ~25-50 nm of other dyes (Table 4.1). This resulted in a mixture with severe spectral
overlap over the 520 nm to 690 nm range. The concentrations were chosen so that the
emission intensity from the individual dye solutions were approximately equal to each
other (at their respective standard excitation and emission wavelength, Table 4.1). All dyes
were initially resuspendend in DMSO and then diluted to working concentration with a cell
lysate/buffer solution. The cell lysate was from MCF-7 cells and was diluted 1:10 with a
PBS 1X buffer solution described previously 30,120(citation). Solutions were recovered from
the cuvette after experiments and reused for approximately 30 days before being discarded
and new working solutions prepared.

4.3.2

CLEER Instrument
The CLEER instrument is a collection of original equipment manufacturer (OEM)

and home-built devices that have been integrated and automated for fluorescence
spectroscopy (Appendix III). Some of the system has been described previously121. Briefly,
an ultra-fast tunable Ti:sapphire laser (Mai Tai HP14, Spectra Physics, Newport) was used
as the excitation source. An average excitation power of 100 mW was maintained using a
variable attenuator consisting of a rotating half-wave plate and polarizer (Newport VA-BB
variable attenuator, Conex AGP controller). A power meter (Newport 1918-R) measured
the average power using a 4% reﬂective beam-sampler (Newport 10B20-01NC.2) placed
in the beam path of the laser. A beam-block was built in-house from a solenoid and relay
controlled by an Arduino Uno with either a manual switch or with Matlab.
From the beam-block, a series of 4 mirrors directed the excitation beam into the
back of a 10x objective to focus the beam into a cuvette. The ﬂuorescence emission was
collected with another 10x objective that was at a 90˚ angle to the excitation objective. The
objectives were mounted on xy-objective holders that were each on their own z-translation
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stage. The emission objective was aligned so that maximum signal was observed from the
two-photon excitation focal spot. The emission light passed through a long wavepass
(LWP, 300−850 nm) and a short wavepass (SWP, 340−850 nm) continuously variable filter
arranged in series. Each CVF was mounted on a motorized linear translation stage. By
arranging the short pass and a long pass CVF in series, a bandpass ﬁlter was created that
was both tunable in the center wavelength and the full width half-maximum. Shifting the
Both unﬁltered and ﬁltered emission was focused onto a ﬁber optic; The ﬁber optic
was changed between two CCD spectrometers depending on the experiment. Spectrometer
1 was an Ocean Optics QE65Pro that covered the 520 – 690 nm spectral range over a 1024
pixel CCD (~0.17 nm • pixel-1) with Thermoelectric cooling (TEC). The TEC was set to 20 ˚C to reduce thermal background signal. The exposure time with the QE65Pro was 500
ms, and there was one exposure per acquisition, with one acquisition per data point.
Spectrometer 2 was an Ocean Optics USB4000 that covered 344 – 1040 nm over 3648
pixels (~0.19 nm • pixel-1). The integration time was either 200 ms or 1000 ms, depending
on the experiment.
4.3.3

Experiment Automation with Matlab
The entire instrument was automated with Matlab and Arduino programs; the user

simply places their sample into the cuvette holder and collects data with a computer. The
main data collection loop followed the following cycle: 1) The laser excitation wavelength
was tuned and the ½ λ-plate was rotated to set the user-defined power. 2) The stages
holding the CVFs are moved to their respective positions that give the calculated center
wavelength and FWHM. The stage position was calculated using the calibration curves
(4.2.4). The SWP filter position was λemisson + (0.5 x bandpass). The LWP filter position
was λemisson – (0.5 x bandpass). 3) A beam block was moved to expose the sample to the
laser. 4) The signal was collected and saved. Depending on the detector used, the signal
was acquired from either a PMT/Arduino photon counter or a spectrometer/CCD. The
spectrometer was used to verify the DyeSEEC spectral profiles (e.g. determine if center
wavelength and FWHM are correct). The PMT will be used in future experiments for its
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higher sensitivity and lower limits of detection. 6) The beam block was replaced to block
the laser and prevent photobleaching.
Results and Discussion
4.4.1

Continuously Variable Filters
A continuously variable filter is an interference-based cut-off filter that has a cutoff

wavelength (at 50% Transmission) that changes continuously across the length of the
substrate. The position of the filter in the light path determines the wavelengths that are
transmitted. Combining a long wavepass and short wavepass in series produces a bandpass
(Figure 4.2).

Figure 4.3 Combination of short wavepass (SWP) and long wavepass (LWP)
continuously variable filters in series produced a bandpass with user-controllable
center wavelength and bandpass FWHM. Here the filters were set for 600 nm center
wavelength and 30 nm FWHM.
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Figure 4.4 Light Transmission of CVF with a 15 nm and a 30 nm bandpass. A 30 nm
bandpass provide 84% transmission at 600 nm, nearly optimal for the filters. A
15nm bandpass has 66% transmission at 600nm due to more light being rejected.
A smaller FWHM meant that less light must be transmitted on either side of the
center wavelength. The reduction in FWHM has the potential to reduce cross-talk by
rejecting emission from non-specific dyes; however, this comes at a cost of sensitivity since
the overall signal to background ratio is decreased. Because the transmission efficiency is
nearly continuous across the spectral range of the filters, the filters provide ~84%
transmission across the 400-700 range with a 30 nm bandpass. In comparison, a typical
diffraction grating starts with 70% transmission at the blaze wavelength and will drop
below 50% transmission at wavelengths more than 100 nm from the blaze wavelength.
Additional losses occur since an exit slit must be used to create the bandpass.
4.4.2

Continuously Variable Filter Position Calibration
Calibration of the filters involved determining the wavelength cut-off position (in

nanometers) in relation to the linear stage position (in arbitrary units). To determine the
cut-off wavelength, spectrometer 2 was used in conjunction with a tungsten-halogen lamp
(Appendix III. S1, Calibration Lamp). Each filter was individually stepped through 40
stage positions and the resulting spectrum for each position was recorded (Figure 4.5). It
is worth noting the spectrums in red are positions where the transmission profile of the
filter is lower than expected.
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Figure 4.5 Continuously Variable Filters (CVF) calibration. For image clarity, only
33 of 200 spectra are displayed, red lines highlight spectra where the transmission
efficiency drops. Raw (background corrected) short wavepass filter spectra (A) and
long wavepass (B). (C) and (D) are the short wavepass and long wavepass,
respectively, normalized to the light source (dashed line in A and B).
A Matlab program was written that normalized the spectrums (Figure 4.5 C and D)
and determined the 50% transmission point. The wavelength at the 50 % transmission point
was defined the cut-off wavelength. A calibration curve was generated from each cut-off
wavelength and the corresponding stage-position (Figure 4.6). The cubic-fit equation was
used during the automated experiments (4.2.3) to determine stage positions required to
create the desired bandpass.
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Figure 4.6 Cubic Fit for (A) Shortwave pass filter and (B) longwave pass filter. The
emission wavelength represents the wavelength at which the cutoff profile was equal
to 50% transmission. Each emission cutoff wavelength was plotted against the
respective stage position. The cubic fit equation is used to determine stage positions
from desired cutoff wavelengths.
The filters were originally marketed as ‘linear variable filters’, where the cut-off
wavelength changes linearly across the length of the filter. They have since changed the
name to ‘continuously variable filters’ for good reason; the cut-off wavelength was not
quite linear (Figure 4.6). The curve appeared linear from the 550 nm to 750 nm region, but
began to become non-linear below 550 nm and above 750 nm. A linear fit resulted in
position errors (bandpass not centered at proper wave) when working in the non-linear
range. A cubic fit better modeled the non-linear portions of the spectrum and reduced
position errors.
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4.4.3

Peak Position Error
The CVF calibration was tested by using the filters to form a series of bandpasses

at known wavelengths. A spectrometer/CCD was used to confirm the spectral profile of
the bandpass. The peaks formed by the CVF should be symmetric and centered at the set
wavelength (Figure 4.7). In general, the peaks have ~15% position error with respect to the
FWHM of the bandpass. For example, for a ~5 nm error in center wavelength and a 30 nm
FWHM, the bandpass formed is 85% accurate to the desired bandpass profile.

Figure 4.7 Position Errors and Transmission Losses A) 700 nm center wavelength
with ~15% loss in transmission efficiency for the SWP filter. The actual peak
formed is at 695 nm, and the SWP and LWP cross-over at 689 nm. B) 800 nm center
wavelength shows no position error or loss of transmission efficiency.
A major source of position error seemed to be caused by an intrinsic fault of the
filters, where the transmission efficiency is not entirely constant across the filter’s spectral
range. The SWP filter had 15% decrease in transmission efficiency around 700 nm, a fault
not shown on the datasheets. When the transmission efficiency dropped for the SWP, more
long-wavelength photons were transmitted than short-wavelengths and the peak appeared
to shift towards the longer wavelengths (Figure 4.7 A). The purple number in Figure 4.7 A
is the center wavelength expected from the overlap of the SWP and LWP transmission
profiles. The yellow number is the actual center wavelength formed by the filters and the
black number is the desired center wavelength. Because of the transmission losses at 700
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nm, the actual center wavelength was red-shifted from the center wavelength that should
form (overlap at red and blue lines). The cutoff wavelength of the SWP should occure at
the 50% transmission point, but due to decreased transmission efficiency, the actual cutoff
ocurres around 45 % transmission (695 nm, Figure 4.7A). Figure 4.7B is a demonstration
of both filters transmitting ~95%, for a total of 90% transmission of the total light at 800
nm.
4.4.4

Reducing Spectral Crosstalk

Figure 4.8 Excitation and Emission coordinates that reduce cross-talk. The
DyeSEEC has less cross-talk (blue hatched area) than the cross-talk from a
standard filter (red hatched area) with a 15nm FWHM bandpass.
Figure 4.8 shows an EEM for a mixture of 5 dyes. The DyeSEEC shows a stronger
excitation of both dye 1 and dye 2 (Alexa532 and Alexa546, respectively, blue and red in
the insets of Figure 4.8). However, the emission bandpass of the 15nm FWHM DyeSEEC
rejects more of the cross-talk from dye 2 (blue hatched area, Figure 4.8) compared to the
standard bandpass. The standard bandpass (hatched red area, Figure 4.8) has cross-talk
from both dye 2 and dye 5, while the cross-talk in the DyeSEEC is only from dye 5. This
is the desired outcome of the prediction algorithm, excitation emission coordinate that
minimize cross-talk from spectrally similar dyes.
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4.4.4.1 DyeSEECs vs. Standard Technology

Figure 4.9 Comparison of cross-talk from three bandwidth combinations.
DyeSEECs and standard filters were compared for 15 nm for both, 15 nm for
DyeSEEC and 30nm for standard, and 30 nm for both.
Each dye was evaluated separately at every DyeSEEC and standard coordinate
position, as well as two bandwidths. For each combination, the cross-talk was the sum of
the intensities from other dyes in a particular DyeSEEC or standard coordinate. For
example, the cross-talk for the DyeSEEC in Dye 1 was the sum of intensities of dyes 2, 3,
4, and 5 at the spectral coordinates for the DyeSEEC for dye 1. In most cases, the DyeSEEC
was able to reduce cross-talk from spectrally over lapping dyes. However, it is difficult to
conclude if the cross-talk values are accurate due to the previously mentioned position
errors, especially with dyes 3 and 4, which have similar cross-talk amounts.
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4.4.4.2 The effect of CVF bandpass FWHM

Figure 4.10 A narrower FWHM results in lower cross-talk for certain DyeSEECs.
The results from Figure 4.9 suggest that the ability for a DyeSEEC to reduce crosstalk is affected by the bandwidth. For example, the DyeSEEC for dye 1 (DyeSEEC #1,
Figure 4.10) shows that the cross-talk is reduced by ~55% (Figure 4.9). This is because the
bandpass rejected more of the non-specific emission from dye 2 (red line, Figure 4.10).
However; the DyeSEEC for dye 4 had more cross-talk at 15 nm than at 30 nm (Figure 4.9
B and C). At this time, it is difficult to conclude how the bandpass will affect the resulting
cross-talk from the prediction model. The focus of future work will be establishing a
connection between the DyeSEEC bandpass FWHM, the ability to reduce cross-talk, and
the prediction algorithm.
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Conclusions and Moving Forward
An algorithm was developed that produced a pair of excitation and emission
wavelengths, called Dye-Specific Excitation Emission Coordinates, or DyeSEECs. The
algorithm was designed to predict DyeSEECs that reduced cross-talk from spectrallyoverlapping dyes. It accomplished this by attempting to specifically excite one dye more
than the others present, while simultaneously collecting emission from a spectral range
where one dye emits more strongly than the non-specific dyes.
Selective emission filtering was demonstrated with continuously variable filters, a
novel technology that was used to create an emission bandpass that was tunable in both
center wavelength and FWHM. However; the filters have sections where the transmission
efficiency drops, causing errors in position calibration and bandpass formation. Because a
slight 5 nm position error translates into a 15% bandpass error, it is difficult to say with
certainty that all DyeSEECs are capable of reducing cross-talk. Furthermore, the
possibility of rapidly changing the FWHM of the bandpass during a multicolor
experiment requires that a connection be established between the FWHM predicted
DyeSEEC and in situ cross-talk reduction.
Future work will explore the use of a PMT for lower limits of detection and faster
acquisition. However, the PMT will require the use of the CVFs for creating an emission
filter; the detectors used for previous EEMS were spectrometer/CCD combination
instruments. There is some concern that the difference in spectral resolution between the
CVFs/PMT and spectrometer/CCD will change the outcome of the prediction algorithm.
Therefore, the first task of future work is to re-construct the dye EEM catalog with EEMs
made with the CVFs/PMT and re-evaluate the EEMs for DyeSEECs.
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Chapter 5.
Conclusions and Future Directions
5

Conclusions and Future Directions
Signal On vs Signal Off Biosensing
The work from chapter 2 sought to answer the often-asked question: “Is signal

generation better than signal quenching?”. The results from chapter 2 show that there is a
slight improvement for sensitivity for signal-generation approaches. However, the signaloff approach used in chapter 2 demonstrated better selectivity for target strands. Chapter 2
also demonstrated the relationship between the predicted equilibriums for each step in the
sensing mechanism. We were able to show that the limit of detection was based on the
sensitivity of the instrument and not limited by the hybridization equilibria. Similarly, the
difference in various baseline signals for the reporter hairpin was found to be dependent on
other ‘non-ideal’ hairpins.
The future generations of reporter-probe biosensors are being developed with this
new information in mind. Understanding the hybridization equilibria is crucial for ensuring
that a biosensor will work as designed. The next generation of biosensors are focusing on
mitigating enzyme degradation while improving the sensitivity of the biosensor.
Furthermore, other work with the report-probe biosensor has shown its ability to work in
both a signal-on or signal-off fashion (citation, Larkey, 2016?). This is critical in miRNA
biosensing, as the under- or over-expression of a particular miRNA can indicate activity of
different cellular pathways (citation). The work in Chapter 2 demonstrated that with the
reporter-probe biosensor design, there is little difference between signal generation and
signal quenching in terms of analytical figures of merit.
In other work, we are developing logic biosensors that use Boolean logic (i.e. AND,
NOT, OR) as the recognition mechanism for a specific combination of miRNA. The
transduction mechanism relies on careful design of the biosensor’s molecular structure and
hybridization equilibria. The logic sensors use three or more dyes to properly indicate the
presence of specific targets. The logic sensors being developed could greatly benefit from
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a multicolor instrument that could reduce the spectral cross-talk and enable more than 5
dyes to be used. Multiplexing of logic sensors would also be possible as the number of
dyes increases.
DyeSEECs and the CLEER method
Chapters 3 demonstrated a proof-of-principle for two-photon excitation-emission
scanning method that could reduce spectral cross-talk. Built on traditionally synchronous
scanning luminescence (citations), a method was developed that shorted experiment time
while maintaining an ability to reduce cross-talk. Furthermore, the method was able to
reduce cross-talk when the dye emission intensities were different (Appendix II). Two
limitations that needed to be overcome were 1) determining excitation and emission
wavelengths that reduce cross-talk for multicolor experiments (5+ dyes) and 2) improving
our understanding of the spectral performance of the continuously variable filters. Solving
these challenges would particularly benefit shared-instrument labs where a multicolor
instrument would need to spectrally resolve several colors that would not be possible with
standard technology.
Chapter 4 presents the development of the multicolor method and instrument that
overcomes the limitations of standard technology. CoLocalized Excitation Emission
Resolution (CLEER) consists of a Matlab algorithm and a custom-built multicolor
fluorescence instrument. The algorithm determines Dye-Specific Excitation Emission
Coordinates (DyeSEECs); these coordinates are wavelength pairs that are predicted to
reduce cross-talk from several dyes in a multicolor experiment. Preliminary results show
DyeSEECs reduce cross-talk compared to standard methods, but a DyeSEEC’s ability to
reduce cross-talk is dependent on the FWHM of the emission bandpass.
The CLEER instrument is constructed around a tunable ultrafast laser and
continuously variable filters, for excitation and emission tuning, respectively. The system
was automated with Matlab and is compatible with the prediction algorithm. This enables
the user to predict DyeSEECs for a wide variety of dye combinations in multicolor
experiments and quickly begin collecting data. The automated system tunes the excitation
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wavelengths and creates a user-defined bandpass FWHM to reduce cross-talk between
spectrally overlapping dyes.
The results suggest that several factors are involved in the CLEER method’s ability
to reduce cross-talk: 1) The prediction algorithm is sensitive to the resolution of input
EEMs; higher resolution EEMs result in false positives from the algorithm. 2) EEMs
collected with CVFs will have much lower spectral resolution. Binning may or may not be
required in future EEM collection because the spectral resolution with a CVF/PMT system
will be lower than a spectrometer/CCD system. 3) The FWHM of the emission bandpass
had a direct influence on the resulting amount of cross-talk. In some cases, a small bandpass
reduced cross-talk more than a larger bandpass at the same DyeSEEC. Conversely, other
cases show that a larger bandpass was beneficial. 4) The calibration of the CVFs was
complicated by errors from intrinsic faults in the filter. 5) The spectral cut-off profile and
the fluorophore’s emission profile have an unexpected effect on the ability to reduce crosstalk.
Future work will explore answer for all of these questions and challenges. However,
this foundation serves as the proof-of-principle for a multicolor instrument that reduces
cross-talk when compared to standard fluorescent technologies. The CLEER method has
the potential to become a powerful tool for multicolor analysis and imaging, especially in
shared instrument facilities supporting biologists, chemists, and a variety of other fields.
This work is especially promising for application with miRNA biosensors, a popular and
rapidly growing area of interest in the hallmarks of cancer (citations). Extensive application
of miRNA biosensors is not currently feasible due to our limited understanding of miRNAs
role in disease progression. There will continue to be a need for multiple (5+) biosensors
requires multicolor fluorescent methods that can reduce spectral cross-talk compared to
past technology; the CLEER system is a demonstration that a simpler approach to spectral
resolution is possible.
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Appendix I.
Supplemental Information for Chapter 2.
Fluorescent microRNA Biosensors: A comparison of signal generation to quenching
C. Kyle Almlie, Nicholas E. Larkey, and Sean M. Burrows*

Comparison of baseline fluorescent signals of the RQ hairpin

S1.1 Demonstration of the difference in fluorescence intensity from the hairpin configuration of
500 nM and 1 μM RQ. Signal arises from incomplete quenching by Iowa Black Red
Quencher and equilibrium between open and closed hairpin states during signal
acquisition. From thermodynamic predictions about 1.3 and 2.6 nM of RQ are open for the
500 nM and 1 μM RQ solutions, respectively. Having fewer fluorescent dyes in solution
allows for a lower background, which correlates to a higher sensitivity. (N = 3)
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S1.2 - Homodimer considerations
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A. RQ Hairpin – zoomed in 6 replicates

B. RQ Hairpin – zoomed in 18
replicates (6 frames and 3 cuvette
placements)

C. RQ Hairpin – zoomed out 18
replicates (6 frames and 3 cuvette
placements)

D. (RQ+P) complex – zoomed in 6
replicates

E. (RQ+P) – zoomed in 18 replicates (6
frames and 3 cuvette placements)

F. (RQ+P) – zoomed out 18 replicates
(6 frames and 3 cuvette placements)

105

S1.3 The figures above show the origins of the signal-to-noise ratios and how the large error
bars in Figure 6 arise. S3A, S3D show good signal-to-noise for 6 frames (1 cuvette
placement) with the RQ in the hairpin and probe-bound configurations, respectively. S3B,
S3E are zoomed-in on the peaks to show the variation of signal intensity and the origin of
the large error bars from the 3 cuvette placements (18 frames). This figure shows the large
variation in S/N is not representative of the signal-to-noise ratio of a single cuvette
placement. S3C, S3F are the zoomed-out versions of S3B, S3E to show overall variation
of signal due to the three cuvette placements. All solutions are 500 nM RQ. Note: The
sharp cutoff beginning at 695 nm is due to a 705 nm long-pass dichroic mirror.

S1.4 Summary of the three cuvette placements (18 total replicates, 6 replicates per cuvette
placement) for various signal-on and signal-off transduction mechanisms (MB, RQ, and
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(RQ+P)). S4A, S4B and S4C, S4D show full complementarity signal-on for 500 nM MB
and RQ, respectively. S4E shows the (RQ+P) complex and S4F shows RQ (hairpin) +
(P+let7a). Cuvette placements arise in both the signal-on and signal-off approaches. Using
a commercial instrument would greatly mitigate this type of error. Note: The sharp cutoff
beginning at 695 nm is due to a 705 nm long- pass dichroic mirror.
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Appendix II.
Supplemental Information for Chapter 3.
Dye- Specific Wavelength Offsets to Resolve Spectrally Overlapping and Co- Localized
Two- Photon Induced Fluorescence
C.

Kyle Almlie, Austen Hsiao, and Sean M. Burrows

Abstract: General methods and procedures to scan through dye-specific offsets are
covered. Data processing to obtain excitation spectra and excitation-emission spectral
matrices are described in detail. Results from constant-offset, variable-angle, and nonlinear variable-angle (NLVA) offset scans are presented and discussed. Tables for crosstalk percentage point changes from increasing and decreasing the RhB concentration are
presented here.

Methods:
Two-Photon Dye-Specific Offset (TP-DSO) Scanning Procedure:
A spectrum was acquired by a manual process consisting of the following sequence:
1.

The desired excitation wavelength was set and the power adjusted to 100 mW

using a half-wave plate and polarizer.
2.

The LVF’s were set to their respective positions to form the desired bandpass

centered at the emission wavelength specified by the dye-specific offset (DSO).
3.

An Arduino-controlled beam block was opened to illuminate the sample. The

beam block was positioned after the beam sampler in the beam path to prevent
interruption of laser power measurements.
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4.

A spectrum was collected with the QE65Pro spectrometer.

5.

The beam block was closed after a spectrum was collected to prevent

photobleaching of the sample between sequences.
6.

Steps 1 – 5 were repeated until spectra from all dye-specific offsets and

bandwidths was collected.

Figure S2.1 - Shows an example of how intensity and cross-talk contribution was
determined. For this example the RhB dye-specific offset (820/580) with a 30 nm LVF
bandwidth was used. The intensity from each dye was summed from 565 to 595 nm (180
pixels, dashed box). The summed signal intensity is shown as the orange areas under the
peak. Note the summed area of the Alexa594 peak for the RhB DSO does not appear to
include the full Alexa594 peak. This is because the full Alexa594 emission peak is stronger
in the 600 nm area than RhB. However, the pixels that defined the DSO were still summed
as shown by the dashed box.
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Figure S2.2 – From left to right 60 nm, 30 nm, and 15 nm emission peaks formed by LVFs
centered at 580 nm for 10 µM RhB in the RhB excited at 820 nm. The orange areas
represent the summed signal intensity for the given bandpass. The 60 nm bandpass is
summed over 60 nm (360 pixels), the 30 nm bandpass is summed over 30 nm (180 pixels),
and the 15 nm bandpass is summed over 15 nm (90 pixels).
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Figure S2.3 - Representative RhB emission spectra (LVF with a 15 nm bandpass) used to
calculate the data points for the constant-offset excitation spectra shown in main text
Figures 3 (A – C, colored diamonds) and Figures S5 (black triangles (top) colored markers
(bottom)) and S6 (colored markers). Data points for their respective spectrum were the
summed intensity of 40 pixels on either side of the DSO emission peak wavelength formed
by the LVFs (~15 nm FWHM, orange-shaded area).

Figure S2.4 - Representative emission spectra (no linear variable filters) of a mixture used
to determine the excitation spectra shown in main text Figure 1B (black triangles). Each
point in the excitation spectra were obtained by summation of a full emission spectrum
(orange-shaded area). Main text Figure 1B (colored markers), Figures 3 (A – C, black
triangles), and below in Figure S5 (blue circles (top)) were achieved by the same method
using their respective solutions.
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Figure S2.5 - The effects of constant-offset synchronous scanning on a mixture of three
dyes. The 180 nm offset corresponded to the ideal offset for Alexa594, the 260 nm offset
was an average of 250 nm and 270 nm, the ideal offsets for RhB and Rh110, respectively.
The 230 nm offset was the average offset of 180, 250, and 270 nm. The top row shows the
two-photon excitation spectrum (no LVF) of the mixture solution (blue circles) and the
two-photon synchronous spectrum (TP-SS) of the mixture (black triangles) at each offset
indicated. The bottom row has the same TP-SS of the mixture (black triangles) as the top
row, but with the TP-SS of the individual dyes as controls at each constant-offset indicated
(Rh110 = green squares, RhB = orange circles, and Alexa594 = red diamonds).
The figure shows that a constant-offset scan near a given dyes offset (that was equal to the
difference of excitation and emission peaks) will have selectivity for that dye. Each
constant-offset TP-SS only resolved two dyes at a time; however, the cross-talk from both
RhB and Alexa594 in the Rh110 emission region was always decreased for each constant-
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offset scan. For example, in the bottom figure for the 260 nm offset column, the Alexa594
cross-talk was reduced from 4 to 2 % upon use of TP-SS, but the RhB remained an issue
over the 775 to 825 nm region. Additionally, we observed about 26 % cross-talk of the
Rh110 peak at the RhB peak DSO (840/580 nm), which was an increase from 18 % in the
no-LVF control. At the 260 nm offset, the emission from both Rh110 and RhB was very
strong and Rh110 bled into the RhB channel, while Alexa594’s was not selected because
its dye-specific offset (180 nm) was far away from the offset being scanned (260 nm). As
a result, Alexa594 had little contribution to cross-talk for the 260 nm scan. Similarly, the
230 nm offset performed poorly because the dyes were approximately equidistant from
their dye-specific offset, reducing the effectiveness of these TP-DSOs.

Figure S2.6 - Variable-angle offset TP-synchronous spectrum (TP-SS) with a mixture and
individual solutions of three dyes. The offset decreased by 5 nm for every 10 nm increase
of the emission wavelength. At 775 nm excitation the offset was 235 nm (emission = 540
nm). At 795 nm excitation, the offset was 215 nm (emission = 580 nm), and at 810 nm
excitation the offset was 200 nm (emission = 610 nm). While variable-angle offset
attempted to achieve the dye-specific offset for each dye during a single scan, it was not
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able to reduce cross-talk between all three dyes in solution. For example, the 215 nm offset
attempted to select for RhB (795/580 nm); but variable-angle scanning lead to nearly 100%
overlap with Rh110. In this case, approximating the RhB DSO with variable-angle
scanning did not reduce cross-talk since both dyes were excited at 795 nm and emitted
approximately equal intensities at 580 nm (using LVFs). Therefore, beyond 780 nm
excitation, the resulting TP-SS was an overlap of emission from all three dyes.

Figure S2.7 - Non-Linear Variable-Angle TP-synchronous scans (NLVA TP-SS) of (A)
Alexa594, (B) RhB, (C) Rh110, and (D) a mixture of all three dyes. Intensity bar in units
of counts per 500 ms. This figure gives visual spectral resolution along the excitation and
emission axis. Dye-specific offsets were developed from this figure and Figure S6, where
the peaks of maximum signal (deep red) from each dye (A-C) were selected for the dyespecific offsets.

Table S1. Table S1. Reduction (percentage point) of cross-talk with LVF and dyespecific offsets with 5 µM RhB, 2.3 µM Alexa594, and 30 µM Rh110
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Dye-Specific Dyes with 15 nm LVF bandpass
Dyes with 30 nm LVF bandpass
Offset
(n = 90 pixels summed)
(n = 180 pixels summed)
(Alexa594)
(RhB)
(Alexa594)
(RhB)
(Alexa594) (RhB)
(Ex/Em, nm)
Alexa594:
4.27
3.40
4.35
3.17
(810/620)
Alexa594:
-1.17
0.63*
0
-0.04*
0.87
(820/630)
RhB:
62.57
49.42
42.66
27.52
(820/580)
RhB:
51.26
66.47
37.09
24.62
(710/580)
Rh110:
-0.69*
4.71
0.16*
5.07
(800/530)
( = 0.01, n = 360 and 180 or 90), *no statistical difference, **cross-talk was
statistically reduced, but remained >100 %.
Positive values indicate the percent points cross-talk was reduced compared to the 60nm
bandpass used for the conventional filter model. A dash indicates that the cross-talk was
not applicable because the emission was normalized to that DSO.
Table S1. Reduction (percentage point) of cross-talk with LVF and dye-specific offsets
with 5 µM RhB, 2.3 µM Alexa594, and 30 µM Rh110. Positive values indicate the percent
points cross-talk was reduced compared to the 60nm bandpass used for the conventional
filter model. A dash indicates that the cross-talk was not applicable because the emission
was normalized to that DSO.

Table S2. Reduction (percentage point) of cross-talk with LVF and dye-specific offsets
with 20 µM RhB, 2.3 µM Alexa594, and 30 µM Rh110.
Dye-Specific Dyes with 15 nm LVF bandpass Dyes with 30 nm LVF bandpass
Offset
(n = 45 pixels summed)
(n = 90 pixels summed)
(Ex/Em, nm) (Alexa594) (RhB)
(Rh110) (Alexa594) (RhB)
(Rh110)
Alexa594:
25.15
3.40
-c
24.16
3.17
(810/620)
Alexa594:
5.08**
0.63*
5.31**
0.87
(820/630)
RhB:
14.69
11.70
10.28
6.90
(820/580)
RhB:
10.74
13.97
7.76
0.87
(710/580)
Rh110:
-0.69*
18.21
0.16*
17.69
(800/530)
( = 0.01, n = 360 and 180 or 90), *no statistical difference, **cross-talk was
statistically reduced, but remained >100 %.
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Positive values indicate the percent points cross-talk was reduced compared to the 60nm
bandpass used for the conventional filter model. A dash indicates that the cross-talk was
not applicable because the emission was normalized to that DSO.
Table S2. Reduction (percentage point) of cross-talk with LVF and dye-specific offsets
with 20 µM RhB, 2.3 µM Alexa594, and 30 µM Rh110. Positive values indicate the percent
points cross-talk was reduced compared to the 60nm bandpass used for the conventional
filter model. A dash indicates that the cross-talk was not applicable because the emission
was normalized to that DSO.
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Appendix III.
Supplemental Information for Chapter 4

Figure S4.1 - The CLEER Instrument Schematic

