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Abstract. In the past decade, single-molecule imaging has opened new
opportunities to understand reaction kinetics of molecular systems. DNA-
PAINT uses transient binding of DNA strands to perform super-resolution
fluorescence imaging. An interesting challenge in DNA nanoscience and
related fields is the unique identification of single-molecules. While wave-
length multiplexing (using fluorescent dyes of different colors) can be
used to increase the number of distinguishable targets, the resultant to-
tal number of targets is still limited by the number of dyes with non-
overlapping spectra. In this work, we introduce the use of time-domain
to develop a DNA-based reporting framework for unique identification
of single-molecules. These fluorescent DNA devices undergo a series of
conformational transformations that result in (unique) time-changing in-
tensity signals. We define this stochastic temporal intensity trace as the
device’s temporal barcode since it can uniquely identify the correspond-
ing DNA device if the collection time is long enough. Our barcodes work
with as few as one dye making them easy to design, extremely low-
cost, and greatly simplifying the hardware setup. In addition, by adding
multiple dyes, we can create a much larger family of uniquely identifi-
able reporter molecules. Finally, our devices are designed to follow the
principle of transient binding and can be imaged using total internal
reflection fluorescence (TIRF) microscopes so they are not susceptible
to photo-bleaching, allowing us to monitor their activity for extended
time periods. We model our devices using continuous-time Markov chains
(CTMCs) and simulate their behavior using a stochastic simulation algo-
rithm (SSA). These temporal barcodes are later analyzed and classified
in their parameter space. The results obtained from our simulation ex-
periments can provide crucial insights for collecting experimental data.

Keywords: Molecular reporters, DNA nanodevices, temporal reporters,
TIRF, transient binding, DNA hairpins, single-molecule imaging

1 Introduction

The programmable nature of deoxyribonucleic acid (DNA) has been exploited
extensively in the past for a plethora of applications such as constructing com-
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Fig. 1. A summary figure illustrating our temporal barcoding framework, with example
DNA devices parametrized by domain lengths. (a) The workflow for unique identifica-
tion of single-molecules using our devices. A set of devices are designed, modeled and
simulated to generate temporal barcodes which are analyzed in the parameter space
for clustering (or classification). (b) An example DNA device tuning domain length
parameter to program the barcode behavior. (c) Designing the number and lengths of
reportable domains to tune the temporal barcode. (d) Sequestering a domain to enforce
event sequence. (e) Programming length of a competing secondary structure to tune
dark-time of temporal barcode. Note that only one universal fluorescent is used for all
the devices.

plex self-assembled nanostructures [28], nanoscale logic computing [24], targeted
drug-delivery [5], nanorobots [25], data storage [30], dynamic systems [11] and
nanoscale imaging [19]. The programmable power of DNA is primarily due to
Watson-Crick base pairing which makes it a highly desirable substrate for com-
puting applications [29]. In the field of DNA computing, several logic circuits
have been demonstrated. These include simple digital and analog logic gates, as
well as complex feed-forward and renewable circuits [6,24,32]. Some recent work
also focuses on DNA-based localized computing, as it has the intrinsic advantage
of faster reaction kinetics [2, 3].
In DNA nanotechnology and related fields, atomic force microscope (AFM) and
transmission electron microscope (TEM) have been dominant characterization



techniques because of their molecular-scale resolving power. However, these tech-
niques are invasive, expensive, lack multiplexing capabilities and face difficulty in
capturing dynamic behavior. Most popular non-invasive techniques used to ob-
serve single-molecule dynamic behavior use some form of light microscopy. These
techniques use fluorescent particles such as fluorescent proteins, organic dyes,
quantum dots (QDs), and nanoparticles (NPs) to report cellular and molecular-
scale activity. Several bio-sensing techniques, in vitro, in vivo, and in situ, have
been demonstrated [1, 4, 7, 9, 10, 17–23, 31, 35]. The objective of such reporting
techniques is the unique identification of target particle. These biosensors ranged
from 0.5 100µm in size, and there are three ways to broadly classify these re-
porters based on their information encoding process: a) Intensity encoding b)
Geometric encoding c) Temporal encoding. Intensity encoding works by identi-
fying the difference in fluorescence intensity obtained by a linear combination of
one or more dyes. They use certain thresholding mechanisms to classify intensity
levels. A simple example demonstrating intensity encoding is DNA-labeled mi-
crobeads by Li et al. [18]. Geometric encoding stores information in the structure
of a molecule such as DNA origami barcodes by Lin et al. [19]. In contrast, tem-
poral encoding stores information in the fluorescence signal collected over time.
A prior use of temporal encoding was in the upconversion nanocrystal by Lu
and co-workers [21], who demonstrated a biosensor where photon lifetime can
be controlled by manipulating the doping distance in a nanocrystal. All these
luminescent single-molecules were designed to exhibit a unique identifying char-
acteristic: geometry, wavelength, or intensity. An interesting challenge in most
of these techniques are the issues of photo-bleaching and limited multiplexing
capability. Both issues limit the amount of information that can be extracted
from luminescent single-molecules during detection phase. In addition, most of
them use multi-color dyes for multiplexing which requires a complex hardware
setup for accurate detection.
A recent super-resolution microscopy technique - DNA-PAINT - by Jungmann
and co-workers [13,14,19,27] used transient binding of fluorescent DNA strands
to achieve sub-nm resolving power. The major benefits of the technique include
its resistance to photo-bleaching, decoupling dye photo-physics and high pro-
grammability. A drawback, though, is its multiplexing capabilities being limited
by the number of dye-colors. Although Exchange-PAINT [13] addresses the issue
of multiplexed imaging by using a single-dye with different DNA sequences, it
still requires multiple dye-labeled DNA strands which makes it slightly expen-
sive.
In this work, inspired from remarkable success of DNA-PAINT, we introduce
a general framework to design a family of novel DNA devices that can encode
information in their fluorescent pattern over time, and we use this temporal en-
coding to create a large number of barcodes. The stochastic conformation change
that each DNA device undergoes is reported via its fluorescence signature which
we refer to as the device’s temporal barcode. If this emitted barcode is captured
for a long duration, it can be used to approximate the underlying device’s iden-
tity with very high accuracy because of varying device kinetics. The workflow
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Fig. 2. A simple example illustrating the idea of modeling a single-molecule DNA
device. (a) A short ssDNA device is attached on a glass surface. When fluorescent
DNA strand attaches to the device, it gets reported. (b) A CTMC model showing this
transient binding process along with initial probability value matrix and transition
matrix. This model can be simulated to generate a state trajectory.

for our DNA barcoding framework is illustrated in Fig. 1. In this framework, we
introduce several design strategies to program temporal barcodes, as shown in
Fig. 1, generated by these DNA devices. Using these ideas, we design, simulate
and classify more than 30 barcodes, all generated using a single dye-color. To
demonstrate the robustness and scalability of our framework, we also estimate
the number of barcodes which can be generated if wavelength multiplexing is
used.
We model these devices using a continuous-time Markov chain (CTMC) and sim-
ulate the stochastic signatures of these devices using Gillespie’s stochastic simu-
lation algorithm (SSA). Prior studies have used CTMC and SSA for simulating
DNA reactions [16]. These single-color dye-labeled DNA devices are immune to
photo-bleaching as they follow the principle of transient binding originally pro-
posed in DNA-PAINT literature [13,14,27]. Therefore, they inherit all the bene-
fits of DNA-PAINT such as immunity to photo-bleaching. Additionally, they are
easy to design and low cost since they use a universal dye-labeled DNA strand to
report all the designed devices. In this work, we perform simulation experiments
to show how design parameters can be tuned to program several distinguishable
devices and identify experimental configuration which is most likely to succeed.
These tiny devices can be easily combined with most of the existing biosensing
techniques as they are compatible with DNA. These devices can be imaged us-
ing an inverted fluorescence microscope in total internal reflection fluorescence
(TIRF) mode. Eventually, this temporal barcoding technique can be combined
with wavelength multiplexing or with existing barcoding techniques to scale up
the number of distinguishable reporters to several hundred.

2 Abstract Modeling of DNA Devices

One way to model the stochastic behavior of our DNA devices is by using CTMC.
CTMC is a random process X(t)(t>0) with a finite (or countable) state space S,
such that the generated state sequence follows the Markov property. This means
that at any given time t, the probability to go to the next state is conditioned



only on the current state and not on any past states. A CTMC is represented
using a transition matrix Q, state space S, and initial probability vector π. The
model assumes the holding time in each state is an exponentially distributed
random variable with rate λij . It indicates the rate of going from state i to state
j. Refer Trivedi, K. (2006) [33] for more details.
Several techniques have been suggested to simulate a CTMC, however, in this
work, we will adhere to the stochastic simulation algorithm (SSA) by Gillespie
since it is the computationally preferred choice for simulating a few molecules [8].
A simple single-stranded DNA (ssDNA) device and its corresponding CTMC
model is shown in Fig. 2 stranded DNA (ssDNA) device and its corresponding
CTMC model is shown in Fig. 2 along with the corresponding initial probability
value matrix and transition matrix.
At the abstract level, we assume that a CTMC model can be converted to its
corresponding DNA sequences, if desired. Therefore, we will not explicitly show
toeholds and domains for in this work.

3 Results

Several parameters can be programmed to design DNA devices such as length of
DNA, salt concentration, temperature, and secondary structures. In this study,
we only tune DNA device parameters assuming salt concentration, imaging
buffer and other experimental conditions such as temperature constant. All the
simulation experiments were conducted assuming a room temperature of 22◦C
and imaging buffer with sufficient quantities of Na+ and Mg+2 concentration.
Since these conditions were used in prior experimental studies, we can adopt
rate-constants for our simulation experiments from prior literature [14].

3.1 Tuning the Length

The simplest type of device is a ssDNA, and, in such devices, the only tun-
able parameter is its length i.e. |a| indicating the length of domain a. A recent
study on super-resolution imaging showed that average hybridization time of
such ssDNA devices has an exponential dependence on the length of DNA [14].
This means that these devices follow different statistics while undergoing con-
formation changes. To demonstrate this, we designed devices of length 7 - 10
nt range, given that this length allows for binding duration sufficient for cur-
rent detector technology acquisition, and simultaneously allowing for transient
unbinding. Shorter hybridization lengths can be used however capturing their
binding events might be difficult with existing single-molecule CCD technology
as the time-resolution limit lies around 1 ms. Similarly, longer hybridization
length can be used however based on the calculated average binding times for
such devices, they might not be immune to photo-bleaching. Hybridization and
de-hybridization rate constants were adopted from Jungmann et al. (2010) [14].
We modeled these devices using a 2 state CTMC as shown in Fig. 3b and simu-
lated them using custom-written MATLAB scripts using their systems biology
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Fig. 3. A summary figure explaining the idea of tuning device length to produce distin-
guishable signatures. (a) A simple illustration of transiently binding fluorescent strand
to ssDNA device. (b) A 2-state CTMC model representation. (c) Estimated mean value
for the generated exponential distributions where error bars indicate a 95% confidence
interval. (d) Histograms of on-time for ssDNA devices with length 10 nt, 9 nt and 8
nt. (e) An example of signature simulated with SSA with on-rate and off-rate adopted
from Jungmann et al. [14]. Gaussian noise was added to simulated state chain before
performing analysis. (f) A scatter plot for ssDNA devices of length 7, 8, 9 and 10 nt
with data collected for 10 and 30 minutes



framework. To emulate experimental systems, we add Gaussian noise to the sim-
ulated intensity signals to account for read noise, dark current and other noise
sources present in CCD detectors [27]. The devices were simulated for the time
duration of 10 minutes, 30 minutes and 60 minutes with a concentration of the
universal fluorescence strand constant at 25 nM. For device classification, we
calculated the length of their on-time peaks and generated a histogram which
was approximated by an exponential distribution, as shown in Fig. 3d. We define
on-time as the amount of time when a fluorescent reporter strand is attached
to our devices. The estimated rate value for the exponential distribution that
best represents data for different collection times is shown in Fig. 3c. The error
bars indicate an interval for estimating the mean value of the distribution with
95% confidence. The histogram plots in Fig. 3d show on-time distribution fits
to an exponential probability density function (pdf) for a collection time of 60
minutes. These devices can be distinguished using a simple parameter, namely
the average length of on-times (also called the average binding time). Clearly,
as seen in Fig. 3c, with an increase in the data-collection time, a better param-
eter estimation and a tighter estimation of bounds is possible as this inherently
increases the sample size of the distribution we are estimating. This can also be
achieved by increasing the frequency of hybridization if shorter data-collection
time is critical for reporting application. In addition, the difference in the rate
values for these device is extremely large which demonstrates the potential of
the time encoding technique. Several other physically tunable parameters can,
therefore, be exploited to achieve a much finer distribution of the range while
ensuring sufficient distinguishability. A typical simulated signature for all 3 de-
vices are also shown in Fig. 3e for visual inspection. A quick visual inspection of
devices with length 9 nt and 10 nt also indicates distinguishable behavior.
Since these devices are stochastic, we repeated the entire process for devices of
length 7 to 10 nt and collect 100 samples with a data-collection time of 10 min-
utes and 30 minutes. As shown in Fig. 3f, there is a significant overlap among
sample points of different devices if the data-collection time is only 10 minutes
at the given concentration of fluorescent reporter strand. However, if the data-
collection time is increased to 30 minutes, the samples are further separated
allowing us to easily cluster them using a simple spatial clustering algorithm
such as k-mean, nearest neighbor etc [12]. Finally, note that 10−4 on the vertical
axis scale is numerical zero for the scatter plots shown in Fig. 3.

3.2 Tuning the Number of Domains

Since a simple ssDNA device can be easily distinguished by tuning its length,
we modified the device by changing the number of domains for additional pro-
grammability as shown in Fig. 4. Such devices will have 3 observable states and 1
unobservable state, termed the dark state, as represented with a 4-state CTMC
model in Fig. 4, where states S1 and S3 represents one of the device domains
bound to fluorescent strand. The additional state S2 represents the device with
multiple fluorescent strands hybridized at the same time. Such a state will have



a visible jump in the fluorescence intensity since the emitted photon count is lin-
early proportional to the number of fluorescent dyes [26]. We represent a double
domain device using the notation (|a|, |b|) where {|a|, |b|} ∈ S and |x| indicates
the length of the domain. Note that since we cannot control the order in which
reporter strands attach to our devices (|a|, |b|) = (|b|, |a|).
We performed a simulation experiment with 10 different devices assuming similar
rates for individual domains as the previous section. Like prior simulation experi-
ments, we restrict our domain lengths from 7 to 10 nt i.e. S = {x|x ∈ [7, 8, 9, 10]}.
We analyze all the output signals to compute two parameters: a) on-time (ton)
and b) double-blink (tdb). We define double-blink time as the amount of time
when both the fluorescent strands are attached to our devices. A histogram plot
for both these parameters was constructed and an exponential distribution was
fit to extract the rate parameters (or mean) of these distributions. The entire
process was repeated for a few hundred samples and a 2D plot of the estimated
parameters for all the simulated devices is shown in Fig. 4. was constructed in
the parameter space. When the data-collection time was 30 minutes, some of
the shorter devices had an overlap in the scatter plot. However, this was easily
resolved with an increase in the data-collection time. A data collection time of
roughly 60 minutes, at 25 nM fluorescent strand concentration, allows us to eas-
ily classify these 10 devices with high accuracy. For some shorter devices, there
are samples without any double-blinks however these are still separable. Note
that we didn’t perform any simulation experiments for shorter devices since
most CCDs can only capture events longer than 1 ms. However, if a CMOS
camera is used, one can easily integrate shorter devices to increase the pool of
distinguishable devices [27]. Finally, note that 10−3 on the vertical axis scale
is numerical zero for the scatter plots shown in Fig. 4. They signify that the
barcode signatures did not have any double-blink.

3.3 Tuning the Order by Domain Sequestering

An interesting functionality of secondary structures such as DNA hairpins is
their ability to sequester information. As an improvement over ssDNA devices,
this programmability can be useful to enforce the binding order or sequential
binding amongst a different set of strands. This can help differentiate between
devices (|a|, |b|) where domain a exposed and b is sequestered, and (|b|, |a|) where
domain b is exposed and a is sequestered thereby increasing the number of distin-
guishable devices. With a hairpin-based device, it can be programmed to order
the attachment of reporter strands. Therefore, by simply reversing the order of
reporter domains, we can double the number of devices.
The model for hairpin-based devices with two domains is very similar to prior
ssDNA devices with two domains as shown in Fig. 4b and Fig. 5b. The only
difference is a fluorescent reporter’s inability to bind with the hidden domain
without successfully opening the hairpin. A simulation experiment with 25 nM
fluorescent strand was performed with similar rate parameters as prior sections
for individual domains. The noisy output signal was analyzed to compute the
following parameters: a) single-step time (tss), b) double-blink time (tdb), and c)
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Fig. 4. A summary figure explaining the idea of tuning the number of domains to pro-
duce distinguishable single-dye signatures. (a) A simple illustration showing transient
binding of fluorescent strands to our DNA device. (b) A 4-state CTMC model repre-
sentation. (c) A scatter plot in the parameter space generated by learning parameters
from intensity signatures of 10 different devices. (d) A typical signature of (10,10) and
(9,9) device collected for 10 minutes.

double-step time (tds). A histogram was generated by analyzing all the signals
to compute all 3 parameters. The exponential distributions best approximating
these histograms produced estimated mean value with 95% confidence.
Note that tss and tds are computed differently as shown in Fig. 5. We compute
single-step time by calculating the on-time for all the peaks that had exactly one



reporter strand attached to it while double-step time here refers to the on-time
time for all the peaks with double-blink time greater than zero. A 3D scatter
plot in parameter space for all possible device combinations of 7 to 10 nt domain
length is shown in Fig. 5. The scatter plot for data-collected for 200 minutes can
easily be classified using popular clustering algorithms such as k-mean, mean-
shift etc. [12] with high accuracy. Note that for some of the shorter devices there
are samples where no double-blink was observed. Therefore, devices with at least
one longer domain is the preferred choice when designing such DNA devices for
reporting single-molecules. Note that this strategy assumes that we design the
hairpin sequence such that after annealing it remains as a stable hairpin. This
can be ensured by having longer stems. Additionally, prior studies also suggest
longer hairpin stem for higher stability and therefore lower leak [34].
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Fig. 5. A summary figure explaining the idea of tuning the sequence of domains to pro-
duce distinguishable single-dye signatures. (a) A simple illustration showing transient
binding of fluorescent strands to our DNA device with hairpin secondary structure such
as DNA hairpin to sequester a domain. (b) A 4-state CTMC model representation. (c)
A 3D scatter plot in the parameter space generated by learning parameters from inten-
sity signatures of 10 different devices. (d) A typical signature of a device indicating the
difference between the calculated parameters single-step time and double-step time.



3.4 Tuning the Dark-Time with a Competing Secondary Structure

It is a well-known phenomenon that ssDNA can also be programmed to form a
secondary structure such as the DNA-hairpin if complementary sub-sequences
exists [28]. This is helpful since it gives more room for programming signatures of
DNA devices. Such competing secondary structure changes the dark-time (toff )
of the temporal barcode. As shown in Fig. 6, a DNA device with complementary
sub-sequence can form a DNA hairpin which inhibits attachment of the fluores-
cent reporter. Therefore, we modeled this system using the 3-state CTMC as
shown in Fig. 6b and performed a simulation experiment with rates for hairpin
closing adopted from Tsukanov et al. [34]. A fluorescent reporter of length 10
nt was allowed to interact with the devices that can form hairpins with a stem
length of 6 to 10 nt.
The estimated dark-time for all the simulation experiments with a data collec-
tion time of 90 minutes yielded a distinguishable device set as shown in Fig. 6c.
These type of devices are extremely important since most existing multiplex-
ing techniques that do not use wavelength multiplexing, encode information in
the DNA sequence [13]. Therefore, they need multiple dye-labeled DNA strands
which increases the experimental costs significantly. With our technique, only a
single dye-labeled DNA strand is required for multiple reporting devices making
this reporting technique highly cost-effective.

3.5 Scaling the Number of Unique Barcodes with Multiplexing

Although our experiments were made using only one type of dye, here we esti-
mate the number of unique barcodes we can make with the use of multiple dyes
to demonstrate the robustness of our technique. Suppose we choose K different
dyes such that they divide the visible spectrum equally. A simple combination of
the design principles of tuning length and extending the number of domains can
make a big set of ssDNA devices. If each domain length can be tuned X times
we can make XN devices. Practically, we can tune the length from 7 to 10 nt
range, therefore, we can easily produce 4N devices. A realistic value for N can be
up to 4 with a sample dye set containing ATTO 405, ATTO 488, Cy3B, ATTO
655 giving us a total of 44 = 256 devices. If we have K dyes to choose from, the
number scales up to XN×KN . For the suggested values of N , K and X, this will
generate 44×44 = 65536 devices. This simple design space only tunes the length
of each ssDNA device in addition to wavelength multiplexing. We can use the
geometry of nanostructures [13, 19] in combination with our temporal encoding
to scale this number even further.

4 Discussion and Future Work

4.1 Experimental Demonstration of our Devices

We are currently working on experimentally demonstrating all the devices de-
signed and simulated in this work. We image our barcodes using fluorescence
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10 nt while hairpin stem length ranged from 6 to 10 nt.

microscopes in TIRF mode. In such systems, an oil-immersion objective (100x
magnification) with a high numerical aperture (N.A.) is used to achieve very high
magnifications. Because the excitation light goes from a denser medium (immer-
sion oil) to rarer medium (imaging buffer such as 1x PBS), it can undergo total
internal reflection if the incident angle is higher than the critical angle. How-
ever, some light tunnels through the surface and creates an evanescent excitation
wave, which can excite only the sample extremely close to the surface. To detect
output fluorescence, we use highly sensitive electron-multiplying charged cou-
pled detectors (EM-CCD) since they can collect photons with high speed and
extreme sensitivity. These detectors can achieve very high frame rates in the
sub-millisecond range, which is a key component to detect short-lived states.
However, there are a few challenges with the experimental data that must be
addressed before we can perform successful clustering and classification. These
include: a) Thermal drift, b) Non-specific binding of fluorescent reporters, and
c) Poor signal to noise ratio. All these problems are well-known in the field of
localization microscopy and super-resolution imaging and have already been ei-
ther partially or fully addressed [27]. We adopt existing techniques to address
these challenges. Finally, there is also the problem of diffraction limited imag-
ing when working with light microscopes. To address this challenge, we work



at an extremely low device concentration (a few pM). At this concentration,
the probability of finding two devices in the same diffraction limited region is
minimized [34]. We can also discard overlapping devices based on their temporal
signature during data analysis. We are already able to distinguish more than 3
devices made by using the design principle of tuning the length of a ssDNA de-
vice. The raw data, collected for over 30 minutes, was processed to remove noise
from the image and a simple thresholding was performed to extract spots which
can be analyzed using their temporal barcode. All the experimental protocols
and device data results will be published later in a full-journal article as they
are beyond the scope of this paper.

4.2 Tagging DNA Nanostructures with DNA Devices

A natural application of our temporal barcoding framework is DNA nanostruc-
ture tagging. Techniques such as DNA origami [26] or DNA bricks [15] can be
used to create the desired nanostructure shape. We propose, as the first step in
this direction, using a 6-helix bundle dimer [19] as this structure is longer than
light’s diffraction limit. Such a DNA nanostructure can be reported using our
DNA-based devices. As shown in Fig. 7a, the ends of a 6-helix bundle can be
tagged with two devices (of similar or different types) which can independently
report the tagged structure. If error correction is desirable in the detection ap-
plication, each nanostructure can be tagged with the same device multiple times
as identification of even a single temporal barcode should uniquely identify the
structure of interest. Such redundant multi-tagging can also ensure reporting
occurs even if an origami nanostructure has incomplete binding fidelity of all
staples.

4.3 Tagging Cells with DNA Devices

Several demonstrations of in situ quantitative labeling use antigen-antibody
specificity to attach a fluorescent marker to cells [13, 19]. The antigen-antibody
specificity is also how our body triggers necessary immune response to fight dis-
ease. Our temporal DNA devices can be directly attached to the antibodies, as
shown in Fig. 7b, so that if the corresponding antigens are found in the desired
cells, we can report them using our temporal barcodes. Note that we do not
need multiple dyes for ob-serving several different cellular species since we use
time-domain for reporting. Such single-molecule cellular activity reporting can
be used for advanced applications in drug therapeutics.

5 Conclusion

In this work, we have introduced a novel framework for designing a family of
DNA-based devices, each of which acts as a fluorescent reporter for the single-
molecule. These devices undergo a series of dynamic transformations that result
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Fig. 7. An illustration demonstrating our DNA devices as taggants. (a) A simple 6-
helix bundle DNA nanostructure can be tagged with our temporal reporters (without
using wavelength multiplexing) in two regions to generate a unique temporal signature.
These types of nanostructure tagging can also be error-resistant since only one of the
two devices are required for successful identification. (b) Tagging a cell with DNA
reporters using antibody-labeled devices. These antibodies can attach to antigens found
on cell-surface.

in a unique temporally-varying fluorescence signal. Since they encode informa-
tion in the time domain, we can design several devices with as few as one-dye
greatly simplifying the hardware setup for data-collection. These devices are easy
to design and require only one universal fluorescence reporter strand making
them extremely cost-effective. In addition, they follow the principle of transient
binding which makes them relatively immune to photo-bleaching when imaged
using TIRF microscopes.
Our framework introduces four different design methodologies to generate sev-
eral distinguishable temporal barcodes, namely a) tuning the device length b)
tuning the number of domains c) tuning the order by domain sequestering and
d) tuning the dark-time with competing secondary structure formation. Each of
these design principles was then used to generate a family of DNA devices with
different barcodes using only one fluorescent dye. We modeled the behavior of
our DNA devices using CTMCs and performed several simulation experiments
to demonstrate our idea and identify experimental conditions for maximum dis-



tinguishability. More than 30 DNA devices were designed, modeled, simulated
and analyzed in this work. Although our barcodes can work with as few as one
dye, by adding multiple dyes, we can create much larger families of uniquely
identifiable reporter molecules which makes our framework highly scalable.
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