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Abstract: We report detailed characterizations of stochastic fluorescence switching of unmod-
ified nucleic acids under visible light illumination. Although the fluorescent emission from
nucleic acids under the visible light illumination has long been overlooked due to their apparent
low absorption cross section, our quantitative characterizations reveal the high quantum yield and
high photon count in individual fluorescence emission events of nucleic acids at physiological
concentrations. Owing to these characteristics, the stochastic fluorescence switching of nucleic
acids could be comparable to that of some of the most potent exogenous fluorescence probes for
localization-based super-resolution imaging. Therefore, utilizing the principle of single-molecule
photon-localization microscopy, native nucleic acids could be ideal candidates for optical label-
free super-resolution imaging.
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1. Introduction

Since being discovered, nucleic acids have been a central focus of studies in biological, physical,
and chemical sciences. In biological systems, nucleic acids form highly complex and intricate
structures that house, maintain, and regulate access to the genetic information critical for life.
Increasingly, it has become apparent that the nanoscale topology of these structures has a
prominent role in the regulation of essential cellular functions [1], such as gene transcription
and replication. As such, directly visualizing these complex cellular systems will help expand
our understanding of biological interactions, providing insight on gene regulation and cellular
behavior. Recently, super-resolution fluorescence microscopy techniques, including stimulated
emission depletion microscopy (STED), structured illumination microscopy (SIM), and photon
localization microscopy (PLM), such as photoactivated localization microscopy (PALM) and
stochastic optical reconstruction microscopy (STORM), have extended the ultimate resolving
power of optical microscopy far beyond the diffraction limit [1–7], facilitating access to the
nanoscale organization of chromatin [8–11]. However, the majority of strategies used to image
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structures formed by nucleic acids require methods that label DNA-associated proteins instead of
DNA itself or utilize small molecule dyes that may alter the structure and function of the native
structures and affect cell viability [12, 13].

Owing to these limitations, developing label-free optical super-resolution imaging methods to
visualize DNA topology under native, non-perturbing conditions becomes attractive. It is well-
known that nucleotides fluoresce under UV illumination and have significantly weaker absorption
in the visible range. However, we have observed visible light-excited fluorescence of unmodified
nucleic acids when their concentration approached the value of physiological conditions [14].
This intrinsic fluorescence has likely been overlooked previously because most photochemical
studies of nucleotides were performed in dilute solutions with concentrations ranging between
10-100 µM [15–18], which is significantly lower than that in nuclei and chromosomes (0.1-1
M) [19–21]. More importantly, we further observed the stochastic fluorescence switching of
nucleotides under visible illumination, which sets the foundation of using unmodified nucleic
acids as endogenous contrast agents for nanoscopic imaging with photon localization microscopy
(PLM) [14]. This phenomenon sets the stage for developing new label-free super-resolution
optical imaging methods to resolve macromolecular structures with nucleotide topologies.

Here, we present the detailed photochemical characteristics of nucleotides at physiological
concentrations under visible light illumination. To explain the mechanism of the observed
stochastic fluorescence switching, we examined the fluorescence recovery of nucleotides under
varying depletion conditions and demonstrated that these results fit well with the theory of
ground state depletion (GSD) [6, 7]. Furthermore, due to the relatively high quantum yield and
low intersystem crossing probability of nucleotides, the photon count and blinking duration of
individual emission events were found to be comparable to those of some of the most potent
exogenous dyes used in PLM, making DNA molecules themselves ideal candidates as imaging
contrasts in PLM.

2. Materials and methods

2.1. Chemicals and materials

All chemicals used in the photochemical measurements are commercially available for indepen-
dent reproduction. Mononucleotide samples used in the measurements are HPLC grade (G8377,
A1752, C1006, T7004) and were used as purchased from Sigma Aldrich. 2- and 4-base oligonu-
cleotides were synthesized by Midland Science while 8-, 16- and 20-base oligonucleotides
were synthesized by IDT. All synthetic oligonucleotides were used as purchased without further
purification.

All samples used were derived both by extraction from natural synthesis (yeast, salmon) and
through chemical synthesis (oligonucleotides from IDT and Midland). There is not a common
denominator for their manufacture, other than their nucleic acid origin. Critically, these samples
are for use as purity standards in analytical studies. For instance, the mononucleotides purchased
from Sigma Aldrich are isolated from yeast and are used as the analytical standard for assessment
of mononucleotide synthesis by mass spectrometry. In comparison, 20-base oligonucleotides are
synthetically produced by phosphoramidite synthesis. The use of these synthetic oligonucleotides
is for polymerase chain reactions. As a result, all of these molecules are of very high purity and
produced or isolated by independent means for use as scientifically accepted standards.

For absorbance and fluorescence measurements, samples were dissolved in molecular biology
grade nuclease-free distilled water (AM9938, Ambion, Invitrogen). Photochemistry measure-
ments, including absorbance and fluorescence, were performed with commercial instruments
in a 1-cm quartz cuvette (Z600717, Sigma). Baselines have been carefully measured with pure
nuclease-free distilled water in the same cuvette following exactly the same preparation. Between
each measurement, the cuvette was washed by acetone and methanol sequentially, triple rinsed
with water, and then air dried. Finally, to account for any incidental contamination during the
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aliquoting of samples, all pipette tips [200 µL (37001-528, VWR) and 2,000 µL (83007-378,
VWR)] used were from the same box without reuse.

2.2. LC-TOF analysis of mononucleotide samples

Mononucleotide samples used in the measurements are HPLC grade (the highest grade com-
mercially available) and were used as purchased from Sigma Aldrich. While these materials
have a certified purity greater than 99.9%, we understand the concerns that the observed flu-
orescent properties could be from organic impurities. To further exclude this possibility, we
have performed liquid chromatography time-of-flight (LC-TOF) mass spectrometry on these
mononucleotide samples. The mass spectra of the mononucleotides were measured using a
high resolution electrospray ionization (HR-ESI) Agilent 6210 LC-TOF mass spectrometer with
Agilent 1200 HPLC introduction. The results from these measurements show no indication of
impurities compared to blank injections according to both 280nm UV absorbance and mass
analysis for all nucleotides.

A similar, independent analysis was performed for thymidine monophosphate (T7004) by the
Scripps Center for Metabolomics and can be found online at the METLIN metabolite database
(https://metlin.scripps.edu/metabo_info.php?molid=3451). These results demonstrate that the
mononucleotides have a purity exceeding 99.9%. Chemical analysis by mass spectrometry indi-
cates the remaining molecules <0.1% are nucleotide metabolites (the fragments of nucleotides
PO3−

4 and the pentose monosaccharide ribose) that unavoidably appear in any nucleotide samples
due to dissociation.

2.3. Size exclusion HPLC analysis of polynucleotide samples

The main impurities present in the synthetic oligonucleic acids are incompletely elongated
strands (shorter sequences) and trace quantities of organic salts that are removed by desalt-
ing. Using HPLC, the nucleic acids account for 99.06% of the sample. The purity of these
samples is measured by IDT and was confirmed using size exclusion high-performance liquid
chromatography (HPLC) performed independently by the Northwestern University Keck Bio-
physics core. The size exclusion HPLC was coupled to a photo-diode array detectors (DAD)
absorbance fluorimeter set to measure absorbance at 230 nm and 532 nm. HPLC grade Water
(ThermoFisher) and molecular or HPLC grade methanol (>99.9%), ethanol (>99.45%), and
acetic acid (>99.85%) were used during sample preparation as needed. Measurements were
performed at high concentrations (4-5 mg/ml) to match our photochemistry experiments.

2.4. Absorbance spectra

In order to satisfy the sample quantity needed for fluorescence spectrophotometry, we chose
commercially available mononucleotides (Sigma), including adenine (A), guanine (G), cytosine
(C), and thymine (T), that were dissolved in nuclease free distilled water at a concentration of 0.1
M. Absorbance (A = − log10 T , where T is transmittance) were measured in 1-cm quartz cuvettes
using a dual-beam UV-VIS Spectrophotometer (UV-1800, Shimadzu). A control (nuclease-
free distilled water, Ambion, Invitrogen) prepared by exactly same procedure was placed in
the reference beam to compensate for any environmental variation during the measurement.
According to the instrument specification, the measurement accuracy is ±0.001 absorbance units
(A.U.) at 0.5 A.U.

Due to the difficulty of acquiring large quantity of polynucleotide samples, the absorbance
spectra of 100-µM poly-G nucleotide were measured in a 45-µL cuvette with path length of
3-mm (Z802336, Sigma) by using the same protocol used for mononucleotide solutions.
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Fig. 1. Schematic of the experimental setup for single-molecule photon localization mi-
croscopy. LF: laser clean-up filter; SF: spatial filter; HWP: achromatic half-wave plate; GTP:
Glan-Taylor polarizer; DM: dichroic mirror; OBJ: objective lens; LPF: long-pass filter; RM:
reflecting mirror; TL: tube lens; EMCCD: electron multiplying charge coupled device.

2.5. Fluorescence spectra and lifetimes

Fluorescence spectra of polynucleotides were measured by using a spectrofluorimeter (Nanolog,
Horiba Jobin-Yvon) equipped with an iHR 320 spectrometer with a 100 g/mm grating at 600
nm, a 150-W xenon arc lamp and a picosecond photon-detection module (PPD-850). Due to
the difficulty of acquiring large quantity of polynucleotide samples, fluorescence spectra of
polynucleotides were measured in a 45-µL cuvette with path length of 3-mm.

Fluorescence lifetimes of mononucleotides were measured by the time-correlated single
photon counting method as perviously reported in [22]. Mononucleotides illuminated at 532
nm have exceptionally longer fluorescence decays with respective lifetimes of 1.98±0.08 ns,
2.00±0.03 ns, 2.48±0.05 ns, and 2.56±0.07 ns for A, G, C, and T.

2.6. Absolute quantum yield measurement

To measure the absolute quantum yields (QYs) of mononucleotides, we used a Horiba Quanta-Phi
F-3029 integrating sphere mounted in the sample compartment of the Nanolog (Horiba Jobin-
Yvon) spectrofluorimeter. The measurements were performed at an illumination wavelength of
532 nm at room temperature. Data was processed by software supplied by Horiba-Jobin-Yvon,
from which G and C have QYs of 0.0559±0.0072 and 0.1057±0.0107, respectively; A and T
have somewhat lower QYs of 0.0194±0.0024 and 0.0199±0.0025, respectively.

2.7. Experimental validation of GSD mechanism

10 µL polynucleotides solution (100 µM, IDT) were dropped on plasma cleaned coverslips (#1.5,
Fisher Scientific) and dried at 20◦C overnight to form hydrogel thin films. We used an inverted
microscope (Nikon, Eclipse Ti-U) with an objective lens (Nikon, TIRF 100× , 1.49 NA) and
used a 532 nm diode-pumped solid-state laser with 1-W maximum output for illumination. We
determined the fraction of residual singlet state molecules using a pump-probe mode with a
constant probe (0.3 kWcm−2) and pump pulses of varying intensity (100 ms, 1-25 kWcm−2) for
shelving the molecules into dark states. The fluorescence recovery was monitored for calculating
the recovery lifetime by applying an exponential fitting.
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Fig. 2. Max projection images and number of blinking events over 50 seconds under various
conditions: (a) coverslip surface treated by plasma cleanering; (b) water-coated coverslip;
and (c) polynucleotides deposited coverslip. The results show at least 99% of the blinking is
from polynucleotides.

2.8. Single-molecule photon localization miroscopy

To examine the properties of nucleic acid blinking, we built a single molecule optical imaging
system based on an inverted microscope. As shown in Fig. 1, a 532 nm diode-pumped solid-state
laser with 300-mW maximum output was passed through the microscope body (Nikon, Eclipse
Ti-U) and was focused at the back focal plane of an objective lens (Nikon, TIRF 100× , 1.49 NA).
The intensity of the illumination beam fluence was adjusted by an achromatic half-wave plate
(HWP, AHWP05M-600, Thorlabs) and a Glan-Taylor polarizer (GTP, GT10, Thorlabs). The
illumination beam size was controlled by a dual lens assembly. A long-pass filter (BLP01-532R-
25, Semrock) was used to reject the reflected laser beam. The fluorescence image was collected
through a 550-nm long-pass filter before video acquisition by an EMCCD (Andor, iXon 897
Ultra). We performed single molecule imaging of 20-base Poly-G DNA with Iex=7.14 kWcm−2

by acquiring movies consisting of 1,000 frames at exposure times of 10-ms per frame.

2.9. Control experiments on glass coverslips

In order to verify the fluorescence blinking events we observed from the polynucleotide are
not introduced from contamination on the glass coverslip, we performed control experiments
with using cleaned and water-covered microscope coverslips. Cleaned coverslips (FisherfinestTM

Premium Cover Glasses, Fisher Scientific) were treated by a plasma cleaner (SBT PC-2000) to
remove organic contaminants. Water-coated coverslips were prepared by spin coating nuclease
free distill water at 3,000 rpm on the cleaned coverslip and then air dried. We recorded blinking
events from these samples over 50 seconds under the 532-nm illumination (7.14 kWcm−2). As
shown in Fig. 2, the results indicate the cleaned and water-coated coverslips have far fewer
(two orders of magnitude fewer) fluorescence blinking events compared with polynucleotide
deposited coverslips, which exclusively demonstrates the blinking is not from contamination
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Fig. 3. (a) Absorbance spectra of guanine monophosphate as a function of concentration. (b)
Absorbance spectra of 0.1-M mononucleotide solutions.

on the glass coverslip or in the water. Moreover, the result shown in Fig. 2(c) indicates that the
number of blinking events is reasonably invariant within the acquisition period. This suggests
photodamaging of DNA can be neglected during blinking measurements in the hydrogel samples
under the excitation wavelength and power used in our experiments.

3. Results and discussion

3.1. Photochemical characteristics of nucleotides at physiological concentration

The physiological concentration of DNA in interphase nuclei is ∼0.10-0.40 g/mL and even higher
in metaphase chromosomes [19–21], which correspond to concentrations about 0.26-1.04 M
in solution, respectively. These physiological concentrations are significantly higher than the
concentrations (10-100 µM) used in most photochemical studies of nucleic acids [15–18]. To
establish the photochemistry of DNA for conditions approaching those observed in chromatin,
we examined ultra-pure nucleotide solutions with various concentrations. At these higher concen-
trations, it is critical to first demonstrate that all observations are produced intrinsically from the
nucleic acids and are not consistent with results from trace contaminants or impurities. Therefore,
throughout our experiments we utilized the highest grade reagents available (Molecular or HPLC
grade) and performed rigorous measurements of negative controls to rule out the possibility of
introduced impurities (see Materials and methods). In order to satisfy the sample quantity and
quality needed for fluorescence spectrophotometry, we chose commercially available, HPLC
grade (>99.9% pure for all samples and 100% pure for adenine) mononucleotides (Sigma-
Aldrich), including adenine (A), guanine (G), cytosine (C), and thymine (T), that were dissolved
in nuclease free distilled water. Further, we verified the purity of the mononucleotides using
LC-TOF mass spectrometry on all of the mononucleotides, confirming that all of the samples are
analytically pure, with the remaining components consisting of nucleic acid metabolites (e.g. the
naturally disassociated ribose and phosphate groups).

Figure 3(a) illustrates absorbance spectra of guanine monophosphate as a function of concen-
tration. Although dilute aqueous solutions of the mononucleotide do not show absorption in the
visible range, the UV-visible absorption spectra of concentrated solutions of nucleic acids reveal
a broad absorption band in visible range, growing in intensity with increasing concentration.
This is particlarly clear in mononucleotide solutions at physiological concentration (0.1 M-1 M).
Figure 3(b) further shows the absorbance spectra of mononucleotides solution at a concentration
of 0.1 M. The molar extinction of mononucleotides E = A/c [M−1cm−1], where c [M] is the
solution concentration, indicates E is ∼ 3-10 M−1cm−1 for the four mononucleotides at 532
nm. Such photochemistry has not been reported previously, and the absorption further produces
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demarked by the arrow. Under 532 nm, this band does not show detectable absorbance
above the baseline measurements performed on HPLC grade water (H2O) at the same
time. Additionally, the purified elusion band consisting of pure polynucleotide demonstrates
significant measureable absorbance at 532 nm.

noticeable fluorescence under visible light illumination.
It is an established fact that the fluorescence spectrum of DNA extends into the visible range

even under UV excitation at diluted condition. This has been frequently observed and reported
elsewhere [15, 17]. However, this phenomenon has long been overlooked due to DNA’s weak
absorption coefficient in visible. One important observation is that mononucleotides illuminated
at 532 nm have exceptionally longer fluorescence decays with respective lifetimes of ∼2 ns,
which are significantly longer than the reported fluorescence lifetimes of mononucleotides (∼1
ps) at 267-nm illumination [22], and comparable to fluorescence lifetimes of high quantum
yield fluorophores. This is also consisitent with the relatively high quantum yields (QYs) of
these nucleotides measured under visible illumination (QY ∼ 0.02-0.11, see Materials and
methods), which are significantly (two to three orders of magnitude) higher than the reported QY
measured at 267-nm illumination (3x10−4) [22]. Particularly significant is the observation that
these properties are reproducibly distinct for each mononucleotide.

Furthermore, visible fluorescence has also been previously observed in ex vivo nucleic acid
studies [23]. Incidentally, the observation of this autofluorescence within the visible range
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Fig. 5. Molar extinction coefficient of 20-base poly-G nucleotide was measured using its
aqueous solution with concentration of 100-µM. Measurement was performed in a 45-
µL cuvette with a path length of 3-mm using a UV-VIS Spectrophotometer (UV-1800,
Shimadzu). The Molar extinction coefficient of mononucleotide was measured under same
condition for comparison.
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(473-632 nm) was in a study designed for the elimination of autofluorescence in nucleic acid
samples deposited on glass for microarray measurements. While the authors report similar visible
fluorescent findings in nucleic acids deposited on microarray glass slides, they dismiss the utility
of exploring the observed phenomenon. Critically, this observation confirms that visible light
fluorescence has been measured in unmodified nucleic acids in earlier and independent studies.

Additionally, work has recently been published showing changes in the absorption properties
of organic molecules as a function of concentration [24]. In this work that the absorption
properties of molecule widely considered to be ‘dark’, nonanoic acid, change as a function of
concentration. Indeed, they demonstrate that while at low concentrations, nonanoic acid has one
primary absorbance band at 200 nm, increasing the concentrations of nonanoic acid produces
both a red-shift in absorption spectra and creates a secondary absorption peak centered at 270
nm. Moreover, a concentration dependent fluorescence red-shift has been previously identified
in carboxylic acids and esters, but has not been studied extensively in more complex organic
molecules [25]. The phenomena we found on nucleic acids may be a part of a similar, but under
explored, phenomena inherent to organic molecules.

3.2. Photochemical characteristics of polynucleotides with different lengths

We examined photochemical properties of nucleic acids with different sequence lengths. In
this study, we chose poly-G nucleotides as model systems of nucleic acid polymer sequences.
Similarly, we first confirmed their purities with size exclusion HPLC equipped with DAD (see
experiment details in Materials and methods). Figure 4 shows the normalized HPLC DAD
absorption spectra of 20-base polynucleotide (IDT), in which the composition of elution bands
were verified by UV absorbance at 230 nm as well as by using the time of elution. The first elution
band at 20 min consists of the isolated 20-base polynucleotides and has appreciable absorbance
at 532 nm, which further confirms the presence of visible light absorption of DNA. In addition to
the main polynucleotide band, there is an elution band consistent with small molecules at 65
minutes, which has no measureable absorbance at 532 nm above the baseline of HPLC grade
water. Since the small molecules band has no measureable visible absorbance relative to the
nucleic acids and they exist at such low concentrations relative to the polynucleotides (<1%), it
is unlikely that they are considerably contributing to the experimentally observed fluorescence.

We measured the absorbance spectrum of 100-µM mononucleotide and 20-base poly-G
nucleotide in the visible range (Fig. 5). The measured Molar extinction coefficient E is 1,200±200
M−1cm−1 at 532 nm for the 20-base poly-G nucleotide, indicating an order of magnitude increase
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in absorption with longer oligomer length when compare to the mononucleotide. Further, we
found sequence length has a distinct effect on the visible fluorescence properties. As shown in Fig.
6, we investigated the effect of nucleotide length by acquiring fluorescence Intensity of poly-G
nucleotides excited at 500 nm with different oligomer length (1-, 2-, 4-, 8-, 16- and 20-base).
Critically, a strong increase in the fluorescence intensity is noted as a function of increasing
base length [Fig. 6(a)]. As shown in Fig. 6(b), the fluorescence intensity per nucleotide (FL/N)
increase by nearly an order of magnitude from mononucleotides to 20-base polynucleotide. This
is consistent with the increasing of Molar extinction coefficient per nucleotide (E/N) shown in
Fig. 6(c). For sequence longer than 4 bases, the fluorescence intensities per nucleotide appear
no significant variation beyond the experimental error. This is in agreement with the previously
measured delocalization length of 3.3±0.5 bp for UV light excitation [26].

3.3. Ground state depletion of nucleotides

While the photochemical measurements demonstrate that unmodified nucleic acids have absorp-
tion and intrinsic fluorescence under visible light illumination, super-resolution imaging based
on single-molecule photon localization requires the ability to detect blinking single-molecule
emissions. Given these observed measured relatively high QY and considerable fluorescence
emission under visible light illumination, we hypothesized that super-resolution imaging could
be accomplished by leveraging GSD with dark-state shelving and stochastic return. GSD has
previously been explored for super-resolution imaging using a typical three-level molecular
system [7]. When excited by light with intensity Iex [Wcm−2], a molecule transits from its
ground state (S0) to an excited state (S1) with the average rate kex = Iexσ/hν, where σ [cm2] is
the absorption cross section; h [J·s] is the Planck constant (6.626×10−34 J·s); and ν [s−1]=c/λ
is the frequency of the transition. From this state, the molecule can relax non-radiatively, emit
a fluorescence photon with a probability equal to QY , or transit to a dark (e.g. triplet) state (T)
via intersystem crossing (ISC) with a probability Φ. Φ is a key characteristic of the intersystem
crossing from singlet state to a triplet state. If Φ �1, the dark states have a lifetime τ much
longer than that of fluorescence (i.e. τ ∼ several hundreds of milliseconds� τfl ∼ nanoseconds).
Therefore, molecules increasingly shelve in a long-lived dark state with each illumination and
no longer fluoresce. However, the excited molecules may return to their ground state with the
average rate k = 1/τ, after which they again become excitable. This process creates the required
“on” and “off” periods, or blinking for PLM. It can be described by a system of three differential
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equations: 

dn0

dt
= −kexn0 + k fln1 + kn2

dn1

dt
= +kexn0 − k fln1 − kiscn1 ,

dn2

dt
= +kiscn1 − kn2

(1)

where n0,1,2 [dimensionless] are the population probabilities of the molecule and
∑

i ni = 1. In
this model, the parameters governing the behavior of the system are k fl and kisc , which are
respectively the rate constants of fluorescence and internal conversion and follow the relationship
of k fl/kisc = 1/Φ − 1. They can be further defined as k fl = 1/τfl and kisc = 1/τisc , where
τfl and τisc are the fluorescence lifetime and the intersystem crossing lifetime, respectively. To
estimate kex , the absorption cross section was calculated using σ = ln(10)E 10−20

6 [cm2].
For experimental validation of the proposed GSD mechanism, we used polynucleotides (20-

base poly-A, G, C, and T, IDT) as model systems. We deposited polynucleotides solution (100
µM, IDT) on a plasma cleaned coverslip surface and dried at 20 ◦C overnight to form hydrogel
thin films (with its concentration approaching the physiological range). At steady state, the
population probabilities ni of molecules do not change: dni/dt = 0, giving

n0 =
1

1 +
kex (k + kisc )
k (k fl + kisc )

(2)

Since k fl + kisc = kisc/Φ and kisc � k,

n0 =
1

1 +
k + kisc

kkisc
Φkex

≈
1

1 +
Φkex

k

=
1

1 + Φτkex
(3)

The measured fluorescence intensity F at the steady state is proportional to population probability
of the ground state: F ∼ an0, where a is a proportionality constant depending on the quantum
yield and the detection efficiency. If we define ε as the ratio of fluorescence intensities after and
before GSD, ε is reduced by increasing kex as

ε = F/F0 ≈ 1/(1 + Φτkex ), (4)

where F0 is the fluorescence intensity before GSD (when kex →0). We measured fluorescence
intensities of nucleotides at the steady state under various illumination intensities and estimated
ε by normalizing them with respect to the fluorescence intensity under a moderate illumination
(∼0.3 kWcm−2). As expected, 1/ε was linearly related to Iex as shown in Fig. 7. This result agrees
with the GSD model. Notably, while all polynucleotides were somewhat distinct, polynucleotides
containing purines (A and G) and pyrimidines (C and T) share similar features, likely due to the
similarity in their molecular structures.

Furthermore, the theory of GSD also predicts that once GSD has been induced by a strong
pump illumination (Ipump for td=100 ms), the fluorescence induced by a weaker probe beam
(Iprobe) will follow the exponential time course of the repopulation of the ground state with
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Fig. 8. Fluorescence recovery of poly-G DNA after 100 ms dark state shelving with Ipump

up to 24 kWcm−2. The recovered signal (black line) was read out with Iprobe (532 nm, 0.3
kWcm−2), which can be accurately explained by the GSD model (red line). The recovery
time τ and Φ were obtained by fitting the GSD model to the data.

recovery timescale τ [6, 7]. As given by a solution of Eq. (1):

n0 =



1 + kpumpΦe−k (1+kpumpΦ) t
τ

1 + kpumpΦ
, if t ≤ td

1 + kpumpΦe−k (1+kpumpΦ) td
τ

1 + kpumpΦ
e−k (1+kprobeΦ) t−td

τ (5)

+
1 + kpumpΦe−k (1+kprobeΦ) t−td

τ

1 + kprobeΦ
, if t > td

where kpump ,probe = 10−20 ln(10)EIpump ,probe/6hν .
To validate the role of the long-lived dark state in the observed stochastic emission of nucleic

acids, we performed the pump-probe measurements for all four types of polynucleotides and
chose poly-G DNA to compare against the predictions of the GSD model [Eq. (5)]. As shown in
Fig. 8, the experimental recovery data under pump illuminations up to 24 kWcm−2 fit accurately
with the GSD model with the measured E of 1,200 M−1cm−1 for the 20-base poly-G DNA. The
fitting gives a recovery time τ of 220 ms, which is comparable to the lifetime of the triplet states
in most exogenous dyes, and Φ ∼ 1.67 × 10−4. These long recovery time τ and a low value
of Φ facilitate the detection of single-molecule signal and, along with a high quantum yield,
produce a strong photon count of emission during a blinking event, as discussed below. The
recovery lifetimes of all four types of polynucleotides were summarized in Table 1. Notably,
although different polynucleotides have distinct τ, similar values were observed for purines
and pyrimidines. In addition, we tested the influence of an additional triplet-specific quencher,
β-mercaptoethanol, on the rate of fluorescence recovery. As expected for a GSD system, adding
the triplet-specific quencher β-mercaptoethanol reduced τ by 36%, thus confirming the shelving
of excited electrons in the dark, and most likely, triplet state.

3.4. Fluorescence switching of polynucleotides

To examine the properties of nucleic acid blinking, we performed PLM single molecule imaging
of 20-base Poly-G DNA with Iex=7.14 kWcm−2 (see details in Materials and methods). We
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Fig. 9. (a) Consecutive images acquired from poly-G DNA sample with time interval of 10
ms, showing blinking events. (b) The illustration shows a typical fluorescence switching
process. (c) Fluorescent photon count NB versus blinking duration τB at Iex=7.14 kWcm−2.
Color was used to denote the density of data spots. Histograms of (d) τB and (e) NB follow
exponential distribution.

acquired images consisting of 1,000 frames at exposure times of 10-ms per frame, as illustrated
in Fig. 9(a). Because the lifetime τ of the triplet state is much longer than that of fluorescence,
the majority of molecules are ‘shelved’ to their long-lived triplet states under this illumination.
As previously described for a GSD system, only a few molecules may return to their ground state
at any given time, with the average rate of k = 1/τ, where they can then be repeatedly excited to
the fluorescent state [Fig. 9(b)]. This creates the “on” and “off” periods, or blinking described
above, yielding the required stochastic activity for precisely locating molecules with PLM. We
measured the detected photon counts of each blinking event, NB , and the corresponding duration
of the “on” time, τB . Figure 9(c) is a scatter plot of NB versus τB , which indicates NB is linearly
proportional to τB . This demonstrated the fluorescence photon arrival rate during the “on” period
Γ= NB/τB is nearly identical among each blinking event, and thus 〈Γ〉 can be fitted from the
plot. Figures 9(d) and 9(e) show histograms of NB and τB . Critically, NB and τB follow an
exponential distribution as predicted by the theory involving quantum jumps between weak and
strong transitions [27, 28].

To further examine the blinking dynamics with respect to illumination intensity, we performed
single molecule imaging with varying Iex up to 11.0 kWcm−2 in their steady state. Prior to
characterizing the blinking properties of the nucleic acids, baseline measurements of the plasma
cleaned glass coverslip and water were performed to account for the influence of trace organic
residues during sample preparation. The result exclusively demonstrates the blinking event we
observed is from the nucleic acids. Based on fundamental photophysics, 〈Γ〉 is given by

〈Γ〉 = QY
Iexσ
hν

. (6)

As shown in Fig. 10(a), we found that the experimentally observed Γ is linearly proportional
to the illumination power, which is in strong agreement with the Eq. (6).

Likewise, by assuming that during the “on” period the triplet transition takes place at a constant
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rate, this produces the average “on” time 〈τB〉 as a function of Iex that is given by [28]

1
〈τB〉

= Φ
Iexσ
hν

. (7)

Figure 10(b) shows that in the steady state, the experimental measured blinking times as a
function of Iex agrees reasonably well with the theoretical model. The deviation at low Iex
is likely due to the low signal-to-background ratio of the recorded blinking which resulted in
relatively relatively smaller 〈τB〉 values.

As 〈NB〉 is given by

〈NB〉 = 〈Γ〉〈τB〉 =
QY
Φ
. (8)

〈NB〉 is independent of the absorption cross section and is in principle identical under various
illumination intensities. As shown in Fig. 10(c), the measured 〈NB〉 grew asymptotically to reach
a constant value with increasing Iex . Notably, 〈NB〉 is lower than the model at low Iex . This is
likely due to an excessive background subtraction when the signal-to-background ratio of the
recorded blinking is low.

Significantly, although bulk nucleotides absorb weakly in the visible range, the number of
photons emitted from each blinking event is large enough for single-molecule-localization based
imaging. This is due to the high QY of their visible-light fluorescence, which is much greater
than that for the UV transitions and thereby compensates for the relatively weak absorption.
Furthermore, the total photon count during an “on” time is independent of the absorption cross
section and depends only on QY/Φ. A high QY (e.g. QY=0.0559 of poly-G DNA) and a small
Φ for the transitions in the visible spectral range result in a high photon count, which in turn
translates into a high spatial resolution of PLM imaging, given by s/

√
NB where s is the full

width at half maximum of the diffraction point spread function [29]. As shown in Table 1,
although the four polynucleotides generate different numbers of collected photon in individual
emission events, they are all capable of providing a sub-20-nm localization precision in PLM.

Table 1. Comparison of recovery lifetime and averaged photon count and blinking time at
Iex=7.14 kWcm−2 between four polynuceotides.

Poly-A Poly-G Poly-C Poly-T
τ (ms) 200 ± 50 220 ± 30 320 ± 50 380 ± 40
〈NB〉 (photon) 264 ± 17 381 ± 23 441 ± 26 279 ± 19
〈τB〉 (ms) 33 ± 20 32 ± 20 12 ± 10 15 ± 10
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4. Conclusion

Generally, the unlabeled products usually have much lower extinction coefficient and likewise
fluorescence emission if compared with fluorescence targets. As a result, they are normally
neglected when mixed with fluorescent targets. Therefore, the observed anomalous signals from
these samples are frequently classified as impurities or contaminations without further analysis. In
fact, numerous methods have been developed and employed to suppress or eliminate signals that
emanate from endogenous molecules. These methods include chemical means for suppression
of endogenous emissions and mathematical analysis that eliminates events deemed unlikely to
originate from the fluorescent tag [30–32]. The ubiquitous use of these methods has created a
widely accepted notion that endogenous molecules lack the capacity for usable fluorescence
emission. In contrast, we discovered the fluorescence emission of nucleotides in visible range,
and more importantly, we explored its blinking mechanism, which facilitates super-resolution
imaging by using the principle of single molecule localization microscopy.

In conclusion, we characterized the fluorescence of nucleic acids under visible light illumina-
tion as well as their fluorescence depletion and recovery that accurately matches a GSD model.
In the photoswitching process, experimentally measured Γ, τB and NB as a function of Iex all
satisfy the fundamental photophysics of single molecule fluorescence blinking, which in addition
to the retraced parameter, Φ, are consistent with that obtained by the GSD model. Remarkably,
the fluorescence characteristics of nucleic acids under visible light illumination make them ideal
candidates for use as blinking fluorophores for super resolution imaging in biological systems.
(1) They exhibit a long shelving lifetime τ at the range of hundreds of milliseconds, which is
ideal for efficient depletion based on the GSD model. Consequently, only a small number of
molecules fluoresce at the same time upon GSD, which is an essential requirement for beating
the diffraction-limit in PLM. (2) Although nucleic acids have weak fluorescence under visible
illumination due to their low absorption in bulk, the photon counts of individual emission events
are comparable to those of some of some of the most potent exogenous dyes used in PLM
due to their high QY and low intersystem crossing probability Φ. (3) Finally, the fluorescence
properties of nucleic acids allows detection at lower illumination intensity (<10 kWcm−2), which
is highly advantageous compared to the cell-damaging high light intensities typically used in
some other super-resolution methods (e.g. up to 105 kWcm−2 in STED). In all, this discovery
paves a new way to realize label-free optical super-resolution imaging of nucleic acids [14],
which may provide an ideal technique to visualize the spatial organization of single or groups of
nucleosomes and quantitatively estimates the nucleosome occupancy level of DNA in unstained
chromosomes and nuclei.
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