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Abstract

We demonstrate the application of super-localization microscopy to identify sequence-specific
portions of single-stranded DNA (ssDNA) with sequence resolution of 50 nucleotides,
corresponding to a spatial resolution of 30 nm. Super-resolution imaging was achieved using a
variation of a single-molecule localization method, termed as ‘motion blur’ point accumulation for
imaging in nanoscale topography (mbPAINT). The target sSDNA molecules were immobilized on
the substrate. Short, dye-labeled, and complementary ssDNA molecules stochastically bound to
the target sSDNA, with repeated binding events allowing super-resolution. Sequence specificity
was demonstrated via the use of a control, non-complementary probe. The results support the
possibility of employing relatively inexpensive short ssSDNAs to identify gene sequence specificity
with improved resolution in comparison to the existing methods.
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INTRODUCTION

Genome optical mapping has been a great tool for whole genome sequencing,~> but can be
even more powerful if two aspects are improved: (1) increasing the mapping resolution to a
scale below the diffraction limit of light, which currently limits the maximum mapping
resolution to ~0.8 kilobase pair for stretched double-stranded DNA (dsDNA); (2) improving
the sequence specificity beyond the current limitation of the available sequence specific
enzymes for dSSDNA molecules, which are often the target molecules in optical mapping.
Utilizing a super-resolution imaging method is a key for increasing the resolution, and
optical mapping of single-stranded DNA (ssDNA) instead of dsDNA is a possible solution
to improve the sequence specificity because sSDNAs can be used as labeling probes with no
sequence limit.

Several super-resolution imaging technologies have been established to study important
biological and physical problems,®7 such as living cell imaging,8? kinesin walking,10
synaptic vesicle diffusion in neuron cells, virus-cell interaction,2 and surface reaction site
mapping of nano-materials.13:14 There are hardware, software, and chemically-assisted
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routes to achieve super-localization/resolution conditions.11:13-30 These diverse super-
localization/resolution methods share the common principle that only one molecule is
detected at a time within the distance of the diffraction limit (~250 nm for green light),3
often with the help of statistical methods during data analysis.32:33 Traditionally, dsSDNA
and DNA super-structures have been used as molecular rulers to demonstrate the resolution
of super-resolution imaging technologies.324:34:35 \/ery recently, super-resolution mapping
of dsSDNA3:36:37 and localization of ssSDNA38 were reported. These works open new
directions for the genome optical mapping.

In this work, we focus on the super-resolution imaging of sSSDNA with stochastic binding of
complementary ssDNA,38 a technique we term motion blur point accumulation for imaging
in nanoscale topography (mbPAINT). This is achieved with similar strategy as previously
reported3839 and the influence of experimental conditions such as incident angles and salt
concentrations are studied. We immobilized the target sSSDNA (tDNA) on a substrate (Fig.
1). The substrate was passivated by polyethylene glycol (PEG) molecules and was
confirmed to have no affinity to the probe ssSDNA (pDNA). Then we monitored the dynamic
adsorption of the pDNA to the tDNA. Each binding molecule induced a diffraction-limited
fluorescence image, which was fitted with a 2D Gaussian function for its center location and
a super-resolution image was generated with the molecule locations. The diffraction limit of
light was thus broken by the single-molecule localization method mbPAINT.

RESULTS AND DISCUSSION

mbPAINT, depicted in Figure 1, is an extension of PAINT, which traditionally uses the
unique properties of fluorescent dyes that only emit fluorescence upon binding to the target,
due to the changes in their chemical structures or environments.1327 In our case,
fluorescently tagged pDNA molecules were detectable under total internal reflection
fluorescence (TIRF) microscopy when they were reversibly adsorbed onto the immobilized
tDNA at the interface, but were unobservable if they were freely diffusing near the interface
(Fig. 1, 2, and 3). The sequence of tDNA was 5’-CCACTCCCCACCCAC, which was
inserted into a random sequence with total length of 87 nucleotides (nt) to mimic the
environment of a real target sequence. The tDNA was functionalized with biotin at the 5’
end and was attached to the surface via biotin-streptavidin interaction.?%-42 The pDNA
molecules, Alexa532-5’-GTGGGTGGGGAGTGG were labeled with Alexa Fluor 532
fluorescent dye at the 5” end. A non-complementary negative control probe DNA (cpDNA)
with sequence Alexa532-5’-TTCTGGATCACTTCGCGC oligomer was used to test for
non-specific interactions with the target. Buffer flow was introduced to stretch the ssSDNA
on the substrate.*3

The dwell times of freely diffusing molecules were much faster than our observation time
per frame (32 ms), rendering them undetectable in TIRF mode until they stochastically
bound to the target, tDNA (Fig. 2a). Although these bulk molecules contribute to the
background counts, in TIRF mode the contribution of background fluorescence to the image
is negligible at the low concentrations of the dye-labeled probe DNA molecules required for
single-molecule analysis (~0.6 molecule/um3, or 1 nM). This is because under our TIRF
conditions, in which the penetration depth of the excitation light is ~60 nm from the
interface at incident angle of 79°,44:45 the diffusing pDNA and cpDNA have a diffusion
coefficient estimated by the Stokes-Einstein relation on the order of 10’ nm?/s for small bio-
molecules (~10 kd) under normal conditions in water.#6 Thus, the average dwell time of
diffusing pDNA and cpDNA in-and-out of the excitation volume is on the order of 1074 s
with a diffusion length /=2 v'Dt=2 x 60nm according to Fick’s law,47 where D is the
diffusion coefficient and t is the time. In contrast, outside the TIRF conditions, when the
excitation optics are in epifluorescence mode, diffusing molecules are excited and observed
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in the background of the diffraction-limited area of a fixed molecule, which increases the
background level and brings extra noise when diffusing fluorescent probes are present (Fig.
2b) in comparison to pure solvent under the same epifluorescence excitation conditions (Fig.
2c). Fig. 2d quantifies the background counts as a function of incident angle to demonstrate
the value of performing the DNA localization measurements under TIRF conditions.

The dynamic adsorption of dye-labeled pPDNA molecules on an immobilized tDNA was
imaged and the binding events were used to generate super-resolution images (Fig. 3). The
dynamic binding events of pDNA to the tDNA were observed as a movie with a frame rate
of 16 frames/s. The movie was analyzed with a home-made MATLAB program. The
binding events were defined as the fluorescent spots in each frame (Fig. 3a), observed as
increased counts in the form of a point spread function in the frames of the movie. A
fluorescence event was defined if the maximum pixel intensity of a point spread function
was larger than 3 times the background noise on a frame (Fig. 3b) to satisfy >99%
confidence for event identification.*® The binding events were then isolated from each frame
and fitted with 2D Gaussian functions for their centers (Fig. 3c). The typical size of the point
spread function had a standard deviation of ~120 nm, which was defined by the diffraction
limit of light and the optics. The centers from all frames were recorded and plotted in one
combined image (Fig. 3d). A super-resolution image was generated with the sum of all the
centers that were converted to virtual Gaussian peaks with amplitude 1 binding event and
standard deviation 30 nm, ~50 nt assuming 0.6 nm/nt*° (Fig. 3e). The actual localization
precision could be better than 30 nm because the length of the PEG and DNA linker was
over 60 nm, which was dangling on the substrate surface and contributed to the 30 nm
uncertainty. This super-resolution image was then analyzed to find the locations of tDNA on
the surface. Confidence on the location precision was established when there were multiple
events on the same location in multiple frames. These events were either due to the blinking
of the bound molecule or desorption and adsorption of molecules on the same location. As
such the super-localization of tDNA molecules on the substrate was achieved by fitting the
centers of the events.

To confirm that tDNA molecules have been successfully grafted onto the substrate and the
rest of the substrate surface has been appropriately passivated, three control experiments
were carried out. The main concerns are that the pDNA could bind to streptavidin or the
defects of the passivation, where positive charges may occur. (1) The successful
immobilization of tDNA on the substrate was demonstrated in Fig. 4 by the specific nucleic
acid stain dye POPO-3 (Invitrogen) and the pDNA. The POPO-3 dye did not stain the
streptavidin modified PEG-biotin control glass substrate (Fig. 4a). The same sample was
then exposed to tDNA-biotin for 10 min, washed, and then stained by POPO-3. This
confirmed the immobilization of tDNA on the substrate. (2) Because POPO-3 and pDNA
could bind to defects on the substrate, the specific binding of the pDNA to the tDNA was
also confirmed (Fig. 4b). The PEG substrates to immobilize tDNA molecules were made
from grafting of PEG molecules to the aminosilane modified glass slides. The small
adsorption number of the pDNA to the PEG substrates confirmed that the amine groups had
been well passivated by the PEG molecules. Amine groups, if not passivated, adsorb DNA
molecules due to electrostatic interactions. The pDNA that was complementary to the tDNA
on the surface, bound well to the tDNA immobilized substrate. The cpDNA that was not
complementary to the tDNA, bound an order of magnitude less to the substrate under the
same conditions. This value was similar to the amount of events found on an
unfunctionalized substrate. Thus, the pPDNA was indeed bound to the tDNA through specific
complimentary base sequence interactions. (3) The binding sites observed with pDNA were
further confirmed by the co-localization of pDNA and TOTO-3 (Fig. 4c—e). TOTO-3 is a
nucleic acid stain dye that emits in the red. The adsorption behaviors of the two emitting
molecules were monitored in the green and red color channels at the same time. The green
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Alexa-532 labeled pDNA (1 nM) and the red DNA stain dye TOTO-3 (10 nM) were mixed
together in the solution and introduced onto the tDNA modified substrate. The two dyes
were excited with different lasers and imaged at two different channels. High levels of co-
localization of the two channels (Fig. 4e) were observed, which provides evidence for the
specific binding of both molecules to the tDNA.

Super-resolution imaging of a specific SSDNA sequence was also demonstrated in areas that
had more than one tDNA molecule within the diffraction limit of light. Diffraction-limited
images were acquired of both pDNA (Fig. 4f) and POPO-3 (Fig. 4g) bound stochastically to
the tDNA, and super-resolution images of both processes (insets) were achieved. The
regular diffraction-limited fluorescence images do not distinguish multiple tDNA molecules
that were in the area of the diffraction limit of light. However, the super-resolution images
(insets) clearly reveal that these sites have multiple tDNA molecules. It is worth noting that
pDNA is sequence specific and POPO-3 is not. As such, for a very long tDNA,
combinations of POPO-3 and other nucleic acid stains can be used to image the whole
tDNA, with pDNA used for optical mapping.

Establishing the minimum DNA sequence length that can be resolved by mbPAINT analysis
is an exciting question that is larger than the scope of the current proof-of-concept
demonstration, but is only limited by the ability to detect enough photons from a stochastic
reversible hybridization event such that it is possible to statistically distinguish the binding
from the background. Although a systematic benchmarking characterization will be
presented elsewhere, here we demonstrate the possibility of using the solution ionic
conditions to tune the hybridization event dynamics for our pDNA over a broad range.
Because the hybridization probability of pDNA to tDNA is screened by the electrostatic
repulsion between them, the hybridization dynamics can be tuned by controlling the solution
ionic strength, and will be required as the probe sequence is systematically reduced. As
shown, the number of detected events on each frame increases within 0-100 mM NaCl and
approaching saturation after 100 mM NaCl (Fig. 5), but there is a broad tunable dynamic
range accessible via this simple method.

In summary, we have successfully demonstrated that the super-resolution method mbPAINT
can be used to identify ssDNA sequences as short as 50 nt. These proof-of-concept
experiments could lead to further development of super-resolution mapping of long sSDNA,
where further optimization of experimental conditions might be required. In addition to
establishing the lower bound of sequence resolution as discussed above, future experiments
will include expanding to multi-color parallel sequence determination, quantitative
investigation of the binding kinetics, and immobilizing and stretching a longer
bacteriophage lambda ssSDNA on the substrate for optical mapping.

EXPERIMENTAL

Sample preparation

DNA samples were obtained from Eurofins MWG Operon. The target sequence (tDNA) is:
Amino-C6-5’-TTTCTTATGACAGAATGATTCAACTAACATACTTGA-
CCACTCCCCACCCAC-AGCTTATGACAGAATGAT TCAACTAACATACTTTT-CT7-
Amino. The probe sequence (PDNA) is: Alexa532-5’-GTGGGTGGGGAGTGG. The
control probe sequence (cpDNApPDNA) is: Alexa532-5’-TTCTGGATCACTTCGCGC.

Glass cover slides were cleaned and modified with amine group (Fig. 6). First, glass slides
(VWR) were sonicated in 1% detergent water (Liquinox) for 20 min followed by copious
rinsing of Millipore DI water. Then the glass slides were soaked in 80 °C
NH40H:H50,:H,0 (1:1:5) solution for 5 min and rinsed with water and blown dry with
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nitrogen. The slides were oxygen plasma activated for 2 min and grafted in 1% (v/v)
aminosilane reagent (Vectabond, Vectorlabs) acetone solution for 5 min followed by
soaking in water for 1 min. The glass slides were then rinsed with water and dried by
nitrogen for further grafting.

Biotinylated glass slides were grafted starting from aminosilane functionalized glass slides.
Grafting solution was an aqueous mixture of 25% (w/w, mass fraction)
methoxypolyethylene glycol 5,000 propionic acid N-succinimidyl ester (>80%, Sigma-
Aldrich), 0.25 % (w/w) SUNBRIGHT BI-050TS (Biotin-PEG-COO-MAL, Mw 5000, NOF
America Corporation), and 0.8 % (w/w) NaHCO3 (Sigma-Aldrich). Silicone molds (Grace
Bio-Labs) were used to shape the target area and the solution was allowed to dry overnight.
The excess solution was rinsed off with water, and then the slides were dried with nitrogen.
The biotinylated glass slides were sealed with custom hybriwell chambers (Grace Bio-Labs)
and dual silicon press-fit tubing connectors (Grace Bio-Labs). Teflon tubing (Tub FEP Red
1685, Western Analytical Products), super flangeless ferrule (P-248X, Western Analytical
Products), super flangeless gray delrin (P-252X, Western Analytical Products), female luer
(P-628, West Analytical Producets), 1 cc luer slip syringe (MV1), and Genie Plus syringe
pump (Kent Scientific) were used to construct a flow system that was attached to each
biotin-PEGylated slide.

The tDNA molecules were immobilized onto the biotinylated glasses via biotin-streptavidin
interaction. The tDNA was functionalized with biotin by EDC-NHS chemistry.>% Mixture (1
mL) of 1 uM biotin (Sigma-Aldrich), 2 mM 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich), 5 mM N-
hydroxysulfosuccinimide (sulfo-NHS, Sigma-Aldrich), 100 mM NacCl (Sigma-Aldrich) and
100 mM HEPES buffer (pH~6, Sigma-Aldrich) were incubated at room temperature for 15
min. Then 100 pL of 10 uM tDNA was added to the solution and the pH value was adjusted
to ~8 by adding 10 pL 7.5% NaHCOj3 solution. The final solution was reacted at room
temperature for ~3 hours. The biotinylated glass with flow cell was incubated with mixture
of 0.25 mg/mL streptavidin (Invitrogen), 25 mM HEPES buffer (pH ~7), and 40 mM NaCl
for 2 min, and flushed with buffer solution (25 mM HEPES, 40 mM NacCl) three times. The
as-synthesized biotin-tDNA (biotin concentration 0.1 nM) in buffer solution was injected
into the flow cell, incubated for 1 min, and was flushed with buffer solution three times
again.

Fluorescence Imaging

The wide field fluorescence images were obtained with a home-build TIRF microscope (Fig.
7). A532 nm solid state laser (Coherent, Compass 315M-100SL) was used to excite the
Alexa Fluor 532 dye and POPO-3 dye. The objective used was 1.45 NA, 100x, oil-
immersion objective (Carl-Zeiss, alpha Plan-Fluar). The TIRF excitation penetrated a 1/e
depth of ~85 nm at an intensity of ~5 or 10 W/cm2. A 633 nm HeNe laser (CVI Melles
Griot, 25-LHP-925-249) with intensity ~5 W/cm? was used to excite the TOTO-3 dye.
Emission was collected in an epi-fluorescence setup and was detected on an electron-
multiplied charge coupled device (Andor, iXon 897) at an integration time of 30 ms, frame
rate of 16.1 Hz, and electron multiplying gain of 300.

Before imaging, the detection solutions were flowed into the sample chamber at 15 pL/min
for ~5 min using Genie plus flow system. The Alexa532-pDNA solution is a mixture of 1
nM pDNA, 25 mM HEPES buffer, 40 mM NaCl, 1% (v/v, volume fraction) 2-
mercaptoethanol and ~70% (v/v) pre-saturated 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox, Sigma-Aldrich) solution. The DNA stain dye solution is 10 nM
POPO-3 or TOTO-3 (Invitrogen) in 25 mM of HEPES buffer, 40 mM NaCl, 1% (v/v)
mercaptoethanol and ~70% (v/v) pre-saturated Trolox solution. The solution flow rate was
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15 pL/min during imaging. The incident angle of the laser was measured with a glass prism
instead of the sample such that the laser transmitted out of the prism.
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36‘nt 36 nt

tDNA: 5'-TTTCT---TGACCACTCCCCACCCACTAG--TTTT
oDNA: 3'-GGTGAGGGGTGGGTG-Alexa532
cpDNA: 3'-CGCGCTTCACTAGGTCTT-Alexa532

cpDNA

Figure 1.

Scheme of super-resolution imaging of immobilized target tDNA, with a fluorescently
labeled probe pDNA, using mbPAINT and a TIRF microscope. Only the molecules within
the evanescent field of the excitation light were excited and only those localized were
observed. The negative control probe cpDNA, does not bind to the tDNA, so it diffuses
freely in the solution and cannot be observed. Drawing not to scale.
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Figure 2.

Typical fluorescence images of (a) dye-pDNA (1 nM) binding to the glass surface at TIRF
mode, (b) at epifluorescence mode, and (c) water at epifluorescence mode that confirms the
background and noise are dominated by the dye molecules. (d) Average background (Bk)
counts at different incident angles with 1 nM dye-cpDNA in the solution (inset shows
measuring incident angle with a glass prism).
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Figure 3.

Data analysis and resolution determination. (a) A fluorescence event is defined on this frame
with peak amplitude at least 3 times the background noise. (b) Histograms of background
and the amplitudes of the peaks. The dashed line indicates the threshold chosen to
distinguish between the background and an adsorption event. (c) The peak is fitted with a
2D Gaussian function for its center position and peak amplitude. (d) The peak centers on all
the frames that have events are summarized for this area. (e) Each center is defined as an
event and is converted to a virtual Gaussian peak with amplitude = 1 and standard deviation
=30 nm and is converted to a super-resolution image.
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Figure4.

Demonstration of the specific adsorption of pDNA to tDNA and super-localization of
sequence specific tDNA. (a) Histograms of humber of events observed for the adsorption of
DNA stain dye POPO-3 to substrates before (control) and after immobilization of tDNA. (b)
Histograms of number of events observed for the adsorption of pDNA to substrates before
(control) and after immobilization of tDNA, and the minimal adsorption of cpDNA to the
tDNA substrate. (c) Sum fluorescence image of the adsorption of TOTO-3 and (d) pDNA to
tDNA substrate and (e) overlap of the two images. (f) Sum fluorescence image and (inset)
super-resolution image of POPO-3 to tDNA substrate. (g) Sum fluorescence image and
(inset) super-resolution image of pDNA to tDNA substrate. The numbers indicated in the

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2014 October 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chenetal.

Page 12

super-resolution image color scale bar, quantify the number of adsorption events at each
location.
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Number of new events per frame as a function of salt concentration in the presence of 25
mM HEPES buffer.
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Figure6.

Substrate preparation and grafting of tDNA.
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Scheme of the TIRF microscope, including acousto-optic modulator (AOM) controlled by
frequency generators (Freg. gen.) and electron-multiplying charge coupled device (EMCCD)
detector. The top scheme shows the experimental geometry and a cumulative fluorescence
image of 1000 frames with the x-dots representing the fitted centers of individual
fluorescence binding events on separated frames.
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