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Direct observation of single flexible polymers using single stranded DNA†
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Over the last 15 years, double stranded DNA (dsDNA) has been used as a model polymeric system for

nearly all single polymer dynamics studies. However, dsDNA is a semiflexible polymer with markedly

different molecular properties compared to flexible chains, including synthetic organic polymers. In this

work, we report a new system for single polymer studies of flexible chains based on single stranded

DNA (ssDNA). We developed a method to synthesize ssDNA for fluorescence microscopy based on

rolling circle replication, which generates long strands (>65 kb) of ssDNA containing ‘‘designer’’

sequences, thereby preventing intramolecular base pair interactions. Polymers are synthesized to

contain amine-modified bases randomly distributed along the backbone, which enables uniform

labelling of polymer chains with a fluorescent dye to facilitate fluorescence microscopy and imaging.

Using this approach, we synthesized ssDNA chains with long contour lengths (>30 mm) and relatively

low dye loading ratios (�1 dye per 100 bases). In addition, we used epifluorescence microscopy to image

single ssDNA polymer molecules stretching in flow in a microfluidic device. Overall, we anticipate that

ssDNA will serve as a useful model system to probe the dynamics of polymeric materials at the

molecular level.
Introduction

Polymeric materials exhibit complex behaviour upon deforma-

tion and exposure to non-equilibrium conditions. Polymer chains

stretch and orient in solution-based fluid flows, which gives rise

to flow-dependent material properties such as bulk stress and

viscosity. Ultimately, the macroscopic material response is

determined by the underlying microstructure and molecular

properties of deformed polymer chains. Polymer dynamics have

been studied using a wide array of experimental and theoretical

tools.1,2 Single molecule techniques allow for the direct obser-

vation of chain dynamics at the molecular level, thereby enabling

characterization of polymer backbone motion and chain

stretching pathways. Over the last 15 years, double stranded

DNA (dsDNA) has served as the model system to study single

polymer dynamics using fluorescence microscopy.3 In particular,

dsDNA has been extensively used in single polymer experiments

to study chain relaxation,4 coil diffusion,5 stretching in uniform

flow,6 dynamics in extensional,7–9 shear10 and mixed flow,11

polymer conformation hysteresis,12 and in bulk measurements of
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turbulent drag reduction.13,14 Recently, dsDNA has been used to

directly observe polymer dynamics in confined geometries.15–18

Single polymer experiments probing the dynamics of dsDNA

have largely relied on lambda (l)-DNA as a model system.

Lambda DNA exhibits several advantages as ‘‘model’’ polymer,

including facile sample preparation and fluorescent labelling. In

addition, monodisperse samples of l-DNA are readily available

from commercial vendors. However, dsDNA is a semiflexible

polymer with markedly different molecular properties compared

to flexible polymer chains (Fig. 1). Under physiological salt

concentrations, the persistence length of native, unlabeled

dsDNA is �53 nm, which is approximately two orders of

magnitude larger than the persistence length of common flexible

synthetic organic polymers. Using single polymer techniques

based on fluorescence microscopy, dsDNA is commonly labelled

with intercalating dyes,3 which alter the local double helix

structure and increase both the polymer persistence length and

contour length.5 Chain flexibility and local molecular properties

play a key role in overall chain dynamics. Recently, the elasticity

of single flexible polymer molecules was measured using ssDNA,

and the force–extension relationship revealed pronounced

differences in the low-force elastic behaviour for ssDNA

compared to semiflexible polymers such as dsDNA.19,20 Overall,

there is a general need for development of new experimental

approaches to extend the techniques of single polymer visuali-

zation to broader classes of polymeric materials, including flex-

ible polymer chains.

In this work, we report a new model system for single polymer

studies of flexible chains based on single stranded DNA
Soft Matter
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Fig. 1 Polymer chain structures are shown for (a) double stranded

DNA, a semiflexible polymer with a double helix backbone and (b) single

stranded DNA, a flexible chain consisting of 5-carbon sugars linked by

phosphodiester bonds. For ssDNA, a modified base with primary amine

(aminoallyl-uracil) is shown, and ‘B’ represents a natural nucleobase.
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(ssDNA). We developed a versatile platform to synthesize

ssDNA containing ‘‘designer’’ sequences, which prevents intra-

molecular base pair formation. Using a biochemical synthesis

scheme for nucleic acids called rolling circle replication, we

generated long chain polymers of ssDNA containing amine-

modified bases, which serve as reactive chemical moieties for

uniform labelling along the polymer backbone with fluorescent

dyes. Using this technique, we synthesize a new class of molecules

for single polymer experiments, and we explore the practical

sequence space for producing ssDNA molecules using this

replication method. Following synthesis and characterization,

we directly imaged fluorescently labelled ssDNA molecules in

a microfluidic device using epifluorescence microscopy. Images

of single polymer chains stretching in fluid flow reveal pristine

polymer backbones, thereby demonstrating the utility of the

biochemical labelling strategy. In the following discussion, we

present the synthesis and characterization scheme for ssDNA

polymers. Overall, this method will enable investigation of a new

class of polymeric materials at the molecular-level.
Experimental

Rolling circle replication

Oligonucleotide templates and primers for rolling circle replica-

tion (RCR) were designed using VectorNTI software and

synthesized by Integrated DNA Technologies (Coralville, IA).

Table 1 shows the sequences of template oligonucleotides used in

these experiments. Template oligonucleotides were designed to

generate ssDNA products rich in either purine or pyrimidine

nucleotides. In some cases, product ssDNA was designed to be

nearly homopolymeric. All template oligos contained a 50

phosphorylated terminus to enable formation of the minicircle

template by ligation.

Linear templates were circularized by a ligation reaction using

T4 DNA ligase (New England Biolabs).21 First, a reaction

mixture (500 mL) consisting of 200 nM template and primer

oligonucleotides in T4 DNA ligase buffer (10 mMTris/Tris–HCl,
Soft Matter
200 mM EDTA, 2 mM NaCl) was prepared. Template and

primer oligonucleotides were hybridized by heating at 70 �C for

2.5 minutes, followed by slow cooling to room temperature

(20 �C). Next, 600 units of T4 DNA ligase were added, and the

ligation reaction proceeded for 5 hours at 16 �C. In the case of

Exonuclease I treatment, 20 mL (4 pmol) of the ligated/primed

minicircle mixture was incubated in Exonuclease I reaction

buffer (67 mM glycine–KOH, 6.7 mM MgCl2, 10 mM 2-mer-

captoethanol, pH 9.5) with 10 units of Exonuclease I at 37 �C for

30 minutes. The Exo I enzyme was deactivated by heating to

80 �C for 20 minutes. Ligated/primed minicircle templates were

stored at 4 �C.
RCR reactions consisted of 50 nM ligated/primed minicircle,

200 mM dTTP/aa-dUTP, 500 mM custom-mix dNTPs (contain-

ing only nucleotides in the synthesized product sequence) and

200 mg mL�1 BSA in phi29 DNA polymerase reaction buffer

(50 mM Tris–HCl, 10 mM (NH4)2SO4, 10 mM MgCl2, 4 mM

dithiothreitol, pH 7.5) in a total reaction volume of 50 mL. The

polymerization reaction was initiated by addition of 5 units of

phi29 polymerase, and the reaction proceeded for 30 minutes at

room temperature, unless otherwise noted. In negative control

(NC) reactions, no phi29 polymerase was added. Reactions were

terminated by addition of EDTA to a final concentration of

20 mM, and the products were stored at 4 �C.
Gel electrophoresis was used to characterize oligonucleotide

products from ligation reactions and ssDNA generated by

RCR. Polyacrylamide gels (8%) were run in 1� TAE buffer

(Biorad) to assay the efficiency of ligation reactions in gener-

ating ligated/primed minicircles. Polyacrylamide gels were

initially equilibrated in running buffer without DNA for 20 min

at 50 V, and ligated/primed oligos were loaded and run for 45

minutes at 80 V. Low molecular weight DNA ladder (NEB)

was used as a standard marker. Polyacrylamide gels were post-

stained with SYBR Gold (1� in TAE buffer) for 15 minutes

and imaged. To assay ssDNA products from RCR reactions,

agarose gels (0.6%) were run in TAE buffer using 1 kb DNA

ladder (NEB) supplemented with 50 ng of l-DNA as a stan-

dard marker. Agarose gels were run for 30 minutes at 120 V

and post-stained with SYBR Gold (1� in TAE buffer) for 30

minutes. All gels were imaged using a Gel Doc 2000 (Biorad),

and fluorescent gel images are inverted for display. All

enzymes, including T4 DNA ligase, phi29 DNA polymerase,

Exonuclease I, and DNA markers for electrophoresis and

dNTP stocks were purchased from New England Biolabs.

Aminoallyl dUTP (aa-dUTP) and SYBR Gold were purchased

from Invitrogen. All other chemicals were obtained from

Sigma-Aldrich or Fischer Scientific and were molecular biology

grade purity.
Fluorescent dye labelling and quantification

Single polymer imaging was performed using ssDNA products

generated from template Sequence 1 (Table 1). RCR reaction

times were increased to 90 minutes to generate long ssDNA

products appropriate for single molecule fluorescence micros-

copy. Prior to fluorescent labelling, ssDNA from RCR reactions

was purified using a HiTrap desalting column and fast protein

liquid chromatography (AKTA FPLC, GE Biosciences). Before

sample purification, the RCR reaction solution should be
This journal is ª The Royal Society of Chemistry 2011
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Table 1 RCR template sequences

Sequence Template sequencea # nt
Longest 1
nt stretch

RCR
success

1 50-ACTCTTC(T)3A(T)3C(T)4ACTTTCCAT 28 4 Yes
2 50-CTTTCTTACACT(TC)4ATTC(T)5AC(T)4ACTTCTTCCTACT 48 5 Yes
3 50-ACTCTTTCTTACTTCTCTCTACTTC(T)6CACTTCTCTCTAC(T)4ATTTCCTTACCTTCTTCT 66 6 Yes
4 50-AGGTGT(G)4A(G)4T(G)4ATTGGATG 28 4 Yes
5 50-GGTAGGTGGT((G)3AT)2(G)3T((G)3AT)2GGATGGTGAGTGGA 48 3 Yes
6 50-AGGTGAGTGGA(G)4TA(G)3TT(G)3T(G)3A(G)3TGA(G)3TGGTTGGA(G)4TA(G)3ATGGTGGATG 66 4 Yes
7 50-AGAGGG(G)16GGAGGA 28 21 No
8 50-ATATTT(T)7A(T)8TTATTA 28 10 Yes
9 50-ACACCCCCCCCCA(C)9A(C)9A(C)9A(C)9ACCCCCCCCCACCA 66 9 No
10 50-ATATTTTTTTTTA(T)9A(T)9A(T)9A(T)9ATTTTTTTTTATTA 66 9 Yes
Pyr 1 50-GGAAGA(G)5A(G)4A(G)4AGAGAAG 28 5 No
Pyr 2 50-AAGAGA(G)7A(G)7AGAAGGA 28 7 No
Pyr 3 50-AGA(G)3GAGAGAGAGAGAGAGA(G)4AA 28 4 No
Pyr 4 50-GAGGAAGAGAGAGAGAGAGAGAGGAAAG 28 3 No
Pyr 5 50-GAGGAAGGGAGGAGAGAGGAGAGGAGGGAGAGAGAGAGGAGGAAA 46 3 No
Pyr 6 50-GGGAGA(A)4G(A)7GAAAGGAGAA 28 7 Yes
Pyr 7 50-GAGAATGAGGGATGAGAGGAAGAGGAAA 28 3 No
Pyr 8 50-AGGAGA(A)4G(A)7G(A)3AGAAGG 28 7 Yes
Pyr 9 50-GAG(A)7AAG(A)9G(A)9G(A)9G(A)9GAAA(A)6GAAG 66 9 Yes
Pyr 10 50-AGGAGT(G)4A(G)4T(G)4AAAGGATG 28 4 Yes

a Bold values indicate nucleotides that participate in hybridization.
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supplemented to �8 M guanidine–HCl, thereby allowing

removal of template minicircle oligos (complementary to ssDNA

product) and dNTPs via FPLC/desalting. Approximately 800 mL

of the RCR reaction was loaded onto the HiTrap column and

eluted into Alexa Fluor 532 labelling buffer (100 mM sodium

bicarbonate, pH 8.0).22 Purification and ssDNA concentration

prior to labelling was performed using Vivacon2 spin columns,

100 kDa MWCO (Sartorius). Approximately 2 mL of eluted

ssDNA sample was loaded onto the spin columns and centri-

fuged at 2500 � g for 45 minutes, which yielded a �25 to 30�
increase in DNA concentration, as determined by measuring

absorbance at 260 nm using a Nanodrop 1000 (Thermo Scien-

tific). Purified ssDNA (5 mg) was labelled with 2 mL of 30 mg mL�1

NHS-ester Alexa Fluor 532 (Invitrogen). Solutions were mixed

thoroughly by pipet and the reaction proceeded for 1 hour at

room temperature in the dark. In all labelling reactions, DNA

and dye concentrations were maintained constant to standardize

reaction conditions. Labelling reactions were quenched by

addition of 1 M Tris/Tris–HCl (pH 8.0) to a final volume of

70 mL.

Following the dye labelling reaction, ssDNA products were

purified from unreacted fluorescent dye to enable single mole-

cule imaging and for quantification of dye labelling ratios.

Immediately following quenching of the ssDNA labelling

reactions, reaction mixtures were purified using two successive

Biospin 6 columns (Biorad), which also served as a buffer

exchange to elute fluorescently labelled ssDNA products in

10 mM Tris/Tris–HCl buffer (pH 8.0). Dye labelling ratios were

determined using absorbance measurements. Fluorescently

labelled ssDNA for single molecule experiments was supple-

mented with EDTA (10 mM) and diluted with 50% (v/v)

glycerol for storage at �20 �C.
Bulk fluorescence measurements of enzymatically digested

fluorescently labelled ssDNA were used to quantify the extent

of putative dye interactions (if any) along the polymer
This journal is ª The Royal Society of Chemistry 2011
backbone. Here, 1.5 mg of labelled ssDNA sample was split

into two, equal concentration reactions. One reaction treated

with an excess of DNase I for 30 minutes at 37 �C, and the

second reaction was untreated. Bulk fluorescence measure-

ments were performed by illuminating samples at excitation

wavelengths between 400 and 540 nm, while monitoring

emission at 555 nm using a Cary Eclipse Fluorescence Spec-

trophotometer (Varian).
Epifluorescence microscopy

We directly visualized single fluorescently labelled ssDNA

molecules using epifluorescence microscopy. Single stranded

DNA was imaged using an Olympus IX71 inverted microscope

equipped with a 100� oil immersion objective lens (Olympus

UPlanSApo) and an Andor Ixon EMCCD camera. A solid-

state laser (CrystaLaser) was used as an illumination source at

a wavelength of 532 nm. Polymers were imaged in viewing

solution containing 50 mM Tris/Tris–HCl (pH 8.0), 1 mM

EDTA, 5 mg mL�1 glucose, 20 mM NaCl, and �95% glycerol

by weight. Prior to microscopy, solutions were purified with

a 0.45 mm membrane filter, followed by addition of b-mer-

captoethanol (140 mM), glucose oxidase (�65 U mL�1) and

catalase (1.1 kU mL�1) as oxygen scavenging reagents to

minimize photobleaching of the Alexa Fluor dye. For viewing,

�50 ng of fluorescently labelled ssDNA was added to 1 mL of

viewing solution (yielding �1 to 10 pM ssDNA). Individual

ssDNA molecules were visualized both in quiescent conditions

on a microscope slide and in planar extensional flow generated

in a PDMS-based microfluidic device, which effectively

stretches ssDNA molecules for backbone visualization (ESI†).

Images were processed using ImageJ software. All images were

corrected for background, false colour was applied, and in

some cases, levels were adjusted to filter approximately 15–

20% of the lowest intensity pixels for noise reduction.
Soft Matter
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Results and discussion

Polymer backbone structures for double stranded DNA and

single stranded DNA are shown in Fig. 1. Single stranded DNA

is a flexible polymer containing monomers that are free to rotate

around torsional bonds. In the following discussion, we describe

a biochemical synthesis scheme to generate flexible ssDNA

polymer chains for single polymer studies.
Rolling circle replication

We synthesized ssDNA containing user-defined sequences using

rolling circle replication (RCR). RCR is a useful method to

generate long-chain molecules of ssDNA amenable for direct

visualization by fluorescence microscopy. Previously, RCR has

been used for multiple applications,23 including biodetection and

DNA synthesis in microfluidic systems.24 Fig. 2 shows a sche-

matic of the RCR reaction scheme. First, an oligonucleotide

template is hybridized to a complementary primer strand,

thereby circularizing the template strand. Next, the template

strand is ligated to yield covalently closed circular ssDNA.25–27

During RCR, DNA polymerase binds to the free 30 hydroxyl on
the primer strand and initiates replication of the circular

template. In rolling circle synthesis, DNA polymerase replicates

around and traverses circular templates for hundreds to thou-

sands of cycles, thereby generating long strands of ssDNA. In

this work, we use phi29 DNA polymerase, which exhibits

exceptional processivity and strand displacement activity28,29 and

yields long ssDNA product (>65 kb). RCR reactions are sup-

plemented with aminoallyl dUTP (aa-dUTP), which is a modi-

fied nucleotide containing a primary amine (Fig. 1b) as a reactive

chemical moiety to facilitate subsequent dye-labelling with
Fig. 2 Schematic of rolling circle replication scheme for ssDNA

synthesis. DNA polymerase is represented by an oval shape, and stars

represent fluorescent dye molecules (Alexa Fluor 532).

Soft Matter
succinimidyl ester dyes. The aa-dUTP nucleotide contains only

a small modification compared to natural dTTP and was readily

incorporated by phi29 DNA polymerase, with no observable

change to ssDNA product length distributions.

Table 1 contains a summary of oligonucleotide template

sequences and RCR reaction results. Template ssDNA

sequences were designed to allow for dye labelling and to

prevent intramolecular base pairing. To facilitate labelling,

adenine monomers were designed to occur in template strands

at semi-random locations, thereby yielding amine-modified

nucleotides in ssDNA product strands at tuneable intervals. In

addition, we designed purine-rich or pyrimidine-rich templates

consisting of only 2 nucleotides (A/G or C/T), thereby pre-

venting intrachain base pairing. In some cases, a third nucle-

otide (A) was present at low ratios to facilitate dye-labelling by

incorporation of amine-modified nucleotides (aa-dUTP). Using

this method, a wide-range of template sequences was success-

fully replicated by RCR, yielding long ssDNA products

(>65 kb). In some cases, we observed limitations on template

sequence design, as evidenced by low reaction yields or short

products. In general, RCR reactions were inhibited for

templates containing consecutive stretches of a single nucleo-

tide, particularly cytosine (C) or guanine (G). Indeed, previous

research has demonstrated that some polymerases are inhibited

by homopolymeric sequences due to enzymatic ‘slippage’, and

guanine-rich sequences can form quaternary structures, which

may prevent ligation.30 For some sequences, purine-rich

templates failed to replicate entirely, and many of the unsuc-

cessful reactions contained templates with larger amounts of

guanine compared to the successful reactions. Overall, RCR

success or failure appeared to be independent of sequence

length for circular DNA templates in the range of 28–66 bases,

as observed for Sequences 1–3 and Pyr 4 and 5.

Polyacrylamide gel electrophoresis (PAGE) was used to

assay ligation of circular template strands. Fig. 3a shows a gel

image containing linear templates and ligated/primed mincircles

for Sequence 10, where linear templates migrate slower than

minicircles. In Lane 2, the bright band corresponds to primed

minicircle templates, and the upper and lower weaker bands

correspond to unreacted linear templates and unprimed mini-

circles, respectively. For some ligation reactions, primed mini-

circle templates were treated with exonuclease (Exo I), which

specifically degrades linear DNA. Samples treated with Exo I

show single bands on PAGE gels corresponding to unprimed

closed circular ssDNA (Lane 3). Following ligation, primed

minicircle templates were carried forward to 30 minute RCR

reactions. Fig. 3b shows an image of ssDNA products from

RCR reactions analysed using native, non-denaturing agarose

gel electrophoresis. For minicircle templates treated with Exo I,

ssDNA product bands are faint due to near complete digestion

of the minicircle primer, which is required for replication. In

addition to native gel electrophoresis, we also used denaturing

alkaline gel electrophoresis to determine ssDNA product

lengths (ESI†). In general, higher molecular weight products

were obtained for ssDNA rich in purines (A/G) compared to

pyrimidine rich products. For most ssDNA sequences, products

migrated with similar mobility on both native and denaturing

gels, suggesting the absence of base pairing in ssDNA products.

Interestingly, ssDNA products rich in pyrimidine bases
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Rolling circle replication for ssDNA. (a) PAGE gel showing

minicircle template formation (Sequence 10). Lane 1: linear template,

Lane 2: ligated/primed minicircles, Lane 3: Exo I treated minicircles. (b)

Agarose gel showing ssDNA products from RCR for Sequence 1 (Lanes

1–3) and Sequence 10 (Lanes 4–6). Lanes 1 and 4 are negative controls

(no polymerase), Lanes 2 and 5 show ssDNA products generated from

primed minicircle templates, and Lanes 3 and 6 show ssDNA products

from Exo I treated minicircle templates.

Fig. 4 ssDNA product lengths for rolling circle replication. (a) RCR

reaction time was varied between 0.5, 2, 5, 10, 30, 60, and 180 minutes in

Lanes 1–7, respectively. (b) RCR products for varying ratios of natural to

modified nucleotide, with dTTP : aa-dUTP ranging between 1 : 0, 4 : 1,

3 : 2, 2 : 3, 1 : 4, and 0 : 1 in Lanes 1–6, respectively. Agarose gels (0.6%)

were run for 30 min at 120 V. NC: negative controls.

Table 2 Quantitative analysis of dye labelling reactions

aa-dUTP :
dTTP

Dyes per
100 bases

Theoretical dyes
per 100 bases Fluorescence (a.u.)

1 : 9 1.60 � 0.06 1.43 84.0 � 5.6
3 : 7 1.03 � 0.01 4.29 97.2 � 6.8
6 : 4 1.40 � 0.17 8.57 159.6 � 10.0
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(generated by Sequences 4–6 and Pyr 6, 8–10) showed inhibited

migration through native agarose. For these sequences, dena-

turing gels were used to quantify product length distributions,

in addition to single molecule visualization.

We characterized the effect of RCR reaction time on ssDNA

product length distributions using Sequence 1. Fig. 4a shows an

image of an agarose gel containing ssDNA products from

timed RCR reactions with durations ranging from 0.5 to 180

minutes. As expected, ssDNA product length increases with

increasing reaction time. In addition, product bands appear to

broaden and intensify for long reaction times, indicating

increases in both product yield and polydispersity. Typical

yields for a single RCR reaction are on the order of 1–2 mg

ssDNA product, using the reaction protocol described in this

work. To increase yield for dye labelling, multiple reactions

were carried out in parallel. We also varied the ratio of natural

to modified nucleotide (dTTP : aa-dUTP) in the reaction

mixture to determine the effect of unnatural bases on product

lengths (Fig. 4b). Upon increasing the amount of aa-dUTP,

product length, yield, and polydispersity remained nearly

constant, which suggests that the base modification is non-

perturbative for replication by phi29 polymerase. Finally, RCR

reactions were successful using chemically modified oligonu-

cleotide primers containing a 50 biotin moiety, which could

enable further ssDNA functionalization or surface immobili-

zation for dynamic studies.
This journal is ª The Royal Society of Chemistry 2011
Fluorescent dye labelling and quantification

Following rolling circle replication, ssDNA backbones were

labelled with fluorescent dye. First, we optimized RCR synthesis

and labelling conditions to generate ssDNA molecules suitable

for single molecule fluorescence microscopy. Overall, the goal

was to label ssDNAwith low amounts of fluorescent dye in order

to allow for efficient visualization of single polymers, while

minimizing putative modifications to the native ssDNA back-

bone. For determination of optimal backbone labelling, we

synthesized three batches of ssDNA (Sequence 1) with varying

amounts of aa-dUTP, specifically with aa-dUTP : dTTP ratios of

1 : 9, 3 : 7, and 3 : 2. All three samples were labelled with dye,

purified and analysed using bulk and single molecule techniques.

Table 2 contains a summary of dye labelling reactions. The

number of dye molecules per 100 bases was experimentally

determined using UV and visible wavelength absorption

measurements. The theoretical maximum dye labelling ratio was

determined by assuming stoichiometric incorporation of aa-

dUTP and quantitative completion of the labelling reaction. In

general, each sample had a dye labelling ratio less than the
Soft Matter
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theoretical maximum, though we determined similar labelling

ratios for all samples (�1 dye : 100 bases). However, bulk fluo-

rescence data and single molecule experiments suggest that

ssDNA molecules become moderately (�2�) brighter upon

increasing amounts of aa-dUTP. Experimentally measured dye-

labelling ratios represent maximum labelling amounts for chain

backbones and serve as an effective upper limit for dye incor-

poration. Overall, a labelling ratio of �1 dye : 100 bases is low

and significantly less than the typical labelling ratio for dsDNA

(1 dye : 4 bp) using intercalating dyes such as YOYO-1.

Finally, we used bulk-level fluorescence measurements in

combination with a nuclease assay to probe for putative dye–dye

interactions arising from p bond stacking for dye molecules

along the polymer backbone. The nuclease assay showed no dye

interactions, which is expected because the degree of labelling for

ssDNA polymers is low (�1 dye : 100 bases) and far below

labelling amounts for previously observed dye–dye interactions

using Alexa fluorophores.31
Direct visualization of single polymer molecules

We used fluorescence microscopy to directly image single fluo-

rescently labelled ssDNA molecules. Single ssDNA molecules

generated by RCR synthesis are bright, photostable and suitable

for single molecule fluorescence microscopy (Fig. 5). We directly

compared images of fluorescently labelled ssDNA to images of

l-DNA labelled with an intercalating dye. Currently, l-DNA is

the standard molecule for single molecule polymer studies, and

our comparison serves as a useful benchmark for fluorescent

labelling studies. Single l-DNA molecules were labelled with

YOYO-1 as described elsewhere,8 and dsDNA was imaged using
Fig. 5 Direct visualization of fluorescently labelled ssDNA molecules

using fluorescence microscopy. Single molecules of ssDNA and ds-l-

DNA are shown for (a) stretched and (b) coiled configurations. ssDNA

(Sequence 1) with variable dye-labelling ratios are imaged.

Soft Matter
epifluorescence microscopy using a mercury lamp as the illumi-

nation source.

Fig. 5 shows images of stretched and coiled ssDNA molecules

(Sequence 1) for ssDNA samples with variable dye loadings, with

a side-by-side comparison to fluorescently labelled l-DNA.

Polymer molecules are stretched using a microfluidic flow device,

as described in the ESI†. Stretched ssDNA molecules were

chosen to be of similar length to stretched l-DNA (�20 mm

contour length). Clearly, fluorescently labelled ssDNAmolecules

appear as bright polymer chains suitable for single molecule

visualization. Overall, the ssDNA sample synthesized with a 3 : 2

ratio of aa-dUTP : dTTP showed comparable image quality to

l-DNA. Chain backbones appeared brighter, and the signal to

noise levels for labelled ssDNA molecules improved as the aa-

dUTP : dTTP ratio was increased, which is generally consistent

with the fluorescence data in Table 2. Overall, these experiments

serve as a useful guide to generate ssDNA for single molecule

studies.

In this work, rolling circle replication is used for ssDNA

synthesis, which generates polydisperse polymer samples. To

estimate chain length distributions in replicated ssDNA samples,

we used pulsed field gel electrophoresis (PFGE), which showed

that ssDNA (Sequence 1) synthesized by RCR using 60 minute

reactions produced chains with an average size of �50 kb. To

further quantify sample polydispersity, we directly visualized

single ssDNA molecules stretched to near full extension using

fluorescence microscopy (ESI†). We determined chain length

distributions and constructed a histogram of ssDNA molecule

size (Fig. 6). In particular, ssDNA polymers were stretched in

a stagnation point flow generated in a PDMS-based microfluidic

device,12 which is a useful method for stretching polymers to high
Fig. 6 Histogram of ssDNA size distribution using single molecule

visualization. (a) Single ssDNA molecules are classified based on size32,33

and binned into (b) size distributions over a 73 molecule ensemble.

This journal is ª The Royal Society of Chemistry 2011
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degrees of extension (�90% contour length). Polymer length was

determined by measuring chain end-to-end distance using image

analysis.

As shown in Fig. 6, the majority of ssDNA molecules were

sized larger than �20 mm (equal to the contour length of stained

ds-l-DNA), which agrees with PFGE analysis. In addition, �10

to 15% of molecules exhibited stretched lengths in excess of

30 mm, which is ideal for single molecule polymer dynamics.

Although the contour lengths of ssDNA molecules are similar to

l-DNA, ssDNA is extraordinarily flexible. Whereas l-DNA

contains�150 Kuhn steps, ssDNA contains�104 Kuhn steps for

a chain of similar contour length, assuming a bare persistence

length of �0.62 nm for ssDNA with screened electrostatic

interactions.19

For single molecule polymer studies conducted in dilute

solution, polydisperse samples can be easily analysed, because

the experimenter can select ‘‘targeted’’ polymer chains with

specific contour lengths when acquiring data, which overcomes

issues with chain length distributions. Therefore, monodisperse

polymer samples are not essential for dilute solution single

polymer studies. Of course, monodisperse samples of ssDNA can

be obtained by the direct denaturation of monodisperse dsDNA

molecules such as l-DNA. However, this approach presents

significant challenges, including fluorescent labelling of the

polymer backbone without using modified nucleotides.

Furthermore, the denaturation approach does not allow for

control of ssDNA sequence, which opens the possibility for base

pairing interactions and hairpin formation along the polymer

backbone.
Base pairing and base stacking

In this work, ssDNA sequences are designed to prevent intra-

chain base pairing and base stacking interactions. In nature, base

stacking is an important phenomenon that aids in stabilization of

the double helix in dsDNA. In ssDNA, base stacking can give

rise to helical domains. Stacking interactions in ssDNA are

dominant for poly(dA) and poly(dC) homopolymeric sequences,

as evidenced by plateaus in force–extension elasticity data for

homopolymeric ssDNA molecules.32,34–36 Poly(dT) shows mini-

mal or no evidence of base stacking and exhibits force–extension

curves similar to random ssDNA sequences (denatured

l-DNA).37

For the majority of our designer sequences (including

Sequence 1), base stacking is not expected; stacking is primarily

relevant for homopolymers with long poly(dA) domains,34 which

do not occur in any of the designer sequences except Sequences 8

and 10, which were not used in labelling experiments. Further-

more, base stacking interactions are weak between chemically

distinct bases34 and mainly dominate in homopolymeric

sequences, which has been previously verified in molecular

beacon experiments where a single base defect in a poly(dA) loop

significantly impacted the enthalpic barrier to hairpin closing.38

Base stacking involves only interactions between neighbouring

nucleobases and is either non-cooperative or weakly coopera-

tive,34 which implies that short stretches of single base connected

by a differing nucleotide are not impacted by base stacking.

Finally, we aimed to minimize or completely eliminate base

pairing in ssDNA products. By design, hairpins are avoided in all
This journal is ª The Royal Society of Chemistry 2011
sequences used in this work. Templates for RCR are designed to

be either pyrimidine-rich (C/T) or purine-rich (A/G) sequences

that never contained all four nucleotides. For some pyrimidine-

rich templates, a third base (A) is included in minicircles in

small amounts (�1 : 10 bases) to facilitate labelling with aa-

dUTP (e.g., Sequence 1). We calculated base pairing energies for

all sequences, and in all cases, the energy was low and on the

order of thermal energy (kbT). A single isolated dATP–dTTP

base pair in a long, non-interacting chain (e.g., Sequence 1) is

a relatively weak interaction with energy �1.3 kbT.
39 Previous

work based on Monte Carlo simulations was used to model

force-extension data for random and hairpin sequences (poly-

(dA-dT) and poly(dG-dC)) using standard base pairing rules,

and random sequences did not alter the elastic chain behavior.40

Single molecule images of stretched ssDNA reveal clean and

pristine linear polymer backbones, with no discernible evidence

of base interactions. We do not anticipate that base pairing plays

a role for ssDNA molecules containing user-defined tailored

sequences used in this work, in particular Sequence 1. In future

studies, strictly pyrimidine-only (C/T) ssDNA products can be

synthesized in RCR reactions with alkyne-modified dCTP and

labelled via click chemistry, thereby circumventing the require-

ment for a third nucleotide for fluorescent labelling.
Conclusions

In this work, we extend single molecule polymer dynamics

studies to a new class of materials. Although l-DNA has served

as a model system for single polymer studies over the last several

years, dsDNA is a semiflexible polymer chain with local molec-

ular properties that differ from flexible polymers. Here, we

present ssDNA as a new model system to study single flexible

chains and polyelectrolytes. We developed a straightforward

synthesis technique based on rolling circle replication to generate

long strands of fluorescently labelled ssDNA. Dye labelling is

achieved using covalent dye incorporation, which provides

enhanced robustness to solvent conditions including low or high

salt concentrations, thereby avoiding complications associated

with using intercalating dyes in variable solvents. Precise control

over ssDNA sequence will enable systematic investigation of the

effect (if any) of DNA sequence on polymer chain dynamics. In

addition, the RCR synthesis method described in this work

generates reasonable product yields (�5 mg labelled ssDNA

samples), which allows for the repeated use of the same sample

for multiple single molecule polymer experiments (�100 to 200

experiments per synthesized batch). Furthermore, the ssDNA

synthesis reaction can be scaled up to generate even larger

amounts of material (�100 mg), which will facilitate dissemina-

tion of this new method for single polymer studies through

collaborations with polymer science research groups.

The ssDNA synthesis platform described in this manuscript

will enable a myriad of molecular-level studies of polymeric

materials. In future work, template-based synthesis of ssDNA

will enable generation of copolymers using chemical modifica-

tion schemes for polymer backbones. End-functionalized oligo-

nucleotide primers used in RCR synthesis will allow for surface

tethering of ssDNA chains for force-extension measurements or

additional surface-based assays. Using ssDNA, the dynamics of

single flexible polymers can be studied, including relaxation and
Soft Matter
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stretching dynamics of flexible polymer chains in flow. In addi-

tion to materials-based applications and polymer physics, fluo-

rescently labelled ssDNA may also be useful for biological

studies. For example, ssDNA ‘‘curtains’’41,42 can be created in

microfluidic devices, which would facilitate high-throughput

measurements of nucleic acid enzymology and protein–DNA

interactions using ssDNA.
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