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Combing DNA on CTAB-coated surfaces
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Abstract

A fluorescence microscope (FM) coupled with an intensified charge-coupled device (ICCD) camera was used to investigate the combing

of DNA on cetyltrimethyl ammonium bromide (CTAB)-coated glass surfaces. DNA molecules can be combed uniform and straight on

CTAB-coated surfaces. Different combing characteristics at different pH values were found. At lower pH (ca. 5.5), DNA molecules were

stretched 30% longer than the unextended and DNA extremities bound with CTAB-coated surfaces via hydrophobic interaction. At high pH

values (e.g., 6.4 and 6.5), DNA molecules were extended about 10% longer and DNA extremities bound with CTAB-coated surfaces via

electrostatic attraction. At pH 6.0, DNA molecules could be extended 30% longer on 0.2-mM CTAB-coated surfaces. CTAB cationic

surfactant has both a hydrophobic motif and a positively charged group. So, CTAB-coated surfaces can bind DNA extremities via

hydrophobic effect or electrostatic attraction at different pH values. It was also found that combing of DNA on CTAB-coated surfaces is

reversible. The number of DNA base pairs binding to CTAB-coated surfaces was calculated.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

As genetic code carriers, DNA research is of great interest

to biologists and chemists. Traditional research methods, for

example, ultraviolet-visible spectroscopy [1], electrochem-

istry [2], nuclear magnetic resonance [3], Raman spectro-

scopy [1] and so on, are mainly based on studying a large

number of DNA molecules in ensemble. Information about

single DNA molecules is buried in thousands of DNA

molecules using these methods.

Yoshikawa [4] used fluorescence microscope (FM) to

investigate the conformation change of single DNA

molecules in solution. Only long DNA molecules, such as

T4 DNA of 166kb, can be studied because of the limits of

optical resolution. T4 DNA molecules coil with a long axis

length of about 3.5 Am in solution. Researchers usually
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focus on studying the transition of DNA conformations

caused by some reagents [5].

Because DNA is string-like, it is easy to stretch so as

to facilitate the observation. Many techniques have been

developed to stretch DNA molecules, such as atomic force

microscope (AFM) cantilever [6], optical [7] or magnetic

tweezers [8] and traps [9,10], spin [11], flowing liquid

[12] or flowing gas [13]. These techniques have been used

for investigating the elastic characteristics of DNA

molecules [8,9], dynamics of individual flexible polymers

in a shear flow [12], interaction between DNA and

proteins [14], photo-damaging of DNA molecules [15]

and so on. But some of them involve complex instruments

and unwieldy manipulations. One end or both ends of

DNA molecules need modifying and anchoring on

surfaces if they are stretched by AFM cantilever, tweezers,

traps and spin. Only one DNA molecule can be stretched

at a time using these techniques. Flowing liquid can be

used for simultaneously stretching many DNA molecules,

but one end of DNA molecules needs modifying and

sophisticated control of flowing liquid is required. Flowing
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gas stretching is a simple technique without modification

of DNA ends. But skilled operation is required, and the

repeatability is poor.

Bensimon et al. [16] and Michalet et al. [17] developed

a technique called bmolecular combingQ, which can be

used to stretch a large number of DNA molecules without

modifying ends of DNA molecules. So, statistical analysis

of imaging comes true. The most interesting merit is that

bmolecular combingQ is suitable for stretching very long

DNA molecules, such as genomic DNA. bMolecular

combingQ has been used for investigating DNA replication

[18], fluorescence in situ hybridization [19,20], constructing

genomic physical map [19,21] and nanomanipulation

[22,23].

It is unnecessary to modify the ends of DNA molecules

because bmolecular combingQ is based on the binding of

DNA terminals to substrate surfaces [24]. It is believed

that the double helix has a greater tendency to unwind at

its ends than along its midsegments at proper pH values

[24]. Consequently, the DNA is more hydrophobic at its

extremities. And as reported by Stein et al. [3], the DNA’s

extremities are more negative than its midsegment. The

specific binding of DNA extremities to surfaces is due to

either the hydrophobic interaction with hydrophobic

surfaces or electrostatic interaction with positively charged

surfaces. On hydrophobic surfaces, DNA molecules extend

about 30% longer than DNA contour length while about

10% longer on positively charged substrates [24,25].

As a cationic surfactant, cetyltrimethyl ammonium

bromide (CTAB) has both a hydrophobic group and a

positively charged group. It is also used as a germicidal

chemical for it can bind to DNA. Yoshikawa’s [5] work

shows that CTAB could induce DNA molecules to

transform from coils to compact globes in solution. In

the present work, CTAB-coated glass was used as a

substrate to comb DNA molecules. Different combing

characteristics on CTAB-coated surfaces prepared with

different concentrations of CTAB were found at different

pH values. Our research will help choose new substrates to

comb DNA molecules and will also be helpful in

understanding the interaction of DNA with cationic

surfactants.
Fig. 1. Schematic diagram of the imaging system.
2. Experimental setup

2.1. Materials

2-(N-Morpholino)ethanesulfonic acid (MES), cover

glass (22�22 mm) and slides (25�75 mm) were purchased

from Sigma. Stock solution of 1 mM YOYO-1 was

obtained from Molecular Probes and diluted by ultra-pure

water immediately before use. 4V,6-Diamidino-2-phenyl-

indole (DAPI, Fluka) and 2-mercaptoethanol (2-ME,

Fluka), E-DNA (48 502 base pairs, Sino-American

Biotech) and E-DNA EcoRI markers (Sino-American
Biotech) were used as received. E-DNA EcoRI markers

have six segments with the following lengths: 21,226;

7,420; 5,810; 5,650; 4,880; 3, 540 base pairs, respectively.

The concentration of DNA was determined spectrophoto-

metrically according to a molar extinction coefficient for

DNA bases of 6600 M�1 cm�1 at 260 nm [5]. The ratio of

the absorbance of DNA solution at 260 nm to that at 280

nm was 1.8. Absolute ethanol and CTAB were purchased

from Shanghai Chemical, China. CTAB was recrystallized

twice from ethanol. Ultra-pure water was prepared by a

Labconco system (18.2 MV).

2.2. Instrumentation

The schematic diagram of DNA imaging system is

shown in Fig. 1. An inverted fluorescence microscope (FM,

Olympus IX-70) was equipped with an oil immersion

objective (Zeiss, 100�, N.A.=1.25) and a U-MWB filter

set (Olympus, 450-480/500/515 nm). A 100 W high-

pressure mercury lamp (HBO) was used as illumination.

An intensified charge-coupled device (ICCD) camera

(512�512 pixels, I-PentaMAX Gene III, Roper Scientific)

was utilized to acquire images. A 6% neutral density filter

(ND filter) and a 25% ND filter were employed to decrease

the excitation intensity, i.e., the excitation light was

decreased to 1.5% of the original. The ICCD camera was

mounted at the FM side port to obtain a wider field of view

or at the single-lens reflex port (SLR) to improve the

accuracy of measurement through a standard C-mount

adapter. WINVIEW or WINSPEC software was used to

acquire images and analyze data. AFM images were

obtained using a Picoscan AFM (Molecular Imaging) with

contact mode and a commercial MAClever type II probe

(Molecular Imaging).

2.3. Procedure

Cover glass and slides were treated as follows. They

were soaked in commercial liquid detergent for ca. l day,



Fig. 2. Image of combed DNA molecules. Molecules A and B were selected

for calculating the length. Image size: 43�43 Am2. Experimental condition:

pH value was 5.6, DNA molecules were combed on 0.2-mM CTAB-coated

surfaces.

Fig. 3. Typical images of combed DNA (a), bUQ pattern (b) and bVQ pattern
(c). Image size: 71�71 Am2. Experimental condition: pH value was 5.6,

DNA molecules were combed on 0.2-mM CTAB-coated surfaces.
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washed with water, then soaked in concentrated nitric acid

for more than 5 h, again washed with water, subsequently

soaked in 30% H2O2 for more than 5 h, rinsed with

doubly distilled water and at last kept in absolute ethanol.

Pretreated cover glass was rinsed with ultra-pure water

and dried by flowing argon immediately before use.

Pretreated slides were rinsed with ultra-pure water and

soaked in different concentrations of CTAB solution for

24 h and dried by flowing argon prior to use.

DNA and YOYO-1 were diluted to 5 AM (in base pairs)

and 1 AM with ultra-pure water immediately prior to use,

respectively. DNA (5 Al) and YOYO-1 (5 Al) were added

into 90 Al of 50 mM MES solution at different pH values,

then 5 Al of 2-ME was added to reduce photo-bleaching and

mixed gently. The mixture was incubated for 90 min at 4 8C
in the dark before use. After incubation, the mixture was

diluted with MES as needed. A total of 5 Al of the mixture

was dropped onto cover glass, and the cover glass was

placed bottom-up on a CTAB-coated slide carefully. After

being kept for several hours, the slide was put on the FM

stage and imaged.

Binding efficiency was calculated according to Bensi-

mon’s report [16]. However, the binding efficiency on the

0.5-mM CTAB-coated substrate surface was difficult to

calculate because of the aggregation of DNA molecules.

DNA molecules combed straight and uniform were

selected (Fig. 2) for the calculation of their length. Because

long DNA molecules are easy to break when treated, the

DNA molecules that were 30% shorter than the average

length were not selected.

The force acting on DNA molecules was also calculated

according to the equation F=EA(l/l0�1), where E=1.1�108
N/m2 is Young’s modulus of DNA molecules, A=3.8�10�18

m2 is their cross-sectional area, l0 is the natural length of

DNA (for E-DNA, l0=16.2Am) and l/l0 is the relative

extension [25].
3. Results and discussion

3.1. Imaging of single DNA molecules

DNA molecules were combed uniform and straight on a

CTAB-coated glass surface (Fig. 3a) with a high binding

efficiency of ca. 60%. Some combed DNA molecules whose

both ends bound to the CTAB-coated glass surface look like

a bUQ(Fig. 3b) [25]. And some whose midsegments bound

to the CTAB-coated glass surface look like a bVQ (Fig. 3c).
Combing characteristics of DNA molecules depend on both

the concentration of CTAB used for the preparation of

CTAB-coated glass surfaces and the pH value.

Lengths of DNA molecules straightened by combing and

the force acting on DNA molecules are listed in Tables 1



Table 2

Combing characteristics of DNA on 0.2-mM CTAB-coated substrates

pH 5.6 6.0 6.5

Binding efficiency ca. 60% ca. 70% ca. 60%

Length of straightened

E-DNA (Am)

21.3F0.9a 20.9F0.5c 18.2F0.8e

Length of straightened

markers (Am)

8.6F0.8b 8.5F0.9d 7.0F0.5f

Ratio of the lengths 2.5 2.5 2.6

Stretching force (pN) ca. 130 ca. 120 ca. 50

Number of base pairs

bound to surfaces (kb)

3 3 4

Confidence degree was 0.90. (a) 119, (b) 62, (c) 115, (d) 81, (e) 103 and (f)

75 DNA molecules were measured, respectively.

Table 1

Combing characteristics of DNA on 0.1-mM CTAB-coated substrates

pH 5.4 6.5

Binding efficiency ca. 60% ca. 60%

Length of straightened E-DNA (Am) 21.0F1.2a 18.0F0.4c

Length of straightened markers (Am) 8.5F1.5b 6.5F0.3d

Ratio of the lengths 2.5 2.8

Stretching force (pN) ca. 130 ca. 50

Number of base pairs bound to surfaces (kb) 3 6

Confidence degree was 0.90. (a) 90, (b) 68, (c) 126 and (d) 79 DNA

molecules were measured, respectively.

H.-Z. Zheng et al. / Biophysical Chemistry 112 (2004) 27–3330
and 2. Because DNA bundles are not uniform in length and

some of them are very long in some cases [26], existence of

DNA bundles will affect accurate measurement of DNA

lengths. So, single DNA molecules must be distinguished

from DNA bundles. Fortunately, no DNA bundles were

found on the CTAB-coated surfaces in our experiments.

The most convincing evidence for the presence of single

DNA molecules can be obtained with AFM or transparent

electron microscopy. But these two techniques cannot be

used for the coarse CTAB-coated surfaces (Fig. 4).

Lyon et al. [15] reported three pieces of evidence

indicating that the fluorescence signals arose from single

DNA molecules and not from DNA bundles. First, the

observed density of single DNA molecules on the surface

was consistent with the value calculated from the total

number of added DNA molecules and the total surface area.

Second, cross-sectional line plots showed that all DNA

molecules had similar intensities. Third, the measured

physical lengths were consistent with the contour length

of DNA.

The area of the 22�22 mm cover glass used was

comparable to ca. 2.6�105 ICCD fields of view in the case

of ICCD being mounted on the SLR port of the FM and a

100� oil immersion objective being used. A total of 5 Al of
mixture of DNA and YOYO-1 containing about 6�105

DNA molecules was used each time, i.e., there were ca. 2–3

DNA molecules per field of view. This was just the case

consistent with our observation. Cross-sectional analysis

shows that all DNA molecules had similar fluorescence

intensities (Fig. 5).

In Lyon et al.’s report, the measured physical lengths

were only slightly larger than the calculated contour length.

But the lengths of straightened DNA molecules were 10–

30% larger than the calculated contour length on the CTAB-

coated surface. So, an improved criterion to determine

whether the DNA molecules observed were single or not

was developed. E-DNA and E-DNA EcoRI markers were

combed and imaged, respectively. Their straightening

lengths were then calculated. E-DNA EcoRI markers have

six segments, but only the segment with a length of 21,226

base pairs could be straightened effectively. The ratio of

their base pairs should be consistent with the ratio of their

straightening lengths if the DNA molecules observed were

single. As known, E-DNA is 48,502 base pairs long. Our

results show that the ratio of their straightening lengths of E-
DNA to markers was 2.5–2.8 (Tables 1 and 2), while the

ratio of their base pairs is about 2.28. So, it is single DNA

molecules that were observed.

3.2. Influence of CTAB concentration on combing

Three different concentrations of CTAB were used to

coat glass slides. Different combing characteristics of DNA

on different surfaces were found. On 0.1-mM CTAB-coated

surfaces, DNA molecules could be combed uniform and

straight with a high binding efficiency of ca. 60% at pH 5.4,

6.4 and 6.5 (Table 1). Straightening lengths were 21.0F1.2

Am at pH 5.4, which was ca. 30% longer than the contour

length of E-DNA and consistent with published results on

hydrophobic surfaces [24,25]. Thus, it can be concluded that

the binding of DNA extremities to CTAB-coated surfaces is

attributed to hydrophobic interaction at pH 5.4. As reported

[18], the addition of surfactants can decrease the stretching

force, thus shortening the lengths of straightened DNA. But

our results show that CTAB did not shorten the lengths of

straightened DNA. The force acting on DNA molecules was

calculated to be about 130 pN (Table 1).

At 6.5, straightened DNA molecules were 18.0F0.4 Am
long on 0.1-mM CTAB-coated surfaces, which was about

10% longer than the contour length of E-DNA and in

agreement with lengths of straightened DNA on ionizable

surfaces [24,25]. So, the binding of DNA ends to CTAB-

coated surfaces is ascribed to electrostatic interaction

[24,25]. The stretching force was about 50 pN (Table 1).

At pH 6.4, similar results could also be obtained.

On 0.2-mM CTAB-coated surfaces, the optimal combing

occurred at pH 5.6, 6.0, 6.4 and 6.5 (Table 2), with a binding

efficiency of about 60% at pH 5.6, 6.4 and 6.5 and about

70% at pH 6.0. Straightening lengths were about 21.3F0.9

Am at pH 5.6, 20.9F0.5 Am at pH 6.0 and 18.2F0.8 Am at

6.5. Straightened DNA molecules were 30% longer than

their contour length at pH 5.6 and 6.0 and 10% longer at

6.5. The corresponding stretching forces were about 130,

120 and 50 pN (Table 2), respectively. So, the binding of

DNA ends to CTAB-coated surfaces is due to hydrophobic

interaction at pH 5.6 and electrostatic interaction at 6.5. The

higher binding efficiency could be obtained at pH 6.0, but



Fig. 4. AFM images of CTAB-coated glass substrates (a) on 0.1-mM CTAB-coated glass substrate, (b) on 0.2-mM CTAB-coated glass substrate and (c) on 0.5-

mM CTAB-coated glass substrate.
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the mechanism of binding of DNA extremities to the

substrate surface is unknown.

At pH 6.0, DNA molecules can be combed straight on

0.2-mM CTAB-coated surfaces but cannot be combed on

0.1-mM CTAB-coated surfaces, which might be due to the

difference in the CTAB surface coverage between two

surfaces. The surface coverage of CTAB on 0.2-mM CTAB-

coated surfaces should be higher than that on 0.1-mM
Fig. 5. Image of DNA (a) and related cross-sectional curve (b). Image size:

43�43 Am2.
CTAB-coated surfaces, and hence, more positive charges

and more hydrophobic groups could be available.

On 0.5-mM CTAB-coated surfaces, DNA molecules

cannot be combed straight. Almost no DNA molecules

could be combed straight only at pH 6.5. The binding

efficiency could not be calculated because of DNA

aggregations (Fig. 6). And the lengths of straightened

DNA could not be calculated because almost no DNA

molecules could be combed straight.

As shown in Fig. 4c, the surface became rougher on 0.5-

mM CTAB-coated glass surfaces, which might be character-

istic of the formation of hemi-micelles [27]. The positively

charged surface, high concentration of CTAB, which can

shrink DNA molecules [5], and surface roughness caused

DNA molecules only to be partly straightened at pH 6.5.

The above results are different from other published

reports. On substrates used by other researchers, DNA

molecules can be combed straight only over a narrow pH

range. The most optimal combing straight occurred at pH

5.5F0.2 on hydrophobic surfaces [24]. On surfaces coated

with ionizable groups, the optimal pH is linked to the

surface charge and thus is linked to the pKa of the surface

groups and their density [24]. However, on the CTAB-
Fig. 6. Image of DNA on 0.5-mM CTAB-coated substrate. Image size:

43�43 Am2.
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coated surface used in this work, DNA can be combed

straight and uniform at more pHs than that reported by

others. At the same time, the combing is affected by the

CTAB concentration that coats surfaces.

3.3. Influence of incubation time

The optimized incubation time was 5–7 h. Shorter

incubation time caused low binding efficiency and poor

combing, while longer incubation time caused contraction

of combed DNA molecules (Fig. 7), which was different

from the irreversible stretching of DNA on hydrophobic

silanated surfaces. Combed DNA molecules on hydrophobic

silanated surfaces kept straight and could be imaged after

several months [16]. To distinguish it from the irreversible

combing process on hydrophobic surfaces, the combing of

DNA on CTAB-coated surfaces was named as breversible
combingQ. Maybe the contraction results from the combi-

nation of DNA and CTAB after long incubation [5].

3.4. Number of DNA base pairs anchored to CTAB-coated

surfaces

The most important step of bmolecular combingQ is the

specific binding of DNA terminals to substrate surfaces.

However, it is still a problem to determine the number of

DNA base pairs binding to substrate surfaces. Taylor et al.

[28] stretched E-DNA and then added fluorescent-labeled

restriction enzyme EcoRI to investigate the interaction of

DNA with the enzyme. Five EcoRI sites on DNA could be

imaged for observation. But the first EcoRI site was closer

to one end of the DNA than estimated. They believed that

the end of DNA often formed a coil; hence, it was difficult

to stretch. Two kinds of DNA were combed on CTAB-

coated surfaces in our research, one with a length of 48,502

bp and the other with a length of 21,226 bp. As mentioned
Fig. 7. Image of DNA stained with DAPI on a CTAB-coated surface kept

for more than 15 h. Image size: 71�71 Am2. Experimental condition: pH

value was 5.6, DNA molecules were combed on 0.2-mM CTAB-coated

surfaces.
above, their base pair ratio was 2.29, while their combing

length ratio was over a range of 2.5 to 2.8. Because some of

DNA base pairs bind to CTAB-coated surfaces, the binding

base pairs cannot be stretched.

The number of base pairs binding to CTAB-coated

surfaces was calculated based on three hypotheses. First,

under the same experimental conditions, i.e., the same pH

value and the same substrate surface, DNA molecules with

different lengths of base pairs were stretched at the same

rate of extension. This hypothesis has been confirmed by

some reports [24,25]. So, under the same experimental

conditions, forces that act on all DNA molecules are the

same according to the equation F=EA(l/l0�1) [25]. Molec-

ular combing can be described below. DNA extremities first

bind to substrate surfaces, and then DNA molecules are

stretched by a moving air/water interface [16]. Some base

pairs are required to bind to substrate surfaces to resist the

stretching force; otherwise, DNA will be taken away from

the substrate surface. Under given conditions, forces that act

on all kinds of DNA molecules are the same, and the

binding mechanism of DNA extremities to substrate

surfaces is also the same. Hence, the second hypothesis

can be proposed that all kinds of DNA molecules need the

same number of base pairs to bind to the substrate surface.

Third, the base pairs binding to the substrate surface have no

contribution to the combing length of DNA. The length of

DNA molecules is tens of folds smaller than their contour

length because they form coils in solution. For example, T4

DNA (166 kb) with a contour length of about 55 Am is only

about 3.5-Am long in the long axis because of coiling in

solution [4,5]. When DNA molecules are combed, the base

pairs binding to the substrate surface will keep coiled [28]

while others will be stretched uniformly. The coil length of

several kilos of base pairs binding to the substrate surface

can be ignored compared to that of the uniformly combed

part.

The number of base pairs binding to substrate surfaces

can be calculated according to Eqs. (1) and (2):

48; 502� xð Þ � y ¼ length of combed k � DNA ð1Þ

21; 226� xð Þ � y ¼ length of combed marker ð2Þ

where x is the number of base pairs that bind to the CTAB-

coated surfaces and y is the combing length per base pair.

The number of base pairs binding to CTAB-coated surfaces

is listed in Tables 1 and 2. It was reported [24] that combing

caused a uniform extension of DNA on polystyrene or

silane-coated surfaces and that the dependence of combing

length on base pairs was linear and passed the coordinate

origin. The difference between their reports and our experi-

ment can be explained by the fact that they combed longer

DNA (up to 200 kb) but shorter DNA was combed in our

experiments. The binding part of DNA on the surfaces can

be ignored relative to long DNA molecules. And the

difference in substrates can also contribute to the different

results.
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4. Conclusion

DNA molecules can be combed straight and uniform on

surfaces coated with different concentrations of CTAB, and

the combing is reversible. Different combing characteristics

at different pH values have been found because of different

bindings of DNA extremities to CTAB-coated surfaces. At

ca. pH 5.5, the binding is due to hydrophobic interaction,

and at pH 6.4 and 6.5, the binding is owing to electrostatic

interaction. At pH 6.0, ca. 70% of DNA molecules could be

combed uniform and straight on 0.2-mM CTAB-coated

glass surfaces. But the mechanism needs to be further

explored. The number of DNA base pairs binding to CTAB-

coated surfaces was also calculated.
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