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ABSTRACT: Functionalization of amine derivatized glass
slides with a poly(maleic anhydride)-based comb-copolymer
to facilitate stretching, aligning, and imaging of individual
dsDNA chains is presented. The polymer-coated surface is
hydrophobic due to the presence of the long alkyl side chains
along the polymer backbone. The surface is also characterized
by low roughness and a globular morphology. Stretched and
aligned bacteriophage λ-DNA chains were obtained using a
robust method based on stretching by a receding water
meniscus at pH 7.8 without the need for small droplet volumes
or precoating the surface with additional layers of (bio)-
molecules. Although the dye to DNA base pairs ratio did not
influence substantially the stretching length distributions, a clear peak at stretching lengths close to the contour length of the
dsDNA is visible at larger staining ratios.
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1. INTRODUCTION

Visualization and manipulation of single DNA molecules in
solution and at interfaces have brought tremendous advances in
the understanding of the workings of life’s fundamental
building block.1−8 Quantitative high-resolution DNA fiber
mapping based on stretching of individual DNA chains9,10 on
surfaces11 and barcoding the DNA by in situ hybridization12,13

or by using restriction endonucleases14−18 allowed evaluating
the genetic information on the level of individual DNA chains
avoiding the ensemble average information inherent to other
techniques e.g. PCR.19 The chain stretching methods are also
suitable for high-throughput analysis of DNA−protein
interactions via direct visualization of numerous stretched
DNA molecules with bound proteins by fluorescence
microscopy.7

The methods for DNA stretching include those relying on
the hydrodynamic force of a receding droplet meniscus,20,21

meniscus drying between two surfaces, i.e., molecular
combing,12,22,23 fluid fixation,17 agarose flow and gel fixation,24

dynamic molecular combing (based on pulling a slide out from
solution),13 pipet suction,25 squeezing in nanochannels,26,27

electric or magnetic fields,28 or mechanical movement of the
meniscus (rather than meniscus motion induced by evapo-
ration).18 For reliable DNA stretching, for each deposition
method, optimization of the solution conditions (pH, presence
of salts) and surface chemistry is required. In molecular
combing process surface chemistry is most critical to obtain
high DNA stretching ratios, and small variation in pH of the

DNA solution may affect significantly the length of the
stretched DNA.21,23 When the DNA binds strongly to the
substrate via nonspecific interactions the stretching is sup-
pressed and DNA retention, i.e., how many DNA chains attach
to the substrate, is high. Decreasing the affinity of DNA to the
substrate, on the other hand, may result in high stretching ratios
but low retention. Advances in glass surface functionalization
methods, such as silanization, allow one to tune the surface
properties, e.g., hydrophilicity or charge density. Stretching of
DNA have been performed on clean glass,23 glass coated with
vinyl-,23 and amine-terminated silanes,12,15,17,18,22,23 polyly-
sine,16,23 polystyrene,23 PMMA,23 polyhistidine,23 and glass
coated with conducting polymers25 as well as on glass
precoated with nontarget single-stranded DNA.18 For a
hydrophobic substrate, it was found that solution pH = 5.5
was optimal, although for some hydrophobic substrates, such as
PMMA, PS, or PDMS, the stretching could be also observed for
a broad range of pH values.10 Allemand23 proposed a model
where at pH 5.5 the extremities of the DNA chain are partially
melted exposing the hydrophobic core of the helix. This
explained also the stronger binding by the chain ends to the
surface compared to the midsegment of the DNA. At higher
pH values the DNA adsorbed very weakly and was dragged by
the receding meniscus resulting in less DNA chains per unit
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surface area. On hydrophilic surfaces with ionizable groups the
binding and stretching depended on the surface pKa, and
therefore the optimal conditions for which the molecular
extension forces would be balanced against electrostatic
interactions should have been found for each type of surface
separately.
Functionalization of amine derivatized glass slides with

reactive poly(maleic anhydride)-based copolymers was shown
to be easy and robust.29−31 In this contribution, we show that a
glass slide functionalized with an amphiphilic comb-polymer
poly(maleic anhydride-alt-1-octadecene) (PMAOD) provides a
simple and convenient solution to obtain samples of stretched
and aligned bacteriophage λ-DNA. PMAOD coated glass slides
have highly hydrophobic character due to the presence of long
alkyl side chains, display distinct nanoscale topography and
have carboxyl or maleic anhydride groups available for further
functionalization. Covalent coupling of the polymer provides
stable thin polymer films without dewetting during further
applications. Stretching and fixing of DNA molecules by using
the receding meniscus method is demonstrated. Best DNA
binding and stretching was obtained at pH 7.8, without the
need for precoating the surface with additional layers of
(bio)molecules. In addition, the presented substrates do not
require very small volumes of liquids as used in fluid fixation
methods and therefore obviate the need for spotting
instrumentation.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(maleic anhydride-alt-1-octadecene)

(PMAOD, Mw 30,000−50,000 g/mol), 3-aminopropyl triethoxysilane
(APTES), and N,N-diisopropylethylamine (DIPEA) were obtained
from Sigma-Aldrich. λ-DNA (48,502bp) was purchased from New
England Biolabs. YOYO-1 was purchased from Molecular Probes (Life
Technologies, Singapore). Tris-EDTA buffer was obtained from Life
Technologies, Singapore. Potassium hydroxide (KOH) and anhydrous
tetrahydrofuran (THF) were obtained from Merck. Solvents including
acetone, ethanol, and isopropyl alcohol were purchased from Tedia
Company, Inc. Milli-Q water (18MΩ) was used to prepare all aqueous
solutions for the experiments.
2.2. Preparation of PMAOD Thin Films on Glass Surface.

Glass coverslips were cleaned by successive sonication in 1 M KOH,
ethanol, and acetone for 10 min each for a total of three cycles. Then
the coverslips were rinsed with Milli-Q water and acetone and dried
under N2. After cleaning, the coverslips were incubated in APTES
solution (2% v/v in acetone) for 30 min. The silanization reaction was
quenched by adding large amounts of water. Coverslips were then
rinsed with copious amounts of water and dried under N2. APTES-
coated coverslips were subsequently reacted with 180 mg of PMAOD
in the presence of 200 μL of a Hünig’s base (DIPEA) dissolved in 10
mL of THF solution for different times. After functionalization, the
coverslips were carefully rinsed with THF, acetone, and Milli-Q water
and dried with nitrogen gas.
2.3. Staining λ-DNA with YOYO-1. λ-DNA was first diluted with

10 mM Tris-EDTA buffer solution (at pH = 5.5, 7.8, and 8.9) to a
concentration of 5 μg/mL. YOYO-1 (1 mM in DMSO) was diluted to
a 100 nM stock solution. To stain the DNA molecules, different
amounts of DNA and YOYO-1 solutions were taken for staining at
various dye to base pair ratios of 1:5, 1:25, and 1:50. To achieve
homogeneous staining, the mixtures of YOYO-1 and DNA were
further incubated for 1 h at room temperature in the dark.
2.4. Characterization of the PMAOD-Coated Surface. Contact

Angle Goniometry. The static contact angles were measured at room
temperature using an NRL contact angle goniometer (Model 100-00,
Rame-Hart, Inc.) equipped with a video camera. Using an
autodispenser, three 4 μL water droplets were placed at various
places on the substrate, and an average contact angle read on both

sides of the droplet using DROPimage Advanced software is reported
(±3°).

Ellipsometry. The thickness of polymer film was measured by a
high-speed monochromator system (HS-190, J. A. Woollam Co. Inc.)
equipped with a 75W light source. All the measurements were carried
out at an angle of incidence of 65°.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spectra
were measured on a Perkin-Elmer Spectrum 2000 FTIR spectrometer.
KBr pallets were used for powder PMAOD measurement. Attenuated
Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectra
were collected at an incidence angle of 60° with a resolution of 4 cm−1.
A blank SiO2 substrate was used for background measurements.

Atomic Force Microscopy (AFM). AFM topography measurements
were performed with a Veeco Bioscope II Atomic Force Microscope,
equipped with a Nano Scope IIIa controller, in the tapping mode using
standard single beam silicon cantilevers with a nominal spring constant
of 42 nN/nm (Nanosensors, Germany). All experiments were
performed under ambient conditions in air. From the height image
the arithmetic average roughness defined as
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were obtained. In eqs 1 and 2, n is the number of points on the image,
and Z is the height deviation measured from a mean plane.

X-ray Photoelectron Spectroscopy (XPS). The analysis of the
samples was carried out using a Thermo Scientific Theta Probe XPS.
Monochromatic Al Kα X-ray source (hν = 1486.6 eV) for analysis at an
incident angle of 30° with respect to the surface normal was employed.
Photoelectrons were collected at a takeoff angle of 50° with respect to
the surface normal. The analysis area was approximately 400 μm in
diameter. Survey spectra and high-resolution spectra were acquired for
surface elemental identification. The spectral deconvolution was
performed by a curve-fitting procedure based on Lorentzian functions
broadened by a Gaussian function using the manufacturer’s standard
software. Charge compensation was performed by means of low-
energy electron flooding, and further correction was made based on
adventitious C 1s peak at 285.0 eV using the manufacturer’s standard
software. The error of binding energy determination is estimated to be
within ±0.2 eV.

2.5. Imaging of Stained λ-DNA by Wide-Field Microscopy.
Samples for imaging were prepared at 25 °C by depositing 1 μL
solutions of DNA onto glass cover slides coated with APTES or
PMAOD. Fluorescence imaging of individual stained λ-DNA was
performed with a custom wide-field microscope (WFM) based on a
Nikon ECLIPSE Ti−U inverted microscope frame. Light from a CW
multiline Ar ion laser (λex = 488 nm, Melles Griot, CA, USA) was
fiber-coupled to a Nikon TIRF attachment and after passing through
an excitation filter (z488/10×) it was reflected from a dichroic mirror
(Z488RDC) and focused on the back aperture of a high NA objective
(Nikon TIRF Apo, 100×, NA = 1.49, oil immersion). Immersion oil
(nD = 1.4790, Cargille, USA) was added between the high NA
objective and the coverslip for index matching. The luminescence was
collected by the same objective, and after passing through the dichroic
mirror and the emission filter (HQ500LP) it was directed onto an
iXonEM+897 EMCCD camera (512 × 512 pixels, 150 nm per pixel
resolution, Andor Technology, Northern Ireland) connected to the
side port of the microscope. The camera was connected to a computer
furbished with camera-dedicated software to control the imaging
parameters and for data acquisition. The experiments were performed
in air under ambient conditions. Single DNA diffusion in solution and
during meniscus drying were continuously imaged with 100 ms time
resolution. The length of individual DNA chains was obtained using
routines incorporated into NIS Elements Ar 4.10.00 (Nikon, Japan)
software. Statistical analysis of the data was performed using
OriginPro8 software (OriginLab Corporation, USA).
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3. RESULTS AND DISCUSSION

PMAOD-coated glass slides were prepared by reacting the
maleic anhydride units located along the PMAOD backbone
(Figure 1a) with amine-derivatized glass slides. The amine
functionality on the glass surface was introduced by silanization
of freshly cleaned glass slides with 3-aminopropyl triethox-
ysilane (APTES) (Figure 1b). To ensure good APTES
coupling, the glass slides have to be degreased and activated
with functional groups able to react with the ethoxysilane
groups. We have adopted a cleaning procedure involving
sonication in KOH, ethanol, and acetone, which reproducibly
rendered the substrate highly hydrophilic, characterized by
contact angles below 10°. The silanization was performed in
solution. Within the first 30 min of silanization the contact
angle increased sharply to above 45° (Figure 2), a value
expected for NH2-functionalized surface,32,33 indicating cou-
pling of the silanes to glass. Reaction times up to 2 h did not
influence substantially the contact angles. However, reactions
longer than 120 min often resulted in surfaces with lower
contact angles. This is likely due to APTES polymerization,
aggregation, and thicker film formation.32

PMAOD is a hydrophobic polymer which is not soluble
directly in water but dissolves well in organic solvents such as
THF. We have performed the coupling reaction of PMAOD to
amine-functionalized glass slides directly in THF in the
presence of a Hünig’s base, N,N-diisopropylethylamine
(DIPEA), as the catalyst. DIPEA is an effective catalyst and
easily induces phase transfer of PMAOD from THF to water by
catalyzing the hydrolysis of the anhydride units to carboxylic
acids. The comparison of contact angles between clean glass,
APTES coated glass, and PMAOD coated glass is shown in
Figure 2.
XPS results for APTES-coated glass reveal single peaks in the

N 1s, O 1s, and C 1s regions (Figure 3). XPS of PMAOD-
coated glass confirms the presence of new carbon species with

distinct signatures of OC−O−CO anhydride units. In
particular, the new O 1s peak at 532.8 eV with concurrent
emergence of a C 1s peak at 289.6 clearly indicates the presence
of the anhydride, while the C 1s peak at 288.6 eV is attributed
to an N−CO carbon indicating amide formation. The new
nitrogen peak at 402.1 eV also indicates the formation of amide
bonds between the polymer and the APTES-coated surface. In
addition, FTIR spectrum of the PMAOD-coated surface gives
evidence of the amide bond formation. After functionalization
of PMAOD, a new peak at 1681 cm−1 attributed to amide bond
stretching is clearly observable, indicating covalent coupling of
PMAOD to APTES (see the Supporting Information).
The thickness of the dry PMAOD film as measured by

ellipsometry was equal to 2.0 ± 0.5 nm. AFM imaging revealed
that the surface of PMAOD-coated slides displayed a micellar-

Figure 1. a) Chemical structures of APTES and PMAOD. b) Scheme of the functionalization of the glass slides with APTES and PMAOD.

Figure 2. Comparison between the contact angles for clean glass cover
slides, APTES functionalized slides, and APTES slide after coupling
with PMAOD. The insets show photographs of water droplets
deposited on each surface.
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like morphology (Figure 4a) and that the surface roughness
decreased as a function of reaction time (Figure 4b). Taking
into account the value of the film thickness measured by
ellipsometry and the observed surface morphology we
hypothesize that the morphology of the PMAOD films is the
result of a micellar morphology of the polymer already in THF
solution due to the presence of partially hydrolyzed anhydride
units, which would result in a mildly amphiphilic character of
the polymer in THF and the polymer adopting a micelle-like
conformation. As a corroborating evidence, FTIR of the
PMAOD powder (see the Supporting Information) shows
the presence of two bands at 1857 and 1781 cm−1 attributed to
the asymmetric carbonyl stretching of the cyclic anhydride but
also a carbonyl stretching band at 1712 cm−1 resulting from
partial hydrolysis of PMAOD to carboxylic acids.30,34

The contact angles of the PMAOD coated glass were found
to be above 90° confirming previously reported results that the
wettability of this type of polymers is primarily controlled by
the alkyl side chain. Thus, the hydrophobicity of the PMAOD
layer is reminiscent to that of polyethylene brushes (CA =
104°)35 or CH3 terminated surface monolayers.36

Prior to performing the DNA stretching experiments, we first
stained DNA molecules with a fluorescent dye. YOYO-1 was
chosen as it has a large molar absorptivity and high binding
constant to double-stranded DNA (dsDNA), and it shows little
fluorescence in free form but exhibits strong fluorescence
enhancement after binding to dsDNA.28,37,38 The latter
property allows for efficient visualization of single DNA chains
while keeping the background luminescence low. To check the
effect of the staining on DNA stretching, λ-DNA was stained at
various dye-to-base pair ratios of 1:5, 1:25, and 1:50. After
staining, the λ-DNA solution was deposited on the PMAOD
glass surface and imaged by wide-field microscopy. We have
explored different deposition methods and surface and solution
conditions. By far the best results were obtained by depositing a
droplet of the DNA solution on the sample and stretching the
DNA by the receding meniscus of the evaporating droplet.
When using an NH2-coated glass slide as control, we noticed
that the DNA immediately adsorbs to the substrate resulting in

fluorescence images with strongly emitting surface-bound spots
(Figure 5). This is likely due to electrostatic interactions
between negatively charged DNA and positively charged,
partially protonated amine groups on the surface. Such strongly
adsorbed DNA could not be stretched anymore by the receding
droplet meniscus at any pH conditions. The adsorption of λ-
DNA to the surface was drastically reduced when PMAOD was
introduced. The hydrophobic nature of the surface (con-
currently with possible negatively charged carboxylic groups
from the hydrolyzed anhydride) prevented the absorption of
negatively charged DNA. At pH =7.8, when the contact line
between the deposited droplet and the surface started to move
due to the evaporation of the droplet, stretching of the DNA
could be clearly observed (Figure 6a,b,c) normal to the contact
line of the receding droplet. The mechanism for the stretching
is unclear, but it is believed to involve first a preferential
adsorption of DNA chain ends and then uncoiling and
stretching of the DNA chains in solution before the other
end sticks to the surface. The hydrodynamic forces generated
near the solid−liquid interface are apparently strong enough to
overcome the entropic resistance to molecular extension,
affording elongated DNA strands.19 It should be noted, that
the DNA stretching was optimal at pH = 7.8. Stretching of
DNA at a lower pH = 5.5 resulted in higher DNA adsorption to
the substrate and ill-defined stretched DNA chains, presumably
due to the protonation of the DNA and high nonspecific
adsorption of the DNA to the surface (Figure s-2). Stretching
of the DNA at a higher pH = 8.9 resulted in the formation of
fiber-like DNA structures (instead of individual DNA chains)
(Figure s-3).39

For the well-stretched DNA at pH = 7.8 we have quantified
the degree of elongation by measuring the length of the
stretched strands directly from the wide field fluorescence
images. In particular, we have compared the degree of
stretching of DNA on PMAOD as a function of the staining
ratio (1:50, 1:25, and 1:5). First, we note that the staining ratio
directly influences the brightness of the DNA on the surface
and clearly the DNA stained at the 1:5 ratio results in much
brighter stretched DNA compared to DNA stained at the 1:25

Figure 3. XPS spectra for N 1s, O 1s, and C 1s regions for APTES (a-c) and PMAOD (d-f) coated glass slide.
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and 1:50 ratios. For dsDNA stained at a larger dye-to-DNA
base pair ratio, more dye molecules are intercalated in the
dsDNA conferring higher fluorescence. Second, the degree of
stretching is not uniform for all DNA chains and the DNA

length after stretching varies. This may be due to slightly
different points of attachment or varying magnitudes of
stretching forces along the chain direction.
We have plotted the measured DNA length data normalized

by the unstained DNA contour length found in the literature
(16.2 μm).40,41 (We explicitly assume here that the real DNA
length distribution is monodisperse, i.e., all chains have the
same length, but we cannot exclude the possibility that some of
the chains break during staining or elongation.) The histograms
of DNA stretching ratio shown in Figure 7 confirm the broad
distribution of the stretching lengths and suggest that the
stretching of DNA molecules is comparable for the different
staining ratios. The majority of DNA molecules were stretched
from 0.4 to 1.2 of their contour length.
For the larger staining ratios the contribution of DNA

stretched beyond their contour length increases, and a
noticeable peak at 1.1 for the staining ratio of 1:5 appears.
The degree of stretching of the DNA can be affected by the

Figure 4. a) AFM height image of PMAOD coated glass slide after 2 h
reaction time. The scan size is 1 × 1 μm2, and the z-scale range is 3.54
nm. b) Roughness parameters Ra and Rq for the PMAOD coated glass
as a function of the reaction time.

Figure 5. Fluorescence images of λ-DNA deposited on NH2 coated surface under pH 5.5 (a), pH 7.8 (b), and pH 8.9 (c). Note the droplet contact
line visible in a) and b). Image size is 80 μm.

Figure 6. Representative fluorescence images of stretched λ-DNA on
the PMAOD surface and stained at (a) 1:50, (b) 1:25, and (c,d) 1:5
dye to base pair ratios at pH 7.8. The U-shaped stretched λ-DNA (d)
could be found close to the droplet initial contact line for DNA stained
at 1:5 dye to base pair ratio. Image size is 80 μm.
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presence of the intercalating probe, and it also depends on the
magnitude of the hydrodynamic force. For equal hydrodynamic
force acting on the DNA, a larger staining ratio would result in
longer DNA chains visible in the fluorescence images, in line
with the results shown in Figure 7.
We would like to stress that the observed DNA stretching

can be obtained for relatively large droplet sizes (several
millimeters), and therefore when using PMAOD-coated
surfaces one does not require small volume spotting machines.
Interestingly, we have also observed that for the 1:5 staining
ratio, the λ-DNA close to the original contact line (formed after
droplet deposition) stretched into a characteristic U-shape
(Figure 6d). Observation of such shapes is in line with the
DNA chain-end attachment model, but in this case both chain
ends were stuck to the surface before the meniscus started to
recede.

4. CONCLUSIONS

We have presented an easy and robust surface functionalization
method for efficient deposition and stretching of dsDNA
chains. Hydrophobic surfaces characterized by high contact
angles (CA > 90°) were obtained by covalently grafting
poly(maleic anhydride-alt-1-octadecene) (PMAOD) to amine
functionalized glass surface. The coupling was evidenced by the
appearance of new peaks on the XPS spectrum in the nitrogen,
oxygen, and carbon regions. The thin film nanoscale
morphology, as imaged by AFM, and the film thickness
obtained by ellipsometry indicate that the globular-like surface
features are due to coupling of partially hydrolyzed PMAOD
micelles to the surface. This interesting point will be addressed
more in depth in a future contribution. The receding meniscus
method was used for stretching coiled λ-DNA strands.
Compared to amine-functionalized surface, where no stretching
was observed, stretching of dsDNA on the PMAOD surface
was efficient and reproducible with best results obtained at pH
7.8. The amount of YOYO-1 dye used to stain the DNA had a
minor effect on the overall stretching length distributions;
however, for high dye to base pair ratios a clear peak for
stretching close to the contour length of the DNA is observed.
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