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Molecular combing and flow-induced stretching are the most commonly used

methods to immobilize and stretch DNA molecules. While both approaches

require functionalization steps for the substrate surface and the molecules, con-

ventionally the former does not take advantage of, as the latter, the versatility of

microfluidics regarding robustness, buffer exchange capability, and molecule

manipulation using external forces for single molecule studies. Here, we demon-

strate a simple one-step combing process involving only low-pressure oxygen

(O2) plasma modified polysilsesquioxane (PSQ) polymer layer to facilitate both

room temperature microfluidic device bonding and immobilization of stretched

single DNA molecules without molecular functionalization step. Atomic force

microscopy and Kelvin probe force microscopy experiments revealed a significant

increase in surface roughness and surface potential on low-pressure O2 plasma

treated PSQ, in contrast to that with high-pressure O2 plasma treatment, which are

proposed to be responsible for enabling effective DNA immobilization. We fur-

ther demonstrate the use of our platform to observe DNA-RNA polymerase com-

plexes and cancer drug cisplatin induced DNA condensation using wide-field

fluorescence imaging. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892515]

INTRODUCTION

A wide variety of platforms has been developed over the past two decades to enable single

molecule studies.1–5 Advantages of the single molecule approach lie in its ability to manipulate

individual molecules and serve as a platform to observe and analyze their interaction with other

biomolecules.6,7 Specifically, single DNA molecule studies have gained an immense interest

and hence different methods, such as atomic force microscopy (AFM), optical and magnetic

tweezers, are developed to study DNA and its interactions with proteins, membranes, drugs,

etc.2,4,8 The semi-flexible nature of DNA molecules and their physiological random coil confor-

mation in bulk environment make direct visualization of DNA and its interactions challenging.

Immobilizing DNA molecules in its stretched form can overcome this problem. Among the

commonly used methods,9–13 molecular combing and flow stretching techniques are widely

practiced, as they are simple, inexpensive, and versatile.8 Bensimon’s group was the first to

report DNA stretching using molecular combing, where tens of DNA molecules were stretched
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on a functionalized hydrophobic surface by a receding water meniscus.14 Weiss et al. reported

the use of poly-l-lysine coated coverslides for effective stretching and immobilization of DNA

molecules and demonstrated high resolution mapping of T7 RNA polymerase (RNAP) binding

sites on T7 DNA molecules.10,15 Schwartz and his coworkers used trimethylsilane and dime-

thyldiethoxysilane (DMDES) coated coverslides to render a hydrophobic surface for effective

DNA combing.16,17 Larson’s group reported a novel protein assisted DNA immobilization

(PADI) on micro- or nanofluidic surfaces, in which restriction enzymes or RNAP was used to

anchor DNA molecules with limited surface interactions.9 Other notable methods involve the

use of biotin-streptavidin coupling, neutravidin coated surfaces, polystyrene coated coverslides,

aminopropyltriethoxysilane (APTES) coated surface, receding meniscus on micro-structured

polydimethylsiloxane (PDMS) substrates, etc., for DNA stretching and immobilization.8,18–20

Generally, such experiments are conducted open-top or have DNA molecules sandwiched

between two coverslides. Using a microfluidic channel will provide better control in sample

handling and imaging, making the platform more robust. But, the use of microfluidic channels

makes surface functionalization (SF) difficult, requiring flow-in of buffer containing SF mole-

cules, incubation, and washing steps to remove unbound SF molecules. For the ease of applica-

tions, it is imperative to have a platform that does not require multiple surface functionalization

steps to facilitate DNA immobilization and stretching in a microfluidic channel. In this work,

we demonstrated a thin spin-coated polysilsesquioxane (PSQ) layer on a coverslide, when modi-

fied by low-pressure (LP) O2 plasma, could be used for room-temperature microfluidic device

bonding and immobilization of stretched single DNA molecules. We propose the working

mechanism of this simple approach and show its applications for DNA-protein and DNA-drug

studies.

PSQ is a silicon resin, synthesized using trifunctional organosilane compounds. It is an

organic-inorganic hybrid polymer, the siloxane bond contributing to its inorganic characteristics,

and the side-chain functional group contributing to its organic properties. PSQ thus shows

excellent heat, electrical, chemical resistance, and mechanical properties.21 PSQ is also highly

transparent, good for optical observation, and its high Young’s modulus (�800 MPa) makes it a

superb material for micro-nanofluidic device bonding much less prone to cambering or collaps-

ing. When PSQ-coated coverslides are treated with O2 plasma, open silanol (Si-O-H) groups

are formed, which upon interaction with silanol groups of silicon or fused silica substrate forms

Si-O-Si bonds through condensation reaction. Based on this reaction, Gu et al.22 first demon-

strated a simple and effective room-temperature bonding method using PSQ, and this method

was later extended to obtain micro-nanofluidic devices for wide variety of applications.12,13,23,24

While O2 plasma has been widely used for polymer-assisted bonding using polymers such

as PDMS,25,26 polymethylmethacrylate (PMMA),27 and PSQ,22 here we demonstrate the use of

low-pressure oxygen (O2) plasma treatment to fine tune surface properties of PSQ, such that it

serves the purpose of both a polymer intermediate in room-temperature fluidic channel bonding

and an activated surface to immobilize single DNA molecules afterwards. Further, we demon-

strate immobilization of DNA molecules at one end or at multiple points under different plasma

treatment conditions.

MATERIALS AND METHODS

Surface preparation and device fabrication

First, standard No. 1 coverslides (25� 25 mm, Goldseal) were cleaned thoroughly using pi-

ranha solution (98% Con. H2SO4 and 30% H2O2 in 1:1 ratio) for 15 min, then rinsed by de-

ionized (DI) water, and followed by blow-drying using N2 gun. Dried coverslides were briefly

baked for dehydration at 200 �C for 2 min, to ensure complete removal of water molecules from

the coverslide surface. PSQ was freshly prepared before experiments by mixing two parts of

xylene with one part of Hardsil (AP grade, Gelest, Inc.), followed by filtration using 0.45 lm

polytetrafluoroethylene (PTFE) membrane (Basic Life, Inc.) to remove any large debris.

Cleaned coverslides were spin-coated with PSQ on one side, at 3000 rpm for 30 s. PSQ-coated

coverslides were then baked at 240 �C for 30 min and then exposed to O2 plasma using a
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reactive ion etching (RIE) machine (Anela DEM-451T). First, we fixed the radio frequency

(RF) power and the O2 flow rate and used two different process pressures (high pressure (HP)

and low pressure). HP corresponds to 0.2 mbar (150 mTorr) and LP corresponds to 0.02 mbar

(15 mTorr). Second, we varied exposure time for plasma treatment (1.5, 3, and 5 min) while

keeping other parameters (power, pressure, and flow rate) constant.

For experiments involving microfluidic devices, a simple microchannel (100 lm in width

and 1 lm in depth) with reservoirs at its ends was used. Microchannels were obtained by photo-

lithography (EVG620 mask aligner) on fused silica substrates (Semiconductor Wafers, Inc.),

followed by dry etching using an inductively coupled plasma (ICP) machine (RIE-10ip,

Samco). Through holes on the substrate were obtained by sand blasting. Plasma treated PSQ/

coverslide was brought into contact with the microfluidic chip and pressed gently with tweezers

to enable bonding. Finally, glass reservoirs were glued on top of the loading holes using UV-

curable adhesive (No. 108, Norland Optical Adhesives), to assist sample loading. PSQ offers a

very robust bonding, but we can debond chips using commercially available removers. For this,

bonded devices were soaked in Dynasolve 210 (Dynaloy, Inc.) with ultra-sonication for 2–3 h

or overnight without sonication. After this process, PSQ-coated coverslides can be separated

easily from the fused silica chips and further cleaned with isopropyl alcohol (IPA), rinsed thor-

oughly with DI water, and dried using a N2 gun. The same chip can then be reused effectively

for 2–3 times with re-coated fresh PSQ, without compromising the bonding quality.28

AFM and Kelvin probe force microscopy (KPFM) measurements

AFM experiments (Bruker Innova) were conducted to measure the surface roughness of O2

plasma treated PSQ coverslides. Additionally, surface potential measurements were conducted

using KPFM (Digital Instruments/Veeco Bioscope SZ) combined with an inverted optical

microscope (Nikon TE2000-U) on both HP and LP O2 plasma treated PSQ coverslides. For

this, PSQ was coated on one half of the coverslide, keeping the other half masked using a 3M

tape. The tape was removed before hard baking PSQ at 240 �C. The 3M tape used here was to

protect the coverslide instead of materials like photoresists, to avoid use of solvents for removal

of protecting layer, which could possibly alter the PSQ surface. No cleaning agents were used

after stripping the 3M tape and AFM result showed no marks/contamination from the 3M tape

(see supplementary Figure S1).29 All other steps in PSQ coating process remain the same, as

mentioned in the surface preparation and device fabrication section. This way, potential differ-

ence between bare coverslide surface and PSQ-coated surface was obtained.

For KPFM experiments, conductive tips (PPP-EFM, Nanosensors) were used for scans in

lift mode, with two-pass scan system (trace and retrace). In first pass scan, standard topographic

images were obtained in tapping mode with no applied tip bias. During the second pass scan,

the topography was retraced with AFM tip lifted to 30 nm above sample surface (hlift) with an

applied tip bias voltage (Vtip), to measure the surface potential. The coverslide was grounded,

by placing it on a metal substrate connected to the sample bias control of the scanning probe

microscope (SPM) controller.

DNA combing experiments

Microfluidic devices bonded with HP and LP treated PSQ coverslides were used for this

purpose. DNA combing (immobilization and stretching) experiments were carried out using T4

DNA (166 Kb, Wako Chemicals), k-DNA (48 Kb, New England Biolabs), and calf thymus

DNA (22 Kb, Sigma). Briefly, sample containing 0.1 lg/ml DNA in observation solution com-

posed of 0.5� tris-borate-EDTA (TBE) buffer with 2.5% (w/w) polyvinylpyrrolidone (PVP,

Sigma), 10% (w/v) glucose (Sigma), and 1% (v/v) Tween 20 (Sigma) was prepared. An oxygen

scavenging system comprising of 50 lg/ml glucose oxidase (Sigma), 10 lg/ml catalase (Roche),

and 0.5% (v/v) b-mercaptoethanol (BME, Sigma) was added to the observation solution, to sup-

press photobleaching and nicking of DNA by YOYO-1 intercalating dye (Invitrogen, 1:5 dye to

base pair ratio). In all the experiments, post-staining was exercised to avoid interference of

YOYO-1 dye molecules during DNA combing, and DNA interaction with drug or proteins.
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DNA-protein complex experiments

Bacteriophage k-DNA complexed with multi-subunit E. coli RNAP using formaldehyde

cross-linking scheme was used for this purpose. Observation solution, oxygen scavenging sys-

tem, and dye labeling scheme remain the same as in DNA combing experiments. E. coli RNAP

was labeled with quantum dots (QDs) using a primary antibody-secondary antibody coupling

scheme.28

Cisplatin-complexed DNA experiments

Cisplatin [Pt(NH3)2Cl2] is a widely used anti-cancer drug, known to form DNA adducts

leading to inter- and intra-strand crosslinks, causing DNA condensation and programmed cell

death.30,31 Disadvantage of cisplatin lies in its high cytotoxicity which includes mitochondrial

damage, decreased ATPase activity, and altered cellular transport mechanisms, leading to

numerous undesired side effects.32,33 Higher cisplatin concentrations induce long-range intra-

and interstrand crosslinks, leading to complete DNA condensation.31

Stock solution of cisplatin (Sigma-Aldrich, 1 mg/ml) was prepared using distilled water and

stored at room temperature. After several days of incubation, the stock solution contains 35%

undissociated and 65% mono-aquated cisplatin. Calf thymus DNA and k-DNA were used to

observe cisplatin induced DNA condensation. Ultrapure calf thymus DNA (20 Kb) or k-DNA

(48 Kb) was complexed with cisplatin at 0.05, 0.2, and 0.5 Pt/nucleotide ratios. Cisplatin-DNA

incubation was carried out in 10 mM NaClO4 (pH 6) for various reaction times at 37 �C in a

dark place. Reactions were stopped at desired times by adding NaCl and EDTA to a final con-

centration of 100 mM and 50 lM, respectively. Observation buffer, oxygen scavenging system,

and dye labeling details are the same as in DNA combing experiments. DNA concentration in

observation solution was �0.1 lg/ml.

RESULTS AND DISCUSSION

Surface properties of O2 plasma treated PSQ

RIE is a widely used dry etching technique in which plasma is generated by ionizing gases

using a RF electromagnetic field in an evacuated chamber. Plasma thus generated is a mixture

of ions, electrons, and free radicals that interacts with the sample, resulting in etching, and

altered surface properties. RF power, pressure, and gas flow rate are among the major factors

that influence RIE process.34

O2 is the most common gas among the multitude of gases used in RIE. O2 plasma treat-

ment plays a crucial role in our sample preparation step. The plasma source can induce physical

reaction on the substrate surface, due to the bombardment of energetic ions, as well as chemical

reaction due to the chemically active ionized oxygen or free radicals.34 Both physical and

chemical reactions can occur, based on the reaction parameters (power, pressure, and gas flow

rate), and one factor may be dominant than the other. Earlier studies have shown an increase in

physical interaction with decreasing pressures.35 Many works have reported the use of O2

plasma to modify polymer surfaces, which introduces or removes certain functional groups,

thus altering the surface chemistry.35–37 Adsorption of oxygen by the topmost layers of the

polymer surface leads to increase in functional polar groups, increasing the surface energy, and

yielding a hydrophilic surface. O2 plasma treatment is thus advantageous for micro- and nano-

fluidic device bonding using polymer intermediates.

PSQ bonding opens up the possibility of achieving sub-10 nm deep nanochannels and has

advantages over other commonly used bonding methods.22,23 Although successful device bond-

ing could be achieved using wide range of plasma conditions, surface adsorption of biomole-

cules was pronounced for LP O2 plasma exposed PSQ. AFM results showed less surface

roughness for HP O2 plasma (Figure 1(a)) treated PSQ compared to the LP case (Figure 1(b)).

Many small structures of heights 3–5 nm were observed in LP O2 plasma treated PSQ surface

(Figure 1(b)).
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During the plasma treatment, applied RF field ionizes O2 gas molecules, thus generating

plasma.34 Active species such as free radicals and ions present in the plasma react with the

coated PSQ surface. Earlier studies have shown that, at pressures above 100 mTorr, the mean

FIG. 1. AFM profile of (a) HP (0.2 mbar pressure) and (b) LP (0.02 mbar pressure) O2 plasma treated PSQ surface. Both

were processed with 20 sccm O2, 50 W RF power, and 1.5 min exposure. (c) Comparison of LP O2 plasma treated PSQ

surfaces for different RF powers: 50 W (left) and 100 W (right), showing roughness of 0.7 6 0.1 nm (with �5 nm crests)

and 1.8 6 0.2 nm (with �10 nm crests), respectively (see supplementary Fig. S2).29 (d) KPFM measurements of LP and HP

O2 plasma treated and untreated PSQ surfaces. PSQ was coated on one half of a coverslide for measurements. Inset shows

representative image obtained during surface potential measurements.
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free path of the gas molecules decreases, rendering an isotropic plasma.38 Ions formed near the

substrate surface have higher probability to reach and react with the surface. The ions in such

conditions impart smaller momentum transfer to the substrate surface. Thus, at high-pressure

conditions, surface modification is carried out without inflicting much damage. On the other

hand, low-pressure conditions (10 mTorr in our experiments) with greater mean free paths

mean ions impart larger momentum transfer to the substrate surface, possibly damaging the

backbone of PSQ polymer. This explains the increased roughness at low-pressure conditions.

Although small crests created by LP O2 plasma exposure explain hooking and stretching of

DNA molecules observed, we anticipated an increase in surface potential during O2 plasma

treatment, rendering the surface positive for effective DNA immobilization.

KPFM measurements were performed for PSQ surface with respect to bare coverslide sur-

face to verify this speculation, and the results did show an increase in surface potential for both

LP and HP O2 plasma treated PSQ surfaces (20 sccm O2, 50 W RF power, and 1.5 min expo-

sure). LP case had the most positive surface potential (�20 mV) compared to HP (�0 mV) and

untreated PSQ (��10 mV) cases. Additionally, surface potential for 5-min exposure using LP

O2 plasma (20 sccm O2 and 50 W RF power) was measured to be around 60 mV. Surface

potential changes respective to varying RF power were also tested, for which PSQ surface was

treated using LP O2 plasma for 1.5 min at 100 W RF power, resulting a potential of �35 mV,

while surface roughness doubly increased to 1.8 6 0.2 nm (with �10 nm crests) from 0.7 6

0.1 nm (with �5 nm crests) of LP O2 plasma treatment (1.5 min) carried out at 50 W RF power

(Figures 1(c) and 1(d) and supplementary Figure S2).29 Bare coverslide showed negative sur-

face potential (� �10 mV) for all four cases due to the silanol dangling bond on the surface.

Surface potential measurements using KPFM were carried out on a dry surface, but one

could use zeta potential measurements on plasma treated PSQ surfaces to avail more informa-

tion on the contribution of surface charges in the presence of buffer solution from experi-

ments.39,40 But, zeta potential measurements in aqueous solutions based on electrophoretic

mobility or streaming potential are very sensitive to small changes in solution conditions, tem-

perature, etc., and might require experiments under controlled environments to obtain useful in-

formation.41 Adsorption of non-ionic species such as Tween-20 used in our DNA experiments

could alter the zeta potential and it is quite possible that the surface can have an inherent sur-

face potential but no measurable zeta potential.41,42 Specific adsorption of ions present in the

buffer solution could also contribute to the charge in the surface-sample interface.42 We also

understand that zeta potential measurements on hydrophobic surfaces (PSQ is hydrophobic

without plasma treatment) are not well characterized due to the uncertainties in the chemistry

of water-hydrophobic surfaces.42 To our knowledge, no previous study has reported zeta poten-

tial measurements for PSQ surface, both in dry and wet conditions, and can be a separate work

on its own to compare the two conditions.

Surface potential change measured using KPFM is hence attributed to the prolonged DNA

immobilization on PSQ surface in LP plasma conditions, with some initial assistance from

crests and valleys on the surface (surface roughness). Though DNA immobilization and stretch-

ing have been demonstrated earlier using polymers like SU-8 and PDMS,43,44 after subjecting

to O2 plasma treatment, none of these works come up with a clear mechanism to explain the

phenomena as we are attempting here. Zeta potential measurements of O2 plasma treated PSQ

surfaces using buffer conditions in our experiments could further reveal information on the con-

tribution of surface charges but would be a separate work on its own to compare the two (dry

and wet) conditions.

Combing of DNA molecules

Based on our observations, simple microfluidic channels bonded with LP O2 plasma treated

PSQ coverslides may be used for effective combing of DNA molecules. Solution containing

DNA molecules was loaded into one reservoir of the microfluidic device and a small electric

field (2.5 V/cm) was applied between reservoirs connecting a straight microchannel, driving the

DNA molecules from the loading reservoir into the microchannel (Figure 2). Within 5 min, we
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observed immobilized and stretched DNA molecules along the microchannel, with increased

amounts of combed DNA molecules with time (Figures 3(a)–3(c)). The amount of combed DNA

molecules along the microchannel depends on DNA concentration in solution, 0.1 lg/ml used in

our experiments showed no overcrowding of DNA molecules along the microchannel (Movie M1

in the supplementary material).29 On the contrary, experiments conducted in microchannels bonded

with HP O2 plasma treated PSQ did not show any DNA immobilization (Movie M2 in the supple-

mentary material).29

Combing experiments were conducted with calf thymus, lambda, and T4 DNA, and the

corresponding histograms were plotted, showing the length distribution of these DNA molecules

(Figure 3(d)). DNA molecules fluorescently labeled with YOYO-1 dye to assist imaging

showed contour lengths of 8.77, 19.08, and 59.07 lm, respectively (Figure 3(d)).

O2 plasma exposure for longer durations (3 and 5 min), while keeping other parameters

fixed, showed DNA molecules pinning to the surface at multiple points (Figures 3(e) and 3(f),

Multimedia view). This makes our device versatile as one could choose different plasma treat-

ment times to alter DNA-surface interactions, depending on experimental needs. DNA pinned

at two or more points will be useful for kinetic studies involving DNA-drug or DNA-protein

interactions, as no external force is required to keep the molecules stretched. On the other

hand, unlike open-top flow stretching or conventional combing devices, microfluidic channels

assist buffer exchange and provide better control over experimental conditions.

LP O2 plasma exposure for 1.5 min showed DNA molecules immobilized at only one point

(almost always at one of its ends). The small crests observed in the roughened PSQ surface

may function as traps to hook and stretch DNA molecules (Movies M1 and M3 in the supple-

mentary material).29 This phenomenon is observed for all three types of DNA molecules (calf

thymus, lambda, and T4) irrespective of their ends being sticky (lambda) or blunt (calf thymus

and T4), though the origin of this observation is not clear at the moment. Ideally, DNA mole-

cules immobilize at the ends rather than at other regions along the backbone. Moreover, end

immobilization is preferred in our experiments for ease and accuracy in length measurements

and differentiating false-positives in DNA-protein and DNA-drug interactions (Figures 4–6,

Multimedia view). For longer exposure times (3 and 5 min), surface charge density increases

showing adsorption at multiple points along the DNA backbone. To be noted, DNA immobili-

zation was also tried on chips prepared one or two days before experiments, confirming that the

effect is not a short time-scale one. One advantage of PSQ over PDMS is that, after oxygen

plasma treatment, the surface remains hydrophilic for extended period of time, so fluidic chan-

nels can be filled easily even after few days of bonding to conduct our experiments.22,23

FIG. 2. Schematics showing DNA combing in microchannels bonded with LP O2 plasma treated PSQ/coverslide. Inset

shows a complete device.
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Observation of DNA-RNAP complexes

Mapping transcription factor binding sites (TFBS) along stretched DNA molecules help to

understand regulatory circuits that control cellular processes.45 As single molecule methods are

developing into a useful platform to map TFBS, a simple DNA immobilization and stretching

device might fit very well for such studies.10,12,15,28 Fluorescently labeled DNA-RNAP com-

plexes were allowed to be combed on the LP plasma treated PSQ surface. We observed QDs

localized on DNA backbone in many instances, confirming that our device could well be used

for such studies (Figure 4). QDs also show adsorption to LP plasma treated PSQ surfaces, but

we can differentiate real complexes from false positives using electric-field assisted DNA

stretching/recoiling (Figure 4, Multimedia view).

Cisplatin-induced DNA condensation

Although significantly different from live cell studies, single molecule DNA-drug interac-

tion studies are of considerable interest, as they may shed light on possible interaction mecha-

nisms between DNA and the drug involved.46 Methods, such as DNA combing, involve strong

DNA-surface interactions might influence the results. Hence, we adopted the one end immobili-

zation scheme here, where contact between DNA and the surface is only at one end of the

FIG. 3. T4 DNA molecules in microchannel bonded with LP O2 plasma treated PSQ (1.5 min): (a) immediately after being

driven from the reservoirs, (b) 5–10 min after applying a constant applied electric field (2.5 V/cm), T4 DNA molecules

show one end immobilization and stretching, and (c) after 20–30 min, more DNA molecules get combed on the PSQ sur-

face. (d) Gaussian fitted histogram plot showing the length distribution of calf thymus (mean length l¼ 8.77 lm, standard

deviation r¼ 0.67 lm), k-phage (l¼ 19.08 lm and r¼ 0.41 lm), and T4 phage (l¼ 59.07 lm and r¼ 1.12 lm) in micro-

channel bonded with LP O2 plasma treated PSQ. k-phage DNA immobilized at (e) both ends in 3-min LP O2 plasma treated

PSQ and (f) multiple points in 5-min LP O2 plasma treated PSQ. (Multimedia view) [URL: http://dx.doi.org/10.1063/

1.4892515.1] [URL: http://dx.doi.org/10.1063/1.4892515.2] [URL: http://dx.doi.org/10.1063/1.4892515.3] [URL: http://

dx.doi.org/10.1063/1.4892515.4]
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molecule. Moreover, we carried out DNA-cisplatin reactions in an eppendorf tube, though not

an in vivo study, to ensure that DNA molecules are in their physiological random coil configu-

ration during the interactions.

First, cisplatin-induced DNA condensation was studied using calf thymus DNA at 0.05 Pt/

nucleotide ratios. Under such conditions, no visible condensation was observed up to 12 h.

Samples incubated for 12 h showed visible kinks along the DNA backbone (Figure 5(a),

Multimedia view). The number of kinks increased with incubation time for 24 h (Figure 5(b)).

At 36 h, we observed large condensed globules along the DNA backbone (Figure 5(c)). Longer

incubation times were attempted (up to 96 h), but it did not show complete DNA condensation.

This is expected due to the low cisplatin concentration used here. Fluorescence intensity

weighted contour length measurements were carried out on cisplatin condensed calf thymus

DNA (0.05 Pt/nucleotide) [see supplementary material and Figure S3].29 Briefly, images were

subjected to background subtraction and cropped to obtain individual molecules for measure-

ments. Then, fluorescence intensity profile along the DNA backbone was obtained using ImageJ

(NIH) and each pixel weighted based on the most probable intensity along the DNA chain.13

DNA contour lengths obtained from �50 molecules were plotted into a histogram (Figure 5(d)).

Our measurements show no considerable change in contour lengths with and without condensa-

tion, which is in accordance with observations by other groups.30 Contour length measurements

for 0.05 Pt/nucleotide cisplatin condensed calf thymus DNA showed �15%, 35%, and above

50% condensation for 12, 24, and 36 h incubation time, respectively. Next, we increased the cis-

platin concentration to 0.2 Pt/nucleotide. Our results showed that enhanced DNA condensation

may be observed for shorter reaction times. Visible kinks first appeared around 6 h incubation

time and large condensed globules were observed just after 12 h of incubation (data not shown).

Further, we have performed experiments using k-phage DNA, �2.5 times longer than calf

thymus DNA. For these experiments, we used 0.5 Pt/nucleotide of cisplatin/DNA ratios.

Once again, we observed multiple kinks along the DNA backbone for only 4 h of incubation

FIG. 4. k-phage DNA (green)—E. coli RNAP complexes (magenta) combed on LP O2 plasma treated PSQ surface. White

arrows indicate the candidate DNA-RNAP complexes. DNA molecules were labeled with YOYO-1 nucleic acid stain (1/5

of dye/base-pair ratio) and RNAP with primary-secondary antibody coupling scheme.28 Some QDs also non-specifically

immobilized on the surface (bottom), but false positives can be identified using electric-field assisted stretching/recoiling of

DNA-protein complexes. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4892515.5] [URL: http://dx.doi.org/

10.1063/1.4892515.6]

052102-9 Sriram et al. Biomicrofluidics 8, 052102 (2014)

http://dx.doi.org/10.1063/1.4892515.5
http://dx.doi.org/10.1063/1.4892515.6
http://dx.doi.org/10.1063/1.4892515.6


(Figure 6(a)), which starts to become a large globule around 8 h of incubation (Figure 6(b)),

and complete condensation occurred after 12 h of incubation (Figure 6(c)). Enlarged images

clearly show small condensed globules that later condensed into a larger globule (Figure 6(c),

Multimedia view). Our observations show DNA condensation starts at the central regions of the

DNA backbone and the DNA ends are the least affected regions during the process. These

results are in accordance with cisplatin-induced condensation mechanism proposed by Hou

et al.30 Increase in cisplatin concentration by one order of magnitude (0.5 Pt/nucleotide ratio)

showed reduction in condensation times by nearly one third. Moreover, complete condensation

was observed only for higher cisplatin concentrations (�0.5 Pt/nucleotide ratio).

Unlike AFM experiments,30 our platform helps to effectively observe tens of DNA mole-

cules at the same time (higher throughput). Additionally, in AFM experiments, the whole DNA

backbone was adsorbed to the substrate surface, which might have adverse influence on the

results. In our case, DNA molecules are immobilized at one end for cisplatin-induced

FIG. 5. Cisplatin-induced calf thymus DNA condensation at 0.05 Pt/nucleotide ratios. (a) After 12 h incubation at 37 �C,

small kinks appeared along the DNA backbone, (b) after 24 h, more kinks appeared along the DNA backbone, and (c) after

36 h, large condensed globules appeared along the DNA chain. White box represents enlarged images to the right in each

case. (d) Intensity-weighted histogram plots comparing contour lengths of untreated and cisplatin treated calf thymus DNA

molecules, indicating no considerable change in contour lengths after treating DNA molecules with cisplatin. (Multimedia

view) [URL: http://dx.doi.org/10.1063/1.4892515.7]
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condensation study thus eliminating such problems. It is noted that the YOYO-1 staining step

was done at the final step, after cisplatin-induced DNA condensation was terminated; hence we

expect the staining poses no effect on the condensation process. Further, our platform can easily

be extended for DNA condensation studies using other agents such as ethanol, spermine, and

spermidine.

Earlier work using differential scanning calorimetry (DSC) helped in understanding tempo-

ral behavior of DNA thermal stability during cisplatin mediated DNA condensation.31 While

DSC relies on bulk measurements, our microfluidic platform could provide complementary sin-

gle molecule results through the observation of real time melting profile of condensed single

DNA molecules. In addition to the melting profiles, condensation kinetics may well be studied

using our device. However, it is cautioned that YOYO-1 dye may have interference against cis-

platin binding to DNA in kinetic experiments, as both YOYO-1 and cisplatin being intercala-

tors.47 This issue may be alleviated by using very low amounts of YOYO-1 stain, e.g., 1:100 in

dye: base-pair ratio.

CONCLUSIONS

We have developed a simple platform using LP O2 plasma treated PSQ-coated coverslides,

compatible to the bonding of microfluidic channels, to effectively immobilize, and stretch DNA

molecules (essentially a new molecular combing scenario) without the need of complex surface

modification procedures. We demonstrated DNA immobilization at one, two or multiple points

with increasing LP O2 plasma exposure time, providing more flexibility in using the PSQ surface

for different experimental needs. To interpret our results and explore the working mechanism,

we further performed AFM and KPFM measurements indicating increased surface roughness

and surface potential of LP O2 plasma treated PSQ/coverslides, compared to that of HP O2

plasma treatment, which are suggested to be responsible for effective DNA combing. The varia-

tion of LP O2 plasma treated PSQ reserves the flexibility to immobilize DNA molecules in dif-

ferent schemes. For application purposes, we demonstrated the ease of use for this platform in

single molecule studies of DNA-RNAP binding and cisplatin-mediated DNA condensation.

FIG. 6. Cisplatin-induced k-phage DNA condensation at 0.5 Pt/nucleotide ratios. (a) After 4 h incubation at 37 �C, small

kinks appeared along the DNA backbone, (b) after 8 h, large condensed globules appeared along the DNA backbone, and

(c) after 12 h, complete condensation was observed. White box represents enlarged images to the right in each case.

(Multimedia view) [URL: http://dx.doi.org/10.1063/1.4892515.8]
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