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he field of molecular electronics

which explores molecular building

blocks for the fabrication of ever-
shrinking electronic elements is an exciting
interdisciplinary research area that spans
physics, chemistry, and materials science.! ®
Much of the excitement of this area has
arisen from the huge prospect of size reduc-
tion in electronics offered by the molecular-
level control of their properties.*’~° How-
ever, one of the biggest obstacles for
molecular electronics to be practically ex-
ploited, especially single molecule electron-
ics, which involves the smallest stable struc-
tures for the ultimate goal of the
miniaturization, is the lack of techniques to
make reliable and reproducible electrical
contacts to single organic molecules of in-
terest. To this end, a number of techniques
for probing electrical transport through
single organic molecules or through a
monolayer of organic molecules have been
reported, including mechanical break
junctions,’®'" electromigration-induced
gaps,'? ' nanoscale patterning,’® scanning
probe microscopy (SPM),21%17 metallic
cross-wire structures,'® and vertical
metal—monolayer—metal structures.
Although these methods have produced
exciting new results on electrical transport
at the molecular level, there still remain
critical challenges in creating reproducible
and well-defined contacts between metal
electrodes and individual single molecules,
thus further extending their large-scale ap-
plications in nanoelectronics and nanoscale
opto-electronics.?>?3

One promising strategy we envisioned

to address this challenge is to exploit DNA,
one of the most versatile and powerful mol-
ecules available for molecular fabrication
and self-assembly, as a molecular template
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ABSTRACT DNA has been recently explored as a powerful tool for developing molecular scaffolds for making
reproducible and reliable metal contacts to single organic semiconducting molecules. A critical step in the process
of exploiting DNA—organic molecule—DNA (DOD) array structures is the controlled tethering and stretching of
DNA molecules. Here we report the development of reproducible surface chemistry for tethering DNA molecules
at tunable density and demonstrate shear flow processing as a rationally controlled approach for stretching/
aligning DNA molecules of various lengths. Through enzymatic cleavage of A-phage DNA to yield a series of DNA
chains of various lengths from 17.3 um down to 4.2 jum, we have investigated the flow/extension behavior of
these tethered DNA molecules under different flow strengths in the flow-gradient plane. We compared Brownian
dynamic simulations for the flow dynamics of tethered N-DNA in shear, and found our flow-gradient plane
experimental results matched well with our bead —spring simulations. The shear flow processing demonstrated
in our studies represents a controllable approach for tethering and stretching DNA molecules of various lengths.
Together with further metallization of DNA chains within DOD structures, this bottom-up approach can potentially
enable efficient and reliable fabrication of large-scale nanoelectronic devices based on single organic molecules,
therefore opening opportunities in both fundamental understanding of charge transport at the single molecular
level and many exciting applications for ever-shrinking molecular circuits.
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for metal electrodes. DNA molecules are
ideal for this purpose because not only can
they be chemically linked to a variety of
single organic molecules?*~2¢ but they can
also be used as a template for metallic
nanostructures,?2® thus forming in-place
electrical contacts to the center organic
single molecule. Specifically, our proposed
strategy starts with the synthesis of hybrid
DNA—organic molecule—DNA (DOD) struc-
tures, followed by subsequent stretching/
alignment and double tethering of the DOD
assemblies between two microscopic metal
electrodes. Further metallization of the
DNA segments completes the fabrication
of metal electrode—organic
molecule—metal electrode (M—0O—M)
structures, thus realizing the conducting
contacts to organic single molecules. Our
approach that utilizes DNA as a templated
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Figure 1. (A) Schematic illustration of experimental flow cell setup. A quartz coverslip with laser etched trench (5 mm x1
mm X 0.1 mm) as microfluidic channel is placed in close contact with PDMS backing with two holes serving respectively as in-
let and outlet. Pressure-driven Poiseuille flow through the rectangular microchannel leads to simple shear very near each
wall. Inset, top view image of microfluidic channel showing a DNA molecule (green) tethered to sidewall in the flow-gradient
plane. (B) Schematic illustration of experimental steps for controlled tethering DNA molecules onto quartz substrate sur-
faces. The biotin—streptavidin linkage is exploited as tethering chemistry in our experiments, and through adjusting the ra-
tio of methoxyl-PEG and biotin-PEG to limit the binding sites available for biotinylated DNA molecules, controlled DNA

tether density can be achieved.

bridge to connect single organic molecules and micro-
scopic electrodes is a bottom-up approach to integra-
tion at the nanoscale. It represents an important step
toward the building of increasingly complex molecular
circuits.

Recent progress has been made in the synthesis of
these DOD hybrid polymer structures each of which
has a typical total length of several micrometers (1—4
m);?62° however, limited progress has been achieved
in developing an approach for the controlled tethering
and precise stretching of DNA chains, especially short
DNA molecules within DOD assemblies. Here, we de-
velop a reproducible tethering process based on
biotin—streptavidin linkage chemistry for tethering

0.008 0.010
Molar Ratio: biotin-PEG/m ethoxyl-PEG

Figure 2. DNA tethering density versus molar ratio of biotin-PEG/
methoxyl-PEG plot showing control of tethered DNA density by ad-
justing the ratio of biotin-PEG and methoxyl-PEG. Insets, optical fluo-
rescence images of various density DNA molecules tethered to quartz
surfaces with respect to molar ratio of biotin-PEG/methoxyl-PEG:
1:1000, 1:250, and 1:100 respectively. Scale bar of 10 um is the same
for all three images. The direction of flow is from top to bottom.
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DNA molecules at tunable density to surfaces, and
more importantly, we demonstrate a shear flow pro-
cessing as a powerful means for the precise control of
stretching and orienting tethered DNA chains of various
lengths from ~17 wm down to ~4 pum. These results
on the extension behavior of tethered DNA chains in
shear flow provide a guide for the rational control of
stretching and aligning DOD structures given that the
bending rigidity of the DNA backbone at this length
scale plays a key role in the shear flow processing.
Single DNA molecules can be stretched and manipu-
lated by different flow fields,***' and their dynamics in
flow have been extensively studied.3? The stretching of
tethered DNA chains subject to shear flow has been
previously studied via simulation by Schroeder et al.
and Zhang et al.*>** and experimentally in the flow-
vorticity plane by Ladoux and Doyle;*>3¢ however, it is
still underexplored for chain dynamics of different-
length DNA molecules in the flow-gradient plane. In
this article, we investigated for the first time the flow ex-
tension behavior of a series of tethered DNA mol-
ecules of different lengths (17.3, 7.8, and 4.2 pm) un-
der various flow strengths in the flow-gradient plane.
When compared with our Brownian dynamic simula-
tions for the shear dynamics of tethered N-DNA chains,
our flow-gradient plane results are found to be in good
agreement with our bead—spring (BS) simulations.
Imaging tethered DNA molecules in the flow-
gradient plane under the influence of shear flow was ac-
complished by tethering one end of a fluorescently
stained DNA molecule to the edge of a microfluidic
channel with a rectangular cross section, as shown
schematically in Figure 1A. The fluorescently labeled
DNA molecules were then visualized using an epi-
fluorescence microscope (Nikon Eclipse TE3000), and
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Figure 3. Tethered DNA with various lengths through enzymatic cleavage of biotinylated A-DNA molecules. (A) Gel electro-
phoresis image showing the cleavage results by different restriction enzymes: (lane 1) biotinylated A-DNA sample as control;
(lane 2) EcoRl enzyme-cleaved DNA sample yielding five different bands (the top one corresponds to 21.2 kbp), (lane 3)
Pvul enzyme-cleaved DNA sample yielding three different bands with the middle one corresponding to a mixture of 11.9
kbp and 12.7 kbp segments. (B) Optical fluorescence image of A-DNA molecules tethered to quartz substrates with uniform
length of ~14 pum, which is 80% extension of full \-DNA length. (C, D) Optical fluorescence images showing 21.2 kbp DNA
molecules cleaved by EcoRIl and 11.9 kbp DNA molecules cleaved by Pvul, both of which were successfully tethered to the
substrate surface with relatively uniform lengths of ~6.4 um and ~3.5 pm, which is about 80% extension of their respec-
tive full length. The scale bar of 10 pum is the same for all three images B—D. The direction of flow is from top to bottom.

the images/movies were recorded through image cap-
ture software (Compix SimplePCl 6.0) and further im-
ported to Matlab for image analysis.?”

To realize a reproducible tethering process, we ex-
ploited the well-established biotin-streptavidin linkage
chemistry to tether DNA molecules to surfaces.3® The
basic steps in our approach as illustrated in Figure 1B
consist of functionalizing the surface with amine-
terminated silanes, reacting the amines with
N-hydroxysuccinimide (NHS)-functionalized polyethyl-
ene glycol (PEG) chains that are terminated with biotin,
and using an avidin derivative to create a link to a
biotin-terminated DNA molecule (see Supporting Infor-
mation). Significantly, we are able to tune the tether-
ing density of DNA molecules on substrate surfaces
over at least an order of magnitude by adjusting the ra-
tio of biotin-terminated PEG and methoxyl-terminated
PEG. The DNA tether density vs PEG molar ratio plot in
Figure 2 shows a clear increase in DNA tethering density
on bottom surfaces of quartz flow cells as the molar ra-
tio of biotin-PEG and methoxyl-PEG increases from
1:2500 to 1:100. In our experiments of flowing the solu-
tion of biotinylated DNA for an optimal 5 min (fixed ex-
posure time of the biotinylated DNA to the streptavidin-
activated surface), we found that the DNA tethering
density can be varied over more than an order of mag-
nitude from 8.0 = 1.9 X 102to 11.3 = 0.9 X 10°> mm 2
as the ratio of biotin-PEG vs methoxyl-PEG increases
from 0.0004 (1:2500) to 0.01 (1:100). Representative op-
tical fluorescence images of A-DNA molecules with dif-
ferent tethering densities on derivatized surfaces (in-
sets, Figure 2) show that the tethered DNA are well
separated with spacing from several tens of microme-
ter to a few micrometers and, moreover, have good ori-
entational alignment following the direction of shear
flow.

The demonstrated capability to control the DNA
tethering density and the spacing between tethered
DNA molecules allows the pursuit of optimized imag-
ing conditions to study the shear flow behavior of single
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DNA chains tethered to the sidewall of microchannels
since the fluorescently stained DNA molecules need be
reasonably separated for visualization analysis. We
found the best ratio of biotin-PEG/methoxyl-PEG is
1:250 in our studies in order to obtain a reasonable sur-
face density of tethered DNA molecules on the side-
wall while avoiding any crosstalk between neighbor-
ing DNA chains. Besides controlling the tethering
density, the PEGylation reaction step serves additional
purposes for our experiments: PEG molecules act as
spacers for facile surface binding, and meanwhile
methoxyl-PEG can passivate the surface to prevent non-
specific adsorption of avidin derivatives or DNA
molecules.

By selectively cutting \-DNA molecules using a vari-
ety of restriction enzymes to yield segments of various
lengths, we were able to systematically investigate
chain-length dependence of flow dynamic behavior in-
shear, offering direct insight to precisely control the
stretching and alignment of DNA chains of various
lengths. To create a series of tethered DNA chains of dif-
ferent lengths, we have exploited a unique strategy
that separates the enzymatic cleavage process of
biotinylated \-DNA and the tethering process during
which only the first enzyme-cut DNA segments bear-
ing a biotin end group can selectively bind to the de-
rivatized surface on substrates. For example, we chose
two different restriction enzymes to cleave A\-DNA,
namely EcoRl and Pvul, in order to study the flow exten-
sion behavior of a series of DNA chains of lengths L =
17.3 pm (48.5 kbp), 7.8 um (21.2 kbp), and 4.2 um (11.9
kbp), respectively.

Agarose gel electrophoresis was used to character-
ize the digested fragments of biotinylated \-DNA
samples. Figure 3A shows the gel electrophoresis im-
age of three different samples: biotinylated A\-DNA as
control (lane 1), EcoRI-digested fragments (lane 2), and
Pvul-digested fragments (lane 3). While lane 1 from the
control sample of A\-DNA exhibits only one band, we ob-
served five bands, as expected, on the gel lane 2 which
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Figure 4. (A) Ensemble images showing average configuration of \-DNA molecules at various flow strengths Wi. Ensemble images are
created by extracting a region of interest for each frame captured and summing all regions for one DNA molecule. The height of each ex-
perimental image shown here is 21 um (corresponding to ~120% of full extension of tethered A-DNA). (B) Mean fractional extension
vs flow strength. Experimental results for 17.3 um X\-DNA agree well with BS simulation results. (C) Mean orientation angle through ori-
gin vs flow strength. Experimental results are in good agreement with our BS simulations, with the orientation angle showing a sharp de-
cay up to Wi ~ 10 due to an increase in extension and a decrease in distance from wall.

are attributed to five different locations of sites cleaved  tance from the wall, and orientation angle) to deter-

by EcoRI with the top band corresponding to a 21.2 mine the dependence on flow strength, we use the di-
kbp segment, and three bands on the gel lane 3 con- mensionless Weissenberg number, Wi = 1y, where ¥ is
firming the successful cleavage by Pvul (the top two the shear rate and 7 is the longest DNA relaxation time,

bands are very close to each other due to the difficulty  to characterize the strength of shear flow. At a small
of distinguishing 11.9, 12.7, and 14.3 kbp segments).>* Wi, the flow is weak, and the time scale for the dynam-
More importantly, representative optical images of DNA ics of the polymer is governed by the relaxation time,
tethering results from three different solutions (Figure ~ whereas at a high Wi the flow is strong and the time

3B—D) demonstrate well-aligned and controlled den- scale for the dynamics is governed by 1/5. To deter-
sity DNA chains of relatively uniform length successfully ~ mine the relaxation time T for different DNA chain
tethered to quartz surfaces. These results further con- lengths, we performed a series of standard

firm the feasibility of our approach of separating the en-  extension—relaxation experiments which involved
zyme digest process and the biotin—DNA—streptavidin  stretching the chains at a high shear rate to >80% ex-
tethering process, which offers a higher yield of DNA di-  tension (x)/L, stopping the flow and measuring the free

gest and better uniformity of the lengths of tethered relaxation of the chains back to their equilibrium coiled
DNA compared to the results from in situ enzyme cleav-  configuration.*® For each length of DNA chains, en-
age during flow. semble averages were taken over 10— 15 chains. Given
To systematically investigate the behavior of DNA the nonlinear nature of the force—extension behavior
molecules in shear (such as flow extension, chain dis- where only the last ~30% of extension or last ~9% of
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Figure 5. (A) Representative ensemble images of different length DNA molecules at similar flow strength Wi. (B) Summary
plot showing the average fractional extension as a function of flow strength Wi for DNA molecules of various chain lengths.
Data points in circle (green), square (red), and triangle (blue), correspond to DNA chain lengths of 11.9 kbp (Pvul cleaved),
21.2 kbp (EcoRl cleaved), and 48.5 kbp (full \-DNA), respectively. Inset, a semilog plot of mean fractional extension versus Wi.

square extension is Hookean, the plot of mean square
extension (x2)/L? vs time after flow cessation for an en-
semble of chains can be well described and fit to the
functional form, c1 exp[—t/7] + 2, where c1 and c2 are
free parameters, and 7 is the characteristic relaxation
time.3® We have determined that for this series of 17.3-,
7.8-, and 4.2-pm long tethered DNA molecules in the
261 cP 65% sucrose solution, the longest relaxation
times Twere 52.5, 16.5, and 6.1 s, respectively. We fur-
ther analyzed the relaxation times in terms of their scal-
ing with DNA lengths, and found that T ~ L'>>, which
fits the Zimm model for polymer chains that predicts
that the longest relaxation times follow a scaling law as
7~ [¥, with the scaling exponent 3v depending on sol-
vent quality.*’ Our calculated scaling exponent 3v ~
1.55 is in good agreement with that measured by
others in similar untethered systems (3v ~ 1.65 =
0.1).3240

We have examined in detail the effect of shear flow
strength on the tethered DNA chain’s conformation in
the flow-gradient plane. Figure 4A shows a typical set of
two-dimensional (2D) distributions of tethered \-phage
DNA molecules at various flow strengths (varying Wi)
in the flow-gradient plane. These ensemble images of
DNA were obtained by extracting a region of interest
where all DNA configurations were exclusively captured
for each data frame recorded (typical time step be-
tween frames: 1—3 s; exposure time: 0.15—0.25 s; data
frames usually taken after 5 min when flow rate was ini-
tiated or changed in order to reach steady state) and
summing all regions for one DNA molecule. We can
clearly see from ensemble images that, as the flow
strength Wi increases (e.g., from 4.3 to 65), the average
extension accordingly increases monotonically from
~30% to ~65%. Moreover, we find our ensemble-
averaged images from experiments are in good qualita-
tive agreement with those based on the BS simula-
tions of free-draining wormlike chains we developed
recently.3” We also observed that at the low flow rate

www.acsnano.org

(e.g. Wi = 4.3, or 10.8), the experimental ensemble im-
ages showed an intense peak close to the middle of the
distribution with lower intensity near the end, which is
due to the presence of cyclic dynamics (Figure S1, Sup-
porting Information [SI]), an interesting phenomenon
occurring for tethered DNA chains at moderate flow
strength.>> Furthermore, we summarized several key
parameters in the system such as mean fractional ex-
tension (x)/L and mean orientation angle through ori-
gin ¢ (Figure 4B,C). We can see that our experimental
results are consistent with the BS simulations.

More importantly, we have systematically investi-
gated the shear flow extension of DNA chains of all
three different lengths (Figure 5, Figure S2 [SI]). Repre-
sentative ensemble images in Figure 5A show respec-
tive average configuration of three different-length
DNA molecules at similar flow strength Wi. Note that a
much larger flow rate is required to match the flow
strength Wi for shorter DNA molecules given the differ-
ence in the longest relaxation times we mentioned
above for various chain lengths. We have further per-
formed quantitative analyses on the mean fractional ex-
tension of these tethered DNA chains in the flow direc-
tion. The curves of the average fractional extension
(x)/L versus flow strength Wi for three different chain
length DNA are plotted and summarized in Figure 5B.
Experimental averages at each Wi were taken over en-
semble averages of 10—15 DNA molecules with time
averages of 5—10 min for each molecule. Several key
features are shown in the summary plot in Figure 5B.
First, all the chains showed a progressive and rapid in-
crease in average fractional extension up to Wi ~ 20. At
a larger Wi the chains continued to stretch with mean
fractional extension slowly approaching unity (full ex-
tension). This is distinct from the extension of a DNA
polymer in free shear flow which is known to plateau
around 50% of its contour length because of the tum-
bling dynamics.3® Second, it is apparent that the data
points for three chain lengths formed three separate
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Figure 6. (A) Autocorrelation of orientation angle through the center of mass at Wi ~ 4.3. Experimental results for 17.3 um N\-DNA agree
very well with our BS simulation results. The prominent minimum in the autocorrelation is well resolved experimentally and with simu-
lations. (B) The corresponding PSD of orientation angle through the center of mass at Wi ~ 4.3 decays with a power of —1.7. Experimen-
tal results clearly agree with our BS simulations. Note that a clearly resolved peak is present in both experimental and simulation curves
at fr ~ 0.18. This peak represents the most common frequency of the cyclic motion and proves that cyclic motion is quasi-periodic in

the system.

traces with the curve for shortest DNA chain (~4.2
wm) clearly deviating from the other two. A smaller Wi,
accordingly the weaker flow strength, is needed to
achieve the same fractional extension and stretching
for shorter length DNA molecules. For example, to
achieve >80% mean flow extension, the required ex-
perimental flow strength was found to be Wi ~ 55, 110,
200 for L = 11.9, 21.2, and 48.5 kbp, respectively. This
trend could be associated with the finite extensibility of
DNA chain playing a key role due to the extension in
the flow direction. In addition, we characterized the
mean distance from wall and mean orientation angle
through origin for all three lengths of tethered DNA
molecules, as summarized in Figure S3 [SI]. Our experi-
mental results represent a first and crucial step toward
understanding and optimizing the shear flow process-
ing for controlled DNA stretching and anchoring onto
surfaces, opening up opportunities in a variety of appli-
cations of tethered DNA arrays.

In addition to the average flow extension proper-
ties for tethered DNA molecules in shear flow at vary-
ing Wi, we have quantified the cyclic dynamics in the
system that results from the competition between flow-
induced drag on DNA chains and Brownian diffusion.®
For example, we have calculated various correlation
functions of the measured experimental variables in-
cluding extension x, chain distance from the wall §, ori-
entation angle through the center of mass (COM) 6
and angle through the tethering origin ¢. Cross-
correlation functions with the form Cy(T) = (E[(X(t + T)
— X)(Y(t) — ))/(oxoy), where XY is the average value of
variable X and Y and ooy is the standard deviation,
and their power spectral density functions with the
form PSD(v) = ||[*%Cxy(T) exp(—2imvT) dTl|can be used
to examine the presence of quasi-periodicity in cyclic

dynamics.3742 Our experimental correlation functions

were calculated by taking a time average and a chain
ensemble average over individual trajectories taken in
different frames.

The autocorrelation function C(T) = (E[(x(t + T) —
X)(x(t) — %)1)/(c2) for orientation angle through COM 6
and its corresponding power spectral density are shown
in Figure 6. We can see that our experimental results
agree well with the BS simulations results for both au-
tocorrelation and PSD.3” More significantly, the promi-
nent minimum in the autocorrelation and the corre-
sponding peak in the PSD are well resolved both
experimentally and by simulations. Indeed, the mini-
mum in the autocorrelation represents a strong nega-
tive correlation between increases in orientation angle
and a subsequent decrease. The negative correlation
can be attributed to the fact that the orientation angle
captures the connection between increases in height
and a delayed increase in extension therefore showing
a clear minimum in contrast to subtle or no periodicity
seen in the autocorrelation functions of height or exten-
sion. It is also apparent that as shown in Figure 6, the
characteristic frequency of cyclic motion at Wi ~ 4.3 is
~0.18, which matches very well with that calculated
from bead spring simulations of 0.17 * 0.03 at Wi =
4.6.

In conclusion, we have developed a simple and re-
producible method based on shear flow processing for
anchoring and stretching DNA molecules of various
lengths with tunable density and controlled chain ex-
tension. We have also presented the flow-gradient
plane experiments to examine the extension behavior
of a series of tethered DNA chains with different lengths
ranging from 17.3 wm down to 4.2 wm under shear
flow for the first time using single-molecule fluores-
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cence microscopy. Experiments in the flow gradient
plane have revealed the details of cyclic dynamics and
confirmed the quasi-periodicity in the system through
the analysis of correlation functions and power spectral
density functions of orientation angles.

The shear flow processing demonstrated in this
study represents a powerful and controllable approach
for the precise control over the stretching and align-
ment of varying length DNA chains and provides a gen-
eral platform for the flow dynamics study of single

METHODS

Flow Cell and Imaging Solutions. The flow cell we used is a quartz
slide (dimension: 25 mm L X 25 mm W X 0.25 mm H, Technical
Glass Products, Inc.) which has a 5 mm X1 mm X0.1 mm laser
etched rectangular channel. The pressure-driven Poiseuille flow
through this rectangular microchannel, which is in close contact
with a PDMS backing with two holes serving as the inlet and out-
let, results in simple shear very near each wall. To achieve the op-
timal imaging resolution of tethered DNA molecules, we used
65% (m/m) sucrose buffer solution that has a matching refrac-
tive index of 1.4585 at 588 nm to the index of fused quartz.3” The
viscosity of this sucrose buffer is 261 =+ 5 cP therefore further en-
hancing the shear extension of DNA molecules.

DNA Digestion and Tethering. Typically for DNA enzyme digests,
we prepared a small scale of 20 pL volume containing 14 pL of
distilled water (GIBCO), 2 p.L of 10X enzyme buffer (New England
Biolabs), 3 L of biotinylated I-DNA, 1 pL of restriction enzyme
(New England Biolabs), and incubated the digest mixture at 37
°C for 30 min. Subsequently, DNA digest solution (5 pL) together
with Sytox green (1 pL) were added into a TE buffer (100 pL),
and the mixture was subsequently introduced into the micro-
channel allowing enzyme-cleaved biotinylated DNA segments
to bind to streptavidin modified surfaces.
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