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D
NA melting is the process by which
double-stranded DNA separates into
two single strands of DNA. This pro-

cess is of fundamental importance to DNA
replication1 and transcription2 and is a key
step in PCR-based applications, nano-
devices,3�5 DNA sensing technologies,6 and
genetic medicine.7 Despite years of study,
interesting questions such as themechanical
properties of DNA8 and unzipping mecha-
nismofDNAduplexes remain active topics of
research.9�12

DNA melting is commonly initiated by an
increase in temperature, decrease in ionic
strength, or, in some cases, mechanical load-
ing with an applied force.13�16 However,
the commercial availability of azobenzene-
modifiedDNA17�20hasadded illuminationwith
light as a newmeans by which DNAmelting
can be controlled via external stimulus.21�24

As a result, phototriggered DNA melting is
nowbeing used for applications ranging from
drug delivery25 and biosensing to nanoscale
motors and energy harvesting.18�20,22,23,26

However, the unzipping mechanisms of un-
modified DNA remain topics of open investi-
gation, and the physicochemical properties of
photoswitch-modified DNA have only begun
to be studied.

Single-molecule pulling measurements,
often conducted using an atomic force
microscope27�34 or optical tweezers, have
played a critical role in our understanding of
the thermodynamics and kinetics of biomo-
lecular processes and interactions, includ-
ing the force-induced melting of DNA. Such
dynamic force spectroscopy (DFS) experi-
ments can be used to measure the pico-
Newton scale forces associated with un-
binding of even short oligonucleotides
(20�100 nucleotides)35 and havebeen used
to obtain thermodynamic data for base
pairing in the limit of slow force loading.36,37

Although challenges with separating speci-
fic from nonspecific interactions exist,37 at
faster force-loading rates, analysis of DFS
data can be used to extract kinetic para-
meters such as individual koff rates for the
binding events under investigation.37,38

Here, we employ azobenzene-modified
DNA17,39,40 in DFS experiments designed to
study both the specific properties of azoben-
zene-modified sequences as well as the more
general question of how short DNA sequences
unzip under force loading. We show that the
reversible photoswitching of the azobenzenes
can be detected as reversible changes in
the force-induced unzipping behavior of the
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ABSTRACT We apply a combination of photoswitch-modified DNA and

AFM-based pulling measurements to study the force-induced melting of double-

stranded DNA in the unzipping geometry. We measure the differences in peak

rupture force for azobenzene-modified DNA, as the incorporated azobenzenes are

photoswitched reversibly between the trans and the cis form. Fitting our rupture

force versus loading rate data, we obtain off rate (koff) at zero force values in the

range of∼10 s�1. We show that the change in peak rupture force and koff induced

by destabilizing the DNA duplex depends on the position of the destabilizing azobenzene photoswitch relative to the force-loading site. When the

azobenzenes are proximal to the unzipping end, the decrease in peak force and koff upon azobenzene photoisomerization is significantly larger than when

the azobenzene is distal to the site of force loading. We interpret these results as experimental evidence supporting the picture that the destabilization of a

double-stranded DNA by a photoswitch isomerization is localized to a small bubble around the photoswitch.

KEYWORDS: dynamic force spectroscopy . azobenzene-modified DNA . reversible photoswitching .
position-dependent rupture force
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modified double-stranded DNA. By fitting our data to
extract the koff, we show that the effect of the azoben-
zene photoswitch41 on the unzipping is sensitive to the
azobenzene position within the sequence in a manner
that is consistent with theoretical predictions.

RESULTS AND DISCUSSION

We use azobenzenes covalently bonded to the DNA
sugar�phosphate backbone via a D-threoninol group
as phototriggers (Figure 1a, inset) using the commercial
Asanuma chemistry.17 In the trans form, incorporation of
an azobenzene into theDNAbackbone stabilizes theDNA
duplex via π-stacking interactions.17 However, upon ex-
posure to UV (∼350 nm) light, the trans-azobenzene
undergoes photoisomerization to cis-azobenzene (with a
quantum yield dependent on the local sequence40). The
cis-azobenzene destabilizes the double strand and can
lead to subsequentmelting of the DNA.While cis-azoben-
zene is metastable with a lifetime of many hours at room
temperature, blue light (>400 nm) can be used to quickly
photoisomerize cis-azobenzeneback to trans-azobenzene,
providing a fully reversible trigger that canmodulate the
hybridization and melting properties of the DNA.
Figure 1a shows our general experimental scheme.

We performed DFS by bringing tips functionalized with
single-strand DNA (ssDNA) into contact with substrates
functionalized with complementary ssDNA and retracting
at various rates. We chose sequences so that our pulling
experiments would utilize the “unzipping” geometry.
We first performed control experiments to verify that

our functionalization and pulling protocols allowed us
to measure rupture forces due to the binding of the
complementary DNA sequences rather than nonspecific

interactions. For these controls, we functionalized a Au-
coated AFM cantilever tip with a 50-thiolated DNA strand
(50-SH-T30GACTCCATCTGAACTAACG-30) (see Methods).
We then functionalized a Au-coated substrate with the
complementary DNA strand (30-SH-T30 GACTGGTAGACTT-
GATTGC-50, Tm is 58.6 0.6 �C when hybridized with the
partially complementary DNA sequence used in these
experiments; see Supporting Information).
Figure 1b shows a typical “good” force�distance

curve obtained for this complementary DNA pair using
a cantilever (Asylum research BL-RC-150VB, force con-
stant k = 0.006 N/m) at a loading rate of 3 nN/s. The red
line indicates extension/approach, and the blue line
indicates the retraction of the cantilever, showing a
typical good unbinding event. We acquired several
hundred pulling curves on Au surfaces functionalized
with complementary and noncomplementary DNA,
and we analyzed histograms for the rupture forces.
Figure 1c,d shows the resulting histograms of rupture
forces obtained on the complementary and noncomple-
mentary surfaces, respectively. The complementary se-
quences give amuch larger percentage of successful pulls
(60% for complementary vs 15% for noncomplementary),
and the complementary�DNA surface exhibits a rupture
force peak at roughly∼30�40pN. In contrast, we observe
no force peak for the noncomplementary DNA;only a
flat (random) distribution for the (far fewer) pulling events
that passed through the analysis algorithm on the non-
complementary control. Althoughwe reserve an in-depth
analysis of peak rupture force versus loading-rate data
for the photoswitchable DNA data below, we note that
the peak rupture force near ∼40 pN is consistent with
typical unbinding data in the unzipping geometry for

Figure 1. (a) Schematic of the experimental setup. OneDNA strand (free of azobenzenes) is functionalized onto the cantilever
tip, and the other strand (modified with azobenzenes) is anchored to the substrate. (b) Typical force�distance (FD) curve
showing the rupture force between the DNA duplex. Histograms of the rupture forces between (c) complementary and (d)
noncomplementary strands of DNA.
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comparable length DNA sequences in the literature.42

Havingconfirmed thatour experimental protocolsbehave
as expected with ordinary DNA, we thus turn to focus
on more novel experiments with photoswitchable
azobenzene-modified oligonucleotides.
For these experiments, as shown in Figure 2a, we

again functionalized the AFM cantilever tip with the
same 50-thiolated DNA strand (50-SH-T30 GACTCCATCT-
GAACTAACG-30) (see Methods). However, we functiona-
lized the Au-coated substrate with the complementary
DNA strand modified with azobenzenes (30-SH-T30
GACTGGXTAXGACTTGATTGC-50, named 2Azo-1, Tm is
60.0 ( 0.0 �C when hybridized with the partially com-
plementary DNA sequence used in these experiments;
see Supporting Information). Here X denotes an azoben-
zene molecule that, when exposed to UV light, photo-
isomerizes to cis-azobenzeneanddestabilizes theduplex.
We measured force-pulling curves at a loading rate

of 3 nN/s and plotted the resulting histogram, fitting it
with a Gaussian to determine the most probable
rupture force (34.6 pN, Figure 2). Next, we illuminated
the substrate with 365 nm UV light of an intensity of
342.5 μW/cm2 to obtain a total exposed dose of 3.7 J/cm2

(which is sufficient to achieve a photostationary state of
predominantly cis-form azobenzene).40 We then irra-
diated the substrate, again, this time with 470 nm blue
light with an intensity of 387.5 μW/cm2 for a total
exposed dose of 2.79 J/cm2. Figure 2c plots the peak
rupture force data after the UV irradiation, showing that
the most likely rupture force has decreased from 34.6 to
24.2 pN. Both this decrease in rupture force and the
decrease in the fraction of “good” pulls (from 60% for
trans to 25% for cis) are qualitatively consistent with the

expected destabilization of the DNA double strands by
the cis-form azobenzenes incorporated into the substrate-
bound oligonucleotides. Importantly, Figure 2d shows
that, following irradiation with blue light to return
the azobenzenes to trans form, the peak rupture force
histogram returns almost completely to its preirradiation
behavior. This result thus confirms that the photoswitch-
ing is reversible and provides further evidence that the
rupture forces we are measuring are associated with
hybridized azobenzene-modified oligonucleotides.
Having verified the ability of azobenzene photo-

switches to reversibly modulate the peak rupture force
histograms obtained from pulling experiments on
azobenzene-modified DNA, we next turn to analyze
the effect of photoswitching on DNA binding more
quantitatively. The classicmethod to extract unbinding
kinetics data from DFS experiments is by measuring
the peak rupture force as a function of loading rate.37,43

In this context, the Bell�Evans model has been
widely used to describe the trend of the unbinding forces
as a function of the loading rates.36 The Bell�Evans
model is given by eq 1:

F ¼ kBT

xt
ln

rxt
koffKBT

� �
(1)

where r is the loading rate (N/s), xt is the distance
between the bound and the transition state along the
direction of the applied force, koff is the dissociation rate,
kB is theBoltzmann constant, and T is the temperature. As
seen by the functional form of eq 1, this model predicts
that the rupture force of a single bond varies as the
logarithmic of the loading rate. This model assumes that,
at low loading rates, the thermal energy overcomes the

Figure 2. (a) DNA strands modified with two azobenzene groups (sequence named as “2Azo-1”) used for the pulling
experiment. Double-stranded DNA shows a peak rupture force at (b) 34.6 pN before UV irradiation and a reduced force at (c)
24.2 pN after UV irradiation; (d) duplex recovers a peak rupture force back to 32.3 pN (along with an increase in “good” pulls)
after subsequent blue irradiation.
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activation barrier and therefore less external force is
required to rupture the bonds.
As suggested by the form of eq 1, Figure 3a plots our

peak rupture force data versus the natural logarithm of
the force-loading rate taken for the same 2Azo-1
sequences studied in Figure 2. Traces are shown both
before UV irradiation (trans form, red circles) and after
UV irradiation (cis form, blue squares). As expected, the
peak rupture force decreases at all loading rates after
the azobenzenes are switched into the cis form. The
straight lines in Figure 3a are fits to the Bell�Evans
model. The koff value calculated for the trans data
from this model is 0.33 ( 0.11 s�1. On irradiating the
sample with UV light for 3 h, we observe a decrease in
themeasured peak rupture force at each loading rate
(blue squares). For the cis data, the koff value ob-
tained on fitting the curve with the Bell�Evans
model (blue dashed line) is nearly equal within
uncertainty at 0.22 ( 0.08 s�1.
The Bell�Evans fits are unsatisfactory in two ways.

First, it is clear that the experiments in Figure 3a are not
fit well by straight line as predicted by eq 1. Second, as
a consequence of the poor fits, the koff extracted for the
cis-form azobenzene is the same as or lower than that
of the trans-form azobenzene. While it is possible that
the cis-form azobenzene both destabilizes the DNA
double strand and decreases koff, we find this con-
clusion unlikely.
A number of authors have pointed out circum-

stances in which a simple fitting to the Bell�Evans
model might fail.44,45 In particular, the Bell�Evans
model ignores the asymmetric behavior of the rupture
forces at high loading rates, as suggested by Dudko
et al.,45 as well as the possibility of more than a single
binding of interacting molecules.37 Thus, we ana-
lyzed our data using a generalized model proposed
by Friddle, Noy, and DeYoreo.38,46 Their model ex-
plains the nonlinearity in the force spectra as a
consequence of re-forming of a single bond at slow
loading rates as well as asynchronous fluctuations of
several independent interactions that comprise a multi-
valent attachment. Thus, their model takes into account
the harmonic potential of the cantilever and the number
ofbonds formedbetween theprobeand the substrate (N).

The force spectrum from this model is given by eqs 2
and 3:38

Æf æN ¼ feq þN
kBT

xt
exp

N

R
feq
N

� �
0
BBB@

1
CCCAE1

N

R
feq
N

� �
0
BBB@

1
CCCA (2)

R
feq
N

� �
¼ rxt

koff
feq
N

� �
kBT

(3)

where

koff (f ) ¼ k0offexp β fxt � 1
2
kcx

2
t

� �" #
(4)

where koff
0 is the intrinsic unbinding rate at zero force, kc

is the spring constant of the cantilever, feq is a forcegiven
by feq = (2kcΔGbu)

1/2, E1(z) =
R
z
¥(e�s/s)ds, r is the loading

rate, xt is position of the energy barrier, and ΔGbu is the
free energy of the bond relative to the free cantilever.
Using this model, they described a vast number of
nonlinear spectra collected from vastly dissimilar inter-
molecular systems. We verified that our rupture force
versus loading rate data was dependent upon the
cantilever spring constant as predicted in the above
equations (see Supporting Information Figure S1).
Figure 3b replots the peak rupture force versus

loading rate data taken for the 2Azo-1 sequences for
fitting with the Friddle model (solid lines). The red
circles indicate the rupture forces obtained for the
azobenzenes in their trans form, whereas the blue
squares indicate cis-form azobenzene after UV irradia-
tion. For the trans-azobenzene (solid red line), the
koff value extracted from the Friddle model is 5.98 (
2.54 s�1 (for full fitting details, see Supporting Infor-
mation Figure S3). For the cis-azobenzene (blue
dashed line), the best fit koff value is 22.6 ( 2.96 s�1.
Use of the Friddlemodel thus not only reproduces the
curvature of our data at low loading rates but also now
yields koff trends that make sense. The koff rate for
destabilized DNA with cis-form azobenzene is now
higher than the corresponding koff for trans-form
azobenzene strands.

Figure 3. (a) Rupture force is plotted as a function of natural log of force-loading rate for DNA strands modified with two
azobenzenes (red dots, trans form; blue squares, cis form) proximal to the unzipping end (2Azo-1). The data are fitted with
Bell�Evansmodel (straight and dashed lines). (b) Samedata from (a) are fittedwith the Friddlemodel. (c) Data of DNA strands
modified with two azobenzenes distal to the unzipping end (2Azo-4) are fitted with the Friddle model.
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Quantitatively, these koff values are surprisingly lar-
ger than might be expected for an all-at-once type
force-induced bond rupture event or from conventional
measurements of sequence-dependent DNA unbinding
rates. For similar sequences, koff from experiments such
as SPR47 and AFM pulling measurements in a shear
geometry42 would be expected to show much smaller
values (≈10�3 s�1). Indeed, our measured koff rates on
the order of ∼10 s�1 would more likely be associated
with melting of short 4�5 base sequences.42 We pro-
pose that this discrepancy can be reconciled by con-
sidering the force-biased geometry of our experiment
(unzipping vs a shear loading) experiments. In the un-
zipping process, a number of theory papers have argued
that, as might be expected from intuition, the applied
force is distributed over a small number of bases in an
unzipping geometry.48,49 Thus, one plausible interpreta-
tion of a koff of∼1�10 s�1 is that the applied force is felt
locally by the first∼4 bases in the azobenzene-modified
DNA. Consistent with this interpretation, one finds re-
ports of rates of∼1�10 s�1 for force-induced unzipping
of DNA in a limited number of experiments.50

Finally, we consider the effect of the azobenzene
position on force-induced DNAmelting in the unzipping
geometry. We functionalized the Au-coated surface with
a slightly different azobenzene-modified DNA that
has two azobenzenes incorporated farther from the un-
zipping end (30-SH-T30 GACTGGTAGACTTGATXTGXC-50,
named 2Azo-4; Tm is 61.0 ( 0.5 �C when hybridized
with the partially complementary DNA sequence used
in these experiments; see Supporting Information).
Figure 3c shows experimental rupture force versus

loading rate data, along with fits to the Friddle model,
for 2Azo-4, which has the azobenzene photoswitches
positioned at the far end of the DNA strand, away from
the unzipping point. For this sequence, we measured
a much smaller change in peak rupture after the
azobenzene isomerized. The fitted koff value for the
trans-azobenzene DNA (red solid line) is calculated to
be 8.80 ( 4.97 s�1, whereas that of the cis form (blue
dashed line) is 3.28 ( 3.47 s�1. These results are
indistinguishable within the quality of the fits.
This result shows a qualitative and striking difference

in the effect of photoisomerization on koff between the

two sequences, which is in good agreement with our
rationalization of the large koff values. Evidently, when
the azobenzene is near the site of force loading,
photoisomerization results in a significant increase in
koff and reduction in force required to unzip the duplex.
However, when the azobenzene is farther away from
the site of force loading, it exhibits a much smaller
effect. We believe these results are in good qualitative
agreement with theoretical predictions. Cocco et al.

have previously predicted that DNA unzipping should
begin with a transition “bubble” a few (≈4) bases
long,49 and Schatz and co-workers have previously
computed that a local defect surrounding a photoi-
somerized azobenzene would create only a small
region of destabilization of similar length.51 Thus, we
interpret our data as indicating that the rupture force
and koff rate show the largest change upon photo-
isomerization if the region of the duplex destabilized
by photoisomerization of the azobenzene overlaps
with the transition bubble at the start of the unzipping
event.

CONCLUSIONS

WehaveperformedDFSmeasurementsonazobenzene-
modified DNA. We have shown that azobenzene
photoisomerization of surface-boundDNA can be used
to reversibly modulate the rupture force required to
unzip double-stranded DNA. Importantly, and in qua-
litative agreement with computational predictions, our
data suggest that the position of the azobenzene
within the unzipping sequence controls the magni-
tude of change in koff rate upon azobenzene photo-
isomerization. We observe a significant (4�) increase
in koff when the azobenzene is in close proximity to
the unzipping end of the DNA and a smaller differ-
ence (within experimental uncertainty) when the
azobenzene is at the opposite end of the DNA. These
results provide important insights into the melting
kinetics of photoswitch-modified oligonucleotides
that should be useful for designing photoswitch-
modified sequences for specific applications. They
also show that photoswitchesmay provide a new tool
for studying classicmechanisms in DNA hybridization
and melting.

METHODS
Preparation of DNA Solution. UnmodifiedDNA and azobenzene-

modified DNA were purchased from Integrated DNA Technol-
ogy (IDT Inc., IA). Aliquots of lyophilized DNAwere first dissolved
in water, which was deionized to 18.0 MΩ with a Millipore
filtration system. A desired amount of DNA (typically 2 μM)
was then resuspended in aqueous solution containing 1 mM
phosphate buffer saline (PBS), 0.3 M NaCl, and 0.02% sodium
azide. These prepared DNA solutions were stored at 4 �C prior
to use.

Tip and Surface Modification. Au-coated Biolever (BL-RC-150VB
Olympus) cantilevers were used for the force-pulling

experiments. Initially, 20 μL of filtered ethanol was drop cast
on the cantilever and kept for 5 min before rinsing it off and
drop casting 20 μL of 1 μM DNA solution. This was kept for 15
min to functionalize the tipwithDNA strands. Next, we removed
the DNA solution and washed the tips with fresh 1 mM PBS
buffer (0.01% SDS) twice. The tips were then backfilled with
mercaptoundecanol (2 μM in PBS) for 10 min and then rinsed
again with fresh PBS buffer. The functionalized cantilever tip
was then left in PBS buffer (0.3 M Naþ) until use.

Freshly evaporatedAufilmsonglass (∼2nmCr,∼5�10nmAu)
were prepared by thermal evaporation at a base pressure of
5 � 10�7 mbar and at a deposition rate of ∼0.05�0.1 nm/s.
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Thirty microliters of azo-modified DNA solution (2 μM)was drop
cast. Since the clean Au surface is hydrophilic, the solution tends
to spread rapidly. A single well (SecureSeal Hybridization
Chamber, GraceBio Laboratories) was gently pressed and then
removed to create a hydrophobic barrier. The DNA solution was
kept on the substrate for 1 h. Next, the substrate was rinsed
thoroughly with 1 mM PBS (0.05% SDS) and again with 0.3 M
ammonium acetate. The functionalized substrate was kept in
PBS buffer (0.3 MNaþ) at room temperature until use. The DNAs
used in this study were paired with polyA sequences at the 50

end before force measurement by annealing at 95 �C for 5 min.
AFM Measurement. Force�distance measurements were per-

formed using a commercial AFM (MFP3D) (for more details, see
Supporting Information). The spring constants of the cantilevers
were measured using the thermal fluctuation method.52,53 All
measurements were performed at room temperature inside a
liquid cell in PBS buffer. Thewhole systemwas left to equilibrate
for 1 h, with the tip retracted from the surface, before recording
force curves. The forces were recorded at different loading rates
rangingbetween 20 and1500nm/s startingwith trans-azobenzene
DNAusingAsylumresearchcantilevers (Cr/AucoatedBL-RC-150VB).
One second dwell time was kept for all measurements to ensure
interactions between the tip DNA and the substrate.

Photoswitching of the trans-azobenzene DNAwas achieved
by irradiating the sample with UV light for 3 h using Thorlab
M36L2-C3 UV (365 nm) collimated LED for Nikon Eclipse,
700 mA. cis-Azobenzene DNA was photoswitched back to trans
form using a blue LED (Thorlab M470L2-C3 Blue 470 nm,
collimated LED for Nikon eclipse, 1600 mA). The intensity of
the LED was measured using a calibrated Si photodiode
(OSI optoelectronics). We determined the most probable un-
binding force by plotting histograms of the rupture forces. The
histograms had a bin size of 5, and the threshold was kept
between 20 and 150 pN.
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