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Abstract
We have investigated the interaction of the DNA molecule with the anticancer drug
doxorubicin (doxo) by using three different experimental techniques: single molecule
stretching, single molecule imaging, and dynamic light scattering. Such techniques
allowed us to get new insights on the mechanical behavior of the DNA-doxo com-
plexes as well as on the physical chemistry of the interaction. First, the contour
length data obtained from single molecule stretching were used to extract the physi-
cochemical parameters of the DNA-doxo interaction under different buffer
conditions. This analysis has proven that the physical chemistry of such interaction
can be modulated by changing the ionic strength of the surrounding buffer. In partic-
ular we have found that at low ionc strengths doxo interacts with DNA by simple
intercalation (no aggregation) and/or by forming bound dimers. For high ionic
strengths, otherwise, doxo-doxo self-association is enhanced, giving rise to the for-
mation of bound doxo aggregates composed by 3 to 4 molecules along the double-
helix. On the other hand, the results obtained for the persistence length of the DNA-
doxo complexes is strongly force-dependent, presenting different behaviors when
measured with stretching or non-stretching techniques.
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1 | INTRODUCTION

Doxorubicin (doxo) is a well-known chemotherapeutic
compound used to treat various cancers such as some types
of leukemias, sarcomas, lymphomas, myelomas, neuroblas-
tomas, as well as cancers in the breast, head, ovary, pan-
creas, prostate, stomach, liver, lung, and others. Along
with the related compounds daunomycin, mitoxantrone and
idarubicin, they constitute the class of the anthracycline
antibiotics, a group of intercalators largely employed in
chemotherapies.[1]

In this work we have performed a robust characterization
of the DNA-doxo interaction at single molecule level. We
have used optical tweezers (OT) in the low-force entropic
regime to stretch the DNA-doxo complexes in order to mea-
sure the changes on the basic mechanical properties (persist-
ence and contour lengths) of such complexes as a function of
the drug concentration in the sample. In addition, we have
also performed single molecule imaging of the DNA-doxo

complexes by using atomic force microscopy (AFM). In
these experiments, the DNA-doxo complexes deposited in a
mica substrate were imaged and the same mechanical proper-
ties were obtained directly from the statistical analysis of the
conformation of the complexes. Thus, the results obtained
from single molecule stretching and imaging could be
directly compared, bringing new insights on the mechanics
of the DNA complexes formed with intercalators. In particu-
lar, we have found that the behavior of the persistence length
of the DNA-doxo complexes obtained from these two techni-
ques is very different, being strongly force-dependent.

On the other hand, an important aspect concerning the
molecular basis of the chemotherapies is the physical chem-
istry of the DNA-drugs interactions, especially the informa-
tion about the possible types of binding modes, drug affinity,
selectivity, cooperativity, etc. Some of such information is
currently known for the DNA-doxo interaction, albeit some
aspects remain unclear. In particular, it is well established
that intercalation is the main mode of interaction,[2–5]
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although some authors report the possibility of groove bind-
ing at AT-rich regions.[3] Most of the available information
was determined from ensemble-averaging techniques such as
circular dichroism, fluorescence and infrared spectroscopy,
microcalorimetry, etc.,[3–5] and very few authors have used
single molecule approaches to investigate the DNA-doxo
interaction.[2,6] Single molecule techniques such as optical
and magnetic tweezers, AFM and fluorescence-based techni-
ques usually allow one to obtain high-resolution information
about DNA-ligand binding, revealing intrinsic details of the
interaction that are otherwise inaccessible.[7–20]

In the present work, besides the new mechanical insights
on the DNA-doxo interaction, our single molecule measure-
ments have allowed us to: (a) infer that different binding
mechanisms can occur depending on the ionic strength of the
buffer solution; and (b) determine the physicochemical
parameters of the DNA-doxo interaction under different
buffer conditions. In particular, we have found that in general
doxo binds to the DNA molecule forming aggregates of a
few molecules, which remain partially intercalated. The size
of these aggregates, as well as the other binding parameters,
can be controlled by changing the ionic strength of the buffer
solution. In other words, the physical chemistry of the DNA-
doxo interaction can be modulated by changing the sur-
rounding buffer.

Finally, the data obtained from the single molecule tech-
niques were compared to results obtained by an ensemble-
averaging technique: dynamic light scattering (DLS). We
have used DLS in order to evaluate the behavior of the
hydrodynamic radius of DNA-doxo complexes as a function
of drug concentration. This quantity can be qualitatively
compared to the radius of gyration calculated from the per-
sistence and contour lengths obtained from OT and
AFM,[21,22] thus connecting the results of all experiments
performed here. All measurements and analysis performed
here can be extended for other types of intercalators, thus
providing new insights on the DNA interactions with this
class of drugs.

2 | MATERIALS AND METHODS

2.1 | Optical tweezers (OT)

In OT experiments the samples consist of k-DNA molecules
(New England Biolabs) end-labeled with biotin attached by
one end to a streptavidin-coated bead of 3 lm diameter
(Bangs Labs) and by the other end to a streptavidin-coated
coverslip (Xenopore Corp.). The sample chamber consists of
an o-ring glued in the coverslip surface. In order to evaluate
the effects of the ionic strength in the DNA-doxo interaction,
we have performed the measurements in two different buf-

fers, using a 10 mM Tris-HCl buffer with pH5 7.4 without
NaCl and also a Phosphate Buffered Saline (PBS) buffer
with pH5 7.4 and [NaCl]5 140 mM. Although the compo-
sition of the buffers is not exactly the same, the relevant
parameter here is the difference between the ionic strengths
(> one order of magnitude), because the self-association of
the anthracyclinic compounds strongly depends on this
parameter [23,24]. The doxo concentration in the sample was
changed during the experiments by using micropipettes to
exchange the buffer solution. The typical DNA concentration
used in all OT experiments was 2.4 lM in base-pairs.

The optical tweezers consist of a 1064 nm ytterbium-
doped fiber laser with a maximum output power of 5.8 W
(IPG Photonics) mounted on a Nikon Ti-S inverted micro-
scope with a 1003 N.A. 1.4 objective. The DNA molecules
are stretched by moving the microscope stage and conse-
quently the coverslip with controlled velocity by using a pie-
zoelectric device (PINano P-545, Physik Instrumente).

We start the experiment with only bare DNA molecules
in the sample. We choose and test one of them by meas-
uring 5 to 7 stretching curves, obtaining the mean values
of the persistence and contour lengths for the bare DNA.
These parameters were obtained by fitting the experimental
force 3 extension curves measured in the low-force
entropic regime (F< 5 pN) to the Marko-Siggia WormLike
Chain (WLC) expression.[25] The average results obtained
for the bare DNA in both buffers are A05 (456 3) nm and
L05 (16.56 1) lm, which are within the expected values
for the bare k-DNA. Next we change the surrounding
buffer solution, introducing the drug at a certain chosen
concentration. We wait about � 20 minutes for drug equili-
bration, and then repeat the stretching experiments, per-
forming 5 to 7 measurements and thus obtaining the
average values and the error bars of the mechanical proper-
ties for each drug concentration. Finally, the entire experi-
ments is repeated with other DNA molecules, in order to
evaluate the variability of the mechanical parameters over
different DNAs. The results reported here for the persist-
ence and contour lengths correspond to an average over 4
to 6 different DNA-doxo complexes. All the error bars
reported are the standard error of the mean (sem) calculated
from the set of stretching experiments for each drug
concentration.

All the details about the WLC fittings and some exem-
plifying figures can be found in the Supporting Informa-
tion. The details about the OT sample preparation
procedure and about the optical tweezers setup were previ-
ously described.[26,27]

2.2 | Atomic force microscopy (AFM)

The samples here consist of 3 kbp DNA molecules (Thermo
Scientific) in the same Tris-HCl buffer used in OT
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experiments, except by the addition of 10 mM of MgCl2,
which is needed in order to deposit the DNA molecules in
mica substrates. The mixture was allowed to equilibrate for
� 20 min. An aliquot of 20 ll was deposited on the substrate
and completely dried out with nitrogen at ambient tempera-
ture (� 258C). To compare the morphologies observed with
the results obtained in the OT experiments, we have used
similar ratios of drug concentration by DNA base-pair con-
centration. The 3 kbp DNA was used to allow the visualiza-
tion of various different molecules in the scanned images
and to avoid relevant volume-exclusion effects present for
the k-DNA, due to its long contour length (48.5 kbp).[28]

The PBS buffer could not be used here because the high
NaCl concentration disturbs the DNA adsorption on the
substrates.

The mica substrates were scanned with the AFM (model
NTEGRA, NT-MDT-Russia) operating in the conventional
semicontact mode at a scan rate in the range of 1.5–3.0 Hz.
We have used NanoWorld tips with radius equal to 8 nm
and a force constant on the order of a few N/m. The experi-
ments were performed in air, at ambient temperature and
with humidity � 20%–30%. This experimental procedure has
been shown suitable to visualize the deposited DNA and
DNA-drug complexes in a reproducible and reliable way.[27]

In the Supporting Information we show some representative
AFM images of the DNA-doxo complexes deposited in mica
substrates.

To analyze the images of the deposited DNA-doxo com-
plexes, we have determined the mean contour and persist-
ence lengths and the error bars (sem) for each drug
concentration (�70 different molecules for each concentra-
tion). The analysis was performed following the procedure
of Rivetti et al.[28] Basically, we measure the contour length
L and the mean-squared end-to-end distance <R2> of the
polymer chain directly from the images. The persistence
length A can then be determined with the equation

<R2>54AL 12
2A
L

12e2
L
2A

� �� �
; (1)

which is valid for 2D worm-like chains.[28]

2.3 | Dynamic light scattering (DLS)

All DLS measurements were performed in the apparatus
ZetaSizer Nano-S (Malvern Instruments Ltd.) with a low vol-
ume quartz cuvette (ZEN2112, Hellma Analytics). The sam-
ples here consist of 3 kbp DNA molecules (Thermo
Scientific) in the same PBS buffer used in the OT experi-
ments (k-DNA is difficult to be used in DLS due to the long
contour length). The DNA molecules are equilibrated with a
certain doxo concentration directly in the cuvette used. The
DNA concentration used in all DLS experiments was 4.8
lM of base-pairs. This concentration is sufficiently low to

avoid entanglements and relevant interactions between differ-
ent DNA molecules [29]. We show the results of the experi-
ments here only in PBS because the results obtained by this
technique using our two different buffers are indistinguish-
able within the experimental error bars.

We have measured seven different samples with increas-
ing concentrations of doxo, in order to investigate the effect
of the ligand on the effective size of the DNA molecule,
measured here by the hydrodynamics radius RH, which is
obtained directly from the intensity autocorrelation functions
of the scattered light (representative raw data can be found in
the Supporting Information). For each doxo concentration,
we have performed � 70 measurements of 15 seconds each,
in order to obtain the mean results and the error bars (sem).
More experimental details can be found in Refs. 21 and 22.

3 | RESULTS AND DISCUSSION

3.1 | The contour length can be used to deduce the
physical chemistry of the interaction

Optical tweezers experiments with DNA-doxo complexes
were performed in order to determine the changes on the
basic mechanical properties (persistence and contour lengths)
as a function of the drug concentration in the sample.
Recently, we have developed a methodology to extract the
physical chemistry of the interaction from these mechanical
parameters, such that a robust and nearly complete character-
ization can be performed with a very reduced number of
experimental techniques.[18,22,26,27,30–32]

In Figure 1 we show the relative increase of the contour
length H5 (L - L0)/L0 of the DNA-doxo complexes as a
function of doxo total concentration in the sample normal-
ized by the DNA base-pair concentration (CT/Cbp), obtained
in Tris-HCl (blue squares) as well as in the PBS buffer
(black circles). Observe that in both situations the contour
length increases monotonically from the bare k-DNA value
(H5 0) up to a saturation value (H � 0.28 in Tris-HCl
and H � 0.21 in PBS). Since intercalative binding is
directly related to the increase of the contour length,[18]

these data suggest that doxo intercalation into DNA is
favored in the Tris-HCl buffer, which has lower ionic
strength ([NaCl]5 0).

In addition, observe that the data obtained in the Tris-
HCl buffer presents the typical shape observed for most
intercalators.[21,22,33–35] The data obtained in the PBS buffer,
on the other hand, exhibits a slightly sigmoidal shape which
indicates that another binding mode may exist besides inter-
calation or/and significant cooperativity can exist between
the ligand molecules.[18]

A recent work from Arnaiz et al. demonstrated that the
doxo molecules can also bind outside the DNA double-helix,
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interacting with a previously intercalated doxo molecule.[3]

Such result is related to the fact that many anthracycline anti-
biotics have a tendency to self-associate in solution,[23,24]

and such association is strengthened in high salt concentra-
tions,[23] probably due to the screening of the doxo-doxo
electrostatic repulsion. A similar sigmoidal behavior of the
contour length as a function of drug concentration was previ-
ously obtained by us for the closely related drug daunomycin
under the same experimental conditions.[33]

In order to understand the effect of the ionic strength on
the doxo binding and to extract the physicochemical parame-
ters of the interaction, we can fit the data of Figure 1 to a
convenient binding isotherm.[18] It is well established for
intercalators that H5gr, where c is a constant typically � 1
(the ratio between the extension elongated per ligand and the
distance between two consecutive base-pairs) and r is the
fraction of bound ligand per DNA base-pair, whose satura-
tion value is rmax.

[21,22,27,33] To perform the fitting, the bound
ligand fraction r can be expressed by a convenient binding
isotherm that captures the physical chemistry of the
interaction.[18]

For molecules which interact to the DNA only by simple
intercalation, there are some options to be chosen as the
binding isotherm in the fitting process: the McGhee - von
Hippel neighbor exclusion model[36] or, alternatively, the
Hill model.[18] While both isotherms explain well the mono-
tonic increase of H observed in the Tris-HCl buffer, the clas-
sic McGhee - von Hippel binding isotherm (without
cooperativity) cannot account for the sigmoidal behavior of

H obtained in the PBS buffer (see Figure 1). Therefore, in
order to perform a robust comparison between the data
obtained in the two different buffers, we have chosen the Hill
model to fit both data, thus avoiding systematic errors related
to the use of different binding isotherms. Such model is capa-
ble to account for ligand aggregation along the double
helix,[30,32] a feature usually observed for anthracyclines due
to their self-association.[23,24] The Hill binding isotherm reads

r5
rmaxðKiCf Þn
11ðKiCf Þn : (2)

where Ki is the equilibrium binding association constant, n is
the Hill exponent—a cooperativity parameter which is a
lower bound for the number of cooperating ligand molecules
involved in the reaction,[27,30] and Cf is the free (not bound)
ligand concentration in solution.

The fittings were performed using the numerical approach
detailed described in Ref. 18. To reduce the number of adjust-
able parameters, we have fixed c5 1, the expected value for
simple monointercalators such as the anthracyclines.[18,22]

The fittings are shown in Figure 1 (solid lines). From these
fittings, we extract the physicochemical parameters of the
interaction. For the Tris-HCl buffer, Ki5 (5.36 1.3)3105 M–1,
n5 1.46 0.4, and rmax5 0.306 0.04. For the PBS buffer, on
the other hand, Ki5 (2.76 0.3)3105 M–1, n5 3.66 0.7, and
rmax5 0.216 0.02.

The values obtained for the equilibrium association con-
stants are on the same order of magnitude of the results
obtained for other anthracyclines.[35,37] Observe that Ki is
approximately twice higher for the interaction in the Tris-
HCl buffer. Such result is related to the fact that a lower salt
concentration strengths the electrostatic interaction between
the negative phosphate groups of the DNA backbone and the
doxo molecules (which are monocationic), thus enhancing
intercalation.

The Hill exponent allows us to estimate the size of the
doxo aggregates bound along the double-helix.[18,30,32] The
value n5 1.46 0.4 obtained in the Tris-HCl buffer indicates
that doxo interacts with DNA in this buffer by simple inter-
calation (no aggregation) and/or by forming bound dimers.
Such conclusion is compatible to the results found by Arnaiz
et al., who have achieved the same conclusion using micro-
calorimetry and various spectroscopies in a buffer with a
very low ionic strength ([NaCl]5 2.5 mM).[3] These authors
have proposed that the dimers are composed by a partially
intercalated doxo molecule which interacts and aggregate
with another doxo molecule that remains outside the double-
helix.[3] We think that this is the only possible picture here,
since two or more aggregated doxo molecules cannot interca-
late together. On the other hand, the value n5 3.66 0.7
obtained in the PBS buffer indicates that, in this situation,
doxo aggregates bound to DNA are composed by 3 to 4

FIGURE 1 Relative increase of the contour lengthH5 (L -
L0)/L0 as a function of doxo concentration in the sample nor-
malized by the DNA base-pair concentration (CT/Cbp),
obtained with OT both in Tris-HCl (blue squares) as well as in
the PBS buffer (black circles). The solid lines are fittings to the
equationH5gr expressing r as a Hill binding isotherm
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doxo molecules in average. Here, again, only one molecule
should be partially intercalated, while the others stay outside
the double-helix. This result is compatible to the one found
by Chaires et al. for the related anthracycline daunomy-
cin.[23] These authors have found that high order daunomy-
cin aggregation occurs under [NaCl]5 185 mM, showing
that a model with aggregates composed of four molecules
can in principle explain their binding data.[23] In fact, the
Debye length is about � 4 times higher in the Tris-HCl
buffer relative to the PBS buffer, and thus a much higher
doxo aggregation is expected in the PBS buffer due to the
screening of the electrostatic repulsion between the monoca-
tionic doxo molecules. A similar aggregation behavior was
recently found for the cyclodextrin molecule when interact-
ing with DNA, although in this case the electrostatic repul-
sion was modulated by changing the surface charge of the
ligand.[30,32] Other works can be found in the literature
reporting ligand aggregation along the DNA double-
helix.[26,31,38,39]

Finally, the bound ligand fraction at saturation (rmax) is
considerable higher in the Tris-HCl buffer (�0.3) than in the
PBS buffer (�0.21). This result is due to the fact that a doxo
trimer/tetramer occupy more space along the double-helix
than a dimer or a single doxo molecule, which reduces the
effective number of available intercalation sites in the PBS
buffer. In fact, the effective binding site size can be estimated
as 1/rmax,

[18] being � 3.3 base-pairs in the Tris-HCl buffer

and �4.8 base-pairs in the PBS buffer. Observe that only
intercalated doxo molecules (and not the rest of the aggregate
which remains outside the double helix[3]) contribute to the
increase of the contour length. Thus, we really expect a
lower increase in the contour length under higher ionic
strengths.

3.2 | The persistence length is strongly force-dependent

In Figure 2 we show the behavior of the persistence length A
as a function of doxo total concentration in the sample (CT)
normalized by the DNA base-pair concentration (Cbp),
obtained with OT. As mentioned before, the experiments
were performed both in the Tris-HCl (blue squares) as well
as in the PBS buffer (black circles), and the behavior found
in the two situations is the same within the error bars.
Observe in fact that in both situations the persistence length
initially increases from the bare DNA value (�43 nm) up to
a maximum value (�64 nm) reached at CT/Cbp � 1.9, and
then abruptly decreases to around � 45 nm and remains con-
stant within the error bars at least for the concentration range
studied here.

Such behavior of the persistence length appears to be a gen-
eral property of DNA-intercalator complexes when stretched
under the force regime of F< 5 pN.[40] In fact, the same quali-
tative behavior was previously verified under our experimental

FIGURE 2 Persistence length A of DNA-doxo complexes
as a function of drug total concentration in the sample normal-
ized by the DNA base-pair concentration (CT/Cbp), obtained
with OT both in the Tris-HCl (blue squares) as well as in the
PBS buffer (black circles). Observe that A initially increases
from the bare DNA value (�43 nm) up to a maximum value
(�64 nm) reached atCT/Cbp� 1.9, and then abruptly decreases
to around� 45 nm and remains constant within the error bars

FIGURE 3 Persistence length A of DNA-doxo complexes
as a function of drug total concentration in the sample normal-
ized by the DNA base-pair concentrationCT/Cbp, obtained by
AFM.Observe that Amonotonically increases from the bare
DNA value until the saturation value of�110 nm, differing
drastically from the behavior obtained in single molecule
stretching experiments performed by optical tweezers
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conditions for the intercalators ethidium bromide,[22,33] dauno-
mycin,[33] psoralen,[34] diaminobenzidine[21] and for the bis-
intercalator gelred.[22] As detailed discussed in Ref. 40; how-
ever, such behavior depends strongly on some experimental
features, especially on the force regime used to stretch the
DNA-intercalator complexes.

In fact, in Figure 3 we show the behavior of the persist-
ence length obtained from the AFM experiments for the
DNA-doxo complexes under the experimental conditions
previously discussed. Observe that here the persistence
length increases monotonically from the bare DNA value
until the saturation value of �110 nm, differing drastically
from the behavior obtained in the stretching experiments. In
order to guarantee that no abrupt decrease on this parameter
occurs in the AFM experiments, we have used doxo concen-
trations as high as CT/Cbp � 50, i.e., 10 times higher then
the saturation value found in OT experiments.

As mentioned before, such apparent discrepancy between
the OT and AFM data can be understood on the basis of the
extensive discussion found in Ref. 40. Basically, the persist-
ence length of DNA-intercalator complexes is in general
force-dependent. The general tendency of intercalators is to
increase the DNA persistence length as a result of the various
local structures formed along the double-helix upon drug
binding, which are stabilized by hydrophobic stacking inter-
actions between the drug molecules and the adjacent base-
pairs. Nevertheless, depending on the drug concentration
and/or the force regime used to perform the experiments
with single molecule stretching techniques, a partial melting
of the double-helix structure can occur due the stretching
forces applied on the highly distorted double-helix structure
of the DNA-intercalator complexes. It is well established that
intercalators locally unwind the double-helix upon binding,
exerting a torque that distorts the hydrogen bonds around the
intercalation site. It was previously demonstrated that this
kind of structural change, when under tension, can melt the
double-helix locally,[41] forming denaturation bubbles which
induce a decrease on the effective persistence length.[42,43] In
the AFM experiments, there are no applied external forces,
such that one should expect that the persistence length
increases and saturates as the drug binds, which is exactly
the behavior shown in Figure 3.

As discussed in Ref. 40, besides the partial melting
assumption, an important issue related to the above results is
the fact that the external force applied to stretch the DNA-
drug complexes can change the chemical equilibrium
between the drug and the DNA molecule. In fact, Vladescu
et al. have shown that binding parameters such as the equi-
librium association constant and the binding site size depend
on the force applied on the DNA-drug complexes. In particu-
lar, the equilibrium constant increases exponentially as a

function of the applied force.[44] Since this constant is closely
linked to the concentration of bound drug, it is expected that
the mechanical properties of the DNA-drug complexes are in
fact force-dependent. Another work that evidences such con-
clusion was recently performed by Camunas-Soler et al.[16]

Nevertheless, it is difficult to explain the non-monotonic
behavior of the persistence length only with this assumption,
since one or more binding parameters should abruptly
change their values at the “critical concentration” where the
persistence length invert its behavior. In addition, since here
we have used only very small forces to stretch the DNA-
doxo complexes (F< 5 pN), the changes on the binding
parameters are not relevant. Thus, we believe that only a
structural change such as partial melting can explain the
abrupt decrease observed in the persistence length measured
by OT.

3.3 | DLS experiments corroborates with the partial
melting proposal

In order to put into test the above discussion about the partial
melting, a third experimental technique was used here. DLS
was chosen because it is completely different from OT and
AFM, being an ensemble-averaging technique which gives
the mean behavior of a very high number of molecules.

FIGURE 4 Black circles: hydrodynamic radiusRh obtained
from the DLS experiments as a function of the normalized drug
concentration in the sample (CT/Cbp). For comparison pur-
poses, it is also shown the radius of gyration Rg of such com-
plexes obtained both from optical tweezers (OT) (PBS buffer)
(blue squares) and AFM (green diamonds) data. The dashed
lines are guides to the eyes
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In Figure 4 (black circles) we show the behavior of the
hydrodynamic radius Rh obtained from the DLS experiments
as a function of the normalized drug concentration in the
sample (CT/Cbp) (the dashed lines in this figure are only
guides to the eyes). Observe that Rh increases monotonically
as a function of the drug concentration, which indicates an
increase on the effective size of the DNA-doxo complexes.

For comparison purposes, we also plot in Figure 4 the
radius of gyration Rg of the DNA-doxo complexes obtained
both from the OT (PBS buffer) (blue squares) and AFM
(green diamonds) data. The radius of gyration was obtained
from the corresponding persistence and contour lengths data
by using the relation [45]

Rg5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3
AL 12

3A
L
1 . . .

� �s
; (3)

where A is the persistence length and L is the contour length
of the DNA-doxo complexes. This equation predicts that Rg

increases with both A and L, as expected intuitively. In the
case of OT experiments, which use k-DNA (48.500 bp), the
contour lengths were multiplied by the factor 3/48.5 in order
to perform the comparison with the 3000 bp DNA used in
the DLS and AFM experiments.

Although Rh and Rg cannot be quantitatively compared
(Rh represents the radius of the equivalent sphere with the
same diffusion coefficient and Rg is directly derived from
pure mechanical parameters), they should exhibit the same
qualitative behavior as a function of drug concentration,
since both quantities are related to the effective size of the
DNA-drug complexes.[21] Nevertheless, Figure 4 shows that
only the Rg data obtained by AFM agrees qualitatively with
the Rh data, increasing monotonically with the drug concen-
tration. The Rg data obtained by OT, on the other hand,
increases until CT/Cbp � 1.9 and then decreases, as a result
from the abrupt decrease of the persistence length obtained
in OT experiments (see Figure 2). As discussed, this behav-
ior results from partial DNA melting due to the forces
applied to perform the stretching experiments.[40] Such forces
are not present neither in AFM or DLS experiments, which
explains the better agreement between these two techniques.
In other words, the DLS results shown in Figure 4 agree
with the partial melting assumption.

All these results together evidence that caution is needed
when comparing persistence length data obtained from
stretching and non-stretching techniques at least for DNA-
intercalators complexes. In fact one should expect that such
techniques agree well only for low drug concentrations, since
in this case the stretching forces used in the entropic regime
(F< 5 pN) are not sufficient to induce partial melting on the
DNA-intercalator complexes.[40] Thus, for these types of
complexes, the contour length data is more reliable to be

used for extracting the physical chemistry of the interaction,
as performed here.

4 | CONCLUSIONS

We have investigated the DNA interaction with the anti-
cancer drug doxorubicin by using three very different experi-
mental techniques: single molecule stretching performed by
OT, single molecule imaging performed by AFM and
ensemble-averaging DLS.

From the single molecule stretching experiments, we
were able to determine the behavior of the basic mechanical
parameters (persistence and contour lengths) as a function of
the drug concentration in the sample.

The contour length data allowed us to extract the physi-
cal chemistry and to investigate the role of the ionic strength
on the DNA-doxo binding. We have found that, at low ionic
strengths, doxo interacts with DNA by simple intercalation
(no aggregation) and/or by forming bound dimers. On the
other hand, for high ionic strengths, doxo-doxo self-associa-
tion is enhanced, giving rise to the formation of bound doxo
aggregates composed by 3 to 4 molecules along the double-
helix.

The persistence length data obtained from single mole-
cule stretching exhibits a non-monotonic behavior as a func-
tion of the doxo concentration in the sample, in contrast with
the results obtained by single molecule imaging, which sug-
gest a simple monotonic increase for this mechanical param-
eter. Such discrepancy was interpreted in terms of the
external forces applied in the stretching experiments, which
can partially melt the highly distorted double-helix of the
DNA-intercalator complexes, resulting in a decrease of the
effective persistence length.

Finally, we have performed DLS experiments in order to
evaluate the changes on the effective size of the DNA-doxo
complexes, represented here by the hydrodynamic radius, as
a function of drug concentration. This parameter was qualita-
tively compared to the radius of gyration of the complexes,
obtained both from OT and AFM, thus connecting the results
obtained from the three techniques and corroborating with
the partial melting proposal.

In summary, we have performed a robust characterization
of the DNA-doxo complexes from the mechanical and physi-
cochemical points of view, comparing results obtained from
three very different experimental techniques. Such characteri-
zation has allowed an improvement in the understanding of
the present interaction, revealing new peculiarities such as
the dependence of the size of doxo aggregates on the buffer
ionic strength, which allows one to modulate the physical
chemistry of the interaction. In addition, the methods used
here can be applied to other DNA binding ligands, thus
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providing clues about the mechanism(s) of action of impor-
tant drugs.
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