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Abstract

We investigate how DNA interacts with drugs in hdnpioly-vinyl alcohol (PVA) films by
using a homologous set of cyanine dyes {Y0O-PRG" and YOYd") known to intercalate
into DNA with increasing affinity with increasindnarge. UV-vis spectroscopy shows that the
PVA matrix destabilizes all three DNA-dye complexesnpared to agueous solution, but to a
lesser degree as the dye charge increases. ThevatlenibYO is fully dissociated from DNA
within minutes, whereas the dissociation of theallimt YO-PRO takes about one hour and
occurs by a two step mechanism. The tetravalentodoner YOYO is even less affected by
the PVA environment and remains intercalated inBR@rm DNA also in the PVA films.
The reduced stability of the DNA-dye complexesigcdssed in terms of steric and dielectric
properties of the PVA matrix. After being kept inydPVA films for 48 hours the DNA-
YOYO complexes can be reformed reversibly by reldifiying the films for 30 minutes. The
ability to store aligned and confined DNA inter¢ath with ligand complexes may be useful

in studies on structural properties of nucleic acid

Keywords: DNA-drug/dye interaction in polymeric émnment, Anisotropic PVA/DNA gel,

self-standing polymer films with nucleic acids, Quetition for dye binding



I ntroduction

Deoxyribonucleic acid (DNA), besides its uncontdstenportance for life as genetic
information carrier, has found applications in mangw developing fields including
photonics °>, molecular bioengineerin§® or biosensing*®*. Its unique properties, in
particular how the double helix structure is selfagnizing, chiral and sensitive to
environmental condition§*® makes DNA a smart biopolymer that may be tuned/émious
applications’. However, its unique molecular properties relyaotich presence of water what
makes DNA structure difficult to control. One apgeb is then to form a composite where the
DNA is incorporated in a biocompatible matrix oflyp@vinyl alcohol) PVA, a water soluble
synthetic polymer which is known as an excellensthmatrix for native DNAZ?. The
compatibility between PVA and native DNA allows fekploring DNA-drug interactions
with an insight into dynamic processes that occoiterxchanging the external conditions. It is
also valuable system to study structure and cordtiom when nucleic acids are doped with
various ligands.

One important step is then to investigate how D&iAl its complexes with ligands
behave in the environment of a PVA matrix. An idsgstem for this purpose is humidified
films of PVA because their water-content can baigh as 50%?, keeping in mind that the
films differ from a purely aqueous solution as @ee by a change in DNA secondary
structure to A-form if the PVA films are too df§. Regarding the behavior of DNA-ligand
complexes in the PVA environment we only know abadew studies, based on either the
fluorescence from nanoparticles formed by PVA ardAD**?® or by laser irradiation of
DNA-dye complexe€?’. PVA has also been used as a template for aligBiNg\-dye
complexes in a surface-lag&in the present study we use the cyanine dye -aazellow

(YO) and its two derivatives YO-PRO and YOYO (FigurB).



The complexes between these dyes and DNA in amagqusolution have been characterized
in detail. The YO-based dyes bind to DNA by intéatian between the base-paitsThe
divalent YO-PRO has a higher DNA-affinity than thenovalent YO due to a stronger
electrostatic interaction, and the YOYO dimer biegen stronger than YO-PRO most likely
because the two YO-monomers are connected by ealimic linker® similar to the linker
that was originally used to enhance the DNA-affirof ethidium bromide by forming its

homodimet*. The binding constants of the YO-type of dyes dADare summarized in Table

1.
Table 1. Properties of the cyanine dyes.
charge| K,° (M7 Amax (Nm) for absorption and (LD)
with DNA dye itself with DNA dye itselfin | dye itselfin
in water inwater | in PVA-film® | PVA-fiilm® | PVA-solutiorf
YO +1 1.010° 486 476 481 481 477
(n.m.) (n.a.) (481 +) (481 +) (n.a.)
YO-PRG +2 1.610' 490 481° 488 488 n.m.
(490 -) (n.a.) (495 -) (488 +) (n.a.)
YOYO +4 ~110" 490/460 457/481 491/465 486/465 457/485
(490 -) (n.a.) (491/465 -) | (4841464 +) (n.a.)

a. YO-PRO is referred to as YO in references *° and *°.

b. Affinity constant for mixed sequence double stranded DNA in agueous solution at 20 mM NacCl. YO-
PRO from”. YO calculated by comparing with thiazoleorange (TO) *and TO-PRO *. YOYO
estimated by comparing with ethidium bromide and its homodimer® .

c. Wavelength of peak position in absorption, and in LD (in paranthesis; the +/- indicates the sign of
the LD). From left to right: DNA-bound and free dye in aqueous solution, DNA-bound and free dye in
humid PVA-film, and free dye in a 10% aqueous solution of PVA. For YOYO the wavelength after the
slash refers to the shoulder or secondary peak in the spectra. In PVA films the absorption spectra
were measured after 4 hour of equilibration, whereas the LD-data correspond to the spectrum at the
start of the equilibration.
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n.m.: not measured; n.a.: LD = 0 for free dye.

Furthermore, as expected for the cationic YO-babeh the DNA-affinity decreaséé and
the rate of dissociation incread®ghen the ionic strength is increased. Thirdly th@ type of
dyes exhibit a strongly enhanced fluorescence dgpading to DNA (by a factor as large as
320039, because the intramolecular rotation betweengtiigoline and the benzo-oxazole
moieties is suppressed when the YO chromophorescalated in DNA®. Finally, the
absorption spectra of the YO-based dyes are semsdtithe environment as demonstrated by
the red shift they exhibit when binding to DNA** YOYO is a particularly useful probe in
this respect because also the shape of its absorgpectrum is sensitive to the polarity and
viscosity of the environmenit.

Here we exploit these well-established propertieh® homologous set of YO-based dyes in
Figure 1B and their complexes with DNA to study Didge interactions inside a humid PVA

matrix using spectroscopic methods.

Materials and methods

Materials. Poly (vinyl alcohol), PVA, with an average moleaulaeight of 80,000 was

purchased from Du Pont (Sweden) under the comnengime Elvanol 71-30. Double
stranded calf thymus DNA (Type |) was obtained fr8igma Aldrich. The dyes YOYO-1

(here denoted YOYO) and YO-PRO-1 (YO-PRO) were pased from Molecular probes and
used as received. The monomer YO was kindly pravidg Per Lincoln at Chalmers

University of Technology. The dye we denote YO-P@®.1B) is referred to as YOIh**

Film sample preparation. First PVA powder was dissolved to 10% (w/v) in an® NacCl

solution by stirring for 5 min at room temperatufée PVA-solution was then incubated at



80 C for 30 min while stirring until a transparent viscous solution was obtairgamples
containing PVA, DNA and dyes were prepared by ngxihe three constituents at volume
ratios 100:10:0,5, using stock solutions with tbkofving concentrations: 10% w/v (0,1g/ml)
PVA, 1 mg/ml DNA (3,03 mM base) and dye solutiohattwere 1mM for YOYO and YO-
PRO, but 1,14mM for YO. The final sample compositwas 0,090 g/ml PVA, 270 uM DNA
base, and 4.5 uM YO-PRO or YOYO (5.1 uM YO) in 2 mMMCI. The final mixing ratiosr(

= [dye]/[DNA base]) was = 0.017 for YO-PRO and YOYO, amd= 0.019 for YO. In a few
cases the ionic strength of DNA-dye sample waseeszd to 150 mM NaCl and then mixed
with PVA dissolved in 2mM NaCl from the start. Testimated final salt concentration in the
film was then 17 mM NaCl. Attempts to increase ith@c strength further resulted in PVA
films too turbid for spectroscopic measurements.

PVA films containing the DNA-dye mixtures were paepd following established procedures
for PVA-DNA films®>. Briefly, the PVA-DNA-dye samples (typically 1 miere poured on a
glass slide and were allowed to dry form dehydrét@é-sheets (2 days at room temperature
and dust-free environment). The sheets were theanasled into a stretching device and
hydrated into humid films by exposing them (for dBnutes if not otherwise stated) to
distilled water in a closed chamber holding 100%tiree humidity at room temperature.
Finally the hydrated films were stretched undergsame controlled humidity conditions to a
predetermined stretching ratig R Dy/D, between the lengths of the long and short axis of
the stretched film. The time-dependence of DNA-dgmplex behaviour in humid films were
studied by two methods. One approach was to perfepeated spectral measurements on a
stretched film (after it was humidified for 15 mirfince the stretching of the DNA may
perturb the dye binding equilibrium a second apgmoavas to equilibrate different
unstretched films for different times in the hungidamber and record spectra directly after

stretching them.



UV-Vis Spectroscopy
Absorption spectra were recorded on a CARY-500@tspghotometer, using as a reference

PVA films prepared as above but lacking the DNA-dgeplexes

Linear Dichroism
Linear dichroism (LD) is defined as the differenneabsorbance of light linearly polarized
parallel (4) and perpendicular (A to the macroscopic axis of orientation (in thisdy the

stretching direction of the film).

LD =4 - A, @

LD-spectra of DNA-dye complexes oriented in sualetshed films can provide information
on the orientation of the bound dye relative to E¢A helix axis®, while a non-stretched
film should exhibit zero LD. LD spectra were recetdon a Chirascan CD spectrophotometer
equipped with an LD accessory unit.

The reduced LD (LD is obtained by dividing the LD by the absorbamdethe
corresponding isotropic sample & which for an anisotropic sample can be obtaiasd

Ais= (A1 +2A1)/3 %, so that

LD _ 3-LD

LDr = =
Aiso Ajt24,

(2)

For molecules with a uniaxial orientation distribat as can be expected for DNA in PVA
matrix since the films are thick (40 um for drynill compared to the helix diameter (2

nm),LD"is a product of an orientation factor S and ancapfiactor O.



LD" =S-0 = =S(3cos?a — 1) (3)

The optical factolO is related to the angle between the helix axis and the light absorbing
transition moment of the actual chromophore, widohld be a DNA base or a DNA-bound
ligand. The orientation fact® = %2(3<co86> - 1) corresponds to the average orientation of
the DNA helix in the PVA film, where® is the angle between the macroscopic stretching
direction and the local helix axis of a particutaonlecule, and where the average runs over all
DNA molecules in the sample. The degree of heligrdationSwas calculated from the L'D
values at 260 nm using the average angl@ =86° for the DNA base&®. The binding angle
aaye for a dye with respect to the DNA helix axis chart be calculated from the [Dalue in

the visible region of its absorption spectra.

Fluorescence imaging of PVA-films.

PVA-films containing YOYO or YOYO/DNA-complexes werscanned at a 10Qm
resolution using a Typhoon 9401 gel scanner wittitatton at 488 nm and a 40 nm emission

band pass filter centered 520 nm.

Results

Absorption spectroscopy

Figure 1A shows the absorption spectra of DNA-caxes with YO, YO-PRO and YOYO
respectively, after they were equilibrated for 4utsoin a humid PVA-film. With YO the
absorption maximum is at 481 nm (dashed), while ttee DNA/YO-PRO sample the
maximum is at 488 nm (solid). The dimer YOYO giasabsorption maximum at 491 nm,
but there is also a distinct shoulder (at about 46§ on the blue side of the main peak

(dotted).
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Fig. 1 A) Absorbance spectra of DNA-dye complexes with YO (dashed), YO-PRO (solid) and YOYO

(dotted) in fully hydrated PVA films (equilibrated for 4 h) at 2mM NacCl. For the sake of comparison the
spectra were normalized to the same peak height; B) The oxazole-yellow dyes used in this study.a)

YOYO, b) YO-PRO, c) YO. Table 1 summarizes the DNA-binding properties.

When the YO-type of dyes (Fig. 1B) bind to DNA iqugous solution their absorption
spectra are redshifted compared to non-bound dyesufnmarized in Table 1, this effect has
been shown previously for YO-PRO and YOYtand is confirmed here for YO (Figure S1;
Supplementary material). Our first tool to inveatg) if the YO-type of dyes interacts with

DNA in PVA films was then to compare the absorptspectra of the DNA-dye complexes in



Figure 1A with the spectra of non-bound YO-dyeshia same PVA-film. Figure 2 shows the
absorption spectra of YO and YOYO themselves in HNfAs, and also includes their
absorption spectra in a 10% aqueous solution of PMAnded as an intermediate PVA

environment between water and the humid PVA-films.
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Fig.2 Absorbance spectra of YO (A) and YOYO (B) themselves (no DNA) in a humid PVA film

(dotted) or in a 10% w/v PVA solution (solid). For the sake of comparison the spectra are normalized

to the same peak height.

Starting with YO (Fig. 2A) in the 10% PVA-solutidhe maximum is at 477 nm (solid), close

to the 476 nm of YO itself in water (Fig. S1), bata humid PVA film the YO absorption



spectrum is redshifted by 5 nm to give a maximum&it nm (dotted). YO-PRO exhibits a
similar 7 nm redshift, from 481 nm in aqueous sohut* to 488 in a humid PVA film (results
not shown). The absorption spectrum of YOYO (FiB) & more strongly affected by the
PVA matrix. In the 10% PVA-solution the main maximus at 457 nm with a secondary
maximum at 485 nm on the red side of the main fgeakd), similar to the spectrum of
YOYO dissolved watet*. By contrast, in the humid PVA film theYOYO speotr is seen to
have a reversed spectral shape with the maximu#8&tihm and the secondary peak on its
blue side at 465 nm (dotted).

Comparing Figures 1A and 2 (cf Table 1) shows thatpresence of DNA in the PVA matrix
causes no redshift of the absorption in the caséfand YO-PRO, which suggests theses
dyes do not interact with DNA in humid PVA-filmst(kast after 4 hours). YOYO on the
other hand exhibits a marked redshift and alteggzttsal shape in the presence of DNA,
indicating a DNA interaction also after 4 hoursnear dichroism was used to further

investigate the binding mode and the dynamics @DNA-dye complexes.

Linear dichroism spectroscopy

DNA without dyes

First we investigated the alignment of DNA itselithout dye by using the DNA-absorption
around 260 nm. Figure 3A shows how the correspgndii spectrum evolves over time after
the humidified PVA film was stretched to R 1.5 (at 2 mM NacCl). That the LD is negative
shows that the DNA helix axis is more or less adjmvith the stretching direction of film, in
agreement with previous reportsFigure 3A also shows a slight shift in the positiaf the
LD minimum, starting at 261 nm after 5 minutes agaching a final position at 258 nm at the
end of the equilibration. This observation confirthat the DNA secondary structureturns

from A-form in the partially hydrated PVA film atdy times to a B-form DNA in the fully



humidified films?3. The PVA itself exhibits a positive LD as the faérare stretched (Fig. S2
in Supporting information) and the DNA spectra igufe 3A were obtained by subtracting
this LD contribution from the aligned PVA matrixa Figure 3B the solid circles show how
the amplitude of the PVA-LD (at 350 nm where DNAedmot absorb) increases over time
after stretching, and the solid squares show h@athplitude of the (negative) DNA LD at
258 nm evolves in the same time span. The PVA aNé Rlignment are seen to increase
essentially in paralell over tens of minutes, agalch their final level about 40 minutes after
the film was stretched.

Figure 3C shows the corresponding LD spectra of Did#en the PVA film contains 17 mM
NaCl. The spectra are seen to be virtually timespshdent when compared to the changes
seen at 2 mM NacCl (Fig. 3A) including that the LDnmmum has reached 258 nm already
after a few minutes. A plot of the LD amplitude2&8 nm vs time (open squares in Figure
3B) confirms this time-constancy, and a plot of tiefrom the PVA-matrix (open circles) is
seen to be as constant as the DNA-LD. Finally we tloat the DNA-LD at 17 mM NacCl is

about five times lower than the final DNA-LD at 2mN&CI.
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Fig. 3 Time-dependence of the DNA alignment in stretched PVA films. The initially dry films were

humdified for 15 minutes and then stretched to Ry = 1,5 at time zero. LD spectra were recorded at
indicated times in films that contained 2mM (A) or 17mM NacCl (C). Panel B shows LD amplitudes vs
time in PVA-DNA films containing 2 mM (solid symbols) or 17 mM NaCl (open symbols). Squares
show the amplitude of the (negative) DNA LD at 258 nm (corrected for the LD-contribution from PVA)
and circles show the amplitude of the (positive) LD from PVA at 350 nm (where DNA does not absorb)

scaled to coincide with the DNA LD at time zero.

DNA-dye compl exes.
YO.Figure 4 (solid) shows the LD spectrum of the YOMBbmplex in a humid PVA film

streched to R= 1.5.
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Fig. 4 LD-spectra of YO/DNA (solid) and YO itself (dotted) in a humid PVA film stretched to Rs = 1,5.

2 mM NacCl.

The negative LD at 258 nm confirms that the DNAbhd still preferentially oriented in the
stretching direction of the film (cf Fig. 4). ThdLcontributions above 300 nm stems from the
YO dye, and the positive LD sign in its main absiomp band (maximum at 481 nm) shows
that the long-axis of the YO chromophore is aligmath the stretching direction. That the
long axis of the dye is more or less paralell ® EINA helix axis strongly indicates that YO
is not longer bound to DNA in the PVA, if YOwasentalated between the base pairs its long
axis would be perpendicular to the helix aXisindeed, YO by itself (no DNA) in a humid
PVA film stretched to the samesR 1.5 also exhibits a positive LD in the dye apson
band (Fig. 4; dotted), and the spectral shapedstichl to that observed for the DNA-YO
sample. Repeated measurements showed that themovedgange in the LD spectrum of the

YO-DNA sample over time.



YO-PRO. In contrast to YO/DNA (Fig.4) the LD-spectrum ofOYPRO did change over
time. Figure 5 shows LD spectra recorded aftertidahYO-PRO/DNA samples had been
equilibrated in three separate PVA films for 15 wés, 1 hour or 24 hours, and then
stretched to R= 1.5. The spectrum recorded after 15 minutes.%Figed solid) shows a
negative LD in the main dye absorption band, winchcates that a majority of the YO-PRO
molecules remain bound to DNA at this stage (SesWision). However, when the same
YO-PRO/DNAsample was allowed to equilibrate for dmir before the film was stretched
(Fig. 5; blue solid) the dye-LD has turned mostbsitive, indicating that most YO-PRO
molecules now have dissociated from the DNA in egnalwith YO (Fig. 4).After 24 hours
the dye LD has turned fully positive suggesting ptete dissociation, but it should be noted
that the dye-part of the spectrum still differgstly from that of YO-PRO itself in a stretched
PVA film (Fig.5 dotted). Figure 5 also shows thia¢ (negative) LD signal of DNA at 258

nm has increased in amplitude by about 25% afteyut.
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Fig. 5LD-spectra of DNA/YO-PRO after the indicated times (solid), and of YO-PRO itself (dotted), in

humid PVA film stretched to R; = 1,5. 2 mM NacCl.



LD (AU)

The kinetics of the YO-PRO dissociation was studigdrecording repeated LD spectra on
one and the same humid PVA film kept stretched@aflF3. Figure 6A shows the change in
the dye absorption band over about 1 hour. Thedpsctrum (18 minutes) has negative dye-
LD with a peak at 497 nm, which gradually decreaseamplitude and is replaced by a
positive band which has a maximum at 481 nm affeméhutes, although it should be noted

that both peak positions exhibit a steady red st time.
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Fig.6 Time dependence of LD spectrum of YO-PRO/DNA in humid PVA film. A) LD spectra in the

visible region measured at indicated times after the film was humidified and stretched to Rs = 1.5. Also
included are the measured LD spectrum of free YO-PRO (Fig. 6), and the derived LD spectrum for
DNA-bound YO-PRO in the PVA film (See Discussion). B) Main panel: Fraction a of free YO-PRO
versus time, obtained by resolving the spectra in A) into the spectral contributions from bound and free
form also shown in part A). The curve is the least square fit taa = o + 0,[1-€V"] with a; = 0.27 */.0.01,
a, =0.48 */.0.01 and 1, = 33 "/.2 min. Inset; Ratio of concentrations of free and bound YO-PRO vs

time. Line is least square fit to a straight line.

Figure 6B (main panel) shows the fractiarof free YO-PRO vs. time, as obtained by

resolving the measured LD spectra in Figure 6A th® contributions from bound and free

dye spectra shown in the same figure. (See FigBrin Supplementary material for details).

The amount of free YO-PRO clearly increases witletibut it is also seen that the time delay

in our present protocol (about 15 minutes before finst spectrum) prevents us from

monitoring the early stages of the dissociatiore iftset of Figure 6B shows that a first order
sttt

dissociation modelo( = 1-e") failed to describe the data, since the ratioreé fand bound

dye concentrations form a straight line that faipass through the origin. A two-step process

o = ag[1-e"™+ a[1-e" (4)

described the data well, but the fit was insensitv the parametay due to the time gap in
the experimental data. The best fit (curve in Big) was obtained by replacing the first term
in (4) by a step of amplitude that occurs faster than the experimental delayallg, the
need for the termx; to get a satisfactory fit does not stem from filge being present at time
zero. The high binding constant for YO-PRO to DNAans that more than 99% of the dye is
bound in the original dye/DNA mixture under our ddions (see Supplementary material), so

it is reasonable to assurae= Oat the start of the experiment in Figure 6. fitied parameter



values (see caption of Fig. 6) shows that the sltetep has about twice the amplitude of the
first one and occurs with a time constant of al@utminutes. Together the two processes
contribute a total amplitude of 0.75 to the fractiof free dye, suggesting that a non-

negligible fraction of YO-PRO remains bound to DKo after long times.

YOYO. Figure 7 shows the LD spectrum of YOYO/DNA andY@dYO itself in a humid

PVA film stretched to R= 1.5.
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Fig. 7 A) LD-spectrum of YOYO/DNA solid) and YOYO self (dotted) in humid PVA film stretched to R

=1,5. Dashed (and right-hand scale): LDr spectra in the main dye and DNA absorption bands.

Free YOYO has a positive LD in the dye absorpti@nd (maximum at 486 nm), in
agreement with free YO (Fig. 4) and YO-PRO (Fig.\When DNA is present the YOYO dye
is seen to exhibit a negative LD in the visibleioagwvith a minimum at 491 nm, redshifted by
5 nm compared to the (positive) LD of the free dyigure 7 also includes the LBpectrum

of the YOYO/DNA sample (dashed), and it is seert tH2' varies with wavelength in the

DNA band (around 260 nm) but is essentially cortstathe dye absorption band. The overall



LD" level in the DNA band is clearly less negativentiae LD of the dye, as previously
observed for the YOYO/DNA complex in aqueous solutf’. As discussed below these
observations support that YOYO is intercalated MA0n the PVA matrix.

In contrast to YO-PRO (Fig.5) the LD spectrum oDYO/DNA in Figure 7 was
essentially constant over an hour. The behaviouh@fYOYO/DNA complex over 20 hours
was studied by recording LD spectra on a PVA filepkat R = 1.5, and Figure 8A shows the
resulting spectra in the dye absorption band atateld times. The decrease in LD amplitude
over several hours suggests that YOYO eventuadlyatiates from DNA but the dissociation
is slow compared to YO-PRO: even after 18 hoursetlaee no signs of the positive LD of
free dye seen with YO-PRO already after 1 hour.(Big Figure 8B shows the relative LD
amplitudes (compared to time zero) versus tim@58tnm for DNA (spectra not shown) and
at 491 nm for YOYO. The DNA-LD is seen to be eswsdiytconstant over time, showing that
the helix alignment conferred by the stretched RWatrix does not change appreciably over
20 hours. By contrast, there is a clear decreatigihD amplitude of YOYO (491 nm) in the
same time span. Since there is no change in tgenaéint of the DNA helix YOYO binds to,
the decrease in LD at 491 nm can be ascribed sodbbound dye. The curve in Figure 8B
shows the best fit of the dissociation to a biexgniial decay with time constants of 0.9 and
9.2 h (see legend of Fig. 8 for fitted parametefr$le fitted amplitudes show that a major

fraction of the initial LD signal (about 75%) remaiat long times.
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Fig. 8Long term stability of DNA/YOYO complex in PVA. A) LD-spectra of YOYO-DNA in PVA at the

indicated times after the film was humidified and stretched to Rs = 1.5. B) Normalised LD" = LD(t)/LD(t
=0) at 258 nm and 491 nm as a function of time after the film was stretched. Curve is best fit of LD" at
491 nm to a biexponential decay LD" = 0.76 */.0.01 + (0.07 */.0.01)e™ + (0.17 */.0.01)e™"? with t, =

0.977.03handt,=9.2"7.1.9h.

The high stability of the YOYO/DNA complex allowadas to study how the binding of
YOYO to DNA depends on the degree of film stretghiRigure 9 shows the LD spectra of
YOYO/DNA when R is increased stepwise from 1 to 2. The amplitudsoth the DNA band
(around 260 nm) and YOYO (centered at 491 nm) én e increase as the stretching of the
film increases, as expected since both the DNAxhaid its complex with YOYO should

become better aligned. The peak position of the OfdAd stayed at 258 nm throughout the



stretching experiment, so the degree of helix atignt (S) could be calculated from the LD
values measured at 258 nm, usi@NA) = 86> in equation (3). The inset of Figure 9
(open symbols) shows how the obtained S-valuessaser and level off as the film is
increasingly stretched.

Also included in the inset of Figure 9 (solid syri#)as the ratio LD(491)/LD(258),which is
seen to increase and level off with increasiggnRparalell with the DNA orientation (S, open
symbols).The LD signal at 491 nm depends on howyniye molecules are bound to the
DNA as well as on how well the target DNA helixalgned. Dividing by the LD at 258 nm
compensates for the latter effect, so the LD radio be taken to reflect the amount of bound
YOYO. The observation that the LD ratio increasé$ wcreasing Rthus indicates that the
amount of DNA-bound YOYO increases as the filmtrietshed. The data in Figure 9 took 2
hours to collect, so it is worth noting that any YQ-dissociation that may occur in that time

span (Figure 8) would affect the LD ratio in thgoogpite direction.
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Fig.9 LD-spectra of YOYO/DNA in a humid PVA film at indicated stretching ratios Rs, recorded after

an equilibration time of 20 min before each spectrum. Inset: the ratio LD(491)/LD(258) (solid), and the

helix alignment S (open) calculated from LD(258) as described in the text.



Drying and rehydration of PVA-DNA/YQOYO films.

In further experiments PVA-films containing DNA/Y@Y complexes were dried for 2 days,
and then humidified once again. During drying (5#.in Supplementary material) the
amplitude of both the DNA and dye LD bands decreédsé they stayed centered at 258 nm
and 491 nm, respectively. During the rehumidificatboth bands grew in amplitude again,
similar to the increase in the DNA amplitude seenird) humidification of the DNA-PVA
films (Fig. 3), and the peak wavelengths again iegthat 258 and 491 nm.

Figure 10 shows the time dependence of the rattheof.D-signals at 491 and 258 nm during
the drying and the subsequent rehumidification. fEti® tends to reach a plateau after about
30 minutes of drying, but it is also seen that treio increases further upon
prolongeddesiccation for 48 hours. During the reidififnation the LD-ratio decreases

gradually, and reaches the value in the originatiduilm (0.61) after about 30 minutes.
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Fig. 10Ratio of dye LD (491nm) and DNA LD (258nm) during drying and rehumidification calculated

from the data in Figures SZ A and B (Supporting information). The drying process was monitored for
30 min, and then the film was dried for another 48 hours before the humidification step. Curves are fits
to monoexponential process with time constants 12.7 /. 0.3 min for drying and 7.8 */. 0.3min for

humidification.



Discussion

In aqueous solution the three YO-based dyes stuuked (Fig. 1) bind to double-stranded
DNA by intercalation?®*® with binding constants of $M™ or higher (Table 1). Here we
investigate how these dyes bind DNA if the aqueengironment is replaced by a humid
PVA film. The film samples were prepared by mixiAgA-solutions with preformed DNA-
dye complexes, and the high binding constants meaais more than 99% of the dye
molecules were bound to the DNA at the outset ef VA experiments (See Supporting
material). We first discuss the mode of DNA bindinghe PVA matrix and how stable the
dye/DNA complexes are compared to aqueous solufibaese findings are then discussed in
terms of how dielectric and steric effects of thHéAPmatrix may affect the DNA and its

interaction with the YO-type of dyes. Finally wenstder the properties of the PVA-DNA

films as a composite biomaterial, looking at batimiidified and dried states of the films.

DNA binding of the YO-type of dyes in PVA films

YO: When YO binds to DNA in aqueous solution its ab8orpspectrum is redshifted by 10
nm compared to the non-bound dye (Fig. S1; Tahleutf)when the same YO/DNA complex
is inside a humid PVA film (Fig. 2) the absorptioraximum is at the same wavelength (481
nm) that YO exhibits itself in a film without DNAF{g. 3; Table 1). This observation
indicates that YO is not bound to DNA in the filnmee a redshift is commonly observed
when intercalators such as ethidium bronfitland YO-PRG* bind DNA. The LD spectrum
of the YO/DNA-sample in a stretched PVA film (Fi§) supports this conclusion by the
positive sign and the spectral shape being the sanfer YO in a PVA film that lacks DNA

(Fig. 5), as expected if the dye is fully dissoetht



YOPRO: The maximum absorption of YO-PRO is at the sameelength (488 nm) whether
the PVA films contain DNA or not (Table 1), indigag that YO-PRO is not DNA-bound in
PVA after 4 hours as was concluded for YO. Howettss, LD spectra in Figure 6 show that
the dissociation of YO-PRO from DNA takes at leasé hour, much slower than YO which
is fully dissociated already after 15 minutes (K. Importantly, the YO-PRO dissociation is
not an effect of the film-stretching per se becatls® same spectral signs of YO-PRO
dissociation are observed if the LD is measuredrmmand the same stretched film over time
(Fig. 7) or on different films that were equilibedt for different times before being stretched
(Fig. 6). Below we discuss how the PVA-film enviment may destabilize the YO-
PRO/DNA complex compared to an aqueous solution.

The derived LD spectrum of bound YO-PRO in PVA (Figdashed) indicates that this dye
binds DNA by intercalation. The negative LD signclexies other modes such as groove
binding and is consistent with intercalation. Settgithe 7 nm red shift compared to free YO-
PRO in a PVA film (Fig. 7, dotted) is similar toet® nm red shift observed when YO-PRO
intercalates DNA in aqueous solutfdnFinally the bound spectrum has a more marked
shoulder than the free form, in agreement with HaMA-binding affects the shape of the
absorption spectra of YO (Figure S1) and YO-PRO

YOYQ: Our results show that YOYO forms a stable DNA-coempih humid PVA films by
intercalation. The absorption maximum of YOYO id sghifted by 5 nm when the PVA film
contains DNA (Table 1), in contrast to the lackDiMA-induced absorption shift we obtain
with YO and YO-PRO, which indicates that a majonfythe YOYO molecules remain bound
to DNA in the PVA matrix after 4 hours. Even moaneincing is that the negative LD in the
dye absorption band around 491nm gives a dyelé&| which is more negative than the'LD
of the DNA bases around 260 nm (Fig.8), in agreemath observations on the intercalated

YOYO/DNA complex in aqueous solutid.An intercalative mode of binding also explains



why the amount of bound YOYO increases in paraligh the degree of DNA alignment
(inset of Figure 10) because the affinity of intdators is known to increase when the DNA-

molecules are stretched mechanic8lly

Dye affinity and dissociation from DNA in PVA film.

Mechanism of dye dissociation. The results in Figure 6 show that the fractionreéfYO-PRO
dye increase in a two-step fashion, since a mormexptial decay of bound dye failed to
describe the data whereas a biexponential fit wbdaisfactorily. We propose that the two
steps correspond to that YO-PRO initially dissasatirom the DNA molecule and
binds/interacts with the PVA-polymers in its viginiwhere the dye becomes aligned with a
positive LD), and that the second step correspomdigrther transport of the dissociated YO-
PRO into the rest of the PVA film which would makeailable interaction-“sites” in the part
of the PVA matrix that is close to the DNA moleculéhat the first step is too fast to be
monitored by our present approach is reasonabte sitake seconds or less for YO-PRO to
dissociate from DNA in aqueous solutidh The diffusion into to the rest of the PVA filmrca
be expected to be retarded by the steric or atteactO-PRO/PVA interactions that are
evident from the alignment of dissociated YO-PR®@,astime scale of 30 minutes is not
unreasonable but needs to be confirmed by studidow fast YO-PRO itself moves in
humid PVA films.

Dye affinity for DNA and PVA. The dissociation of YOYO is considerably slowerrnhvaith
YO-PRO since the longer time constant is 9h for YA{Fig. 8) compared to 30 min for YO-
PRO (Fig. 6). On the other hand YO dissociatesess lthan 15 minutes (Fig. 4) and thus
faster than YO-PRO. The same trend of decreasisgpdiation rates in the order YO, YO-

PRO and YOYO has been observed in agarose hydragélagqueous soluticf



A more direct measurement is the relative amoundlyaf that is bound to DNA when the
dissociation process has ended in a binding equiiib That the LD spectrum of YO (Fig. 4)
does not change with time shows that the dye i94d@3&sociated already after 15 minutes.
With YO-PRO the LD spectra (Fig. 6) indicate thabat 75% of the dye has dissociated at
long times, in agreement with that the LD spectofimY O-PRO/DNA deviate from that of
free YO-PRO even after 24 h (Fig. 5). In the cas€@YO we were not able to deconvolute
the spectra into contributions from bound and filge due to the slow dissociation, but the
final level in the fit in Figure 8 suggests thamajority of the YOYO molecules (roughly
75%) remain bound in the limit of long times.

Taken together the dissociation rates and finalspBctra indicate that the affinity to DNA in
PVA increases in the same order as in aqueous@ulO < YO-PRO < YOYO (Table 1).
However, in the polymeric environment a competitbreding of the dye to the PVA affects
noncovalent interactions between the dyes and dosgblanded DNA. The estimated
equilibrium fraction of PVA-bound dyes (100, 75 a?8%, respectively) indicates that dye
affinity to PVA is increasing in order: YOYO < YOR® < YO and is inversely proportional
to that of DNA. The binding constant2®™ for YO means that more than 99% would be
bound in aqueous solution at the DNA and dye camagons we use (see Supporting
material), in contrast to the 100% DNA-dissociated instead bound to PVA in polymer
environment. A similar destabilization of the DNAmplexes with YO-PRO and YOYO in
PVA is evident from the fact that both dyes disateiand start interacting with polymer to a
substantial degree in the films (75 and 25 % rdspayg) in spite of their higher binding

affinity to DNA in aqueous solution (Table 1).

Dielectric and steric environment of humid PVA fdm




Dissociation of the YO-type dyes from DNA in hunR¥A films may be due to a reduction
of the forces that drive the dyes to bind DNA irethrst place, and/or to dye-PVA
interactions that compete with the DNA-binding.

All three dyes become aligned when by themselvestiatched films (dotted curves in
Figures 4, 5 and 7), which shows that they intenattt the aligned PVA matrix. One possible
cause is steric (repulsive) confinement of the ay#ecules between the PVA chains as the
film is stretched, it is known that viscous sohgeitcrease the quantum yield of free YOYO
34in a way similar to what we observe with free YO¥Ohumid PVA films (Fig. S5). The
overriding type of dye-PVA interaction seems todbeactive however: Figure 5 shows that
YO-PRO molecules become aligned even if they etiterPVA matrix after it has been
stretched and in Boltzmann-terms it is unlikelytttiee dye becomes oriented by entering a
repulsive cage. Attractive PVA-dye interactions e#so explain the enhanced quantum yield
of free YOYO in PVA (Fig S5) because binding to P¥sAexpected to restrict the intra-dye
rotation that is known to quench the YO-fluores@eirc aqueous solutiéh If present, such
attractive dye-PVA interactions would contribute ttte destabilization of the DNA-dye
complexes we observe.

The PVA environment may also reduce the attradgtiteractions that drive the YO-type of
dyes to bind DNA. That YO and YO-PRO both are rétisth in their absorption compared to
the same free dyes in water (Table 1) indicates tha PVA matrix is a less polar
environment since a similar redshift is observecemithe two dyes enter the hydrophobic
interior of the DNA helix from water (Table 1). Thehaviour of free YOYO supports this
picture, the shape of its absorption spectrum igact a sensitive probe of the dielectric
environment. In aqueous solution YOYO exhibits ersed spectral shape compared to YO
and YO-PRO (the shoulder of YOYO is on the blueesid its maximum), which has been

ascribed to stacking of the two YO chromophore¥®fO in water®*. Figure 2 shows that



in humid PVA-films the YOYO spectrum instead has ghoulder on the red side of the
maximum, similar to the shape in less polar solvesuich as ethandf. Interaction with the
hydroxyl groups of the PVA matrix is a possibilgince glycerol has a similar effect on the
YOYO spectrum® as the PVA films, but seems unlikely since YOYChieits the same
reversed spectral shape in an aqueous solutiorVaf (Fig. 2) as in pure watet’.Taken
together these observations indicate that the hiwid-film presents an environment which
is less polar to the YO-type of dyes than an agsisolution.

The reduced polarity of PVA films is likely due #&oreduced water activity compared to a
pure aqueous solution, perhaps because water nedecan hydrogen bond to the PVA
chains. At any rate one result is a lower effectligectric constant in the PVA environment,
which would in fact strengthen the electrostaticaation that is knowri® to be important to
drive the cationic YO-dyes to bind DNA at the lomnic strength we use here. However, a
reduced water activity will also weaken the hydmpilc and stacking interactions that are
essential for intercalation and such effects, imlomation with competitive dye interactions
with the PVA matrix, are the most likely sourcesine the increased dye dissociation from
DNA in the PVA films. A lower water activity wouldlso strengthen any hydrogen bonds
between dye and DNA, but those are of little imaoce for intercalators compared to groove

binders®™.

Material properties of PVA-DNA biocomposite films

DNA secondary structure and alignment. The spectral LD shifts in Figure 3 confirffithat

DNA is in B-form in fully humidified PVA films. Thé is an important observation for the
present study because it means that when YO-typyed binds the DNA molecules they
have the same secondary structure in PVA as incagusolution where the properties of the

complexes are well characterized. Figure 3 alsevshbat the B-form is reached faster when



the salt concentration in the film is raised froto2l7 mM NacCl. Since the A to B transition
requires a certain level of water activitythe faster B-conversion indicates that PVA films
are more rapidly humidified when they contain mesdt (perhaps because they are more
hygroscopic), and that equilibrium degree of filomidity may take as long as 40 minutes to
reach at low salt.

The slow alignment of DNA at 2 mM NacCl (Fig. 3A)aes in parallel to a similarly slow
increase in the PVA alignment (Fig. 3B) and sifee ¢hange in DNA secondary structure is
observed in the same time range all three effeots naost likely due to an ongoing
humidification after the film was stretched. Thhe tPVA and DNA change in parallel is
supported by the observation in Figure 3C (higlh):sélthe PVA alignment is fast so is the
DNA alignment. That the final degree of DNA aligant is lower but attained faster in films
that contains more salt (Fig. 3) can be understomd the fact that the persistence length of
double-stranded DNA decreases from 85 nm at 2 mKlI & 55 nm at 17 mM Naéi since

a more flexible DNA polymer is expected to exhiditower degree of helix alignment but
also to adapt faster to the stretching of the PVari.

Long-term stability. The PVA films are sturdy as an environment for DNWlecules and
their dye complexes. The DNA alignment is stablenf@ny hours also in humid PVA films
(Fig. 8B), which is surprising since in aqueousuioh DNA molecules of the lengths used
here would relax in milliseconds and in secondgatymeric hydrogef$.The results of
Figure 10 shows that PVA films with DNA-YOYO compks can be stored in dry state for at
least 2 days and then be rehydrated in a reverfgbhion in about 30 minutes. The increasing
and then decreasing ratio LD(491)/LD(258) suggdebtt the amount of bound YOYO
increases during drying and decreases upon rehiiraithn, a reversibility that supports that
a majority of the YOYO remains bound to DNA at difpmium also in humid PVA. The DNA

maximum remains at 258 nm during both the dryind eghydration step, and there are no



signs of the shift to 261 nm seen with DNA itsdfig. 3). This observation suggests that
YOYO stabilizes the B-form of DNA when the PVA-fisrare dried.

The weak DNA alignment we observe also withouttshiag the films (Fig. 9) probably
arises due to a DNA combing effect when the PVAIsohs are allowed to dry, as has been
observed at the receding meniscus of a drying dtapi aqueous DNA soluti6hThe dry
films exhibit a weak DNA LD which is reinforced # film is humidified (data not shown),
similar to the increase in DNA LD seen in when 8lonly containing DNA are humidified

(Fig. 3A).

Conclusion

Dyes from cyanine group YO, YO-PRO-1 and YOYO wareestigated here in terms of
binding properties in poly (vinyl alcohol) humidlggo DNA. PVA in film state strongly
destabilizes noncovalent interactions between gatating dyes and double-stranded DNA.
Polymeric film environment effect both, dye as wadIDNA properties. Low water activity in
highly dense polymeric environment weaken the stgckiteractions in DNA double helix
what further affects dye binding. That promotesaattve interactions between dye molecules
and PVA what leads to steric confinement of the idya polymer matrix. All molecules are
bound to PVA in the case of YO dye. Divalent YO-PRIhains partially intercalated (25%)
within double helix whereas bis-intercalation of YO is predominant (75%) in films. We
can conclude that binding, structural propertied dynamics of dyes and drugs with higher
affinity to B-DNA than 16 M can be investigated in humid elastic gels. The DiAg
complexes can be stored even in dry state of PWAraformed by rehumidifying. Easiness
of controlling the hydration levels and long-tertalslity of the films (1. orientation stability
as long as 48 h 2. intercalation of homodimer 24llow restraining DNA for weeks without

losing its unique molecular properties. This recleas a first step to better understand the



behaviour of DNA in strongly hydrophobic environmeAnisotropic PVA can be a good

host medium for studying DNA secondary structuremth is doped with intercalating dyes.
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