
1 

 

Short Oligonucleotides Aligned in Stretched 

Humid  Matrix – Secondary DNA structure in 

Poly(Vinyl Alcohol) Environment 

Piotr Hanczyc1,2, Björn Åkerman1 and Bengt Nordén1 

1Department of Chemical and Biological Engineering, Chalmers University of Technology, 
SE-41296 Gothenburg, Sweden 
 
2Institute of Physical and Theoretical Chemistry, Wroclaw University of Technology, 50-370, 

Wroclaw, Poland 

Abstract 

We report that short synthetic, double as well as single stranded DNA, can be aligned in 

stretched humid poly(vinyl alcohol) (PVA) matrix and the secondary structure (nucleobase 

orientation) can be characterized with linear dichroism (LD) spectroscopy. Oligonucleotides 

of lengths varying between 10 (3.4 nm) and 60 bases (20.4 nm) were investigated with respect 

to structural properties in the gel-like polymer environment. The DNA conformation as a 

function of relative humidity reveals a strong dependence of helical structure of DNA on PVA 

hydration level, results of relevance for nanotechnical studies of DNA-based supramolecular 

systems. Also, the PVA gel could provide possibilities to test models for nucleic acids 

interactions and distribution in cell contexts, including structural stability of genetic material 

in the cell and PVA-packaging for gene delivery.  A method by which duplex 

oligonucleotides, with sequences designed to provide specific binding sites, become amenable 

to polarized-light spectroscopy opens up new possibilities for studying structure in DNA 

complexes with small adduct molecules as well as proteins. 
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Introduction 

Nanobiotechnology has become one of the fastest developing areas within biosciences where 

understanding the interactions between bio-macromolecules on a molecular level is a 

challenge. Short synthetic DNA oligomers may also be used as building blocks in two- and 

three-dimensional nanostructures1-4, or more complicated constructs on a larger scale be 

assembled utilizing origami technique5-7. While oligonucleotides coupled to nanoparticles or 

quantum dots8-11 provide interesting implementations of nanotechnology into the fields of 

biology and medicine, there is a general lack of knowledge how such constructs might be 

affected by change of external conditions such as water content and presence of hydrophobic 

polymer constituents.  More specifically, understanding how water activity influences DNA 

structure is of fundamental importance for applications of nanobiotechnology in which 

individual DNA strands act as structural elements, as well as for fundamental understanding 

of molecular interactions at gene level in the nucleus and in spores at low water content.  

One approach taken in various contexts is to form a composite of DNA incorporated in a 

matrix of poly(vinyl alcohol) (PVA), a water soluble synthetic polymer which is known as an 

excellent host matrix for hydrophilic molecules such as DNA when having a large water 

content12-15. Water content in humidified films of PVA can be as high as 50% w/w 16 and can 

be easily controlled by adjusting relative humidity conditions in a closed chamber in which 

the mounted film is kept. Previous studies in PVA have been restricted to long DNA, the 

shortest being sonicated fragments of lengths around the DNA persistence length (50  nm). A 
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few early attempts in our laboratory to study very short DNA (10 bp) failed, possibly due to 

suboptimal, denaturing solution conditions and less sensitive measuring technique. 

    Here we report that indeed also short oligonucleotides can be aligned in double-stranded 

form in stretched humid poly(vinyl alcohol) (PVA) matrix but that complete destacking and 

denaturation occurs when water activity is below a critical threshold. The dense gel 

environment, which might also be thought of as mimicking molecular crowding in the cell 

nucleus, is excellent for investigating how structural properties of oligonucleotides are 

affected by confinement and lowered water content. Also, it is a relevant system to study in 

context of using polymer gels as delivery platforms in genetic and drug delivery applications, 

as short DNA and duplex RNA (siRNA) are extensively exploited in genetics as a tool for 

targeting DNA (antigene strategy) 17 or RNA (antisense strategy) 18, 19. For the latter 

applications usually, the nucleic acids are in mixtures with non-toxic polymers such as 

polyethylenimine (PEI) 20 , polyethylenglycol (PEG) 21 or poly(vinyl alcohol) (PVA) 14, 22   

that may constitute protection shells for the delivery process. Generally little is known about 

the influence of the polymers on properties and conformation of the nucleic acids23.  

Using linear dichroism spectroscopy we have investigated properties of short synthetic DNA 

incorporated in PVA as a function of relative humidity and oligonucleotide length.   

 

Materials and Methods 

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

purchased from Du Pont (Sweden) under the commercial name Elvanol 71-30. 

Oligonucleotides were obtained from ATDBio (England) and used without further 

purification. In order to form a duplex, equimolar concentrations of complementary strands 

were mixed followed by hybridization. First, the sample was heated to 85 oC and then subject 

to stepwise cooling to 20 oC was done. 
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Tab. 1 Oligonucleotides sequence composition and base concentration* 

*Oligonucleotides dissolved in 2 mM NaCl buffer prior mixing with PVA.  

 

Film sample preparation. PVA powder was dissolved to 10% (w/v) in a 2 mM NaCl solution 

by first mixing it during stirring for 5 min at room temperature. This PVA mixture was then 

incubated at 80 oC (water bath) for 30 min while stirring, until a transparent viscous solution 

was obtained. Samples containing PVA and DNA were prepared by mixing the two 

constituents at volume ratios 100:10 using stock solutions with the following concentrations: 

10% w/v (0,1g/ml) PVA and DNA oligonucleotide see Table 1.  

PVA films containing oligonucleotide were prepared following established procedures for 

PVA-DNA films24. Briefly, the PVA-DNA solution (typically 1 ml) was poured on to a glass 

slide and allowed to form a dehydrated PVA sheet (2 days at room temperature in dust-free 

environment). The sheets were then assembled into a stretching device and hydrated to 

base sequence GC 

content 

Stock conc. 

per single 

strand (µM) 

10 mer Seq. 1:   5’-CATCTGTTCG-3’  

Seq.2     5’-TCTGAACCAC-3’       

50% 322   

14 mer 5’-TCCGTCTGCAGCGT-3’ 64% 276   

20 mer 5’-ATGGCATCAGGCAGTTTAAC-3’ 45% 45,5  

40 mer 5’-ATGGCATCAGGCAGTTTAACATGGCATCAGGCAGTTTAAC-3’ 45% 35,4 

60 mer 5’-ATGGCATCAGGCAGTTTAACATGGCATCAGGCAGTTTAAC 

ATGGCATCAGGCAGTTTAAC-3’ 

45% 29,7 
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become humid films, inside a closed chamber (with silica windows allowing optical 

measurements) where relative humidity was controlled by the equilibrium water pressure 

above a salt solution in a container at the bottom of the chamber (Table 2). The dry PVA 

sheet, which is brittle, takes up water rather quickly (30 minutes) to become rubber-elastic 

and easy to stretch without risk of rupture. 

 

Table 2 Salt buffers used for gel films equilibration  

Saturated aqueous buffer solution at bottom 

of chamber 

Relative humidity (r.h.) in closed chamber 

containing film sample  

NaCl 75% 

KBr 80% 

Na2CO3 90% 

Na2SO4 93% 

H2O 100% 

 

Finally the hydrated films were stretched under the same controlled humidity conditions to a 

predetermined stretching ratio Rs = D∥/D⊥ between length and width of stretched film (in this 

study Rs=1.5 if not otherwise stated). The time-dependence of DNA behaviour in humid films 

was studied in two ways: one approach was repeated spectral measurements on a stretched 

film (after it was humidified for 30 min), a second approach was to equilibrate unstretched 

films in different relative humidities and for each record spectra directly after stretching. 

 

UV-Vis Spectroscopy. Absorption spectra were recorded on a CARY-5000 spectrophotometer, 

using as a reference PVA films prepared as above but lacking the DNA. 
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Linear Dichroism. Linear dichroism (LD) is defined as the difference in absorbance of light 

linearly polarized parallel (A∥) and perpendicular (A⊥) to the macroscopic axis of orientation 

(in this study the stretching direction of the film).  

 

                                        )1(  

LD spectra of short DNA molecules oriented in such stretched films can provide information 

on the rate of orientation and structure of DNA while a non-stretched (isotropic) film should 

exhibit zero LD. LD spectra were recorded on a Chirascan CD spectrophotometer (Applied 

Photophysics) equipped with an LD accessory unit – a stretching device with the film sample 

inside a humidity chamber. 

The reduced LD (LDr) is obtained by dividing the LD by the absorbance of the 

corresponding isotropic sample (Aiso), which for an anisotropic uniaxial sample can be 

obtained as Aiso= (Aǁ +2A⊥)/3, 24 so that  

 

     (2) 

 

For molecules with a uniaxial orientation distribution, as can be expected for DNA in PVA 

matrix since the films are thick (30 µm for dry film) compared to the helix diameter (2 nm), 

LDr is a product of an orientation factor S and an optical factor O.  

  

)    (3) 

 

The optical factor O is related to the angle α between the local helix axis and the light 

absorbing transition moment of a DNA base. The orientation factor S = ½(3<cos2Ѳ> - 1) 

corresponds to the effective orientation of the DNA helix in the PVA film, where  is the 
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angle between the macroscopic stretching direction and the local helix axis of a particular 

molecule, and where the average runs over all parts of DNA molecules in the sample. S=1 for 

perfect orientation of helix axis parallel with stretch direction, i.e. Ѳ =0. The degree of helix 

orientation S was calculated from the LDr values at 260 nm using the average angle αDNA =86o 

for the DNA bases 25. For the small stretch ratio Rs = 1.5 (corresponding to 50 % stretch of 

film) the orientation is generally poor: S= 0.011, for the 20-mer ds-DNA at 100% r.h., while 

for 300% stretch the same oligonucleotide showed S=0.1, i.e. similar to the degree of 

orientation that is frequently observed in flow LD of very long DNA.   

 

Electrophoresis.  Double and single stranded 40- and 60-mer oligonucleotides together with 

bromophenol indicator dye (Fermenta) were run on a 4% methapor gel in 0.5x TBE buffer  

for 60 min at 120 V, 40 mA.   The gel was then stained with ethidium bromide, left for 30 

minutes and scanned using a Typhoon 9401 gel scanner with excitation at 488 nm and a 40 

nm emission band pass filter centered at 520 nm.  

 

Melting experiments. Duplex DNA was formed by mixing equimolar concentrations of 

complementary single-strand oligonucleotides adjusting concentration to about 1 AU prior to 

melting experiment.  Samples of 10, 14, 20, 40 and 60-mers were put in melting cells in the 

Cary 4000 absorption spectrophotometer and left overnight for two cycles of melting, starting 

at 15 oC, then stepwise ( 1°C per step every 5 min) heating to 85 oC and back to 15 oC.  

 Results  

    A series of single (ss) and double stranded (ds) oligonucleotides of lengths ranging between 

10 and 60 base-pairs/bases were investigated in stretched poly(vinyl alcohol) gel equilibrated 
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at 75% r.h. or 100% r.h. Figure 1 presents an overview of LD signs and shapes indicative of 

the DNA conformation at the various conditions.  

 

Fig. 1  Overview of LD results (LD sign: + or - , and indication of base tilt) of single-stranded (ss) and double-

stranded (ss) oligonucleotides in stretched humid PVA matrix containing 2mM NaCl, at 20 oC and at relative 

humidity 100% or 75%.  Melting temperatures in 2mM NaCl aqueous solution also indicated.   

 

 The linear dichroism (LD) of the 10-mer oligonucleotide in 2mM NaCl is positive for both 

dsDNA and ssDNA with a maximum at 258 nm and 256 nm, respectively, which minor 

wavelength difference appears not to be due to sequence variation but most likely to different   

interactions of ss- and ds-DNA with PVA, for example, PVA forming hydrogen bonds with 

unpaired nucleobases [Fig. 2A, sequence composition see Table 1]. The LD results indicate 

that each nucleotide is oriented independently in line with the polymer chains, more or less 

like the orientation observed in PVA samples containing pure nucleobases26. This observation 

is in good agreement with melting experiments that show denaturation of 10-mer DNA in 
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2mM NaCl already in room temperature in water solution, before mixing with PVA [Fig. S1 

A].  Similar positive LD spectra were also obtained for the 14-mer oligonucleotide indicating 

destacked nucleobases and again with distinct difference in absorption maxima for ssDNA 

and dsDNA, at 263 nm and 256 nm, respectively [Fig. 2B].  These results together with 

melting experiments indicate that 14-mer DNA in 2 mM NaCl forms a stable duplex in 

solution [Fig. S1 B] but becomes immediately destacked when incorporated in PVA film.    
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Fig 2. Linear Dichroism (and reduced Linear Dichroism, LDr) spectra of single-stranded (ss) and double-

stranded (ds) DNA in stretched humid PVA matrix at 100% r.h. and containing ca 4 mM NaCl. A. 10 

bases/base-pairs long ss (dotted) sequence 1 and ds (solid) oligonucleotide Sequence 2 .   B. 14 bases/base-pairs 

ss (dotted) and ds (solid). C. 20 bases/base-pairs ss (dotted) and ds (solid) and LDr (calculated  from Eq (2), 

dashed). Film samples equilibrated for 4 h and subsequently stretched to ratio Rs = 1.5. For all spectra PVA 

baseline was subtracted and LD intensity normalized to the same peak height for the sake of comparison. 

Sequences given in Table 1.  

 

The LD spectrum is negative for a 20 bp DNA duplex, while it is positive for a 20 bases long 

single stranded DNA of the same sequence [Fig. 2C]. For longer oligonucleotides, such as 

double-stranded 40 bp oligonucleotides and single-stranded 40 bases DNA, both ss and ds 

forms display negative LD spectra in 100% r.h. [Fig. 3A, S3]. Similar results were obtained 

also for 60-mer double- and single stranded DNA [Fig. 3B , S4] under the same relative 

humidity conditions as for the 40 mer. Melting experiments and electrophoresis [Fig S1 and 

S2] confirm that both duplex and single strand structures of 40- and 60-mer DNA are stable in 

solution. 
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Fig. 3. A LD spectra of 40-mer ds DNA in PVA-films at indicated relative humidities (r.h.) and containing ca 

4mM NaCl: 75% r.h. (red solid) and 100% r.h. (black solid) and LDr  from Eq. 2 (dashed).  B. LD of single 

stranded 60-mer in 100% r.h. (red solid) and in 75% r.h. (black solid) PVA. All film samples were equilibrated 

in chamber with relative humidity adjusted to 75% r.h. or 100%  r.h. for at least 4 h prior the measurement.  
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     Experiments were performed with DNA oligomers in PVA films at reduced relative 

humidities to study the effects of dehydration. For the double-stranded 20-mer, the negative 

LD spectrum changes from negative to positive when the water content is below 93% r.h., but 

the change is reversible and the negative spectrum recovers after equilibration at high r.h. 

[Fig. 4A]. Thus, a few days of equilibration at 75%, 80% and 90% r.h. all result in a positive 

LD band with maximum around 260 nm and a distinct shoulder at 275 nm - suggesting that 

the nucleotides are no longer perpendicular to the DNA helix axis but tilted in the PVA. 

However, when the humidity in the closed chamber was readjusted to 93% r.h., the 

nucleotides were found to reorient themselves and the LD spectrum return from positive to 

negative shape within a few hours [insert B in Fig. 4A] indicating that in presence of water 

the hydrophobic stacking forces make the bases ”renature” into a structure in which their base 

planes are preferentially perpendicular to the fiber direction. Since the film is rather rapidly 

humidified (<30 min) most of the kinetics can be assigned to rearrangement of DNA 

conformation.  
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Fig 4. A. LD of PVA film containing 20bp ds DNA showing positive LD when equilibrated at 90% r.h. (dotted) 

but negative LD when relative humidity readjusted to 93% r.h. (solid spectra recorded after 15, 30,120 and 300 

minutes after raising the humidity in the sample chanber) indicating a renatured double-helix DNA structure. B. 

Kinetics of the DNA B form reformation during 5 hours. For all LD spectra and intensities a baseline for a PVA 

reference without DNA was subtracted.  

The longer 40 and 60 mer single- and double-stranded DNAs were studied in order to see 

whether oligonucleotide length is an important factor for conserving the helical structure in 

dehydrated environment. Negative LD spectra were recorded for 40 bp (Fig. 3) and 60 bp 

(Fig. 3A, 4S) oligonucleotides equilibrated in 75% r.h. exhibiting a distinct LD maximum at 

262 and 258 nm, respectively. The shape of the LD spectrum for the 40-mer at 100% r.h. is 

similar to the absorption spectrum (rather constant LDr) suggesting a B like type of 

conformation with the nucleobases preferentially perpendicular to the helix axis, while at 75% 

r.h. a variation in LDr with wavelength consistent with A form is observed (cf Fig 6 in Ref. 

26).   
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The negative peaks for double-stranded DNA are significantly suppressed at 75% r.h. 

compared to at 100% r.h. indicating also a poorer orientation in addition to the conformational 

change from the high r.h. condition. An important message here is that the helical structure 

appears to be retained in a dehydrated environment in case of longer oligonucleotides. 

However, dehydration clearly affects the structures of single stranded oligomers aligned in 

PVA quite differently (Fig. 3 B): while ss 60-mer shows negative LD at 100% r.h. and, thus, 

base stacking perpendicular to the orientation direction, at 75% r.h. LD is positive indicating 

that the bases are then unstacked and oriented more parallel with the stretch direction. 

In order to exclude higher order structures due to accidental self-complementary base pairing, 

electrophoresis was applied, indeed confirming no significant presence of such structures  

[Fig 2S]. In conclusion, the LD spectra of the single stranded 40-mer and 60-mer DNA both 

change signs from negative at 100% r.h. to positive when the relative humidity is decreased to 

75% due to secondary structural changes induced by the presence of the PVA and the lower 

water activity [Fig. 3B, S4].  

         In order to investigate how fast hydrophobic interaction with PVA may influence the 

structural properties of the DNA helix, repeated absorption experiments were performed. Both 

single stranded and double stranded 20-mers were first equilibrated at 100% r.h. and then left 

drying at room conditions in an absorption cell on which repeated scanning of the samples 

was performed at 1 minute intervals. A marked increase of the single-strand 20-mer 

absorption confirms that the hydrophobic interactions with the PVA in the drying state takes 

over and decouples the π-stacking interactions between adjacent bases, leading to significant 

hyperchromicity (Fig. 5).  For the duplex form the change in absorption is markedly stronger 

than for the single-strand DNA, as expected if the ds-DNA is melting. However, the 

percentage of hyperchromic effect in PVA is still relatively small compared to DNA melting 
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in water solution. This is possibly so because the nucleotides remain in close proximity with 

each other confined by the highly viscous surrounding PVA matrix even when DNA melts.  
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Fig. 5. Absorbance change of single-stranded (black) and double-stranded (red) 20mer oligonucleotide in PVA 

first equilibrated overnight at 100% r. h. conditions then left drying at room temperature. Melting 

hyperchromicity shown for 20 bp oligonucleotide (grey). Drying of pure PVA (blue) shown for comparison.  

Absorbance spectra  converted to % scale of change for sake of comparison.   

Discussion 

Structural properties of short oligonucleotides in PVA 

      Positive LD has previously been reported for single DNA bases26 as well as for long 

DNA12-15 in stretched dry PVA films. Our results presented here for the shorter oligomers 

could be seen as a direct generalization in terms of base orientation. The results clearly show 

that each nucleobase in short DNA strands, in analogy to their single counterparts, is oriented 

with their plane in line with the stretched polymer chains. For planar small aromatic 

molecules in anisotropic polymer matrices one observes rod-like orientation for very 

elongated molecules but more disk-like orientation with less elongated molecules like the 

nucleobases27. Also the bond between nucleobase and sugar may influence the way a 

nucleoside will be aligned: if the bond is preferentially directed perpendicular to the 



16 

 

macroscopic orientation axis, transitions parallel to this direction will appear with negative 

LD (and transitions perpendicular to the bond with either positive or negative LD depending 

on the preferred orientation of the plane), whereas if the bond points more along the 

orientation axis all transitions along the bond will give positive LD and transitions 

perpendicular to it will have negative LD12-15. The observed solely positive LD indicates that 

the orientation is determined mainly by the disk orientation mechanism and thus that the 

supporting bonds are less influential.   

       The limiting case is the 20 bp double strand, which is the shortest oligonucleotide that 

exhibits a negative LD and also the shortest DNA for which LD has been reported. Its 

constant LDr over the region 230-285 nm [Fig. 2C], and curve shape similar to the absorbance 

curve, are features identical to those of the canonical B-fibril conformation reported 

previously for long as well as for sonicated DNA in polymer films in 100% r. h.24, in which 

the DNA strand is oriented in the stretch direction, and the bases are stacked preferentially 

perpendicular to the helix axis. By contrast, the single strand 20-mer oligonucleotide, as well 

as the single and double stranded shorter oligonucleotides, obviously lack the same level of 

internal interactions necessary to stabilize a helical structure so that it can become oriented in 

the PVA matrix. 

     One possible reason for the structural disruption of the shorter strands is reflected by their 

low melting temperature, probably contributed to by a lower effective relative dielectric 

permittivity of PVA (28) compared to water (78) which affects intermolecular as well as 

intra-helical interactions of nucleic acids. As a consequence of decreased π-stacking between 

the bases, which normally provides the hydrophobic environment that is a prerequisite for 

strong inter-base hydrogen bonds, the hydrogen bonds between the bases are breaking up in 

PVA and the DNA structure is collapsing. The increased GC content of the 14-mer which in 

aqueous solvent stabilizes the structure compared to the 10-mer, apparently does not 
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sufficiently improve the stability of short oligomer and its lack of helical structure is 

consistent with the positive LD that is observed for all DNAs shorter than 20 bp [Fig 2C]. We 

conclude that sequence composition is not of significant importance for whether the 

secondary structure of short oligonucleotides will be retained in the polymer environment.  

      A central result of this study is the finding that a relatively short (20 bp) oligonucleotide 

DNA may be aligned and studied by LD in humid PVA, since this could open up new 

structural applications for the LD technique to various complexes to specific DNA sequences, 

where so far only long non-specific DNA have been amenable to study27. The negative LD at 

260 nm and band shape over the region 235-285 nm, similar to the absorption band i.e. having 

approximately constant LDr in this wavelength region, is a strong indication for B-form 

conformation of DNA previously only reported for long and sonicated DNA in 100% r.h. 

PVA 12, 24, 25. The calculated S factor for high stretching ratios (Rs = 3.0) of PVA is as high as 

0.1 for the double stranded 20-mer, thus in the vicinity of what is normally observed for very 

long DNA free in aqueous solution in Couette flow27.  However, in the case of the single 

stranded 20 bases of the same sequence as in the duplex a positive LD is instead observed. 

This indicates that without the complementary strand the bases instead prefer to form 

hydrogen bonds or stack with the PVA which surrounding matrix also provides steric 

confinement. For long DNA positive LD has also been observed previously in dry PVA 

stretched after heating, but with LD maximum considerably more red-shifted suggesting that 

the backbone affects the angular distribution of the nucleobases giving preference to 

transitions polarized parallel to the base-sugar bond12. In conclusion, the bases of DNA appear 

to be vulnerable to dielectric variations of the environment in the humid polymer gel and also 

depend sensitively on the accumulated or cooperative effects of base stacking, i.e. on the 

length of the oligonucleotide.  This is the reason why we also investigated the 40-mer and 60-

mer, single-stranded as well as double-stranded DNA oligonucleotides, for which good 
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alignment and structural stability is observed at 100% r.h. (Fig 3 and Fig S3 and S4) further 

confirming the importance of stacking interactions in the double helix. 

    To sum up, the positive LD of the single stranded 20-mer, compared to its double stranded 

counterpart, clearly confirms the Watson-Crick base-pair hydrogen bonds being the key factor 

to stabilize the double helix. Without complementary nucleotides, since the base-base 

stacking is cooperative and therefore relatively weak in short oligonucleotides, a stacked 

structure is not adopted by a 20-mer single strand. In conclusion, the base-base interactions in 

a helix are vulnerable to the dielectric environment of humid polymer films and depend on 

oligonucleotide length.  

 

Water dependent secondary structure of 20 bp DNA in PVA  

   Alignment of 20 bp oligonucleotide in PVA gives an opportunity to investigate structural 

properties of short synthetic DNA in dehydrated conditions using linear dichroism.  The sign 

flip behavior in the LD spectrum of the double stranded 20-mer in reduced humidity shows 

how the amount of water molecules directly influences the secondary structure of the B-form 

duplex. In the range from 75% to 90% r. h., A-form DNA has been reported for long DNA in 

PVA24, dehydrated films28 and fibres29. Lack of A conformation for the 20 bp oligonucleotide, 

especially above 80% r.h., where the primary hydration shell around the helix is expected to 

be fully formed30, 31, is thus intriguing and shows, again, that the cooperative base-base 

stacking over a minimum number of bases is a prerequisite for a defined secondary structure, 

whether B-like or A-like. On the one hand 25 water molecules per nucleotide pair including 

17 bound tightly28  forms a separation layer from polymer environment but on the other hand 

the PVA matrix may enthalpically (hydrogen bonds to OH groups) assisted by entropy of 

dissociation wrench off some water molecules that are bound less strongly to DNA. Also in 

addition, interactions with the hydrophobic crystalline regions of the polymer can influence 
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the DNA properties and lead to nucleotide separation as is observed in case of 

oligonucleotides shorter than 20 bp.   

     When humidity in the closed chamber is adjusted to 93% r.h., a slow (hours) reorientation 

of nucleotides consistent with the change of LD sign from positive to negative is seen [Fig. 4]. 

Catalyzing factor for the rearrangement is the amount of water molecules present in the 

system. For pure humid DNA fibers, according to Rupprecht, there are 30 ±3 water molecules 

per base pair in 93-95% r.h. range for B-DNA in its primary hydration shell32. These results 

together with our present observations indicate that increase by 4-6 water molecules per base 

pair from 25±2 at 80% r.h. to 30±3 at 93% r.h. is a driving force of complete reformation of 

the protection layer around DNA that allows for further re-hybridization. That is to say that 

the water structure may be relocated in the system, because the polar, and negatively charged 

sugar-phosphate backbone that attracts electrostatically Na+ ions, starts forming a secondary 

hydration shell which in presence of ca 4 mM NaCl contains 7 water molecules per nucleotide 

pair32. In total there are 37±3 water molecules in both shells per base-pair at 93% r.h. We 

conclude this to be the smallest amount of water molecules needed to retain the secondary 

structure of short DNA in PVA.   

   Another important aspect is the rate by which the effects of hydrophobic interactions caused 

by PVA appear. The interactions becoming stronger when less water molecules are present in 

a matrix and increased effects of intermolecular, as contrast to intramolecular, hydrophobic 

forces in dehydrated films as shown by change of absorption spectra during film drying 

[Fig.5], can be a reason why no clear A-DNA is observed in PVA but only a direct transition 

from B-like to molten form below 93% r.h. It is very probable that dehydration may lead to 

phosphate group reorientation relative to the helix axis, with as much as 25o between B and A 

conformation33. Then the balance in hydration shells could be disturbed and nucleotides, 

especially as seen with short DNA, which are more sensitive to hydrophobic interactions with 
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PVA, may start direct interactions with polymer.  The water molecules in the secondary shell 

are wrenched off and close up in PVA clusters. In conclusion, the transition from B-like form 

to molten oligonucleotides can be induced directly by PVA if there is not enough water. In 

this way the change of environment from water to the less polar but still somewhat 

hydrophilic PVA influences the structural properties and stability of the DNA helix.   

 

40 and 60 mer oligonucleotides in PVA 

The pronounced still approximately perpendicular arrangement of the nucleotides in PVA at 

75% r.h., indicated by the negative sign in LD, suggests that a helical stacked structure is 

adopted also in the dehydrated polymer environment even though the primary hydration shell 

is not complete at that relative humidty30, 32. In order to get insight into the actual 

conformation of DNA, LDr has been determined for the 40bp duplex [Fig. 3A]. It shows 

essentially the same wavelength dependence as the theoretical predictions according to the 

oriented gas model for A-form DNA in PVA, with nucleobases tilted some 20° 24 25.  This 

indicates that DNA may respond to dehydrated conditions by forming stable A-DNA, but that 

intramolecular interactions have to be at least equal to or stronger than the dispersion forces of 

PVA. It seems then, that the sum of π stacking interactions and hydrogen bond formation 

between bases creates a net stabilizing energy within the double helix of 40bp oligonucleotide 

but not for the one with 20 bp.  Thus, we conclude that strength of intramolecular forces 

increase with oligonucleotide length. Then the question is if hydrogen-bond interactions and π 

stacking are equally important for the helix stability.  In order to get further insight into this 

matter, and to understand the role of stacking interactions where no hydrogen bonds between 

DNA bases are present, a single-stranded 60-mer was also aligned and studied in PVA. 

     A positive LD was recorded for the 60 bases ss-DNA in 75% r.h. which spectrum can be 

simply explained by the tilting of bases sitting on branches to the backbone like leaves on a 
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tree, the destacking being due to dehydration33. By contrast, a negative LD was observed at 

100% r.h. showing that a pile of bases created by the π stacking can restrain the helical 

structure in a single strand sequence even without a complementary strand, if there is 

provided enough water around to contribute significant hydrophobic stacking effect. There is 

possibly also some interaction due to hydrogen bond formation with polymer hydroxyl groups 

as suggested by the shift to 275 nm in the LD spectrum at 100 % r.h. [Fig. 3B].  

 

Fig. 6. Phase diagram illustrating how DNA conformation in the PVA environment depends on water activity 

and oligonucleotide length. Oligonucleotides at 20 oC in 4mM NaCl.   

 

Conclusions 

We are first to report that it is possible to align synthetic DNA oligomers in a stretch-

deformed hydrated polymer matrix of PVA and to study their structural properties using linear 
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dichroism. We find that the secondary structure of the oligonucleotides is strongly dependent 

on both DNA length and conditions of surrounding environment, schematically shown by the 

“phase diagram” in Fig. 6. Low water activity causes disruption of short-sequence double 

helices, while a high water content keeps bases in close proximity so the structure can be 

reformed when approximately 40 water molecules per nucleotide pair are present. Our results 

indicate that cooperative stacking interactions play a significant role and longer 

oligonucleotides can be exposed to lower humidity and still retain their stacked secondary 

structure even in case of single stranded oligonucleotides. This observation could be 

important in context of achieving transfection with small DNA or RNA sequences 

incorporated with synthetic biopolymers, having to enter cells through cell membranes.  

Anisotropic PVA containing oriented short oligonucleotides may also be a model system for 

mimicking crowding and realignment in dense cellular systems.  

Finally, and from practical point most importantly, our establishment of a system by which 

duplex oligonucleotides become amenable to polarized-light spectroscopy study, opens up 

new possibilities for studying structure of aligned DNA samples in complex with small 

(drug23) as well as large adduct molecules (proteins), with sequences designed to provide 

specific binding sites, a methodology that has until now been limited by the need for very 

long, and thus unspecific, DNA molecules that could be aligned by flow or electric fields27. 

  

 

Supporting information 

1. Melting curves of 10 bp, 14 bp, 20 bp, 40 bp and 60 bp DNA, 2. Gel electrophoresis and 

intensity profiles of 40- and 60 single and double stranded DNA in 2mM NaCl 3. LD of 60 bp 

in 75% r.h. and 100% r.h., 4. LD of single stranded 40-mer in 75% r.h. and 100% r.h. 5. 
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Absorption and LD spectra of pure PVA films. This material is available free of charge via 

the Internet at http://pubs.acs.org. 
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