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By using an acoustic wave methodology that allows direct 

sensing of biomolecular conformation, we achieved the 

detection of multiple target DNAs with a single probe, 

exploiting the fact that each bound target results in a 

hybridized product of a different shape.  10 

 

Sequence matching of nucleic acids during hybridization is the 

underlying molecular process behind solid phase DNA detection. 

A probe is first attached to a surface followed by the addition of 

the target analyte while the subsequent detection of the 15 

hybridized complex can be realized by means of a surface 

sensitive technique such as a biosensor. In the study of surface 

hybridization, optical and electrochemical devices are the most 

widely employed systems. Optical platforms based on 

fluorescence are highly sensitive; however, their susceptibility to 20 

fluorescent interferants present in real samples together with the 

need for sophisticated instrumentation make them more suitable 

for gene-chip lab-based analysis.1-3 Optical systems based on 

Surface Plasmon resonance (SPR) are normally coupled to a 

signal amplification scheme, such as nanoparticle-conjugated 25 

systems,4 molecular imprinted polymers,5 or a hybridization-

chain reaction6, in order to achieve the detection limits and 

specificity required for a diagnostically useful tool. 

Electrochemical biosensors are promising candidates for 

developing inexpensive portable platforms for on-site analysis by 30 

using direct or indirect detection schemes.3, 7, 8  During the last 

years, a new type of biosensors was presented, coupling the 

response of an electrochemical or optical device to a specific 

property of the biorecognition event, namely, a binding-induced 

conformational change.9, 10 This method exploits specific DNA 35 

probes, such as beacons,11 stem loops,12 flexible bulge-containing 

duplexes,13 hairpins14, two single stranded (ss) DNA pieces 

connected through PEGs,14and clamp-like DNAs15, 16, all of 

which undergo a significant conformational change upon target 

binding. In reality, both fluorescence and electrochemical sensors 40 

do not measure the 
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conformation of the DNA per se; instead, they exploit the 

sensors’ sensitivity to the distance of a probe from another probe 

οr the device surface, respectively, which changes as a result of 

target binding. Signal read-outs derived from switch- or folding-

based biosensors have been shown to exhibit detection limits in 55 

the fM range.17  

Acoustic biosensors are routinely used for monitoring a 

plethora of events such as protein binding,18 surface-fouling,19 

cell-surface interactions20 and DNA hybridization.21, 22 While 

originally used as a purely mass detection device, they soon 60 

evolved into a versatile tool for investigating soft matter at 

solvated interfaces and for obtaining structural information.23 

Recently, it was shown by our group that acoustic biosensors can 

sense the hydrodynamic volume of a biomolecule attached to the 

device surface.24 Since the hydrodynamic volume is a measure of 65 

the size and shape of a molecule, it became possible to 

characterize and even predict DNA geometry through acoustic 

measurements.25 The biophysical explanation is the following: 

single-point surface-attached DNAs are driven to oscillation by 

the acoustic wave. This generates a dragging force between the 70 

biomolecule and the surrounding liquid which results in energy 

dissipation. Theoretical modeling and experimental results 

showed that the ratio ∆D/∆F (where ∆D and ∆F are the wave 

energy dissipation and frequency changes, respectively) observed 

during molecular binding to the surface of a Quartz Crystal 75 

Microbalance (QCM) is a measure of the molecule’s intrinsic 

viscosity [η] (i.e., ∆D/∆F~[η]). 

 
Scheme 1 (a) Schematic representation of the single stranded probe and 

targets (i.e., recognition sequence + polyT tail) used in the assay; (b) 80 

Probe-86 hybridized to 4 targets. 
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The latter is mathematically related to the geometrical features of 

the molecule, i.e., its conformation. The approach described 

above is the only reported methodology by which the acoustic 

ratio can be used to derive specific geometrical features of DNA, 5 

such as the bending angle, length and discriminate between 

spherical-, rod-, triangle-shape etc24-26.The generic nature of this 

novel sensing mechanism was also proven by using the Love 

wave platform, another liquid operating sensor based on a 

Surface Acoustic Wave (SAW) device24, 27 It’s relationship to 10 

optical methods (SPR) has also been shown28. 

The motivation for this work was to exploit the above 

approach and design a DNA detection assay where multiple 

targets could be acoustically detected with a single probe, simply 

by producing hybridization products of a different geometry each 15 

time. The simultaneous binding of two targets was also a goal, 

setting the challenge for designing a probe where its  

 conformation upon binding of two targets will be distinctly 

different to that produced by the binding of either one of them. 

The design of DNA molecules of specific geometrical features is 20 

an active area of research, especially in relation to DNA structural  

nano-biotechnology and the production of elaborate 3-D 

complexes.29 Here we employed a linear ssDNA probe of 86 

nucleotides (nts) consisting of the following areas: four target 

recognition regions each one of 14nts of a different sequence 25 

placed at positions P1, P2, P3 and P4; three intermediate regions 

consisting of 10 poly-Cytocines (polyC); and, one surface link 

region comprising a biotin at the 5’ end of the probe. Each 

ssDNA target comprised a 14nts recognition sequence 

complementary to one of the regions of the probe (T1 binds to 30 

P1; T2 to P2; T3 to P3 and T4 to P4) combined with a poly 

Thymine (polyT) tail of variable length, i.e., 20, 30, 40 and 50nts. 

The combination of the four target sequences with each one of 

the four polyT tails results in a total number of 16 analytes. For 

the proof of principle, we selected as targets, sequences 35 

corresponding to a particular micro RNA (miRNA21, 

miRNA150, miRNA155 and miRNA107). A schematic 

representation of the probe and targets is shown in Scheme 1a. 

Scheme 1b illustrates the case where all binding sites of probe-86 

are hybridized to their targets; in this design, each hybridized 40 

target is linked to a polyT tail of a different size, resulting in a 

structure which can be paralleled to a ‘tree’ with the four targets 

forming the ‘branches’.  

 
Fig. 1 Real time monitoring of dissipation and frequency changes during 45 

the addition of neutravidin (3.3 µM), probe-86 (0.2 µM), 

miRNA21+polyT20, miRNA150+ polyT30, miRNA155+polyT40 and 

miRNA107+polyT50 (all at 4 µM); buffer (PBS) rinse followed each step. 

All sample volumes were 200 µl. Tagret miRNAs were added in amounts 

that do not correspond to surface saturation. Note that frequency 50 

represents raw data obtained with the QCM at 35 MHz and are not 

divided by the overtone number. 

The experimental protocol consists of the addition of 

neutravidin on the QCM device surface to produce a fully 

covered gold substrate, followed by the binding of the 55 

biotinylated probe and sequential addition of the 4 targets. Fig. 1 

depicts an experiment, where targets bearing a 20, 30, 40 or 50nts 

polyT tail were added to produce the hybridized product shown in 

Scheme 1b. The sequential addition of DNA molecules on the 

same surface is possible, since the acoustic ratio is independent of 60 

previous additions,order of target addition or amount of added 

mass. This is due to the fact that the acoustic ratio reflects 

intrinsic properties of the attached molecules (here 

conformation24, 26. It is, therefore, characteristic for each DNA 

structure and does not change with surface coverage. This 65 

assumes that the conformation of the bound DNAs is not affected 

by lateral interactions with neighboring DNAs or the sensor 

surface, a requirement shown to be satisfied in all DNA-binding 

experiments including both double and single stranded molecules 

of various shapes and lengths.24 70 

 

Fig. 2 Acoustic ratios of hybridized targets to probe-86, as a function of 

the size of the polyT tail attached to each target. Target 1 (T1: miRNA21) 

binds to position 1 (P1), target 2 (T2: miRNA155) to P2, target 3 (T3: 75 

miRNA150) to P3 and target 4 (T4: miRNA107) to P4. All points 

correspond to target-samples added at a concentration of 4 µM and in a 

total volume of 200 µl. 

 

Fig. 2 gives the acoustic ratio of probe-86 after hybridization 80 

with each one of the 16 targets, as a function of the length of the 

attached polyT tail. This figure presents two very interesting 

findings. The first is related to the observation that varying the 

size of the branch (i.e., polyT tail) at the same position has no 

measurable effect on the acoustic ratio of the final hybridized 85 

product. This result implies that the emerging structures are 

hydrodynamically indistinguishable. Interestingly, this finding is 

in full agreement with data obtained in our lab showing that the 

intrinsic viscosity of ssDNAs in solution as well as their 

corresponding acoustic ratios (measured after their binding to the 90 

device-surface through biotin) vary very little for DNAs between 

20 and 110nts.30 An explanation of this observation would be that 

ssDNA molecules are not extended, as schematically depicted in 

Scheme 1b, but probably, adopt a shape closer to that of a rather 
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compact coil, of a diameter increasing with the size of the polyT 

tail. This shape change impacts only a marginal change on [η].  

The second finding in Fig. 2 is that a clear distinction in the 

measured acoustic ratio is observed when the ‘branch’ is placed 

at a different position along the probe backbone. The distance of 5 

each ‘branch’ with respect to the device surface is, apparently, the 

most crucial parameter in obtaining hybridized DNA products of 

different conformations. Furthermore, it appears that the exact 

location of the polyT tail is also crucial. ‘Branches’ at positions 2 

and 3, i.e., 28 and 42nts away from the surface, cannot be 10 

distinguished through acoustic measurement. This according to 

theory24 suggests again that the two constructs are too similar 

structurally to be hydrodynamically distinct. 

We have also examined the possible effect of the probe 

sequence on the previous findings. For this reason the poly-C 15 

parts of the probe were replaced with random nucleotide 

sequences. In this case, the relative differences among the 

acoustic ratios of the hybridized targets were similar to the ones 

obtained with the original 86nts probe (see Fig. S1).    

 20 

Fig. 3 Acoustic ratios corresponding to the hybridization of target 

T1+polyT20 at P1, T4+polyT50 at P4 and a combination of the two added 

simultaneously to the surface-immobilized probe-86 at a mole ratio of 1:1 

and 1:10. Targets were added by mixing 4 µM of each one in the 

corresponding ratios and applied in a total volume of 200 µl.  25 

Fig. 2 shows that an optimum discrimination is observed when 

DNA ‘branches’ are formed at P1 and P4. An interesting extension 

of the above work is to investigate the ability to detect 

simultaneously the binding of two targets. Fig. 3 gives the measured 

acoustic ratios during the addition of T1+polyT20 at P1, T4+polyT50 30 

at P4 and a combination of the two added simultaneously to the 

surface-immobilized probe-86. When a mixed population of the two 

is used, the acoustic ratio would be expected to be in between the 

two values as a result of the relative number of each target on the 

probe, as previously demonstrated during the simultaneous binding 35 

of dsDNAs of different lengths.
31

 Fig. 3 shows that, indeed, 

applying the two targets in two different ratios (1:1 and 1:10) gives 

an acoustic ratio that lies between the ones obtained for each pure 

sample.  
Results presented here indicate the usefulness of acoustic 40 

ratio measurements as a means of detecting and distinguishing 

between different DNA hybridization products by using a single 

probe. The underlying scientific principle is related to a new 

sensing mechanism which parallels directly acoustic 

measurements to the conformation of surface-bound molecules. 45 

Designing probes and targets that produce distinctly different 

conformations upon hybridization is the necessary requirement 

for achieving multiple analyte detection with a good 

discrimination capability. Here we employ flexible polyT tails to 

construct ‘branches’ at a different position of the Probe-86 ‘tree’. 50 

PolyT tail was chosen instead of a random sequence to minimize 

non-specific interactions with the probe. In practice, such an 

assay could be performed in combination with an amplification 

step (PCR, isothermal) in order to incorporate a molecular flag 

such as polyT. In a recent work we showed that conformation 55 

sensing can be applied to discriminate a single nucleotide 

mismatch during hybridization.32 Here, the concept is extended to 

detect 3 different targets that are not likely to co-exist, or 2 

targets simultaneously; however, the design guidelines presented 

can be applied to the development of a probe that could detect 60 

more than 3 hybridized targets at the same time. Such a system 

would be suitable for the development of multiplexed assays, 

such as the detection of miRNA signatures associated with 

several cancer types (as the ones used in this work) or other 

genetic diseases.33, 34  65 

The current methodology extends the concept of structure-

switching electrochemical or optical systems to pure 

conformation-sensing acoustic biosensors.10 Through acoustic 

ratio measurements it is possible to detect multiple conformations 

as opposed to the two extreme states derived from a 70 

conformation-switching event. In addition, acoustic 

measurements do not necessarily rely to an enormous change in 

conformation, observed for example during the transition of a 

flexible unfolded ssDNA to a rigid well-structured double helix.9 

In the current work we show that we can distinguish between 75 

equally flexible hybridized products as long as their 

hydrodynamic properties are different. Finally, the acoustic signal 

can also be used to detect unambiguously the recognition event, 

i.e., distinguish between target-specific binding as opposed to by-

products or other no-specific binding by simply comparing the 80 

signal read-out (acoustic ratio) to the expected one. We envisage 

that the acoustic detection of the conformation of hybridized 

DNA molecules can form the basis of a new generation of 

molecular diagnosis devices for genetic biomarkers, especially 

given the high integration capability of SAW devices to construct 85 

simple, easy-to-operate and cost-effective Lab-on-chip 

platforms.35 
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