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ABSTRACT: The ability to derive information on the conformation of surface attached biomolecules by using simple
techniques such as biosensors is currently considered of great importance in the fields of surface science and nanotech-
nology. Here we present a nano-shape sensitive biosensor where a simple mathematical expression is used to relate
acoustic measurements to the geometrical features of a surface-attached biomolecule. The underlying scientific principle
is that the acoustic ratio (AD/AF) is a measure of the hydrodynamic volume of the attached entity, mathematically ex-
pressed by its intrinsic viscosity [n]. A methodology is presented in order to produce surfaces with discretely-bound bio-
molecules where their native conformation is maintained. Using DNA anchors we attached a spherical protein (streptavi-
din) and a rod-shaped DNA (47bp) to a QCM device in a suspended way and predicted correctly through acoustic meas-
urements their conformation, i.e. shape and length. The methodology can be widely applied to draw conclusions on the

conformation of any biomolecule or nano-entity upon specific binding on the surface of an acoustic wave device.

Surfaces play an important role in analytical chemistry
and bio/nano-technology as they are the platform for
molecule immobilization. Achieving surface attachment
of biomolecules without changing their native structure
impacts on their functionality. For example, biosensors
rely heavily on the controlled attachment of protein or
DNA molecules so that they maintain their native 3-D
conformation and subsequently their activity.”
Nanostructures applied to molecular diagnostics also de-
pend on developing strategies that achieve optimum at-
tachment of nucleic or amino acids to the surface in
terms of maintaining their binding efficiency.* One of the
most sought-after aims in biophysics is obtaining infor-
mation on the shape/conformation of a surface-attached
molecule or changes in its structure due to ligand bind-
ing, hybridization, etc. Several techniques have been de-
veloped and applied to the structural characterization of
attached biomolecules, where analysis focuses on the ter-
tiary conformation of the immobilized entity. Optical
evanescent waveguide techniques, such as dual polariza-
tion interferometry (DPI), ellipsometry and surface plas-

mon resonance (SPR) have been used extensively for this
purpose. >° By modeling the biological film as a homoge-
neous and isotropic layer, the equivalent thickness can be
estimated and this thickness can be correlated to molecu-
lar packing, orientation and size.

Studies employing SPR”® or the ultrasensitive localized
surface plasmon resonance (LSPR) method® have been
focused on the dynamic monitoring of protein conforma-
tional changes and their exploitation for bio-analytical
purposes. Protein conformational changes at a surface
have also been detected with the help of a cantilever sen-
sor and miniaturized microarrays.” Similar applications
have been presented through the use of electrochemical

12-14

devices™™ probing structure-switching events of DNA on
a solid support. Self-interference microscopy, another
optical method that measures the distance of a fluores-
cent probe from the surface has been used to estimate the
orientation / tilt of surface-tethered DNA.” A distinct
feature of the above techniques is that, while they can

sense conformation-switching events, they cannot pro-
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vide any structural information per se for the interrogated
molecule. Microscopy techniques such as AFM and TSM
are the only methods that can give direct information on
the shape and/or orientation of surface-attached mole-
cules at the nanometer level.”® Difficulties though in im-
aging soft biological molecules attached through a single
point rather than being adsorbed on the surface or em-
bedded in a supported lipid membrane, make these
methods not appropriate for routine testing and real time
monitoring.

The potential of acoustic devices, such as the Quartz
Crystal Microbalance (QCM) and Surface Acoustic Wave
(SAW), has been long tested in conformational studies.
Such examples include DNA hybridization,” the detection
of changes in calmodulin during ion or peptide

19 in estrogen receptor during DNA binding,” in

binding,
HIV-1 glycoproteins during the binding of small ligands™
and in aptamers during the binding of ATP,” AMP* and
low Mw analytes.® A common approach in the above
works is that information is derived from acoustic energy

. . . 8,19,
and frequency measurements either qualitatively™®* or

17,20,22-24

in some cases quantitatively using Voigt-type and
other viscoelastic models.”*” These models treat the bio-
logical layer as a uniform isotropic film and derive infor-
mation related to the biofilm mass, thickness and rigidity.
Some aspects of the hydrodynamic nature of acoustic
sensing have been analyzed with 2-D finite element mod-
eling, which treats the adsorbed particles as individual

. 6,28 5
entities,**” 29:30

and other approaches obtaining infor-
mation about them and the nature of their contact with
the sensor surface. A different methodology® has been
successful in measuring the diameter of nano-sized

spheres.>*

Recent studies carried out in our lab introduced a new
approach: from the same acoustic measurements, i.e.
wave energy and frequency, we showed that it is possible
to derive quantitative information on the conformation of
the bound analyte at the molecular level obviating the
need for a film-based approach. Experimental data com-
bined with theoretical modeling showed that the acoustic
ratio of energy losses per unit mass is a measure of the
intrinsic viscosity [n] of the bound molecule, i.e., AD/AF~
[n]?** The correlation between intrinsic viscosity and
acoustic ratio is significant since [n] is a hydrodynamic
parameter characteristic of the shape and size of a bio-
molecule,® parameters directly relevant to biological
questions. Moreover, a plethora of experimental and the-
oretical data exist allowing the direct correlation of [n] to
specific geometrical features of a biomolecule, i.e., the
length of a rod-shaped nano-particle; the shape of a

sphere; the bending-angle of a I'-shaped molecule, etc.3>3°

Recently, we measured the acoustic ratio and intrinsic
viscosity of over 20 structurally diverse nucleic acids,
which were all single-point attached to a neutravidin-
modified surface via a biotin link, and verified experimen-
tally the theoretically suggested relationship®?* between
acoustic ratio and [n]. For a 35 MHz QCM device we
found that®”

(ADJ 10° =11.2+0.34-[] @)
AF )

where AD/AF is in (10°/Hz) and [n] in (ml/g). While the
above work verified the model which suggested that the
acoustic ratio is a measure of [n], the biophysical and bio-
analytical value of this expression has not been shown yet.

The purpose of this work is to establish the above
methodology as a generic tool for characterizing biomole-
cules’ conformation at a surface. It is shown that if the
native shape (i.e., [n]) of a biomolecule is known and is
maintained upon attachment to the device surface, it is
possible to predict the expected acoustic ratio via Eq. 1,
and vice versa, from the acoustic ratio it is possible to de-
rive specific geometrical features of the attached mole-
cule. In the current work, this is shown for both protein
and DNA molecules. To our knowledge, this is the first
time that a label-free biosensor is used to derive quantita-
tive information on the conformation of an attached bio-
molecule, such as the shape of a protein or length of a
double stranded DNA.

EXPERIMENTAL SECTION

Materials and Methods. A Q-Sence E4 (Biolin Scien-
tific, Sweden) acoustic device was employed for real-time
simultaneous measurement of frequency and dissipation
changes. Au-coated 5 MHz AT-cut quartz crystals were
used. The frequency and dissipation responses were rec-
orded at 35 MHz overtone and are presented in their raw
form, i.e. not divided by the harmonic number 7. Prior to
the experiments, the QCM crystal chips were cleaned in
2% Hellmanex II (Hellma Analytics, Germany) aqueous
solution, followed by water rinse and then plasma clean-
ing for 3 min in a plasma cleaner (Harrick PDC-002, USA)
at a “High” setting. All acoustic experiments involved
initially a continuous flow (Ismatec I1SMg35C, IDEX
Health & Science GmbH, Germany) of PBS (tablets from
Sigma Aldrich, USA) on the biosensor Au-coated surface
at a rate of 50 pl/min until a stable frequency and dissipa-
tion signal was obtained as baseline. The same flow rate
was used throughout all experiments. All measurements
were taken at 25 °C.

Streptavidin (Sigma Aldrich) and neutravidin (Invitro-
gen-Life Technologies) were dissolved in PBS (pH 7.4) at
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a final concentration of 20 and 200 pg/ml, respectively.
DNA molecules were produced during hybridization of
short single stranded strands (Eurogentec SA or Micro-
chemistry Lab) or during PCR amplification. For more
details on DNA sequences and experimental procedures
see the Supporting Information.

RESULTS

Characterization of the conformation of a protein
attached to the surface through a single point. To use
the above methodology, it is important that the biomole-
cule is attached in a way that allows free oscillation
around its single anchor point and has no other contact
with the surface and its neighboring biomolecules, i.e.,
maintains its native 3-D structure and full hydrodynamic
interaction with the solvent.”” Moreover, while Eq. 1 was
derived for various nucleic acids, here we used a protein
as a model biomolecule and specifically, a spherical one.
It is known that the lowest possible value for [n] is 2.5
ml/g obtained for a perfect solid sphere. Spherical, or
nearly so, proteins have been measured to have
[n]=(3.521) ml/g (regardless of size),” which translates to
an equivalent acoustic ratio through Eq.a of 0.0124x10°
®/Hz. In selecting a protein of the right shape and of in-
terest to the scientific community we turned to streptavi-
din (SAv), a 60 KDa protein comprising a tetramer. Strep-
tavidin is widely used in biotechnology as a substrate for
the subsequent immobilization of biotinylated molecules
due to its strong affinity for biotin (K, = 10® M) through
one of its four biotin binding sites.”® With dimensions of
(5.4 x 5.8 x 4.8) nm,” its shape can be approximated by a
sphere. Although its [n] is not experimentally known, it
can be evaluated very accurately by using its known X-ray
structure® and a theoretical bead model approximation®';
this approach gives [n] = 3.619 ml/g.

Initially, experiments were performed where SAv (20
pg/ml) was physisorbed on the plasma-cleaned gold QCM
crystal surface and the process was followed in real time
(Figure S1). A typical change of 145 Hz in AF at saturation
is accompanied by a very small change in the dissipation,
i.e., AD = 0.06 x10°/Hz, in good agreement with previous
works.* Calculating the resulting ratio from Eq. gives a
value of = 10*x10°/Hz, which is well below the expected
above mentioned value of 0.0124x10°/Hz for a spherical
protein. This ratio suggests that SAv binds tightly to gold
through multiple contact points** and, thus, cannot be
modeled as a molecule surrounded by water and oscillat-
ing freely in buffer. To confirm the above results we im-
aged the SAv exposed QCM Au-surface using atomic force
microscopy (AFM). Our data (Figure 1) confirm that the
surface is indeed covered by a uniform layer of small

Analytical Chemistry

structures that are highly ordered and around 5 nm in
width, corresponding to the size expected for the SAv
protein. The observation that SAv forms 2-D crystal struc-
tures has also been made previously.”* The AFM images
also illustrate that the applied protein does not form ag-
gregates on the surface and for this reason could be safely
used as a model protein for binding as a discrete entity
with the help of an appropriate anchor. It should be noted
that SAv apparently retains its functionality upon Au sur-
face attachment since it can still bind biotin.**

14

Sm

.
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Figure 1. Panel showing phase images of gold surfaces be-
fore (a) and after 30 min-incubation (b) with streptavidin
and PBS rinsing. Image (a) corresponds to phase image of
bare gold and (b) to a monolayer of streptavidin. Image (c)
presents the topographic image of the streptavidin mono-
layer (area under the square in (b)). Panel (d) indicates the
height profile under the line in (c), suggesting a typical
width of the proteins of 5 nm and distances between them
around 8 nm.

In order to achieve SAv binding as discrete particles an
experimental methodology was first developed to achieve
biomolecule attachment through a single point, produc-
ing non-interacting, free-floating / suspended particles.
For this purpose, dsDNA was selected as an anchor. DNA
is an extremely versatile material which can be produced
in various lengths and with easily modifiable functional-
ized ends.” In this work we used double biotinylated
DNA molecules, bearing one biotin at the 3"and another
at the 5'end, aiming at using one of them for surface bind-
ing and the other for anchoring SAv to the surface. Figure
2a shows the real time data of the formation of such an
interface: surface-adsorbed neutravidin (NAv) (20 pg/ml)
is exposed to a double biotinylated 21bp DNA (50 pmol in
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Figure 2. (a) Real time plots of frequency and dissipation during SAv anchoring to a NAv-modified device sur-
face through a double biotinylated 21bp DNA molecule (arrows indicate the time of sample insertion); (b) D

versus F plot for SAv binding results in a straight line with a slope of AD/AF = 0.0152 x10 */Hz.

200 pL PBS) followed by the addition of SAv (20 pg/ml)
which binds to the remaining free biotin-labeled DNA
end. Neutravidin, a deglycosylated version of avidin, also
with a mass of 60 KDa, was used as the biotin-binding
substrate because it was found that SAv does not phy-
sisorb on the NAv-coated gold surface (data not shown).
From the F and D real time data of SAv binding, a D ver-
sus F plot was derived and used to calculate an acoustic
ratio of 0.0152x10°/Hz (Figure 2b). While this ratio is two
orders of magnitude larger than the one obtained for SAv
on gold, it is also significantly higher to the one predicted
by Eq. 1. At first sight this result may appear to question
the validity of Eq. 1; however, careful interpretation of the
results shows that this is not the case. The correlation
between acoustic ratio and [n] reflects energy losses de-
rived from the hydrodynamic interaction of the oscillat-
ing molecule in the surrounding liquid. Since SAv is
bound to DNA, the observed acoustic ratio should reflect
losses due to the oscillation of the DNA/SAv complex and
not just the protein. Note that NAv when physisorbed on
gold gives a very low acoustic ratio suggesting a very tight
binding and is thus considered as an extension of the gold
surface.

To separate the contribution of the anchor DNA chain
in the acoustic ratio measured for the DNA/SAv complex
we systematically changed the length of the DNA. In ad-
dition to the 21 bp, DNA molecules of 50 and 76 bp were
also constructed; all DNAs had 2 biotins, one at each end
and were used for anchoring SAv to the QCM surface
(Figure 3a). Real time plots similar to Figure 2a were ob-
tained and used to derive the corresponding acoustic ra-

tios, through D versus F plots, for the other two DNAs
(Figure 3b). In parallel, we also studied the possible effect
of SAv surface coverage on the acoustic ratio by changing
the amount of the DNA added to the surface (DNA con-
centration range 1-50 pmol). The calculated AD/AF for
SAv as a function of SAv load (AFs,,) is shown in Figure
3c. According to this figure, the acoustic ratio is inde-
pendent of SAv surface coverage for all DNA anchor
lengths; this suggests that SAv molecules are bound quite
apart from each other, preventing potential SAv/SAv
cross talk that could affect molecular conformation.
While the dependency of acoustic ratio on surface cover-

46 .
4% and also observed in our

age has been reported before
lab under certain conditions,* the specific surface archi-
tecture used here prevents this from happening. NAv pro-
vides a minimum lateral separation of = 6-7 nm (includ-
ing the hydration layer) for the attachment of the bioti-
nylated molecules;® in addition, only a fraction of the
bound DNA is available for subsequent SAv binding, since
some DNA molecules may bind through both biotins. The
low frequency shifts (max AFsy,=40 Hz) obtained during
protein attachment in this way is an indication of the lim-
ited number of DNA anchors available for subsequent
binding (AFss, on Au = 145Hz, Figure S1). It should be
noted that larger double biotinylated DNAs (i.e., of >76
bps) failed completely to anchor SAv, probably due to all
DNAs binding via both biotins. The observation that the
acoustic ratio is independent of surface coverage has been

33,34

shown before during DNA binding>?* and is also true for

all DNAs used here.
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Figure 3. (a) Schematic representation of the 21, 50 and 76bp DNA anchors used to achieve SAv binding through a sin-

gle point on a NAv-modified Au surface; (b) typical D versus F plots of SAv (20 pg/ml) obtained for each one of the three

DNA:s; (c) plot of SAv acoustic ratios versus corresponding surface coverage (indicated by AF) for each DNA anchor; (d)
plot of the acoustic ratio of SAv (red) and 47bp DNA (blue) as a function of the DNA anchor length.

A second observation related to Figure 3c is that the
acoustic ratios obtained depend on the number of DNA
base pairs, i.e., the length of the anchor chain. This de-
pendency is shown in Figure 3d (red line) where acoustic
ratios for SAv are plotted versus the number of base pairs

(a)

-1"\,

85bp

(,/"»fw""h“waf"«f

of the DNA anchor. A straight line extrapolation to zero
anchor-length leads to a Y-axis intercept corresponding to
the ratio of suspended SAv only. This is
(0.012220.0022)x10 °/Hz, i.e., very close to the expected
value when using Eq. 1.

(b)
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Figure 4. (a) Schematic representation of three DNA anchors (21, 50 and 85bp - lower blue/yellow chain) used to

achieve immobilization of the 47nt DNA (upper red chain); (b) plot of the acoustic ratios obtained for the 47 bp DNA as

a function of the oligo surface coverage for three DNA-anchors.
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Characterization of the 47bp ds DNA attached to
the surface through a single point. As verification that
the above described approach is more generally applica-
ble, we repeated the same process using a 47 bp DNA
chain as the molecule to be suspended; while in our pre-
vious works®3*¥ this molecule was attached to neu-
travidin via a biotin link, here we sought surface immobi-
lization through DNA anchors. We synthesized dsDNA
anchors (see Figure S3), this time of five different lengths
(15, 21, 35, 50 and 85 bp) bearing one biotin at their 5" end
and a 47 ds DNA on the other end, the two parts being
connected via a flexible three nucleotide hinge (Figure
4a). We again verified the independency of the measured
acoustic ratio on surface coverage (Figure 4b) and made
the same analysis as with SAv. Plotting the ratio as a func-
tion of the number of base pairs of the anchor gives a line
which is nearly parallel to the one obtained for SAv (Fig-
ure 3d, blue line); the corresponding intercept
(0.0195+0.0012)x10-6/Hz, is again in very good agreement
with the value (0.0181+0.0020)x10°/Hz measured during
the direct attachment of a biotinylated 50 bp DNA on a

NAv modified surface and calculated from Eq. 1374

DISCUSSION

The above two examples, in combination with Eq. 1,
provide strong evidence of the hydrodynamic nature of
acoustic biosensing, at least in the low surface coverage
regime and for molecules attached to the surface in a free-
floating and suspended way. The use of a molecular mod-
el that can be related to known intrinsic physical proper-
ties of the attached entity without resort to fitting param-
eters comes as an alternative to the widely applied optical
film-based and acoustic Voigt models. A significant find-
ing of this work is the quantitative and predictive nature
of the proposed approach. For the first time it is possible
to know in advance what signal to expect from the bind-
ing of a nano-entity of a specific shape with a biosensor
device. This allows discrimination from the signal be-
tween specific and non-specific binding, with the latter
always giving a much lower acoustic ratio than that ex-
pected for free-floating immobilization. Other obvious
advantages are the label-free nature of the method, the
requirement for low protein or DNA amounts and the
dynamic measurement of conformational changes; the
latter was clearly illustrated in previous publications us-
ing a Holliday Junction DNA nanoswitch,* a DNA nano-
pump® and an intrinsically disordered protein.*” One of
the limitations of the method is of course the need for a
molecular anchor in order to immobilize the biomolecule
in a suspended / free-floating way. In this study, DNA
anchors coupled with a biotin functional group at one

end and another biotin or oligonucleotide group at the
other were used successfully for streptavidin and nucleic
acid attachment. DNA-conjugated antibodies and pro-

teins recently reported in literature®>*

appear as promis-
ing candidates for the general applicability of nucleic ac-
ids as molecular anchors. Regarding the resolution of the
method, we give the following example; suspension of an
IgG molecule (a tri-lobe protein) should be clearly distin-
guished from the spherical case since [n]iyg = (9+1) ml/g,*
giving an expected acoustic ratio AD/AF =
(0.0143+0.0003)x10 */Hz well within the resolution of 10%
of the acoustic method. For dsDNAs, this resolution cor-

responds to 10 bp in the range of 20-100 bp.*”

CONCLUSION

We have shown that acoustic measurements combined
with a newly described molecular approach can be used
to confirm and even obtain the shape and size of an at-
tached biomolecule, if the latter is suspended on a device
surface via a single point. We achieved ligand suspension
by using DNA anchors, produced with specific end-
functionalities. The fully quantitative nature of the meth-
od is described by a single equation, which can predict
the acoustic signal if the shape, and hence intrinsic vis-
cosity of a biomolecule, is known. The potential of the
method in molecular diagnostics has already been shown
during the direct probing of DNA conformation.>**® The
generic nature and simplicity of this methodology is ex-
pected to make acoustic wave devices an even more pow-
erful tool for molecular biophysics and especially nano-
biotechnology, where great efforts are currently directed
towards confirming or determining the shape of synthetic
or natural nano-particles.
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