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We have developed a hybrid platform that combines two well-known biosensing technologies based
on quite different transducer principles: surface plasmon resonance and nanomechanical sensing.
The new system allows the simultaneous and real-time detection of two independent parameters,
refractive index change (An), and surface stress change (Ao) when a biomolecular interaction takes
place. Both parameters have a direct relation with the mass coverage of the sensor surface. The core
of the platform is a common fluid cell, where the solution arrives to both sensor areas at the same
time and under the same conditions (temperature, velocity, diffusion, etc.).The main objective of this
integration is to achieve a better understanding of the physical behaviour of the transducers during
sensing, increasing the information obtained in real time in one single experiment. The potential of the
hybrid platform is demonstrated by the detection of DNA hybridization. © 2013 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4789430]

. INTRODUCTION

Biosensor technology has become a powerful diagnostic
analytical tool. Label-free biosensors are especially interest-
ing because molecules are not altered and can be detected in
their natural forms saving time and reagents, and opening the
way to implement full integrated and portable systems. Most
of the existing biosensing techniques rely on only one single
transducer mechanism. According to the transducer principle,
biosensors can be roughly classified as: optical, nanomechan-
ical, electrochemical, and piezoelectrical. In general, all of
them are valuable techniques capable of covering the contin-
uous demanding requirements at the analytical field. Indeed,
biosensors have been successfully employed in a wide range
of applications, from genomic and proteomic, to pathogen
or single cell detection, with high sensitivity and specificity.
However, most biosensors have limitations inherent to their
principle of working, where the system sensitivity is limited
by the transducer principle and/or the detection method. So
far, an option to increase the fields of application and the
amount of gather information is the multiparametric detec-
tion, either with the detection of a single property of differ-
ent biological molecules with a single biosensor, the detection
of different properties (parameters) of a specific biomolecule
with a single platform, or the integration of both of them.

In this work, we show the development of a new plat-
form that implements two of these well-known biosensing
technologies: surface plasmon resonance (SPR) and nanome-
chanical sensors (NM). Both techniques, independently, are
still under continuous development for improving their per-
formances by using new physical insights or by new chem-
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ical modifications and by broadening their application vari-
ety. The working principle and applications of these two indi-
vidual biosensors have been extensively described in several
excellent review papers.'™ Moreover, its individual applica-
tions, the SPR has been widely combined with other analyt-
ical techniques, such as surface enhanced Raman scattering
(SERS),>® or even atomic force microscopy.”” As well, the
serial and parallel use of SPR with other techniques is a com-
mon procedure to complement the bioassays, i.e., SPR-mass
spectrometry,'® and SPR-microcantilever.'! Our method, un-
like to Igarashi et al.’s'' method, is not a parallel use of
both sensors but a implementation of both techniques sharing
a common microfluidic chamber where biointeractions will
take place over the two sensor surfaces simultaneously.

Our system will record different physical properties of
the same biosensing interaction by using both transducer prin-
ciples. The SPR is a well established technique that provides
information about the amount of biomolecules in solution
while the microcantilever-based technique provides infor-
mation about the amount of biomolecules and the forces
acting during the process (static mode). This force-related de-
tection mechanism (not reachable with other biosensing tech-
niques) makes NM biosensor a quite unique platform that can
provide direct information about conformational changes in
biomolecules.

With this configuration, we can measure simultaneously,
and in real-time, two independent parameters, the refractive
index change, An, and the surface stress change, Ao, that
could contribute with complementary information to a bet-
ter control and understanding of the surface covering and the
biochemical reactions under study. The platform shows sev-
eral advantages with respect of using both techniques inde-
pendently, such as sharing a common fluid cell, where the so-
lution arrives to both sensor areas at the same time and under
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the same conditions (temperature, velocity, diffusion, etc.),
and a sample volume reduction. At the same time, it is possi-
ble to perform a real direct comparison of both techniques,
obtaining more information than measuring with both sys-
tems independently due to the parameters relation, An (cover-
age) versus Ao (forces). We demonstrate the potential of this
new platform by applying the system to the detection of DNA
hybridization.

Il. WORKING PRINCIPLES

A scheme of the two transducer principles of the pro-
posed biosensing platform is shown in Fig. 1. The SPR sens-
ing mechanism is based on the refractive index changes pro-
duced in the adjacent medium of a metal layer, gold in this
case. These changes produce a variation on the plasmon prop-
agation vector (kg,) generated by a light focused at the in-
terface of the metal and the dielectric layer. The changes in
the refractive index could be detected by measuring one of
the characteristics of the optical wave interacting with the
surface plasmon, angle, wavelength, intensity, phase o polar-
ization. We choose the SPR based on the intensity shifts of
the reflected laser beam (maintaining a specific incident an-
gle). During a biorecognition process, the change of the re-
fractive index induced by the analyte molecules binding to
the biorecognition layer depends on the volume refractive in-
dex increment (dn/dc)ye. If the binding occurs within a thin
layer over the sensor surface of thickness /4 the change of the
refractive index is related with the surface concentration in
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FIG. 1. Schematic representation of the working principles of: (a) SPR and
(b) microcantilever based biosensors.
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mass/area, I, following the equation:'?
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However, the degree of surface coverage is not easy to de-
termine by using SPR technology, where only a relation be-
tween the refractive index change and the reflectivity is given,
without studying the relation between the reflectivity and the
mass added onto the surface.'? Fortunately, the information
about the adsorbed mass is not essential to get meaningful re-
sults with SPR, being possible to determine the minimum de-
tectable concentration of a specific molecule in solution and
achieve kinetic studies without this information.

The working principle of nanomechanical transducers,
and specifically of microcantilevers, involves the translation
of the biochemical reaction occurring on top of the cantilever
surface into a mechanical motion. The induced cantilever re-
sponse could be a change on the cantilever bending or/and a
shift on its resonance frequency. The detection of these re-
sponses is usually referred as static and dynamic modes of
operation, respectively. Working in the static mode, the sens-
ing mechanism is based on the cantilever bending due to sur-
face stress differences, Ao, between both cantilever surfaces.
Working on the dynamic mode, the sensing mechanism is
the shift of the microcantilever frequency, Af, due to the to-
tal added mass, Am, and the microcantilever stiffness change
produced by the strain-dependent surface stress (elasticity).
This last contribution can cancel or make negligible the reso-
nance frequency change due to the added mass:'*

1 Ak Am*
Af=§f< - ’") 2)

7 m*

where f'is the cantilever fundamental resonance frequency, m*
is the effective mass of the cantilever, and Ak is the spring
constant change. Note that m* = nmyeam, where mpeam is the
mass of the cantilever and n = 0.24 for rectangular can-
tilevers.

Comparing the fundamental resonance frequency due to
the surface stress obtained with a string model, and the fun-
damental resonance frequency of a harmonic oscillator, the
change in the cantilever spring constant due to changes in the
surface stress is given by'>

7’n
Ak = T (AU] + AO'Z) s (3)

where Ao and Ao, are the change in the surface stress on
each cantilever surface.

For the development of this platform we chose the static
mode working principle because: (i) the cantilever sensitivity
only depends on the cantilever spring constant, (ii) the type of
information that can be obtained (related to molecules forces),
and (iii) the simplicity of the required set-up. Moreover, can-
tilevers with a low spring constant were used to increase
the cantilever bending.* For monitoring the nanomechanical
motion induced on the cantilever we used the optical detec-
tion method. In the optical lever scheme, the cantilever free
end movement is detected by measuring the reflected laser
beam displacement into a four quadrant photodetector. A gold
layer deposited over one cantilever side increases the laser
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reflection, and reassembles the SPR surface, making possible
to apply the same surface chemistry.

The easiest and most extended model to study the surface
stress produced on cantilevers is based on Stoney’s model,
where the total surface stress change between the top and the
bottom side (Ao) is related with the cantilever free end dis-
placement, Az, the Young’s modulus, E, the Poisson coeffi-
cient, v, and the cantilever length, L, and thickness, ¢, by

Et?

Ao =——"" A
3L2(1 —v)

z. “
The nanomechanical biosensor based on the surface stress
detection has a very complex physical behaviour, and there
are currently many open questions about the microcantilever
response. The bending of the microcantilever has a nonlin-
ear response with the coverage due to the interactions forces
between adsorbed neighboring molecules. Moreover, the mi-
crocantilever is a flexible substrate, which means that dur-
ing the hybridization process the cantilever curvature change
can increase or decrease the distance between the neighbor-
ing molecules, enhancing or reducing the chains accessibil-
ity and the acting forces, modifying the final signal response.
The cantilever bending direction and magnitude may depend
on the pH and ionic strength of the solution, giving opposed
responses for the same bioreaction performed under lightly
different conditions.'® !

Ill. HYBRID PLATFORM DESCRIPTION
A. Transducers

Commercially available silicon nitride rectangular can-
tilevers from Olympus coated with chromium and gold were
used in all the experiments (length, 200 wm; width, 40 pum;
thickness, 0.8 um; nominal spring constant, 0.10 N/m; den-
sity, p = 3100 kg m?; and Young’s modulus E = 1.5 x 10"
N/m?). The SPR sensor chip was a microscope glass cover
slide (10 x 10 x 0.15 mm?) coated with 5 nm of Ti and 45 nm
of gold. Prior to the experiments, the cantilever and the SPR
chip were initially cleaned in organic solvents (trichloroethy-
lene, acetone, and ethanol) heated at 50 °C, rinsed with DI
water, and them immersed in fresh made piranha solution for
few seconds (96% H,S04-30% H,O,, 3:1), rinsed with DI
water again and dry under nitrogen flux.

B. Fluid cell

The core of the system is a PMMA microfluidic cell that
contains two independent chambers: one common chamber
shared by the cantilever chip and the gold sensor surface of
the SPR, and an independent chamber that only covers the
SPR gold surface. Fluids are delivered into the chambers by
connecting polymeric tubes of 0.6 mm of diameter to the in-
let and outlet channels of each chamber. The independent SPR
channel is implemented as an additional reference for check-
ing any cross-effect of the cantilever over the SPR behaviour,
as could be laser diffractions onto the SPR gold layer, changes
on the SPR signal offset depending on the cantilever bending,
or effects in the flow velocity or diffusion inside the cham-
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FIG. 2. Fluid cell. (a) Schematic representation of the shared fluid chamber
(not at scale). (b) Photograph of the shared chamber (gold surface behind and
cantilever in front). (c) Photograph of the injection of a coloured solution into
both sensing chambers of the fluid cell.

ber due to the related position between the microcantilever
chip and the SPR gold surface (the proximity between both
sensors could modify the flow velocity and direction avoid-
ing that molecules could reach the SPR surface). The 3D mi-
crofluidic cell consists of five different layers (see Fig. 2(a)):
a first 0.15 mm glass slide covered with gold that will be
the SPR sensor surface; a thin layer of PDMS or parafilm
(0.1 mm) with the chambers form for sealing on top to the
gold surface; a PMMA cell (1.0 mm) with two different cham-
bers (one for locating the NM chip and covering the SPR sur-
face, and another one only for covering other region of the
SPR surface) and the corresponding inlets and outlets defined
by drilling; another thin layer of PDMS or parafilm for sealing
and a final glass slide cover (0.1 mm) to close the chambers.
The volume of each chamber is about 1.7 mm?.

With this configuration, the SPR gold surface is situated
behind the NM sensor in the shared chamber, as shown in
Fig. 2(b). A coloured dilution was used to check the proper
interchange of solutions inside the chambers (Fig. 2(c)), and
to compare the behaviour of both chambers. We confirm that
there are not death regions inside the chambers or diffusion
problems and that all the solution inside both chambers is
properly interchanged.

To deliver the fluids and the sample solutions, we used a
two-channel peristaltic pump (Instech) which allow to main-
tain a constant flow rate during the experiments on both cham-
bers, two six-port manual injection valves with 250 ul loop
each one, and two injection micro-pumps (Biochem valve) to
fill the loops of the valves with the sample solutions for its fol-
lowing injection into the fluid cell, without disturbing the fluid
base flow. All the components from the fluidic delivery sys-
tem are controlled by custom software with a graphical user
interface. This configuration enables the introduction of dif-
ferent solutions into each chamber of the fluid cell, allowing
the parallel analysis of both sensors surfaces with the same
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biorecognition assay (using one sensor surface as SPR refer-
ence) or with a different one.

C. Optical read-out system

The instrumentation has two independent optical detec-
tion subsystems, one based on the Krestchmam configura-
tion for the SPR measurements and another one based on the
optical deflection method for the read-out of the cantilever
bending, as shown in Fig. 3(a). Two laser diodes (Edmund
optics, 635 nm) and two photodetectors, one of two quad-
rants (S5870, Hamamatsu) and one of four quadrants (S4349,
Hamamatsu), for the SPR and cantilever read-out, respec-
tively, were employed. The detection subsystems and all me-
chanical parts, translation and rotatory stages, were mounted
ona 15 x 15 cm? aluminium breadboard (Thorlabs) as shown
in Fig. 3(b). The fluidic cell, the prism, and the SPR pho-
todetector were mounted over a rotatory stage to find the SPR
resonance angle and to fix the angle at which the intensity
changes will be detected (Fig. 3(b)). The SPR laser and the
rotatory stage were, at the same time, mounted onto a sec-
ond rotatory stage, which allows modifying the angle of the
cantilever reflected laser beam for centering it into the pho-

(@) Photodetector
photodetector SD

= | b

prism

microcantilever

"Fluid
Gold cell
layer

(b) ‘ ‘ . Cantilever
2 . ) " .  photodétettor
SPR ) v R
photodetec{ ) Wie 3

<
Cantilever
Lasers

FIG. 3. (a) Configuration scheme of the NM-SPR hybrid sensor. (b) Photo-
graph of the set-up (top-view) and schematic close view of the fluid chamber.
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todetector area, compensating any cantilever initial offset or
shifts in the SPR working angle.

D. Control system

We designed a full specific electronic system for the
development and implementation of the NM-SPR biosen-
sor. Both the optical read-out systems and the fluid delivery
system are managed by a control system. The control sys-
tem is composed by a custom hardware and software design.
The hardware can be divided into several functional blocks
(Fig. 4(a)): laser control, injection and peristaltic pumps con-
trol, and conditioning and data acquisition. All these blocks
are managed by a micro-controller interconnected with a
computer by means of a universal serial bus (USB). Custom
software manages the setup from the computer. The fluidics
diagram block is divided into two parts: power supply and
start/stop control of the injections pumps just to introduce the
sample in a fast way into the charge loop (5 s for a length
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FIG. 4. (a) Diagram block of the hardware. (b) Scheme of the NM-SPR ana-
log acquisition system. (c) Fabricated electronic card for the simultaneous
acquisition of SPR and NM signals.
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loop of 250 ul), and power supply and speed control of the
peristaltic pump to create a constant flow across the fluidic
cell.

The control system of the NM-SPR biosensor includes
two distinct analog acquisition systems, one for the quad-
rant sensor photodiode which monitors the cantilever move-
ment and twisting and another dedicated to measuring the
reflectance from the SPR sensor (Figs. 4(b) and 4(c)). The
complete acquisition system (quadrant and photodiode sen-
sor) uses four identical acquisition schemes, which includes
transimpedance amplifiers, low noise and high gain offset
compensation circuits to correct the problems caused by the
dark current of detectors and electronic offset introduced by
the analog model itself. Both, the gain and the offset com-
pensation circuit, are programmable by software, so both the
user and the biosensor calibration firmware can adjust these
parameters, if requested, for each experiment. Every signal
is filtered by anti-aliasing structures before the analog-digital
conversion.

To quantify the displacement of the laser beam reflected
by the cantilever, we must measure the light that reaches each
quadrant photodiode and use those values. That is, the expres-
sion (A + B) — (C + D) shows beam vertical displacement
and the expression (A + C) — (B + D) indicates horizontal
displacements.

The numerical calculation of the previous expressions
has been discarded after a detailed analysis of quantization
errors introduced by the analog-digital converters. The analog
implementation of these operations through circuital solutions
based on operational and instrumentation amplifiers has been
developed to avoid the quantization errors. The digitalization
is made at the end of the mathematical operation, extending
the dynamic range of the entire system.

The (A + B) 4+ (C + D) term is used for monitoring the
total optical power received by the quadrant sensor as a ref-
erence signal. Any parameter measured will be normalized so
to compensate the variations in the laser output power. Simi-
larly, this signal can be used to verify that the beam is within
the active area and that has not left the region of interest. This
is a mandatory step in the system calibration. All these expres-
sions are digitized and quantified with resolutions of 16 bits.
Each channel gain is programmable independently, allowing
the circuit to suit different optical configurations that can be
done in the experiment, including the change of power and
laser type. Four independent inputs are included, correspond-
ing to the separate photodiodes signals, in order to quantify
the amount of light received by each photodiode and then to
estimate the position of the laser spot in the center of the quad-
rant sensor. These values are plotted in the control software
for guiding the beam centered during the biosensor calibra-
tion process.

Moreover, the acquisition electronics (Fig. 4(c)) includes
a dual-channel SPR biosensor based on a dual photodiode
(E and F) with analog circuitry and signal conditioning pro-
grammable gain. These circuits are responsible for measuring
variations in the irradiance of the signals produced by the SPR
photodiodes. The acquisition is performed also at 16 bits after
an appropriate filtering step. The control software is divided
into two distinct sections, one that is built into the CPU of
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FIG. 5. Portable prototype of the hybrid platform.

the electronic system (firmware) and another section located
in the PC. The firmware manages the programming and mon-
itoring of all parameters for calibration and operation of the
biosensor. All of these commands are received from the USB
interface via graphical user application.

E. Packaging of the hybrid platform

The different sub-systems that constitute the hybrid plat-
form (the fluid cell, the read-out systems, and the fluid de-
livery system) were packaged into a case to get a portable
biosensing platform (see Fig. 5). Housing the set-up reduces
the interference of the external light on the photodetectors as
well.

IV. RESULTS
A. Characterization

The SPR bulk refractive index sensitivity was character-
ized by injecting dilutions of ethanol, which produce a change
in the bulk refractive index but with no significant adsorp-
tion on the sensor surface. Dilutions of ethanol at 25%, 10%,
5%, 1%, 0.5%, and 0.1%, with refractive indexes previously
evaluated with a commercial Abbe refractometer (1.3465 for
ethanol 25%), were injected. The stabilization solution was
DI water, with a refractive index of 1.3325. The SPR response
is shown in Fig. 6(a) (top)—higher ethanol concentrations are
not represented. The experimental bulk detection limit of the
SPR sensor is An = 5.5 x 107>, corresponding to an ethanol
dilution of 0.1%. Concentrations of ethanol lower than 0.1%
are difficult to sense due to the noise of the system of about
0.15% (3 times standard deviation of the base line). Fig. 6(b)
shows the good linearity of the response achieved with the
SPR sensor, which is one of the critical parameters in the
biosensor sensitivity. Each data are a mean value of four dif-
ferent experiments.

The injection of ethanol dilutions also helps for check-
ing the effect of refractive index changes on the cantilever
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FIG. 6. (a) Simultaneous acquisition of SPR and NM signals for the injec-
tion of different dilutions of ethanol in water. The inset shows the minimum
dilution of ethanol measurable with our home-made SPR (An ~ 5 x 1079).
(b) Linear fitting of the mean intensity evaluated by SPR vs ethanol concen-
trations. (c) Thermal noise power spectrum of the cantilever.

response by the real-time monitoring of both SPR and can-
tilever signals. Due to the shift in the laser pathway when
the refractive index of the surrounding medium changes, the
cantilever response corresponding to the biointeraction can be
modified or hided.'® The simultaneously monitored changes
in the SPR and the cantilever signals due to the injection
of ethanol dilutions are shown in Fig. 6(a) (bottom), where
it can be observed that changes in the refractive index of
4 x 107 (and lower) slightly affect the cantilever reflected
beam. Most of the biological solutions of interest are used
at concentrations which refractive index would not affect
the cantilever response; therefore we can conclude that the
proposed cantilever configuration is optimal for assessing
biomolecular interactions.
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For characterizing the NM sensor, we used the geometri-
cal method and measured the thermal noise power spectrum.
In the NM sensor, the displacement of the laser spot on the
photodetector, Ad, can be related to the cantilever bending,
Ax (nm), using geometrical methods as in Eq. (5), where s is
the distance from cantilever to the photodetector, and L is the
cantilever length:

_AdL
T 4y

Ad (nm) depends on the photodetector sensitivity and can be
written as Ad = 10°(1; — DL)lsa/2(1y + 1), where [ is the
active photodetector length in mm, /; — I, is the differential
signal and I; + I, is the sum signal. For our particular set-up
(L =200 um and s = 100 mm) and substituting Ad into (5),
a deflection factor (L10%/4s) of 500 is obtained.'®

Beside the geometrical calibration, a measurement of the
cantilever resonance frequency was performed by acquiring
the power spectrum due to the cantilever thermal noise with-
out additional external amplification of the cantilever vibra-
tion. The detection of the cantilever movement due to the
thermal noise implies that the nanomechanical system con-
figuration has nanometric resolution, since cantilever thermal
vibration is in the nm order. The cantilever movement was
measured via the voltage difference between the right and left
half of the photodetector, and the fast Fourier transform (FFT)
of this signal gives the cantilever power spectrum shown in
Fig. 6(c), observing the first and the second cantilever reso-
nance mode. The cantilever resonance frequency is measured
before each experiment to check the cantilever integrity and
the system resolution. However, we do not detect the can-
tilever resonance frequency during the bio-recognition pro-
cess. The reason is that we do not use any external amplifi-
cation of the cantilever vibration motion and when working
in liquid, the frequency resolution is not enough to detect the
small changes of the frequency.

The final sensitivity for a specific biomolecule detection
will be given by the system resolution plus the effect of ex-
ternal factors such as fluid diffusion, surface coverage, or the
physiological medium employed (buffer type, pH, salt con-
centration, etc.), as discussed in Sec. III.

Ax

, &)

B. DNA hybridization assay

To evaluate the performance of the hybrid platform of
a biorecognition process, we conducted DNA hybridization
assays. The nanomechanical detection of the DNA hybridiza-
tion has attracted a high amount of attention due to the
complex cantilever response found, depending on governing
forces playing different roles.?*-?® Optimized conditions for
enhancing the detection when working with DNA molecules
are difficult to set as a general rule because these conditions
have a high dependency on the specific sensor surface.
Recent publication demonstrates the hybridization efficiency
at different pH, reaching a peak for high pH.!” Most of the
reported works use external complementary techniques, such
as fluorescent, radiolabelling or SPR, to quantify the surface
coverage and to optimize the working conditions of NM
sensors. The novel system that we proposed is a suitable
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platform for applications where the cantilever response is dif-
ficult to interpret and the use of complementary techniques,
such as SPR, could play a crucial role for understanding what
is really happening over the sensor surface.

In our experiments, previously to the hybridization de-
tection, we carry out the formation of a single stranded DNA
(ssDNA) probe monolayer covalently bonded onto the gold
surfaces. For that purpose, the DNA single strand sequence
used for immobilization was a 24-mer that bears a thiol linker
(C6-SH) at the 5’ end (sh-ssDNA). This allows using the self-
assembled monolayer chemistry on both sensor surfaces (SPR
and NM). The immobilization of DNA probes was carried
out at constant flow rate; using 1 uM of the sample prepared
on a volume of 250 ul in 50 mM phosphate buffered (PB)
solution with 750 mM NaCl, at pH 7. Hybridization experi-
ments were done at room temperature using a target volume
of 250 ul in the same buffer, at a concentration of 500 nM.
The complementary sequence was a 32-mer single stranded
DNA with a free tail at the 3’ end after hybridizing with the
DNA probes. For surface regeneration, formamide 35% was
employed.

The simultaneous monitoring of both sensing signals,
SPR and NM, during the in-flow immobilization of the DNA
probes is shown in Fig. 7(a) (top) and (bottom), respectively.
In the beginning, the chambers were filled with the same
buffer that will be used for the immobilization process, at a
constant flow rate, until equilibrium in the drift of the can-
tilever bending was reached. Then, by using the injections
valves automatically controlled by software, the 250 ul of
the ssDNA probes solution was injected without stopping or
modifying the flow rate. The equilibrium buffer will reach and
wash the chambers after 20 min, removing the unbound DNA
chains from the sensors surfaces. In this case, the SPR signal
was acquired from both independent chambers/areas, demon-
strating that there is no effect of the cantilever over the SPR
response. The light difference in the kinetic of both SPR sig-
nals is attributed to a difference in the cleaning stage of both
sensing regions. The formation of the self-assembled mono-
layer of DNA produces a downward deflection of the micro-
cantilever (the gold side is expanding respect to the silicon
side). The chosen pH 7 produces a decrease in the steric in-
teraction between neighboring ssDNA strands and a higher
electrostatic repulsive forces, bending the microcantilever
away from the gold surface to provide more space for the
target DNA.

The subsequent hybridization with the complementary
chains produces a net differential signal in both sensors, as
can be observed in Fig. 7(b). The microcantilever response is
again a downward bending (compressive stress), due to the in-
crease of the electrostatic forces between the double stranded
DNA chains. The injection of a control solution (250 ul
of non-complementary 32-mer ssDNA at a concentration of
500 nM) does not produce any NM or SPR net signal changes.
The change in the SPR signal due to the injection of the
non-complementary DNA chains is only due to bulk refrac-
tive index changes as can be deduced because the base line
is recovered again once the equilibrium buffer washes the
chambers. This result demonstrates the specificity of both sen-
sors surfaces.
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FIG. 7. Simultaneous acquisition of SPR and NM signals for the in-flow
immobilization of sh-ssDNA (a) and the subsequent ssDNA hybridization
and control experiments (b).

The bending signal evaluated nanomechanically during
the hybridization process corresponds to a surface stress
change of 13.44 mN/m (calculated by using Eq. (4)). This
value is in accordance with previously reported data for hy-
bridization experiments. The change on the surface stress
produces a change on the cantilever spring constant, which
at the same, affects the cantilever resonance frequency. Al-
though this frequency variation does not have any effect on
the biorecognition detection when working in the static mode,
it may be interesting to discuss the associated frequency
change produced during our experiments. Considering a sur-
face covering of ~10'? molecules/cm?, the maximum added
mass to the cantilever during the hybridization experiments is
~0.6 pg.?” The effect on the resonance frequency due to this
added mass and the cantilever stiffness change can be cal-
culated by using Egs. (2) and (3). The added mass ratio,
Am/m, would be ~1.2 x 10~ (for a cantilever mass of about
20 ng), while the spring constant ratio, Ak/k, would be of
~0.077 (for a spring constant change of 0.0077 N/m and a
cantilever spring constant of 0.1 N/m). Following Eq. (2), the
total change in the resonance frequency would be ~800 Hz,
where the spring constant change would be the governing pa-
rameter in opposition to the mass change.
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V. CONCLUSIONS

A new hybrid platform was evaluated for the simulta-
neous monitoring of two independent parameters during a
biorecognition process, the surface stress and the refractive
index change, by using two different biosensing principles.
We have demonstrated the potential of the hybrid integrated
platform by the detection of DNA hybridization. The
cantilever-based biosensor is still a promising technique un-
der development. A complete understanding of the surface
stress origin is essential to optimize the bending method, to
reduce the limit of detection, and for obtaining more informa-
tion about the biological interaction. The simultaneous and
direct comparison with a well established technique, such as
SPR, can contribute to this understanding. Some improve-
ments could be done in the future to reduce the SPR noise
and to increase the bulk experimental sensitivity by including
a thermal control, reducing the laser divergence, or increasing
the working wavelength. Future developments of the hybrid
platform will be focused on the system scalability and the ad-
dition of another sensing parameter: the cantilever resonance
frequency change. This will provide an interesting correlation
between three parameters: An, mass, and surface stress. We
pursue to develop a multichannel platform with one or several
microcantilevers per channel and one SPR per channel, with
independent flow injections for each channel, which will lead
to a multiplexed and multiparametric biosensor.
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