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Abstract

A novel label-free biosensor array is proposed, which uses the ultrafast heat
transport from a metallic nano-plate into surrounding solution across pro-
teins captured on the nano-plate. Using electron-beam lithography, 2,500
gold nano-plates of 30 nm thick with 5 x 5 u m? area were fabricated on a
fused silica substrate, on which receptor proteins were immobilized. Ther-
mal phonons were induced on the back surface of a single nano-plate by
focusing ultrafast light pulses from the substrate side, which propagated to-
ward surrounding solution through surface proteins. Because the ultrafast
heat-transport behavior, which is completed within ~1 ns, is affected by
existence of target proteins on the nano-plate, each nano-plate works as a
single label-free biosensor. A theoretical calculation was made for predict-
ing the cooling-down behavior of the nano-plate after an impulsive heating,
and a pump-probe optics was developed for monitoring the ultrafast tem-
perature change after excitation with a femtosecond fiber laser. We then
confirm that each nano-plate acts as a single label-free biosensor by perform-
ing antigen-antibody binding reactions, indicating that a large scale number
of multichannel measurement is made possible with this phenomenon.

Keywords: label-free biosensor, pump-probe laser measurement,
thermoreflectance measurement, MEMS, multichannel
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1. Introduction

The label-free biosensor allows a short-time detection of target biomolecules
because it is free from extra incubation and washing procedures. It also al-
lows a real-time monitoring of binding and dissociation reactions between
biomolecules, providing the binding affinity between them quantitatively.
Thus, the label-free biosensor is promising in diagnosis and drug-development
processes. An unsolved assignment is development of a large-scale multichan-
nel label-free biosensors. There are two representative label-free biosensors:
One is the surface-plasmon-resonance (SPR) biosensor [1, 2, 3] and the other
is the quartz-crystal-microbalance (QCM) biosensor [4, 5, 6]. Intensive efforts
have been made for developing multichannel SRP [7, 8, 9] and multichannel
QCM [10, 11, 12] sensors. Other label-free multichannel biosensors are re-
cently reported, including the nanoplasmonic biosensors [13], electrochemical
biosensors [14], and optical-waveguide-based biosensors [15]. However, the
number of channels has been typically smaller than 50, and the single sen-
sor area is larger than ~50x50 pm?. Thus, a drastic increase in the channel
number with smaller sensing areas is required in the label-free-biosensor field.

In this study, we propose a novel label-free biosensor, that uses ultrafast
heat propagation from a metallic nano-plate into surrounding solution across
biomolecules immobilized and captured on the nano-plate surface. Because
metallic materials exhibit much higher thermal diffusivities than that of wa-
ter, after it is heated, it remains warm without the protein layer on it. How-
ever, when a dense protein layer exits between the surrounding solution and
the metallic nano-plate, the heat-transfer behavior into the solution region
should be accelerated because thermal diffusivity of proteins are expected to
be higher than that of water; the protein layer works as a coupling material
for heat transfer. The cooling-down behavior of the metallic nano-plate after
heated will then highly depend on the presence of the protein layer. It is,
therefore, possible to develop a label-free biosensor using this phenomenon by
measuring the nano-plate temperature after heating. A label-free biosensor
using the heat-transfer principle has been reported [16], but it is not adopted
for a large-scale multichannel biosensor application.

There are some distinguished advantages in this biosensor. First, a single
sensor channel can be significantly minimized, because heating the nano-plate
and detecting its temperature are accomplished by focusing light pulses onto



~1 pum? area. Second, the number of channels can be drastically increased

by fabricating the nano-plate arrays on a substrate with a MEMS process.
Third, a short-time measurement is made possible, because the heat transfer
from a nano-plate into surrounding water complete within ~1 ns.

First, we perform a theoretical analysis for evaluating the effect of growth
of the protein layer on the nano-plate on the cooling-down behavior of the
nano-plate after heated. The one-dimensional heat-transfer model for multi-
layer is established, and the fast temperature change after the excitation is
calculated using the Fourier transform method.

We then demonstrate the availability of the proposed biosensor: We de-
velop an optics for measuring the ultrafast heat transport behavior with a
femtosecond fiber laser. Using the electron-beam-lithography method, we
fabricated 2,500 gold nano-plates with 5 pym x5 pm area of 30-nm thick on
a fused-silica substrate and performed the real-time monitoring of antigen-
antibody binding reactions on a single nano-plate. Our measurements show
agreement with the theoretical analysis, and we confirm that this new type
of biosensor array works as multichannel label-free biosensors.

2. Theoretical Analysis

Figure 1(a) illustrates the cross-section view near a single nano-plate, con-
sisting of the glass substrate, Au nano-plate, proteins on it, and surrounding
solution. Because the in-plane dimension of Au nano-plate (5 pm) is much
larger than its thickness (30 nm) and heating by a light pulse is made on the
entire back surface of the nano-plate, the thermal transport occurs nearly
with one-dimensional manner. The thermal diffusivity of the glass substrate
is much smaller than that of Au by a factor of ~0.005, and the bottom face of
the Au nano-plate can be considered as an adiabatic face. We therefore sim-
plify the heat transport phenomenon with the three layer model as shown
in Fig. 1(b), where the protein layer is assumed to be a continuous and
homogenous layer; the progress in the binding reaction is regarded as the
increase in the effective thickness, d,, of the protein layer.

The one-dimensional heat-transfer behavior in homogenous multilayer
system has been analyzed previously [17, 18], and we follow their approaches.
We briefly show the procedure we made. The temperature change T'(¢, z) in
1th layer obeys the heat equation:
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Here, t, k, C, and p denote time, thermal conductivity, specific heat, and
mass density, respectively. o = /Cp is thermal diffusivity. z is the distance
measured from the back surface of the Au nano-plate (Fig. 1(b)). The sub-
script ¢ indicates a quantity of the ith layer. Adopting the Fourier transform
for ¢t with w, we obtain

PT(w, 2) _ Jw

952 o —T(w, z). (2)
The general solution takes the form:
T(w,z) = Cy(w)e? + Co(w)e %, (3)

with ¢ = y/jw/a. Using the boundary conditions at lower and upper surfaces
of the ith layer (Fig. 2), we can eliminate the coefficients C(w) and Cy(w)
and obtain a relationship between temperature T and heat flux f at the lower
(input) and upper (output) surfaces of the ith layer

7out (W) cosh(q;d;) — L _sinh(q;d;) 7 (w) [
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fi("“t) (w) —r;q;isinh(g;d;) cosh(q;d;) fl.(m) (w)
(4)
with the heat-transfer matrix M; Analogous analysis allows derivation of the
relationship between the temperature and heat flux at the top and bottom

surfaces of the multilayer system by multiplying the transfer matrices of
individual layers:
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Because we heat the lowest layer by irradiating the bottom surface with
a light pulse with duration a, the heat flux fi(¢) is expected to become
fi(t) = H(t)e ™, where H(t) denotes the Heaviside function. Thus, we
obtain .

Flin) ( \

AV @) = . (6)
Furthermore, because the water layer (top layer) is sufficiently thicker than
the protein and gold layers, the heat flux at the top surface should be zero,
yielding the relationship

7 (w) = %Eii 7(w). )
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We then obtain the temperature change at the bottom surface, which is
measurable, with the Fourier transformation

i)y [T Ma(w) ot
R N e mi e "

3. Experimental Section

3.1. Pump-probe optics for thermoreflectance measurement

Figure 3(a) shows the optics developed for this study. We used a fem-
tosecond fiber laser (Fianium, FP-1060-1) with ~150 fs pulse width, 50
MHz repetition frequency, and 1064 nm wavelength. The light pulse was
frequency-doubled with the second-harmonic-generator (SHG) crystal, and
split into pump and probe pulses with the polarized beam splitter (PBS)
after passing through a \/2 plate, which controls the polarization angle and
the split ratio between the pump and probe lights. The pump light was
amplitude-modulated by an acousto-optic crystal with 1 MHz modulation
frequency and, after passing on the light path involving the corner reflector,
it was focused on back face of a single nano-plate with a 100-magnification
objective lens to transiently heat the nano-plate. The probe light pulse was
focused on the nano-plate back surface by the same objective lens to mea-
sure the temperature there via the photo-thermal (thermoreflectance) effect,
where the reflectivity change of the probe light is proportional to tempera-
ture. A part of the probe light was acquired by a balanced photo detector as
a reference using a beam splitter before irradiation of the nano-plate, and the
reflected probe light from the nano-plate was received by the balance detec-
tor. The reference-subtracted signal was fed to a lock-in amplifier to extract
the modulation-frequency component. The energy of the pump and probe
light pulses was about 20 pJ. By changing the path length of the pumping
light pulse by moving the corner reflector, the delay time of the probe light
pulse to the pump light pulse at the nano-plate surface was controlled in a
~100 fs time resolution.

3.2. Surface modification of gold nano-plates

We fabricated 2,500 Au nano-plates in a 0.5 mmx0.5 mm area on a fused-
silica substrate of 0.3 mm thick using electron-beam lithography method (Fig.
4(a)) [19, 20]. A single nano-plate shows a square shape with 5 pm side as
shown in Fig. 4(b), and its thickness is 30 nm (25 nm Au on 5 nm Cr).



In this study, we immobilized four different proteins on different areas
with a micropipette as follows: We first washed the nano-plate array with
piranha solution (98% HyS04:33% HyOo=4:1). After rinsing it with ultrapure
water, its was cleaned with a UV ozone cleaner. The chip was then immersed
in 10 mM 10-carboxy-1-decanethiol (Dojindo, C385) solution for 18 h at 4
°C. After rinsing it with ultrapure water, the nano-plate surfaces were acti-
vated by 100 mM EDC(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, hy-
drochloride; Dojindo, W001) solution and 100 mM NHS (N-Hydroxysuccinimide;
Wako, 089-04032) solution for 1 h. After rinsing it with ultrapure water,
four droplets of four receptor-protein solutions shown below were deposited
on the first, second, third, and fourth quadrants in the nano-plate array for
immobilizing four different receptor proteins on the different areas. After
washing with phosphate-buffered-saline (PBS) solution, the nano-plate ar-
ray was immersed in 10 mg/ml bovine-serum-albumin (BSA; Sigma, A3059-
10G) solution for blocking remaining activated sites. After washing it with
PBS solution, the sensor chip was set in the sensor cell as shown in Fig.
3(b). The receptor-protein solutions were 200 pg/ml anti rabbit IgG anti-
body (Anti-rIgG; Arista Biilogicals, Inc. ABGAR-0500) solution, 200 pg/ml
anti human IgG antibody (Anti-hlgG; Invitrogen, ABIGG-0500) solution,
200 pg/ml protein A (Invitrogen, 10-1100) solution, and the BSA solution.
The target protein was rabbit IgG (rIgG) (Invitrogen, 21616237) and its so-
lution was injected by a piezo-micropump with a flow rate of 100 wl/min,
which was carried along the nano-plate surfaces as shown in Fig. 3(b).

4. Results and Discussion

4.1. Theoretical calculation

Figure 5 compares the reflectivity change AR of the probe light with
theoretical calculation (Eq. (8)) for the temperature change on the back sur-
face of 30-nm gold layer without protein layer. The theoretical calculation
principally agrees with the measurement: The transient raise and drop in
temperature after excitation, and subsequent gradual cooling-down process
are consistently explained by the theoretical calculation, indicating that in-
fluence of protein layer on the cooling-down behavior can be evaluated with
the theoretical calculation.

While thermal properties of proteins are highly ambiguous, several re-
searchers estimated protein thermal conductivity to be of the order of 0.1
W/Km [21, 22, 23|, and we here assumed it to be 0.2 W/Km. Also, we
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used 3.5x 1077 m? /s for thermal diffusivity of the protein layer, referring pre-
diction by Yu & Leitner [21]. Figure 6(a) shows the heating-cooling down
behavior calculated for various protein-layer thicknesses d, defined in Fig.
1(b). We find three notable characteristics: First, the cooling-down process
is enhanced as the protein layer becomes thicker, indicating that the protein
layer acts as a coupling material for heat flow from nano-plate to solution.
Second, the temperature change depends on the time after the excitation.
At a later stage (for example at 100 ps), the temperature change will not be
monotonous to the protein layer thickness. Third, the cooling-down behavior
is sensitive to the thickness change when d, <~50 nm, but it becomes insen-
sitive to that for d, >~70 nm as shown in Fig. 6(b): A thick enough protein
layer will work as an insulator material rather than the coupling material for
heat transfer. Because height of an IgG molecule is about 10 nm [24], the
protein layer thickness after binding reaction will be typically thinner than
~30 nm, and the high sensitivity of the heat transfer phenomenon to the
change in the protein thickness in a region of d, <~50 nm is promising as a
label-free biosensor.

4.2. Detection of antigen-antibody binding reactions

Figure 7 shows the reflectivity changes (i.e. temperature changes) on
different nano-plates on which anti-rlgG antibody or anti-hIgG antibody was
immobilized. We injected 6-nM rIgG solution in PBS and obtained them
after 30 min. We focused the light pulses on a single nano-plate as shown
in Fig. 4(c). Three independent measurements on three different nano-
plates are shown in the figure, indicating sufficient reproducibility. On the
positive nano-plates (anti-rlgG channels), significant temperature decreases
were observed, whereas on the negative nano-plates (anti-hlgG channels), the
responses were close to those observed in the injection of the PBS solution
(control). Thus, these experiments demonstrate that the tiny dot (5 pum
square) works as one label-free biosensor.

For evaluating the cross-talk effect, we performed the reflectivity-change
measurement on a neighbor nano-plate by irradiating a nano-plate with the
pump light and applying the probe light on the neighbor (different) nano-
plate. As shown in Fig. 7 with a broken line, no significant reflectivity
change is observed. This result is reasonable because the heat transfer phe-
nomenon occurs in very thin (~30 nm) nano-plate, and the distance between
nano-plates (5 ym) is much larger than the nano-plate thickness. Therefore,



the cross-talk effect is negligible in this measurement, and we expect that
independent assay is made possible on each nano-plate.

We sometimes observed high-frequency oscillations after the excitation
as seen in Fig. 7; its frequency is about 310 GHz. There are three possible
causes for the reflectivity oscillation. (1) Mechanical oscillation of nano-plate
[25]. The gold nano-plate could be resonated by the pump probe light be-
cause of the transient thermal expansion and shrink. The highest resonance
frequency corresponds to the through-thickness resonance frequency, which is
estimated to be about 79 GHz. This is significantly lower than the observed
frequency, and this mechanism should not be the cause. (2) Brillouin oscil-
lation from the glass substrate [26], which is caused by interference between
the reflected probe light at the nano-plate back surface and refracted probe
light by the acoustic wave propagating in the glass susurrate. Its frequency
is, however, estimated to be about 45 GHz, which is again lower. (3) Phonon
vibration of surface proteins. This could be observed because the phonon
pulse is generated by the pump light pulse, and it could cause vibrations of
proteins. However, we have currently no convincing confirmation about this,
and identification of the high-frequency oscillation will be our future study.

Figure 8(a) shows time changes of the reflectivity (or temperature) at 50
ps after excitation on four different nano-plate channels, on which anti-rlgG
antibody, protein A, anti-hIgG antibody, and BSA are immobilized, during
flowing the 6-nM rlgG solution. On the negative channels (BSA and anti-
hIgG antibody channels), insignificant temperature decreases are observed,
whereas on the positive channels (anti-rlgG antibody and protein A chan-
nels), temperature largely decreases after the arrival of the analyte. Figure
8(b) shows the amount of the reflectivity change at 2000 s from the injection,
clearly demonstrating the high selectivity of the proposed biosensor.

Figure 9(a) shows the temperature change behaviors of a nano-plate, on
which the Anti-rIgG antibody was immobilized, after rIgG solutions with
various concentrations were injected. The sensor response increases as the
target-protein concentration increases, but it is saturated in higher concen-
tration region as shown in Fig. 9(b). This nonlinear behavior is expected
form the theoretical calculation (Fig. 6); a thick protein layer will restrict
the temperature change of the nano-plate because it works as an insulator.



5. CONCLUSION

The ultrafast heat-transport phenomenon from a gold nano-plate into so-
lutions across adsorbed proteins was theoretically and experimentally stud-
ied. The theoretical calculation reveals that the cooling-down behavior of
the nano-plate after an impulsive heating is significantly affected by the
growth of the protein layer on the nano-plate when the protein layer is thin-
ner than ~70 nm, indicating that monitoring temperature on the nano-plate
after heating allows development of a label-free biosensor. We fabricated
2,500 channel gold nano-plates on a fused-glass substrate; a single nano-
plate is a square with 5um sides and 30-nm thickness, and then performed
the transient-heating and subsequent temperature-monitoring experiments
with originally developed optics with a femtosecond fiber laser. We then
demonstrated that a single nano-plate works as a label-free biosensor using
the antigen-antibody binding reaction. Because it is technically possible to
immobilize 2,500 different receptor proteins on individual nano-plates using
an inkjet printing technique, a large-scale multichannel label-free biosensor
will be developed with the proposed method. Currently, the detection limit
is about 7 pM and a liner response appears between 6.7 and 670 pM. These
properties will be controlled by changing the thickness and material of the
nano-plate. Although it is not easy to perform the 2,500 channel bioassays si-
multaneously, using a charge-coupled-device (CCD) or complementary metal-
oxide-semiconductor (CMOS) detectors will overcome this difficulty, which
will be our future study.
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1 (a)Schematic of cross-section of gold nano-plate on a fused-glass sub-
strate, on which proteins are adsorbed. (b)Three-layer model for mea-
surement configuration.

2 Multilayer model for heat transfer phenomenon from the bottom
surface of the lowest layer to upper direction.

3 (a)Optics developed for monitoring the temperature on the nano-
plate back surface after the transient heating. A femtosecond fiber
laser was used for this. (b)Cross-section schematic view of the sensor
sell, where the fused-silica plate with many gold nano-plates is set. The
solution flows along the nano-plate surfaces and the light pulses enter
a small window of the sensor cell.

4 (a)A photograph for the nano-plate array chip. (b)An enlarged view
obtained by a scanning electron microscope. (c¢)Focused light pulse
for heating the gold nano-plate, achieving the label-free bioassay on a
single nano-plate.

5 (a)Measured reflectivity change of the single gold nano-plate after
heating with a 150-fs light pulse. (b)Calculated back-surface temper-
ature change of the gold layer after the impulsive heating with 150 fs
without protein layer. The injected laser pulse power was 20 mW both
in experiment and calculation.

6 (a)Analytical calculation of the change of the back-surface tempera-
ture of the gold layer after the 150-fs impulsive heating. (b)Relationship
between the protein layer thickness and the back-surface temperature
at 50 ps after heating.

7 Reflectivity change (i.e. temperature change) after heating of differ-
ent nano-plates after flowing 6.7-nM rabbit-IgG solution for 30 min.
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Red and black lines indicate measurements for nano-plates on which
anti-rabbit IgG antibody (positive plate) and anti-human IgG antibody
(negative plate) are immobilized, respectively. Blue lines indicate re-
sponses for the positive nano-plates when phosphate buffered saline
(PBS) solution was injected (control). Three independent measure-
ments for three different nano-plates are shown for each case. The
broken line is the response when the probe light irradiated the neigh-
bor (different) nano-plate.

Fig. 8 (a)Reflectivity change (i.e. temperature change) at 50 ps after the
impulsive heating on four different nano-plates, on which BSA (neg-
ative), anti-hlgG antibody (negative), protein A (positive), and anti-
rlgG antibody (positive) are immobilized, during the flow of 6.7-nM
rabbit-IgG solution. (b) Reflectivity change (temperature change) at
2000 s for the four channels.

Fig. 9 (a)Temperature behaviors of a single nano-plate, on which anti-rlgG
antibody was immobilized, after injection of rIgG solutions with con-
centrations between 6.7 pM and 6.7 nM. (b)Relationship between the
concentration of the injected rIgG and the sensor response at 2000 s.
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