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ABSTRACT

We present a new class of the protein concentration detector

based on the mechanical stiffness measurement of protein-receptor

layers in a squeezed nano-gap. Compared to the previous protein

size detector, the present device reduces the distortion and

uncertainty in the displacement measurement by adding an

actuated nano-gap and reference electrodes. Compared to the

conventional protein detectors based on electrochemical, optical,

and optomechnical principles, the present device also offers simple,

inexpensive, and high-precision protein detection. We design and

fabricate the protein concentration detector using an electrothermal

actuator and two nano-gaps with reference electrodes. In

experimental study, we verify that the present protein detector

measures the size of the proteins, streptaividin and m-antibiotin, as

12.1 2.3nm and 13.2 3.3nm at the measurement uncertainty of

1.1nm, respectively, while showing the concentration detection

sensitivity of 2.88N/m/nM in the m-antibiotin concentration range

of 5~10nM.

INTRODUCTION

High-precision protein detectors are actively studied for

diagnosis and prognosis. [1] Previously, we presented the

nanomechanical detection principle [2], where the actuator

squeezes the protein-receptor layers in the nano-gap through a

mechanical spring(k1). This nanomechanical principle offers

simple, inexpensive, and high-precision protein detection [2]

compared to electrochemical [3], optical [4,5], optomechancial [6],

and mechanical [7,8] principles.

From the nanomechanical principle, we presented the protein

size detector(Fig.1a) [2] based on the squeezed displacement

measurement of x2(t) in Fig.2a. The previous device [2], however,

was unable to measure the protein concentration due to a couple of

problems: 1) the distortion in the time-dependent squeezed

displacement(x2(t) in Fig.2a) that should be corrected by the time-

dependent actuated displacement of x1(t); 2) the displacement

measurement uncertainty of 7.4nm [2] caused by signal drift and

noise.

In this work, we succeed to measure the protein

concentration by solving the above-mentioned problems as

follows: 1) We add an actuated nano-gap(Fig.1b) to measure x1(t)

in addition to x2(t). We synchronize x1(t) and x2(t) to obtain the

directed correlation(Fig.2b) between x1 and x2, thus eliminating the

distortion included in x1(t) and x2(t); 2) We use reference

electrodes (Fig. 3) in both actuated and squeezed nano-gaps to

compensate the signal drift and noise, thus reducing the

displacement measurement uncertainty from 7.4nm to 1.1nm.

We also experimentally verify the selectivity, repeatability, and

sensitivity of the protein concentration detector.

Figure 2b illustrates the protein detection principle of the

device, where the mechanical stiffness of protein-receptor layers is

measured by x1 - x2 relationship. When the squeezing electrode

touches the receptor-protein layers on the nano-gap surfaces

(Fig.3), the layers provide added stiffness (krp in Fig.1) to the

mechanical spring(k1). The added stiffness changes the slope of

the modulation lines on x1 - x2 plane(Fig.2b). We measure the

protein concentration from the slope(s) of the modulation line,

while detecting the protein presence and size from the ordinate

shift(Fig.2a) of the slope changing point(P).

Figure 1. Comparison of the nanomechanical protein detectors:

(a) the previous protein presence detector [2]; (b) the present

protein concentration detector, measuring the actuated and

squeezed displacements using compensated displacement

monitoring electrodes.

(a) (b)

Figure 2. Working principle of the nanomechanical protein

detectors: (a) the previous protein presence detection [2] using the

relationship between the actuation time, t, and the squeezed

displacement, x2; (b) the present protein concentration detection

using the relationship between the actuated and squeezed

displacements, x1 and x2.
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DESIGN AND FABRICATION

We design the nanomechanical protein detector as shown in

Figure 4 and Table 1. We use an electrothermal actuator and the

nano-gaps for the operation in a buffer solution. The nano-gap, gn,

is formed from a fabricated initial gap, gi. We obtain the nano-

scale distance between the squeezing electrode and the counter

electrode after attaching the counter electrode to stoppers.

Figure 4 contains a top view of the electrothermal actuator.

The currents though heating bars generate heat, elongating them

and deforming the hinges. Thus, the output port (m1) of the

electrothermal actuator moves in the x1-direction. From 2-

dimensional electrothermal and thermomechanical analysis, we

obtain the electrothermal actuation of 699nm at the temperature

change of 29.6 C. We can verify that the displacement of the

electrothermal actuator is large enough to cover the nano-gap of

100nm.

We can detect the squeezed motion, x2, using an impedance

change of the nano-gap. The squeezed motion changes the

impedance of the buffer solution between the squeezing electrode

and the counter electrode. In order to reduce the displacement

measurement uncertainty, we use reference electrodes (Fig. 3) in

both actuated and squeezed nano-gaps to compensate the signal

drift and noise.

Figure 3. Squeezed and reference nano-gaps and compensated

displacement monitoring methods in the protein concentration

detector.

Figure 4. Top view of the protein concentration detector.

Table 1. Measured dimensions of the fabricated devices

Structures* Dimensions

Structure thickness, h 5 m

Bar length, Lb, Bar width, wb 220 m 28 m

Bar angle, b 6

Hinge length, Lh, Hinge width, wh 10.0 m 4.0 m

Spring length, Ls, Spring width, ws 200 m 3.2 m

Electrode width, we 52.0 m

Initial gap, gi 10.0 m

Nano-gap, gn 100 nm

*The structures are shown in Figs.3 and 4.

The designed protein concentration detector is fabricated

(Fig.5) as shown in Fig.6, followed by the process of receptor

immobilization. The two-mask microfabrication process is shown

in Figure 5, representing the cross section along B-B’ in Fig.4.

Nano-gap surface has been smoothed by oxidation(Fig.5b) and

oxide-etching(Fig.5c) during the fabrication process.

Biotin, the receptor, is immobilized on the gold surface of

the nano-gap electrodes using SAM (Self Assemble Monolayer).

We deposit the mixed SAM layer, composed of 11-

mercaptoundecanol and 16-mercaptohexa-decanoic acid. Then,

the gold surface is biotinylated using biotinamidohexanoic acid

hydrazide. Figure 7 shows the fluorescent image, which indicates

that the biotin is immobilized on the nano-gap electrodes.

Figure 5. Microfabrication process showing the cross section

along B-B’ in Fig.4.

(a) (b)

Figure 6. SEM photographs of the protein concentration detector:

(a) overall structure; (b) an enlarged view of the Region B in (a).

(a) (b)

Figure 7. Microscope images of the initial-gap in the protein

concentration detector with FITC tagged streptavidin: (a) SEM

image; (b) fluorescent microscope image.
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EXPERIMENTAL RESULTS

In experimental study(Table 2), we characterize 1) the

distortion in the time-dependent squeezed displacement, 2) the

displacement measurement uncertainty, 3) the selectivity, 4) the

repeatability, and 5) the sensitivity of the protein concentration

detector. 1) The distortion, expressed by the t - x2

nonlinearity(3.0%) in Fig.8, is eliminated by the time-dependent

actuated displacement of x1(t) in Fig.8a. 2) The displacement

measurement uncertainty are reduced to 1.1nm(Fig.8) due to the

compensated displacement monitoring electrodes. 3) The protein

detection selectivity is verified by Fig.9 and Table 3: The detector

generates the size detection signal (12.1 2.3nm) for receptor-

active protein and the null detection signal for receptor-inactive

protein. 4) The detection repeatability is demonstrated by Fig.10

and Table 4: The detector measures the protein size(13.2 3.3nm).

After the protein removal, the size detection signal returns to the

initial state (null signal) indicating no protein.

(a)

(b)

Figure 8. Measured displacements of the protein concentration

detector: (a) the actuated displacement, x1; (b) the squeezed

displacement, x2.

Figure 9. Experimental squeezed displacement, x2, for the

actuated displacement, x1, in the selectivity verification using

receptor-active and receptor-inactive proteins.

Table 2. Receptors and proteins used in the experiments for the

performance verification

Verified performance Receptor Protein

Selectivity Biotin Streptavidin

Repeatability Biotin M-antibiotin

Sensitivity Biotin M-antibiotin

Table 3. Experimental ordinate shifts* of the slope changing

points for the selectivity verification using 3 devices, each from

different dice

Device # Inactive streptavidin** Active streptavidin

A 2.3 2.1nm 12.1 2.4nm

B -0.3 2.9nm 10.9 2.9nm

C 1.1 2.9nm 13.2 3.1nm

Average 1.0 2.6nm 12.1 2.3nm

*The ordinate shifts, obtained from the five repeated measurements of the

slope changing points, are indicated in the forms of (average 2 ).

**0.5uM streptavidin solution is inactivated by the pre-incubation with

2.0uM d-biotin solution.

Table 4. Experimental ordinate shifts* of the slope changing

points for the repeatability verification using 3 devices, each from

different dice

Device # M-antibiotin addition M-antibiotin removal

A 13.9 3.2nm -2.3 3.0nm

B 14.3 2.7nm 0.1 2.5nm

C 11.3 1.2nm 1.0 1.3nm

Average 13.2 3.3nm -0.4 3.4nm

*The ordinate shifts, obtained from the five repeated measurements of the

slope changing points, are indicated in the forms of (average 2 ).

Table 5. Experimental slopes and receptor-protein stiffness for

different concentrations of m-antibiotin solution

Slope, sConcen-

tration Device A Device B Device C Ave. 2

Stiffness of

receptor-protein

layers, n krp

1nM N/A N/A N/A N/A N/A

3nM N/A N/A N/A N/A N/A

5nM 0.228 0.171 0.240 0.213 0.074 9.6 4.6 N/m

7nM 0.128 0.151 0.137 0.139 0.023 15.8 3.0 N/m

10nM 0.104 0.095 0.088 0.096 0.016 24.1 4.5 N/m

20nM 0.095 0.100 0.109 0.101 0.015 22.6 3.5 N/m

500nM 0.101 0.083 0.107 0.097 0.025 23.8 7.2 N/m

Figure 10. Experimental squeezed displacement, x2, for the

actuated displacement, x1, in the repeatability verification using

m- antibiotin.
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5) We verify the sensitivity of the fabricated device from

Table 5, where the slope and the stiffness are obtained from the

modulation lines (Fig.11) for protein-receptor layers in the protein

concentration range of 1~500nM. For the protein concentration of

5~10nM (Fig.12), the stiffness(n krp) is measured in the range of

9.6~24.1N/m at the sensitivity of 2.88N/m/nM. The stiffness is

saturated over 10nM concentration, indicating the protein-receptor

binding saturation.

It is experimentally verified that the present protein detector

measures the size of the proteins, streptaividin and m-antibiotin, as

12.1 2.3nm and 13.2 3.3nm at the measurement uncertainty of

1.1nm, respectively, while showing the concentration detection

sensitivity of 2.88N/m/nM in the m-antibiotin concentration range

of 5~10nM.
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Figure 11. Experimental squeezed displacement, x2, for the

actuated displacement, x1, in various m-antibiotin concentrations.

Figure 12. Experimental stiffness of receptor-protein layers, n krp,

in various m-antibiotin concentrations.

CONCLUSIONS

We presented a new class of the protein concentration

detector based on the mechanical stiffness measurement of

protein-receptor layers in a squeezed nano-gap. Compared to the

previous protein size detector based on the squeezed displacement

measurement, we added the actuated nano-gap and reference

electrodes. Thus, the present device compensated the distortion in

the time-dependent squeezed displacement and reduced the

displacement measurement uncertainty of 7.4nm caused by signal

drift and noise. We designed and fabricated the protein

concentration detector using the electrothermal actuator and two

nano-gaps with reference electrodes. In experimental study, we

verified that the present protein detector measured the size of the

proteins, streptaividin and m-antibiotin, as 12.1 2.3nm and

13.2 3.3nm at the measurement uncertainty of 1.1nm,

respectively, while showing the concentration detection sensitivity

of 2.88N/m/nM in the m-antibiotin concentration range of 5~10nM.
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