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Abstract

Recently, microcantilever-based technologies are playing more and more important roles in early diagnosis of
cancer due to their high sensitivity, fast response, low cost, small reagent consumption, portability, real-time, label-
free detection, and so on. However, in conventional cantilever sensors working on mass-loading principle, the
change of stiffness coefficient k is neglected. This results in distinct error for mass detection. Some researchers tried
a local immobilization method to eliminate the undesired effect of k. But the change of k in this method still brings
unexpected error. An accurate theoretical model is needed to take the effect of k change into account in the local
immobilization approach. A micro-cavity was designed in the free end of the cantilever for local antibody-
immobilization in our work, thus the adsorption-induced variation of k can be dramatically reduced compared to that
caused by adsorption of the whole lever. In addition, an analytical model has been established to eliminate the effect
of adsorption-induced lever stiffness change and has been applied to precise mass detection of cancer biomarker
AFP, the detected AFP antigen mass (7.6 pg/ml) is close to the calculated one (5.5 pg/ml), two orders of magnitude
better than the value by the fully antibody-immobilized cantilever sensor. These approaches will promote clinical
application of the cantilever sensors in early diagnosis of cancer.

L J

Mass to distinguish [9]. Wang et al. tried to apply an ultra-thin
microcantilever to investigate the effect of surface stress. They found
that the gas adsorbed by the ultra-thin microcantilevers could induce
surface stress, which changed the mechanical properties. But they
couldn't give the quantitative effect of the induced stress on the

frequency shift [10].

Keywords: MEMS cantilever; Liver cancer biomarker;
detection; Adsorption-induced stiffness change

Introduction

Microcantilever-based biosensors have been widely used to detect
DNA/RNA, antigen, enzyme, mycotoxin, and drug monitoring [1-5].
Nowadays, researchers have been attracted to contribute to early
diagnosis of cancer based on microcantilever biosensors due to its high
sensitivity, reliability and low cost. It has been demonstrated that
microcantilever has great potential for clinical application in early
diagnosis of cancer.

We have reported a novel local reaction cavity structure in our
previous cantilever arrays [11]. The local reaction at the free end of the
lever can effectively minimize the impact on lever stiffness k. In order
to increase the reaction area, the pillar arrays were fabricated.
Moreover, we have established an analytical model to reduce the effect
of k change on mass detection accuracy. Our model integrates the
adsorption-induced surface stress and Young’s modulus, and
consequently includes the impacts of k change and m change. The local
reaction structure and the accurate theoretical model help to

Generally, cantilevers have two working modes, static mode and
dynamic mode. In dynamic mode, the lever stiffness k was neglected,
thus the resonance frequency shift only depended on the variation of

mass m. However, the detection error was substantial due to the
adsorption-induced surface stress [6]. Some research groups have
found the ineligible difference between the theoretical and measured
values. For example, Jeong et al. [6] reported that the theoretical
frequency shift was 2 Hz calculated by mass loading of C-reactive
protein, while the measured result was 184 Hz, Lee et al. [7] found that
the measured frequency shift was 132 kHz, 5 times larger than the
calculated 24 kHz. The experimental results indicated that the change
of lever stiffness k played an important role in the frequency shift due
to adsorption of biomolecules on the cantilever [8].

The effect of surface stress on the cantilever frequency has been
investigated with theoretical and experimental studies. Hwang et al.
reported that due to the joint action of mass loading and surface stress
caused by molecular interactions, the frequency shift was 100 Hz - 600
Hz corresponding to the antigen concentrations of 10 - 100 ng/ml, but
the accurate frequency shift just caused by surface stress was difficult

dramatically improve the accuracy in liver cancer biomarker detection
with microcantilever biosensors.

Method and Discussion

Fabrication and functionalization of the cantilever

The microcantilever arrays were fabricated with MEMS
technologies, and then functionalized with antibody. The details were
given in published paper [11]. Cantilever arrays with five levers are
designed to jointly detect multi-biomarkers. One of them served as
reference lever, which was designed to remove the influence of
environment noise and non-specific adsorption. The others were used
to specifically react with the biomarkers. Furthermore, the novel local
micro-cavity structures were designed to obtain local reaction in the
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tip of the lever. To increase the reaction areas of antigen, the pillar
arrays were fabricated.

The mechanical properties of the cantilevers were characterized by
laser Doppler vibration system. The quality factors (Q) of the cantilever
are 587 in air and 49434 in vacuum, good enough for achieving high
sensitivity.

Analytical model for multilayer adsorption and surface stress

The change of the resonance frequency depends on the changes of k
and m. The change of k is generally caused by two aspects. The first one
is the change of Young’s modulus due to the multilayer on cantilever
[11-15]. It can be calculated according to the multilayer beam theory.
The other one is the change of adsorption-induced surface stress which
can be obtained based on the theoretical models in reported work
[11,16-19]. For the AFP antigen solution of 18 pg/mL, the change of k
could result in a frequency change of about 40 Hz, the same order of
magnitude as that resulting from mass loading of AFP antigen [20].

AFP detection

To verify the performance of the fabricated cantilever-based mass
sensor, a 5.5 pg/mL AFP antigen solution is prepared and detected
with two different sensors. The first sensor, named as fully immobilized
lever, has the antibody immobilized on full cantilever surface. And the
second sensor, named as locally immobilized lever, has the antibody
locally printed in the micro-cavity. The frequency shift is 830 Hz, about
two orders of magnitude larger than the theoretical one 6 Hz
corresponding to 5.5 pg/mL. This deviation could mainly be attributed
to the lever k variation caused by the AFP adsorption on the whole
cantilever.

The effect of the k variation on the frequency shift is greatly
decreased by locally immobilizing the AFP antibody. Using the
mentioned analytical model to further reduce the deviation from k
change caused by the multilayer organic and adorption-induced
surface stress, the experimental frequency shift was modified to 8.4 Hz,
corresponding to AFP antigen mass of 7.6 pg/mL, close to 5.5 pg/mL.

The same method has been applied to detect the AFP antigen
solution with various concentrations of 15 pg/mL and 18 pg/mL. The
corresponding AFP antigen mass are 4.4 pg and 5.2 pg, respectively,
the detected mass with the sensor are 4.5 pg and 5.35 pg, respectively,
quite close to the theoretical values.

The same results were obtained by using difference micro
cantilevers. Two different size of cantilever array were used. The
experiment results were shown in Fig. 1, T-L denotes the calculated
response to AFP solution for the locally immobilized sensor L-1 and
L-2, and the value is 12 pg. On the horizontal axis L-1 and L-2 denote
the experimental response to AFP solution for the locally immobilized
lever of 200 pm x 70 pm x 5 um and 180 pm x 50 pm x 5 pm,
respectively. T-F denotes the calculated response to AFP solution for
the fully immobilized sensor F-1 and F-2, and the value is 20 pg. F-1
and F-2 denote the experimental response to AFP solution for the fully
immobilized lever of 200 um X 75 pm X 3 pm, 300 um x 100 pm x 3
pm, respectively. The result indicates that the locally immobilized
sensors are less influenced by k variation compared with the fully
immobilized sensors, and the response result of the locally
immobilized sensor (200 pm x 70 um x 5 um) has a deviation of 0.95 +
0.125 pg from the theoretical value of 12 pg. Whereas the fully
immobilized sensors (300 um x 100 um x 3 pum) has a deviation of 29

+ 13 pg from the theoretical value of 20 pg. As shown in Figure 1, the
deviation from the theoretical value increases for the levers with
smaller stiffness coefficient k.
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Figure 1: Calculated and experimental responses of the locally
immobilized lever and fully immobilized lever to the AFP solutions,
respectively.

Various concentrations of 0-50 pg/ml AFP antigen solutions were
prepared and detected by the locally immobilized anti-AFP cantilevers
[21]. Figure 2 depicts the measured frequency shift of locally
immobilized anti-AFP levers to the various concentrations of antigen
AFP, and a linear regression was obtained with a relative uncertainty
less than 5%. Furthermore, the result of the sensor response to 0 pg/ml
anti-AFP is nearly 0, indicating that the binding between AFP antigens
to antibodies was specific.
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Figure 2: The relative resonance frequency shift versus AFP antigen
concentration of 0-50 pg/ml.

And the various concentrations of 0-50 pg/ml GGT-2 antigen
solutions and 0-30 pg/ml HGF antigen solutions were detected with
the locally immobilized anti-HGF cantilevers and locally immobilized
anti-GGT-2 cantilevers, respectively. As shown in Figures 3 and 4, the
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relative frequency shift linearly changed with the antigen
concentration.
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GGT-2, HGF and AFP, respectively.
Figure 3: The relative resonance frequency shift versus GGT-2
antigen concentration of 0-50 pg/ml.
Above all, the adsorption induced resonance frequency shift of the
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Figure 4: The relative resonance frequency shift versus HGF antigen
concentration of 0 30 pg/ml.

The cantilever arrays locally immobilized with anti-AFP was
utilized to detect PBS, AFP, HGE, and GGT-2, respectively. Figure 2
shows the response of sensor to the different antigens, AFP, HGE, and
GGT-2. It indicates that the reaction of antigen and antibody was
specific, and the cross reaction between HGF, GGT-2, and AFP was
slight.

cantilever-based sensor working in a dynamic mode depends not only
on mass loading but also on variation of the lever stiffness. Therefore,
it is important to eliminate the interference of the stiffness change for
precise mass detection. The newly developed cantilever-based sensor
with the micro-cavity for local reaction and the analytical model for
the inter-molecule interaction and multilayer cantilever have
effectively eliminated the influence of k variation and significantly
improved the detection accuracy and performance of the cantilever-
based biosensor. This approach can promote clinical application of the
cantilever-based sensors. The PCB circuit for processing the output
signal of the Wheatstone bridge will be integrated with the cantilever
chip to build up a portable cancer diagnosis system in near future.

Conclusion

A local immobilization method with an analytical model is designed
to eliminate the effect of k change and precise mass detection of cancer
biomarker AFP. These structural features offer several advantages: high
sensitivity, high throughput, high mass detection accuracy, small
volume, and low cost. Cantilever arrays are batch fabricated using
MEMS technologies and used to detect the concentration of AFP
antigen using whole lever method and local immobilization method,
respectively. The measured frequency shift is around two orders of
magnitude larger than the theoretical one 6 Hz using the whole lever
method. While the local immobilization method exhibits a measured
frequency shift of 8.4 Hz, close to theoretical 6 Hz. These results
indicate that the local immobilization method with an analytical model
is promising in clinical application of the cantilever-based sensors.
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