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ABSTRACT

Micro/nano scale biosensors integrated with the local adsorption mask have been demonstrated to have
a better limit of detection (LOD) and less sample consumptions. However, the molecular diffusions and
binding kinetics in such confined droplet have been less studied which limited further development and
application of the local adsorption method and imposed restrictions on discovery of new signal ampli-
fication strategies. In this work, we studied the kinetic issues via experimental investigations and the-
oretical analysis on microfabricated biosensors. Mass sensitive film bulk acoustic resonator (FBAR)
sensors with hydrophobic Teflon film covering the non-sensing area as the mask were introduced. The
fabricated masking sensors were characterized with physical adsorption of bovine serum albumin (BSA)
and specific binding of antibody and antigen. Over an order of magnitude improvement on LOD was
experimentally monitored. An analytical model was introduced to discuss the target molecule diffusion
and binding kinetics in droplet environment, especially the crucial effects of incubation time, which has
been less covered in previous local adsorption related literatures. An incubation time accumulated signal
amplification effect was theoretically predicted, experimentally monitored and carefully explained. In
addition, device optimization was explored based on the analytical model to fully utilize the merits of
local adsorption. The discussions on the kinetic issues are believed to have wide implications for other
types of micro/nano fabricated biosensors with potentially improved LOD.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Highly sensitive biosensors which are able to detect trace
quantities of biological analytes not only triggered a lot interests in
the scientific research field but also are in great demand in med-
icine, agriculture, food safety, homeland security, environmental
and industrial monitoring fields (Luong et al., 2008). Micro/nano
scale biosensors (Xie et al., 2012; Yola et al., 2014; Zhang et al,,
2013; Zhou et al,, 2014) show great advantages to detect small
amount of analytes which is partially due to their miniaturized
device size, thus intrinsically consume less analytes. Besides, the
high surface to volume ratio of such devices improves their sen-
sitivity and the limit of detection (LOD) (Sheehan and Whitman,
2005). In conventional micro-fabricated biosensors, fluid networks
(e.g. microfluidics) are usually integrated to deliver analytes to the
sensor surface. However, it normally requires large amount of bio-
samples (more than 300 pl) to fill the whole networks and may
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lead to loss of precious bio-samples during their transport. Be-
sides, such deliver method has less control in sample adsorption
on the unwanted non-sensing area (e.g. sensor passivation area
etc.). These drawbacks limit the real usage of such biosensors. In
recent years, droplet or digital microfluidics combined with local
adsorption techniques have opened new research directions to
further reduce the required sample volume (less than 5 ul) (Bu-
nimovich et al., 2004; Jebrail et al., 2012; Lee et al., 2003; Malic
et al,, 2010; Naujoks and Stemmer, 2003; Park et al., 2007; Renault
et al., 2002; Whitesides, 2006), where unwanted target adsorption
on the non-sensing area is blocked and target molecules only bind
on the exposed sensing area (Choi et al., 2010; Ekins, 1998).
Therefore, the microfabricated biosensors integrated with the local
adsorption mask will have a larger signal response, and hence a
better LOD. 10-100 fold enhancement of LOD has been reported in
the literatures (Kim, C.H., et al., 2013; Kim, J.Y., et al., 2013; Lifson
et al., 2014). In practice, due to the limited volume of sample
droplets and the tiny binding area, the molecule diffusion in such
small droplet and surface binding kinetics on the confined sensor
area have to be optimized thus, the sample incubation time is an
important factor. However, most of the previous studies are
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focused on the improvement of LOD and there are no detail studies
on the kinetic issues of such local adsorption method in confined
droplets.

In this work, we studied the kinetic issues of the masking local
adsorption method using microfabricated film bulk acoustic re-
sonators (FBARs). FBARs are known as excellent mass sensitive
sensors and have been studied for many biological applications,
including DNA hybridization (Nirschl et al., 2010; Zhang et al.,
2007), protein detection (Nirschl et al., 2009; Zhang et al., 2010),
and immunoassays (Wingqvist et al., 2007). Well-known Sauer-
brey's equation (Sauerbrey, 1959) shows a linear relationship be-
tween the sensor signal and the mass loading on the sensing area.
Compared with the conventional quartz crystal microbalance
(QCM), micro-fabricated FBAR sensors have many inherent prop-
erties shared with microfluidic systems, such as small analyte
consumption and compatible microfabrication process (Zhang
et al., 2015). A thin film of hydrophobic Teflon is coated and pat-
terned by the microfabrication process on top of the FBAR and
covers the non-sensing area. The patterned Teflon functions as the
mask, which prevents the adsorption of biomolecules. Two types
of biomolecule interactions were compared experimentally using
masking and non-masking FBAR sensors: 1) physical adsorption of
BSA on type I FBAR sensor (Au film on top) and 2) anti-IgG specific
interactions with IgG coated type Il FBAR sensor (AIN film on top).
An analytical model is introduced to analyze the target adsorption
process. The incubation time together with the molecule diffusion
and binding kinetics are carefully studied. In addition, device de-
sign has been optimized to exploit the merits of the masking
method. Although other biosensors are topographically distinct,
the rule on the kinetic issues will work equally with many mi-
croscale and nanoscale biosensors.

2. Material and methods
2.1. Reagents and materials

Bovine serum albumin (BSA) was purchased from Takara Bio
(Japan). FITC-conjugated BSA was purchased from Sangon Biotech
(Shanghai, China). Mouse IgG and quantum dots (QDs) labeled
goat anti-mouse IgG were purchased from NNCrystal (Hangzhou,
China). (3-Aminopropyl)triethoxysilane (APTES) was obtained
from Aladdin (USA). 1,4-phenylene diisothiocyanate (PDC) was
obtained from J&K Scientific (Beijing, China). Pluronic F127 was
purchased from Fanbo Biochemicals (Beijing, China). Teflon AF
1600 was purchased from DuPont (USA). All other chemicals used
were of analytical reagent grade. In order to prepare different
concentrations of solutions, 10-fold serial dilutions were con-
ducted on 0.1% (~15 pM) BSA solution, 1 mg/mL mouse IgG so-
lution and 1 pM QDs labeled goat anti-mouse IgG solution with
PBS solutions (1 x, pH=7.4).

2.2. Device fabrication

The fabrication process of the Teflon masking prototype is de-
scribed below. An air cavity was first formed in silicon substrate by
reactive ion etching. Then the air cavity was filled with phospho-
silicate glass (PSG). A 500 nm molybdenum (Mo), 1000 nm AIN,
and 500 nm Mo were sequentially deposited and patterned on the
substrate as the bottom electrode, piezoelectric film and top
electrode, respectively. A 10 nm/80 nm Cr/Au composite film (type
) or 200 nm AIN film (type II) was then deposited and patterned
to cover the whole sensing area. The silicon wafer was immersed
in diluted hydrofluoric (HF) acid solution to remove PSG in the
cavity. Finally a 30 nm Teflon film was spin-coated and patterned
by a lift-off process to expose the sensing area.

2.3. Sensor surface functionalization

FBAR sensor was first cleaned by acetone, isopropyl alcohol,
and deionized (DI) water sequentially before any functionalization.
The surface of a type Il sensor was cleaned with piranha. Then
APTES was allowed to evaporate onto the sensor surface through
gas phase deposition in a heated vacuum chamber (YES LabKote)
for 15 mins (125 °C, 5.7 Torr). Transformation of the amino-ter-
minated layer to an isothiocyanate-bearing layer was accom-
plished by exposure to PDC solution of 0.01 M in ethanol at 65 °C
for 1 h, followed by rinsing with copious amounts of ethanol, DI
water sequentially, and drying in compressed nitrogen gas. Then a
1.5 pL mouse IgG droplet was loaded on the device surface and
covered the entire sensing area for 30 min. Afterward, Pluronic
F127 of 1.6 mg/mL was coated on the Teflon mask to further pre-
vent slight nonspecific target adsorption on the mask.

2.4. Protein sensing experiments

The whole sensing experiment procedures were carried out in
the cleanroom. During the incubation, environmental inter-
ferences were minimized. Temperature was kept at around 20 °C.
For long time incubation, devices were placed in a humidity
chamber to prevent the droplet evaporation. For fair comparison,
Teflon masking sensors and non-masking sensors (control group)
were measured using the same experimental procedures.

After device surface modifications, the FBAR sensor was sub-
jected to the first electrical testing. The series resonant frequency
signal was obtained by a network analyzer (Agilent E5061B). The
target droplet (typical 3-4 ul) was then loaded on the sensor
surface to cover the whole sensing area. After a setting time, the
protein droplet was removed, rinsed thoroughly with buffer and
dried in compressed nitrogen gas. Finally, the FBAR sensor was
subjected to the second electrical testing.

The sensor signal is defined as the shift between FBAR's re-
sonant frequencies obtained from the two electrical tests. Mini-
mum detectable frequency shift f was experimentally determined
to obtain the LOD of the sensor system. LOD is defined at the target
concentration of which solution causes the resonant frequency of a
FBAR sensor to shift Af. Af is calculated by (Loock and Wentzell,
2012)

Af = Afy + 3 x SDy M

where EB and SDy are the average frequency shift and standard
deviation of repeated measurements of the blank samples, re-
spectively. Blank sample detection was carried out by recording
the frequency shift of an FBAR sensor caused by the rinsing step.

A fluorescent microscope (Olympus BX 53) was used to quan-
tify the fluorescence labeled proteins on surface. The fluorescence
intensity was acquired by a CCD camera. The exposure time and
magnification were kept constant at 1s and 20 x . Data analysis
was processed by Image-Pro Plus. To quantify the fluorescence
data, the relative fluorescence intensity RFI is employed to mea-
sure the relative intensity boost of the Teflon masking to non-
masking sensors, which is given by

It_Ic

n (4

RFI:( —1)><100°/o

)
where I. is the fluorescence intensity before target incubation as a
control, and I, and I, are the Teflon masking and non-masking
fluorescence intensities after target incubation, respectively.
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3. Results and discussion
3.1. Devices

The schematic illustration of the Teflon masking FBAR sensor is
shown in Fig. 1a. A typical FBAR comprises a piezoelectric layer,
top and bottom electrodes, and an air cavity beneath the elec-
trode/piezoelectric/electrode sandwiched structure (Pang et al.,
2012). The sensing area is the surface of the active region, which is
defined by the overlap region of the air cavity and the sandwiched
structure. Hydrophobic Teflon film is patterned on the sensor
surface to expose the active sensing area. The sensing area can be
further functionalized with different bioreceptors for target
detection.

A micrograph of a fabricated prototype FBAR sensor (type I)
with Teflon masking is shown in Fig. 1b. Five microscale holes
around the sensing area are used to facilitate releasing of the sa-
crificial material. Besides functioning as the mask, Teflon film is
coated inside the holes as well to prevent liquid getting into the air
cavities which will increase the sensor stability in liquid en-
vironment. The ground-signal-ground (GSG) pads connect the
sensing area of the FBAR sensor to extract electrical signal. Non-
masking FBAR sensor (control groups) has identical structure and
top electrodes except for the absence of the Teflon film on top.

3.2. Protein sensing result

BSA exhibits common physical properties of proteins and
would physically adsorb on many sensor surface without addi-
tional surface functionalization. A number of works have used BSA
as target analytes to evaluate the sensors performance for protein
detections (Kim, E., et al., 2013; Moulin et al., 1999; Nakata et al.,
1996; Silin et al.,, 1997; Wingqvist et al., 2009). A BSA adsorption
process may clearly reveal the kinetic course in this research by
eliminating the interference of imperfect surface modification. In
order to characterize the signal amplification quantitatively, Au
coated FBAR (type I) sensors are applied to measure the adsorption
of BSA. FITC-conjugated BSA is also employed in fluorescence de-
tection to qualitatively confirm the amplification effect. For optical
measurement, the Au film in type I sensor is replaced by a silicon
oxide film to prevent the Au quenching effect and facilitate the
fluorescence observation.

Besides the physical adsorption, we also studied the protein
specific interaction using masking FBAR sensors. Unlike BSA ad-
sorption, goat anti-mouse IgGs would specifically bind with mouse
IgGs. Here, goat anti-mouse IgG is employed as the target of the
type Il sensor. After IgG covalent immobilization on FBAR, the
sensor is incubated with the anti-IgG target droplet. As a com-
parison, QDs labeled goat anti-mouse IgG solutions are used in
fluorescence demonstration. In both BSA and anti-IgG detections,
the diluted target droplets could be easily loaded on and removed

a w droplet b
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electrodes
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off from the FBAR surface, which benefits from the rather large
hydrophobic coating on the non-sensing area.

The electrical detection signal of a FBAR sensor is expressed as
shift of the resonant frequency, which is derived by the zero-re-
actance method, due to a higher detection precision than tracking
the minimum point of impedance magnitude (Zhang and Kim,
2005). According to the reactance curves of the FBAR sensor before
and after incubation in a BSA droplet of 150 nM, a sensor signal of
—53 kHz is calculated, as shown in Fig. S1. In this way, signals of
the masking and non-masking sensors are recorded and compared
for each target concentration.

For both BSA and anti-IgG detections, the fluorescence intensity
in the sensing areas is visibly higher with the Teflon masking (Fig.
S2), which preliminarily demonstrates the signal amplification
effect. The RFI value in Fig. 2a shows that the fluorescence in-
tensity of a Teflon masking substrate is 160% higher than that of
the non-masking substrate when incubated in BSA droplets of
1.5 pM. However, there is no distinct fluorescence intensity dif-
ference between the masking and non-masking substrates when
incubated with higher BSA concentration (15 pM). To better
quantify the results, we tested the 15 pM BSA droplets using
masking and non-masking FBAR sensors with different incubation
times (Fig. 2b). The results show that the frequency shifts are al-
most the same between the two devices even after incubating for
40 min, indicating that the masking method is less effective with
high concentration samples. This is likely due to the reason that
the sensor surface is easily saturated with the rather high protein
concentrations; thus the surface depletion will not happen in this
case and the signal amplification is less effective.

From these results, the signal amplification effect by the
masking method should be more pronounced at lower sample
concentrations. However, a fluorescence technique is difficult to
measure protein concentrations less than 1.5 pM; thus we applied
masking FBAR sensors to detect low protein concentrations down
to nanomolar. As shown in Fig. 3, the sensor responses of the Te-
flon masking sensor are always larger than the non-masking ones
in low protein concentration range with both BSA physical ad-
sorption and anti-IgG specific bindings. The larger signals on Te-
flon masking sensor over the control group at various concentra-
tions clearly confirm the amplification effect and prove our
hypothesis.

In both BSA and anti-IgG detections, the LODs of masking and
non-masking FBAR sensors are compared. The absolute value of
minimum detectable frequency shift (device noise) is around
8 kHz. Fig. 3a shows that the signal of 15 nM BSA measuring from
the non-masking sensor is below the device noise, while the Te-
flon masking sensor shows a significant frequency shift under the
same conditions. The LOD of a Teflon masking FBAR sensor for BSA
detection is roughly 1.5 nM. Anti-IgG detections show similar re-
sults at 1 nM (Fig. 3b). Therefore, the LOD of an FBAR sensor is
experimentally found to be improved by at least an order of

Teflon on
non-sensing area
g

100 pm

—

sensing area

Fig. 1. (a) Schematic illustration (cross-sectional view) of the Teflon masking FBAR sensor. Note that bioreceptors are optional. (b) Microscopic photograph (top view) of a
fabricated type I FBAR sensor with Teflon masking. The sensing area is a pentagon with a length of about 100 pm.



M. Zhang et al. / Biosensors and Bioelectronics 74 (2015) 8-15 11

a
200 T T b T T T T T
(- O Non-masking |4
A Teflon masking|
150r Amplified 1 5 -10F  f=1.425084 GHz 1
/ 2 a
o & 2001 1
S 100} 1 =
e 7 -300f 2 ]
-4 g e
50 Hardly amplified 1 §- -400 1
= a
\ -500 & 1
0 i i i i i i
1.5 15 0 10 20 30 40

Concentration (uM)

Time (minute)

Fig. 2. (a) BSA fluorescence detection result (relative fluorescence intensity) at 15 pM and 1.5 pM. Error bars are calculated from standard deviations of relative fluorescence
intensities. The incubation time is 20 min. (b) Electrical detection signal of FBAR sensors incubated in BSA target droplets of 15 uM at various incubation time.

magnitude by the Teflon masking method.
3.3. Kinetic issues

In order to give a deeper insight into the signal amplification
mechanism, the kinetic issues of the masking method are studied.
Signal amplifications measuring from FBAR sensors at different
incubation times are recorded. An analytical model considering
the molecular diffusion and binding kinetics in droplet confined
condition is applied to analyze the data. A numerical model is also
built to validate the analysis.

3.3.1. Numerical model

A Finite element method (FEM) is adopted to analyze the two
adsorption schemes. The numerical solutions are derived by
modeling in COMSOL Multiphysics 3.5a. We apply transit analyses
on the diffusion module, and simplify the device geometry to a 2D
axial symmetry due to device symmetry, as shown in Fig. 4c and d.
The shape of a droplet on the device surface is a section of a
sphere. The droplet on the non-masking device tends to spread on
the hydrophilic AIN surface which has a contact angle (CA) of 59°;
the droplet on the Teflon masking device “stands up” on the hy-
drophobic Teflon surface, where CA is 129°, as shown in Fig. 4a and
b. With the measured CAs, the geometry of the droplet in each
adsorption scheme can be accurately modeled in FEM simulation.
Since the sensing area is relatively small compared with the dro-
plet in size, the mesh is finer in the vicinity of the device surface.

Before the adsorption process, the droplet contains a uniformly
distributed target molecules and the device surface is empty. The
target-receptor binding stoichiometry is assumed to be 1:1 and
the receptors on the device surface formed a monolayer; thus the
classic Langmuir binding kinetic can be applied to descript the
target-receptor binding process (Georgiadis et al., 2000). In the

non-masking scheme, the consumption rates of target molecules
on the sensing area and non-sensing area are equal, which leads to
a roughly uniform-distributed depletion layer. Therefore the mo-
lecules away from the device surface diffuse vertically as shown in
Fig. 4e. In the Teflon masking scheme, hydrophobic Teflon surface
repulses water thus, the target molecules only adsorb to the sen-
sing area, which creates a sensing area-centered hemispheric de-
pletion layer as shown in Fig. 4f.

3.3.2. Analytical model

In the analytical model, the physical settings and assumptions
are the same with the numerical model. The adsorption rate of
target molecules on the receptor surface is calculated as
dc;

_:kanxcx(emax_cs)_kojfxcs

dt 3)

where c; is the surface concentration of bounded target, t is the
incubation time, c is the bulk concentration of target, Oy is
maximum surface concentration of receptor sites, ko, and ko are
the association and dissociation rate constant for a target-receptor
binding pair. ko is normally very small in BSA physical adsorption
and high affinity protein binding systems; thus we simplified Eq.
(3) by taking off ke (Nair and Alam, 2006). With the excellent
approximation, ¢s can be derived by balancing between the
incident flux and the target-receptor binding flux as

b 1 )“
Cot)  kop X Opax

where ¢y is the initial value of c, Ap is the diffusion equivalent area,
and Cp(t) is the diffusion equivalent capacitance. Ap and Cp(t) are
device dependent. For the non-masking device and the Teflon-
masking device, the first terms in the bracket are given by (Nair
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Fig. 3. Comparison of FBAR sensor signals for both (a) BSA detections at 150 nM, 15 nM, 1.5 nM, and (b) anti-IgG detections at 50 nM, 20 nM, 10 nM, 4 nM and 1 nM. The

incubation time is 20 min.
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and Alam, 2006)

G® _ D

AD ) 2D x t (5)
and

Cp(t) _ 2D

Ap 2| -1 , -1
1[1 (l+2\/6D><t) ] ©

respectively, where D is the diffusion coefficient of the target
molecule and [ is the length of the sensing area (i.e. sensor size).
For biomolecule detections with micro or nanosensors, such as
protein detections with an FBAR sensor, 246D x t is typically
much larger than [ in practical incubation time range. For example,
the former is three orders of magnitude larger than the latter,
given the sensor size of 1 pm and the typical incubation time of
10 min. Therefore, Eq. (6) can approximate to a simpler form. The
signal amplification ratio &(t) by theory, which is defined by the c,
ratio of Teflon-masking device to non-masking device, can be
calculated with the above approximation as

2t 1

5(t) ~ 13 kan;((’max

2D " Kon X Omax )

In this work, we carefully set parameters in the BSA-FBAR
sensor system. D is 6 x 10~ ' m?[s, [ is 1 x 10~4m, ko, is 17 m?/
(mol s), and @y4x is 1 x 10~ 7 mol/m? (Schasfoort and Tudos, 2008).
Apart from the four parameters, the signal amplification ratio &(t)
should also be a function of incubation time t.

3.3.3. Incubation time accumulated signal amplification

The analytical model is first compared with the BSA experiment
data. The signal amplification ratio &(t) by experiment is calculated
as the ratio of the Teflon masking sensor signal to the non-
masking sensor signal. As shown in Fig. 5a, the theoretical §(t) by
the analytical model agrees well with the results obtained by ex-
periments in a practical time range, and all the values of signal
amplification ratio greater than 1 reveal that the signals are am-
plified. The observed difference between the theoretical and ex-
perimental 6(t) may be attributed to the factors which were not
included in the analytical model, such as nonuniform adsorption
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Fig. 5. Comparison results of analytical simulation, numerical simulation and experiment in BSA detections. (a) With Teflon masking FBAR sensors, both the signal am-
plification ratio §(t) obtained from analytical model and experiment gradually increase along with incubation time. The BSA concentration used in the experiment is 150 nM.
(b) The surface concentration of bounded target ¢, calculated by analytical model shows excellent agreement with that calculated by numerical model with both the Teflon
masking and non-masking sensors before t4ep. The analytical model is no longer valid after tgep.

of the target molecules, probable multilayer receptor sites on the
device surface, and unexpected target molecular adsorption on the
masked region.

It should be noted that both theoretical and experimental &(t)
gradually increase as the incubation time gets longer, i.e. an ac-
cumulated signal amplification with longer incubation time.
Models are employed to explore the origin of the incubation time
accumulated &(t). As Fig. 5b shows, both analytical model and
numerical model predict an increasing number of adsorbed target
molecules along with incubation time in a large dynamic time
range.

At initial stage, the target molecules at device surface quickly
adsorb to the sensing area with little diffusions, and the surface
concentration of bounded target cs increases linearly with the in-
cubation time. The molecular adsorption rates of the masking and
non-masking devices are almost the same. With the more target
molecules binding on the sensor surface, a depletion zone is
formed close to the absorbed area; thus the diffusion of nearby
molecules to the device surface takes off. In the Teflon masking
device, the depleted region is quickly supplemented by the
neighboring molecules, preserved by the mask, in all directions
around the sensing area and the bulk concentration ¢ near the
sensing area does not drop much. However, in the non-masking
device, the depleted region can only be supplemented by the
target molecules diffused from the top layer and c near the sensing
area begins to drop gradually. Therefore, after a critical time node
tqir, target diffusion kinetics begins to dominate. ¢ of the Teflon
masking device remains a linear relationship with incubation
time, while the non-masking device changes to a power-law re-
lationship with an exponent of approximately 0.5. The gradual
increasing deviation from t4 between the two curves explains the
time dependent feature of &(t).

As the incubation time gets longer, the depletion length gets
larger. The depletion-limited phase begins at another critical time
node t4., when the depletion reaches the droplet boundary. Since
very low initial bulk concentration of target ¢y is used in simula-
tions, the sensing area is hardly saturated with target molecules.
Long time incubation with sustained adsorption depletes the
molecules in the tiny droplet, and ¢ near the sensing area de-
creases consequently. The numerical adsorption rate of non-
masking device suffers from a sudden decrease after tgep, and
deviates from the analytical one. The deviation is not obvious in
the Teflon masking device, since the degree of depletion is not as
high as that in the non-masking ones. The deviation comes from
the invalidity of analytical model after t,ep, since the depletion-
limited phase is not considered in the model. However, tgep is ty-
pically very large with microliter scale droplets, and hence the
analytical model is applicable in many practical cases. tgep, can be

roughly estimated by balancing between depletion length and the
droplet radius. The depletion lengths for the non-masking and
Teflon masking devices are /2D x t and /6D x t, respectively (Nair
and Alam, 2006). In addition, the analytical result is fairly con-
sistent with the numerical result before tq,, which basically
proves the correctness of the analytical model.

3.4. Performance optimization

To fully utilize the signal amplification merit of the Teflon
masking method, increasing incubation time is an obvious choice
as revealed by both the simulation and experimental results.
However, longer incubation time is unfavorable in many cases
taking into account the tiny volume of sample droplets and it also
impairs the detection efficiency. Therefore it is critical to speed up
the “accumulation course” in the amplification strategy.

The device parameters may be optimized to maintain a rela-
tively high &(t) while restricting the incubation time to a practical
range. Although the numerical model is available, the analytical
model is more helpful in intuitive understanding of the mechan-
ism and especially in device optimization. The optimization can be
conducted with deducing the minimum detectable time t,, which
is the minimum time to capture a detectable signal. to of the Teflon
masking device is derived from Eqgs. (4) and (6) as

_ Gy ) 1

=7 (ZD g x Gmax) ®)
where ¢, is the minimum detectable surface concentration, which
causes a minimum detectable signal of the sensor. It is obvious
from Eq. (8) that to can be reduced by optimizing the parameters
in the bracket, where the first term determines the molecular
supplement rate to the depletion region, i.e. diffusion course, and
the second term determines the adsorption rate of molecules near
device surface, i.e. binding course. The two courses must be
accelerated simultaneously. D and K,, are relatively invariable in
specific analyte detections, while [ and 0,5 are largely dependent
on the device design and receptors surface modification
conditions.

Given ¢y to be 1 x 10~ ' mol/m? and ¢ to be 15 pM; ty is es-
timated by sweeping [ and ,,,4x. As shown in Fig. 6, the incubation
time may be reduced from several hours to an acceptable range via
optimizing I and 6,,,.,; meanwhile, the signal amplification effect is
still effectively utilized with a Teflon masking device. The result
shows that smaller sensors and appropriate surface condition of
sensing area (Duan et al., 2015; Gao et al., 2012; Zheng et al., 2005)
are desirable. The merit of the masking method may be further
exploited by nanosensors. However, it should be noted that solely
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Fig. 6. The minimum detectable time t; (log scale) calculated by analytical model
as a function of sensor size [ and surface concentration of receptor sites 0pqy, given
minimum detectable surface concentration ¢, to be 1 x 10~ '° mol/m? and initial
bulk concentration of target co to be 15 pM. ty can be reduced from 160 min to
1 min by optimizing [ and Opqx.

shrinking sensor size or increasing concentration of receptor sites
is not effective enough.

It should be noted that the experimental and simulation results
are derived within certain conditions, i.e. limited liquid boundary
and static liquid condition. The analyte is restricted in a digital
droplet which is approximately stationary in this research, in
contrast to a continuously flowed analyte-containing liquid
(Sapsford et al., 2001), where the bulk concentration of target is
always uniform in the liquid and no depletion zone will be formed
near the sensor surface after target adsorption begins. Therefore,
as expected and Sapsford's experimental results suggest, sensor
size reduction will not help amplify the sensor signal and the
analytical model is invalid in the continuously flowed liquid con-
ditions. The analytical model is more accurate with the static li-
quid restriction.

Moreover, the analytical model is also applicable to the anti-IgG
system, since the kon/koy ratio is experimentally measured to be
1 x 107 /M (obtained by BLItz System, see also Fig. S3 in Supporting
information) and it is fair to conduct the approximation of Eq. (3)
by taking off ke (Nair and Alam, 2006) in the analytical model
deduction. The analytical model can also be applied to other high
binding affinity protein-ligand pairs (e.g. antibody-antigen bind-
ing systems), (Duan et al., 2012; Vacic et al., 2011) and sequence-
specific DNA hybridizations.

The model gives a general insight into the kinetics of signal
amplification, and will enlighten other researchers with similar
questions on their biosensors.

4. Conclusion

In order to study the kinetic issues of the protein sensing with
local adsorption strategy, microfabricated FBAR mass sensors with
Teflon masking are successfully fabricated. The BSA physical ad-
sorption and antibody-antigen specific binding are monitored
using the prototype sensors which show that LOD of an FBAR
biosensor is improved by more than an order of magnitude with
the masking method. An analytical model is developed based on

the molecule diffusions and first order binding kinetics in confined
droplets. The incubation time accumulated signal amplification
effect is discovered by the experiments and analytical model si-
multaneously. The effect is briefly explained by the analytical
model, which is validated by the numerical model. The analytical
model also gives guidance on the device design to make full use of
the local adsorption techniques. We anticipate that the analytical
model and discussion on mechanism of the signal amplification
can be directly applied to a variety of micro/nano fabricated
biosensors.
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