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ABSTRACT

The present study aims to enhance the analyte transport to the surface of nanowires (NWs) through optimizing the sensing configuration
and the flow patterns inside the microfluidic channel, and hence to reduce the response time of NW biosensors. Specifically, numerical
simulations were carried out to quantitatively investigate the effects of the fundamental surface reaction, convection, and diffusion
processes on the sensing performance. Although speeding up all these processes will reduce the sensing response time, enhancing
the diffusional transport was found to be most effective. Moreover, the response time of NW biosensors is inversely proportional to the
local concentration of the analyte in the vicinity of the NWs, which suggests that the sensing response time can be significantly
reduced by replenishing the local analyte rapidly. Therefore, the following three optimization strategies were proposed and their effects
on the time response of NWs were characterized systematically: device substrate passivation, microfluidic channel modification, and
suspending NWs. The combination of these three optimization methods was demonstrated to be able to reduce the response time of

NW biosensors by more than 1 order of magnitude.

Semiconductor nanowire biosensors, configured as field
effect transistors (FET), are emerging as a powerful platform
for direct detection of biological and chemical species.'™®
Significantly, nanowires (NWs), particularly silicon nanow-
ires (SiNWs), have been successfully demonstrated as real-
time, label-free, multiplexing, and femtomolar level accuracy
biosensors in detecting a range of species, including proteins,
viruses and DNAs.!~7 Although the SINW biosensors have
reached the femtomolar level of sensitivity,* ® there is still
room for further improvement in terms of the sensitivity and
especially the detection time. Nanowire biosensing experi-
ments are typically conducted in a rectangular microfluidic
channel with the NW biosensors placed on the floor of the
channel where the local convection velocity is almost zero.?
The inefficient mass transport of the analyte to the biosensors
limits the further improvement of the sensitivity and the
detection time of the NW biosensors.”” ! The effect of analyte
transport on the biosensors has been quantified through
theoretical and numerical studies,’”'* but the analyte surface
binding reactions have frequently been assumed to be
infinitely fast'" with the result that the coupling between
the mass transport and surface binding reactions is lacking.

The importance of analyzing the coupling between diffu-
sion, convection, and reaction was also pointed out by a very

* To whom correspondence should be addressed. E-mail: xlzheng@
stanford.edu.

10.1021/n1801559m CCC: $40.75
Published on Web 09/13/2008

[J 2008 American Chemical Society

recent publication by Squires et al.!’> They provided intuitive
understanding of the competing processes by discussing
extreme conditions, such as when the convection velocity is
zero or when the surface binding reaction is infinite fast.
However, the NW biosensors frequently do not operate at
these extremes so analysis using detailed experimental
parameters is needed for more quantitative understanding and
predictions of these sensing systems. Moreover, only limited
effort’ has been devoted to optimizing the microfluidics at
the NW biosensing site to enhance the analyte transport.
Here, we first quantify the individual and coupled effects of
convection, diffusion, and surface binding reactions on the
sensing performance of the NW biosensors through numer-
ical simulation using detailed experimental parameters, and
then propose and characterize three simple strategies to
improve the sensitivity and reduce the detection time of the
NW biosensors.

The numerical simulation schematic was set up on the
basis of the reported experimental configuration (Figure 1a),?
where a 2 um long NW is located at the center of the floor
of a microfluidic channel (LWH: 1 mm x 500 um x 50
um). The sensing system was simplified into a two-
dimensional problem by focusing only on the axial cross-
section of the channel (Figure 1b). Although a full three-
dimensional simulation would be more accurate, the qualitative
trends will be the same.
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Figure 1. Schematic of the numerical setup. (a) The NW biosensor
is located at the center of the floor of the microfluidic channel. (b)
The cross-section of the microfluidic channel with a 2 um long
NW in the bottom wall center, parallel to the flow. (c) Schematic
of the surface binding reaction on the NW, where the antigen ¢
binds to the immobilized antibody R, forming the antigen—antibody
complex B.

The binding reaction between the immobilized antibody
R, (mol m™2) and the targeted antigen ¢ (mol m~™3) is
described by a one-step, reversible surface reaction'?

k’l
c+R =8 1)
kg

88_? =k,c(R,—B) —k,B (2)
where B is the bound antigen—antibody complex (mol m~?)
(Figure Ic), k, is the association rate constant (M~ s™!), and
kq is the dissociation rate constant (s~'). The conductance
of NW FET biosensors changes in response to the net bound
charge, which is proportional to the concentration of complex
B. Therefore, the sensing performance of NWs can be
represented by the dynamics of the concentration of complex
B (eq 2). Specifically, the equilibrium concentration of
complex Beq corresponds to the ultimate sensitivity. The
concentration of complex B and the complex formation rate
dB/dt indicate the signal magnitude and rate of signal rise,
respectively, so they are adopted here to characterize the
sensing response time.

The spatial and temporal variations of the antigens inside
the microfluidic channel are described by the convection-
diffusion equation

9 | G Oe=DPe (3)

ot
where u is the flow velocity (m s™!), and D is the diffusion
coefficient of the antigen in the analyte solution (m? s™1).
The flow velocity field inside the microfluidic channel is
described by the continuity (eq 4) and Navier—Stokes

equations (eq 5)
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where p is pressure (N m™2), p is density (kg m™?), and u is
the dynamic viscosity (Pa s). The following assumptions were
made in our calculations: (1) the flow is incompressible with
constant properties due to small Reynolds number (~ 0.1),
(2) the analyte distribution does not affect the flow velocity
field, and (3) the bulk fluid is electro-neutral, and the
electrokinetic effects are negligible inside the thin electric

double layer. The parameters used for the calculations are
summarized in ref 16.
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To solve the above governing equations (eqs 2—5), the
boundary conditions are specified as follows:

Velocity Analyte
Inlet: prabolic velocity profile ¢ = ¢,
Outlet: straight-out n-(D0c)=0
Wall (except NWs): no-slip g—% =0
NW surface: no-slip D0Oc= %
(6)

where 7 is the unit normal vector to the surface. Moreover,
the velocity u and concentrations of ¢ and B were set to be
zero at t = 0, as initial conditions. The simulations were
carried out using FEMLAB™ software (Comsol, Stockholm,
Sweden). The same governing equations and boundary
conditions were also used by several previous studies!?!*1
and the accuracy of the simulation was validated®' by
duplicating the published calculation results of similar
problems.'>!3

The effects of the convection and diffusion-driven transport
of analyte on the sensing performance are illustrated in Figure
2a,b, respectively. First, for both convection and diffusion,
the complex formation rate dB/d¢ increases more rapidly with
increasing the inlet velocities and diffusion coefficients when
they are small and become less sensitive at higher velocity
and diffusion coefficient. When the inlet velocity and
diffusion coefficient are low, the surface binding reaction is
relatively fast, so the sensing is transport limited. In contrast,
when the inlet velocity and diffusion coefficient are high,
the surface binding reaction becomes the slow process, so
that the sensing response time is limited by reaction kinetics.
These observations are consistent with previous studies.'>!1>23
Specifically, the typical protein sensing conditions'®?? (flow
velocity up = 1.7 mm s~! and diffusion coefficient D = 6 x
107" m? s7!), marked as the dashed lines in Figure 2a,b,
fall into the transport-limited region, confirming the defi-
ciency in the analyte mass transport. Second, the relative
rates of the surface reaction and the diffusional transport can
be described by the nondimensional Damkohler number Da
= k,R:H/D, where H is the characteristic length and is equal
to half of the channel height of 50 um. The Da number for
the current protein system is about 34 (>>1), indicating that
diffusion is a much slower process than reaction.!> The
relative rate of the convectional and diffusional transport in
the mass transfer layer next to the NW surface is represented
by the nondimensional shear Péclet number Pe, = uol?/
HD,'"'5> where L is the length of NW. The Pe; number for
the current protein system is about 4.53, which implies that
the diffusional transport is slightly slower than the con-
vectional transport, as well. Moreover, as shown in Figure
2a,b, the complex formation rate dB/dt is proportional to the
inlet velocity to the power of 0.16 but to the diffusion
coefficient to the power of 0.50. The stronger dependence
on diffusion is consistent with the previous asymptotic
analysis.!" In summary, diffusion is the slowest process,
surface reaction is the fastest, and convection is slightly faster
than diffusion.
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Figure 2. Effects of convection, diffusion, surface reaction, and
inlet concentration on the NW sensing performance. (a) Effects of
convection on the complex formation rate (log—log plot). dB/dr (¢
= 100 s). (b) Effects of diffusion on the complex formation rate
(log—log plot). dB/dt (+ = 100 s). (c) Effects of the association/
dissociation rate constant on the complex concentration under the
same affinity constant (A, k, = 2.7 x 107 M~ 's™! kg =2.4 x 1072
sTLEB, k, =27 x 10°M~Is7 kg =24 x 103s7 1 C, ky, =27
x 103 M~ 1s71 kg = 2.4 x 107*s71) such that equilibrium complex
concentration remains the same. (d) Effects of the immobilized
antibody density on the concentration of complex B. (e) Effects of
the inlet concentration on the concentration of complex B. The insets
for all the graphs show the long-term response.

We further characterized the effect of the surface binding
reaction on the sensing performance. In the one-step binding
reaction (eq 2), the equilibrium complex concentration Beq
can be expressed as

R

Be= k) ™

First, the equilibrium complex concentration B, remains
constant for the fixed affinity constant k,/kq (Figure 2c, inset),
and is linearly proportional to the antibody concentration R,
(Figure 2d, inset) and the antigen concentration ¢ (Figure
2e, inset). Second, when the concentration of antigen c is
increased/decreased by a factor of 10, the complex concen-
tration B at t+ = 100 s changes linearly by the same factor
(Figure 2e), but only changes by a factor of 1.4/4.5 and 1.9/
5.5 as the association rate constant k, and the antibody density
R, are increased/decreased by a factor of 10 (Figure 2c,d),
respectively. This suggests that the antigen is the deficient,
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Figure 3. Effect of device substrate passivation on the complex
formation rate. (a) Normal SiNW biosensor on the silicon substrate:
surface reaction occurring on the entire substrate. (b) Blocking the
surface reaction on the substrate by passivating the substrate: surface
reaction confined to SINW only. (c) The binding rate of SINW
biosensors with substrate passivation (panel b) is 5.7 times faster
than that of the normal SiNW biosensors (panel a). The inset shows
the long-term response.

or limiting, species for the surface reaction rate. Although
the antibody density should be maximized for the sensing
experiment, it is more critical to maximize the local antigen
concentration in the vicinity of NWs for faster detection,
which supports the observations in literature®~!'! that enhanc-
ing the mass transport of the analyte is the key to further
improve the performance of NW biosensors.

We further extended our efforts in investigating simple
passive mixing methods to enhance the analyte transport.
Enhancing the analyte transport to the NW biosensors
represents a different challenge compared to that represented
by mixing two fluids in a microfluidic channel. NWs are
very small, fragile, sensitive to the local flow field and wired
by metal contacts for conductance measurement with the
result that certain mixing strategies for microfluidics, such
as the use of three-dimensional serpentine microchannels,?*
flow confinement,” decreased channel height,’® and elec-
trokinetics-related mixing,'*?” are either ineffective'> or
difficult to implement. Therefore, we proposed three simple
methods: (1) device substrate passivation, (2) microfluidic
channel configuration modification, and (3) suspending NW
away from the bottom wall, to improve the NW sensing
performance.

First, the device substrate passivation aims to remove all
other possible sinks of the analyte other than NWs. The
SiNW biosensors are typically fabricated on silicon substrates
(Figure 3a). The NWs and substrate are both covered by SiO,
and hence have the same surface chemical properties.
Consequently, the immobilized antibodies link to both NWs
and the substrate. Because the surface area of the substrate
is significantly larger than that of the NWs, the substrate
scavenges the scarce analyte and slows down the sensing
response. When the substrate binding is blocked (Figure 3b),
the complex concentration B (f = 100 s) is increased by a
factor of 5.7 (Figure 3c). Substrate passivation can be realized
by changing the substrate materials, modifying the substrate
surfaces with polymers or other agents before the NW device
fabrication, or confining surface functionalization to NWs
only.
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Figure 4. Effects of channel shapes on the complex formation rate.
(a) Three different channel schematics (A. a bluff body on the top;
B. normal straight channel; C. a bluff body on the bottom). NWs
are indicated as the red line on the bottom wall in the middle of
the channel. (b) The complex formation rate of the top bluff body
is 1.24 times faster than that of the normal straight channel and
the adverse effects are observed for the bottom bluff body
downstream of the channel. The long-term response is shown in
the inset. (Bluff body in A and C: 25 um x 25 um.)

Second, the mass transport of the analyte to the NW
surface can be modified by changing the microfluidic channel
shape. For example, when the channel height in the NW
region is reduced by half by adding a bluff body (Figure
4a) to the top channel, the local average horizontal velocity
is doubled which speeds up the analyte replenishment.
Actually, the complex concentration B (r = 100 s) is
increased by 24% which is comparable to that of increasing
the averaged inlet flow velocity from the current setup by 4
times (Figure 2a). The additional enhancement comes from
faster diffusional transport. The induced downward velocity
by the top bluff body, together with the reduced channel
height, compresses the diffusion depletion zone and hence
increases the analyte concentration gradient toward the NW.
Consequently, the diffusional flux of the analyte to the NW
is increased by the top bluff body. For the same reason, when
a bluff body is added to the bottom wall after the NW (Figure
4a), the induced upward velocity expands the diffusion
depletion zone resulting in a reduced diffusional flux of the
analyte to the NW. Consequently, the complex concentration
B (t = 100s) is reduced by 40% (Figure 4b). Hence, obstacles
such as electrodes should be avoided or minimized down-
stream the NWs in the sensing experiment.

Third, both the sensing response time and the sensitivity
can be improved by suspending the NWs away from the floor
(Figure 5a). Suspending NWs doubles the sensing area such
that the total number of bound complex B, on a single NW,
calculated by integrating the bound complex B over the 2
um length of the NW, is doubled as shown in the inset of
Figure 5b. This is a unique advantage for NW suspension
compared to surface passivation and the enhanced transport,
which have no impact on the ultimate sensitivity. In addition,
suspension of NWs to a higher velocity region also increases
the convectional and diffusional fluxes of the analyte to the
NW. As a result, the sensing response time is reduced as
well. It is seen in Figure 5b that suspending the NW for 1
and 12.5 um leads to 1.6 and 2.6 times faster complex
formation rate for the total number of bound complex B,
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Figure 5. Effects of suspending NWs on the total number of bound
complex. (a) The schematic of suspended NW biosensors in the
straight channels. (b) The comparisons in terms of the formation
rate of total number of bound complex (A. NWs on the floor; B. 1
um suspended NWs; C. 12.5 um suspended NWs). Suspending
NWs improves the time response and the sensitivity as a result of
the enhanced analyte transport effects and the doubled reaction
surface. The inset shows the long-term response.
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Figure 6. Comparison of optimized NW biosensors (i.e., all three
designs implemented) with NWs in the typical sensing configuration
shown in Figure 6. The formation rate of total number of bound
complex is improved by more than 1 order of magnitude (17.4
times). If the equilibrium detection time is defined as the time when
the total number of bound complex B, approaches (1-e¢™!) of its
total equilibrium value, the equilibrium detection times (the dots
of the inset) for the typical and optimized systems are 4690 and
569 s, respectively (i.e., 8.2 times reduction in the detection time).
The inset shows the long-term response.

respectively, than that of no suspension. The improvement
for the 1 um is less than 2 because the flow passage is
confined between the bottom surface of NW and the floor.
The improvement for the 12.5 um is slightly more than 2
because the higher local convection velocity around the NW
replenishes the analyte faster.

Finally, when the above three simple optimization strate-
gies, (1) device surface passivation, (2) adding a top bluff
body to the channel, and (3) suspending the NW 12.5 um
away from the floor, are implemented, the formation rate of
total number of bound complex is increased by more than 1
order of magnitude (17.4 times) compared to the typical NW
sensing configuration shown in Figure 6. In other words, the
detection time for the NW sensor is significantly reduced.
Furthermore, the detection limit indicated by the total
equilibrium number of bound complex is doubled as well
(inset of Figure 6).

In summary, we have numerically characterized the
individual and coupled effects of convection, diffusion, and
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the antigen—antibody binding reaction on the sensing
performance of NW-based biosensors. For the protein
sensing, the sensing response time is limited by the mass
transport rate of the analyte, especially the diffusional
transport process. The key to improve the sensing perfor-
mance is to maximize the analyte concentration in the vicinity
of the NW. Three simple optimization methods (device
substrate passivation, channel configuration modification, and
NW suspension) were proposed, and their combination
reduced the sensing response time by more than 1 order of
magnitude. Further improvement in the detection limit of
NW biosensors can be realized by analyte concentrating
strategies such as isotachophoresis.!'328
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