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Abstract 
Binding kinetics enhancement of a microfluidic biosensor into a micro-channel 
through the application of a supplementary mechanism has received tre-
mendous attention because of the obtained significant enhancement factor. 
However, biosensor’s performance enhancement using only simple channel 
engineering is still rarely realized. Herein, we present a novel design of a 
complex reactive protein (CRP) biosensor into a U-shaped channel with a 
sensitive membrane located in the middle of the bent zone. Various critical 
factors affecting the equilibrium binding time are numerically investigated. 
The turn geometry is then optimized when the arc length along the inner and 
outer radii is almost the same, which leads to locally minimizing the channel 
height overhead the reaction surface and improves the analyte transport to-
wards the sensing area. The numerical studies reveal that applying a local 
narrowing above the reaction surface can notably enhance the trapping and 
the surface formation of complex antibody-antigen, thus upgrading the bio-
sensor performance. This work puts a significant advance towards microflu-
idic channel engineering and the exploration of micro-flow injection experi-
mental studies. 
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1. Introduction 

Over the past decades, the U-shape tube has been widely used in measurement 
[1] [2]. One of the oldest measurements is pressure measurement, where the free 
end of the tube is reported with the atmosphere, and the pressure measurement 
is brought to another end [3]. Earlier studies have shown the application of a 
U-shaped channel to measure some physical quantities, like concentration [4], 
temperature [5], density [6], and frequency [1]. Nowadays, after many perfor-
mance investigations, the U-shape channel has been successfully implicated into 
various applications, including optical fiber in chemical probes such as glucose 
[7], pH levels [8], ethanol [9], salt [10], and toluidine blue [11]. Moreover, the 
U-shape micro-nanochannels can generate a locally amplified electric field and 
significant flow disturbance, uplifting its applicability in microfluidic mixers, 
electro-kinetic pumps, and cell lysis processes [12]. Various researchers have re-
cently demonstrated the U shape’s utility in the design of biosensors for bio-
marker detection. For example, Wen et al. developed a U-shaped fiber biosensor 
using the lamping process for MicroRNA detection [13]. The developed biosen-
sor showed high selectivity and an impressive limit of detection (0.5 nM). A sim-
ilar channel shape has been used for label-free detection of E. coli in which the 
designed biosensor exhibits a good sensitivity in solution measurements [14]. 
This shape also showed enhanced outcomes with a 10-fold improvement in the 
absorbance sensitivity compared to the straight probes [15]. It is noticeable that 
numerous design and fabrication aspects related to the channel characteristics 
have been investigated, going from the repercussion of channel configuration 
geometry [16] to the amendment of the bent region [17]. Accordingly, several 
studies have treated the turn broadening and how channels could be designed to 
enhance the sensor performances. Griffiths and Nilson [18] studied the turning 
effect on the growth of the band variance of neutral species induced by electroos-
motic transport. In another study, Paegel et al. [19] put forward the local nar-
rowing of an electrophoresis duct width upstream of a bent and then widening it 
again after the bent zone. The current gold standard for such measurements re-
lies on the straight duct shape with a constant area, as detailed in our previous 
work [20]. Therefore, there is a growing interest in developing various approaches 
to improve mass transport in microfluidic devices that are mainly based on a 
supplementary enhancement mechanism. For instance, Selmi et al. [21] sug-
gested a microfluidic immuno-sensor, where an additional confinement flow 
was joined perpendicularly to the sample flow. Thus, the rise in the makeup flow 
allowed the analyte to be suppressed into a thin layer bordering the biosensor. In 
another work, Sigurdson et al. [22] proposed the application of the electro- 
kinetically driven AC technique to ameliorate the response of the developed 
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immuno-sensors, which greatly upgraded the antigen achievement to the immo-
bilized ligands region. While, others have reported the use of magnetic field [23], 
obstacle above the biosensor [24], and electrothermal effect [25] to improve the 
target analyte achievement. Nevertheless, in some practical cases, controlling the 
channel geometry at a small scale via a supplementary enhancement system 
might be challenging and expensive due to the high fabrication costs.  

Recently, there exists a great deal of exploring the pivotal role of chronic in-
flammation in cancer development [26]. The C-reactive protein (CRP) was con-
sidered as one of the most commonly studied chronic inflammation biomarkers 
[27], and multiple prospective studies revealed that patients with diverse types of 
cancer including lung cancer have moderately elevated circulating levels of CRP 
[28]. Therefore, there is an ultimate need for the development of a rapid and 
highly sensitive biosensor for CRP detection, where the existence of an enhance-
ment system can put a significant stepping stone for upgrading the biosensor 
performance. 

The above viewpoints have inspired the present work, where we employed the 
finite element method to simulate the CRP binding reaction through a U-shaped 
microchannel. Various crucial factors that affect the equilibrium binding time 
are discussed, such as the inlet flow velocity, the bulk analyte concentration, and 
the microchannel’s equivalent height. An enhancement factor of about 1.20 was 
obtained using simple local narrowing of the microchannel above the biosensor. 
We find that upgrading the binding reaction without any supplementary en-
hancement mechanism via only simple channel engineering could have a sig-
nificant role to fabricate microfluidic gadgets. 

2. Theoretical Model 

The recognition between an analyte carried by a fluid with a concentration [A] 
(CRP), and immobilized ligands [B] (anti-CRP), is occurring at a 2D membrane 
with reaction kinetics leading to form the complex CRP/anti-CRP. The surface 
reaction can be depicted in a two-step process as follows:  

1) [ ] [ ]Bulk Surface
A A  

2) [ ] [ ] [ ]on

offSurface

K

K
A B AB→←+  

In this case, [A]Bulk represents the analyte’s bulk concentration, and [A]Surface is 
the reaction surface’s analyte concentration. [B] refers to the surface-immobilized 
ligand concentration, and [AB] represents the complex analyte-ligand surface 
concentration. Kon and Koff are the association and dissociation rate constant, 
respectively. The first process (1) is called mass-transport, controlled by diffu-
sion mechanism and governing the analyte transport from the bulk toward the 
reaction surface. The second process (2) is the binding reaction; a chemical reac-
tion that describes the surface complex’s formation. In this work, we assume that 
the developed immunoassay mixes the concentration of biological analyte hu-
man CRP in a neutral buffer solution that can be the phosphate buffer saline, 
which presents physical characteristics comparable to the water [29]. Hence, was 
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utilized as a carrier fluid. 
1) Microchip design 
The flow is static under the condition of a non-slip flow for the wall condition, 

where the analyte  is transported toward the chemical reaction surface by con-
vection and diffusion. This whole phenomenon involves an expansion of a diffu-
sion boundary layer, which depends on the ratio of the surface reaction rate, and 
the bordering biosensor’s flow velocity. The simulated device properties are 
shown in Figure 1.  

The channel width is assumed to be 100 µm. The straight section’s length (L) 
of the microchannel is 1 mm, and the outer radius (r0 for the curved micro-
channel is 150 µm. The fluid containing biological analyte (CRP) concentrations 
is injected at x = 1000 µm, flows from the left up to the left down boundaries 
along the x-axis, crosses the turn, and retraces the path with flowing along the 
x-axis again to attain the outlet boundary. For all the simulations, the biosensor 
length is sustained correlative to the reaction surface which is 100 µm. The bio-
sensor is centered in the middle of the turn at 140 µm, and 0 µm at the x-axis 
and y-axis, respectively. The problem is then unriddled based on the Fick second 
law coupled with the Navier-Stokes equations, and the first order Langmuir ad-
sorption model for the reaction rate between the analyte and the ligand was em-
ployed. 

2) Mathematical formulations 
The developed approach is based on the finite element method [30] for a mi-

crofluidic biosensor in a two-dimensional microchannel, and thus, the surface 
concentration of complex analyte-ligand versus time was calculated. The 
mathematical model was used to simulate the binding reaction between a solu-
tion A (CRP) transported by a fluid to reach a sensitive boundary where a ligand 
B of (anti-CRP) is immobilized. A finite element platform (Comsol Multiphys-
ics, COMSOL, Sweden v5.2a) [31] was utilized to compute a 2D simulation of 
momentum along with mass transport into the micro-scaled channel and over-
head the biosensor surface. 

a) Navies-Stokes equations 
In this work, the fluid is assumed to be Newtonian and incompressible, with a 

laminar flow, isotherm, and steady-state. Hence the governing equations with 
dimensionless quantities can be described as the following equations [32] [33]; 

0u v
x y
∂ ∂

+ =
∂ ∂

                            (1) 

 

 

Figure 1. The 2D modeled structure. 
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2 0u u u pu v u
t x y x

ρ ρ η
 ∂ ∂ ∂ ∂

+ + − ∇ + = ∂ ∂ ∂ ∂ 
                (2) 

2 0v v v pu v v
t x y y

ρ ρ η
 ∂ ∂ ∂ ∂

+ + − ∇ + = ∂ ∂ ∂ ∂ 
                (3) 

where u and v are the x and y velocity components, respectively, ρ and η are the 
fluid’s density and dynamic viscosity, respectively, and p is the pressure. Both ρ 
and η are constant and independent from the temperature or concentration. The 
flow field module is modeled via the Navier-Stokes equations associated with the 
initial and boundary conditions. 

b) Fick second law equation 
The analyte transport to land on the sensitive surface is depicted by the fol-

lowing equation [34]: 

[ ] [ ] [ ] [ ] [ ]2 2

2 2

A A A A A
u v D

t x y x y
 ∂ ∂ ∂ ∂ ∂

+ + = +  ∂ ∂ ∂ ∂ ∂ 
            (4) 

where D is the analyte diffusion coefficient and for human CRP its value is equal 
to 2.175 × 10−11 m2/s. 

c) Binding reaction 
The chemical kinetics equation is simulated through the first order Langmuir 

adsorption model [35] [36] assuming that the complex CRP/anti-CRP [AB] was 
achieved on the sensitive surface is bounded without diffusion and is raised as a 
function of time corresponding to the reaction rate equation as the follows: 

[ ] [ ] [ ] [ ]{ } [ ]on 0 offSurface

AB
K A B AB K AB

t
∂

= − −
∂

            (5) 

where [A]Surface is the reaction surface analyte concentration, and [B0] is the im-
mobilized ligand’s concentration which is assumed to be 1.4 × 10−8 mol/m2. Kon 
and Koff are the association and dissociation rate constants, respectively, corre-
sponding to 1 × 104 m3/mol∙s and 2.6 × 10−2 s−1 for the CRP-anti-CRP binding 
interactions. 

3) Numerical method and validation 
In this theoretical study, the stationary simulation was performed with con-

stant pressure boundary conditions by setting 0 Pa at the channel’s inlet and 
outlet. Additionally, a non-slip boundary condition was applied at the micro-
channel’s walls. The flow is laminar with a low Reynolds number [37], isotherm, 
and steady. Whereas the fluid is initially supposed to be at rest. The initial con-
centrations of the complex CRP/antiCRP [AB] and the bulk analyte concentra-
tion [A] were set zero as initial conditions. In our case, the fluid was initially at 
rest, and the parabolic profile’s average velocity was fixed at u = 104 m/s at the 
inlet boundary. The fluid parameters were supposed to be similar to the room 
temperature distilled water parameters (η = 1 mPa∙s, ρ = 1000 kg∙m−3). And the 
[B0] was fixed at 1.4 × 10−8 mol/m2, and Kon and Koff were set at 1 × 104 m3/mol∙s 
and 2.6 × 10−2 s−1, respectively [20] [32]. 

The previously mentioned governing equations’ solution using initial and 
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boundary conditions applied in 2D has no analytical solution. Thus, Comsol 
software simulation offers the possibility to couple the laminar flow with the 
transport of diluted species physics module. To discretize the designed 2D do-
mains, an unstructured triangular mesh was utilized; somehow, the neighboring 
area of the biosensor is more fine-grained than that of the bulk for a higher res-
olution [38], as displayed in Figure 2(a). Several mesh grids were applied to en-
sure the convergence and mesh independent of the numerical outcomes, as pre-
sented in Figure 2(b). Hence, no significant variation was found between the 
curves computed with 83070 and 56966 grids elements. Similar numerical con-
vergence was found and explained as well [38]. Unless specified, all the compu-
tational studies were achieved with a total element number of 56,966. 
 

 
(a) 

 
(b) 

Figure 2. (a) The 2D triangular elements mesh geometry, (b) CRP complex concentration 
evolution in the function of time for different elements mesh number at a constant bulk 
concentration of 6.4 nM and inlet flow velocity U = 100 µm/s. 
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4) Binding kinetics of protein CRP and inlet flow velocity 
The surface complex concentration for the CRP versus different analyte con-

centrations, namely, 64, 12, 6.4, 1.2, and 0.64 nM, is depicted in Figure 3(a). The 
bulk analyte concentration rise leads to an increase of the trapped biomolecule 
concentration on the biosensor surface. The theoretical explanation behind the 
increase of the complex concentration [AB] versus the analyte concentration [A] 
is related to the Equation (7). Equation (7) can be obtained from Equation (5)  

through the equilibrium association state (
[ ]

0
AB
t

∂
=

∂
) as shown in Equation (6) 

[32] 

[ ] [ ] [ ]{ } [ ]on 0 offSurface
0K A B AB K AB− − =                 (6) 

 

 
(a) 

 
(b) 

Figure 3. (a) The temporal evolution of the CRP complex concentration at the surface 
reaction for various bulk concentrations of CRP at a stable inlet flow velocity U = 100 
µm/s; (b) The effect of inlet flow velocity on the complex CRP’s temporal evolution at a 
stable bulk concentration of 6.4 nM. 
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[ ] [ ]
[ ]

[ ]
[ ]

off 0 0

on off D

K AB B A B
AB

K A K A K
= =

+ +
                  (7) 

where off

on
D

K
K

K
=  is the dissociation equilibrium constant. Additionally, the  

rise of the inlet flow velocity is effectively downsizing the diffusion boundary 
thickness, which notably enhances the rates of association and dissociation phases 
of the CRP/antiCRP binding reaction, as shown in Figure 3(b). The same ex-
planation has been well detailed by Yang and co-workers, who pointed out the 
different parameters affecting the CRP binding reaction through a straight mi-
crofluidic duct [32]. The same numerical results are here used as a reference to 
validate the obtained data, which is matched well in terms of trapped complex 
concentration on the biosensor surface. Hence, association and dissociation rate, 
and time dependence are here unmatched due to the channel size and geometry 
difference.  

3. Results and Discussion 

1) Diffusion boundary layer 
Due to its small diffusion coefficient, the protein as a large molecule is limited 

by the binding reaction’s mass transport coefficient of the complex anti-
gen-antibody structure [39]. Thus, this mass transport coefficient (Km) is defined 
by the flow velocity and the diffusion coefficient. Km can be defined from the 
Levich expression [40] as follows: 

1
2 3
30.98m

UK D
L H

 = ∗  ∗ 
                   (8) 

where D is the diffusion coefficient, and U is the inlet flow average, L and H are 
the position of the sensitive surface and the channel height, respectively. Conse-
quently, the diffusion boundary layer can be given as a function of the diffusion 
and the mass transport coefficients as follows [41]: 

diff
m

Dd
K

=  

The diffusion boundary layer development will go up along the reaction 
boundary in the same flow direction. Thus, systematic mass transport is charac-
terized by a lower thickness of the diffusion layer. Figure 4 shows the develop-
ment of the diffusion boundary layer on the biosensor surface after different 
computational times. Accordingly, mass transport is occurring alongside the 
reaction surface following the same fluid path. Besides, during the association 
phase, the consumption of [A]Surface is briefer on the biosensor surface when com-
pared with its consumption in the bulk. Consequently, a thin diffusion layer of 
the analyte above the biosensor is constructed explained by local consumption of 
the analyte concentration. Contrary to the association phase, a relatively higher 
analyte concentration covering the reaction surface than that of the bulk  
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Figure 4. Development of diffusion boundary layer in association and dissociation phases at a CRP bulk concentration of 6.4 nM 
and a constant average inlet flow velocity U = 100 µm/s at different times t. 

 
can be clearly noticed during the dissociation phase, where no more analyte 
flows in the system [32].  

2) Local narrowing method (reduction of the microchannel equivalent 
height) 

As mentioned in the previous section, the relation combining the reaction 
channel height and the coefficient mass transport is resumed in the Levich Equa-
tion (8). Whence, decreasing the channel height (H) can notably downscale the 
diffusion coefficient (D) and promotes the mass transport coefficient (Km). In 
this subsection, the channel height overhead the reaction surface is varied de-
pending on (R0) and (R1) as two specific narrowing dimensions presented in 
Figure 5(a) and detailed in Table 1.  

Figure 5(b) displays the complex CRP concentration evolution versus time 
for different channel heights (R1). Here, it is worth mentioning that every com-
putation of different microchannel heights was achieved at a constant bulk ana-
lyte concentration and an average flow velocity of 6.4 nM and 100 µm/s, respec-
tively. Table 1 compiles the binding reaction initial slope of the association and 
dissociation phases. Note that by minimizing the channel height that covers the 
sensitive membrane from a drop case (100 µm) to 40 µm, the binding reaction 
can be greatly enhanced, recording larger initial slopes from 1.76 × 10−11 to 2.1 × 
10−11 for the association phase and from −5.67 × 10−12 to −6.81 × 10−12 for the 
dissociation phase. Such local narrowing leads to enhancement factors of 1.19 
and 1.20 for the association and the dissociation phase, respectively. A larger 
slope of the CRP binding was found at a lower equivalent height. This can be  
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(a) 

 
(b) 

Figure 5. (a) Local narrowing of the bent zone following the two specific narrowing di-
mensions (R0) and (R1). (b) Temporal evolution of the CPR complex concentration using 
the original channel and the three optimized channels at a constant inlet flow velocity and 
bulk concentration of U = 100 µm/s and is 6.4 nM, respectively. 
 
Table 1. Initial slope and enhancement factors of CRP binding reaction association and 
dissociation phases for different narrowing dimensions (R0) and (R1). 

Geometry 
R1 

(µm) 
R0 

(µm) 
Initial slope 
(association) 

Initial slope 
(dissociation) 

Enhancement 
factor* 

(association) 

Enhancement 
factor* 

(dissociation) 

Original 
geometry 

100 50 1.76 × 10−11 −5.67 × 10−12 - - 

Optimized 
geometry 1 

70 8 1.86 × 10−11 −6.30 × 10−12 1.05 1.11 

Optimized 
geometry 2 

60 90 1.97 × 10−11 −6.50 × 10−12 1.12 1.15 

Optimized 
geometry 3 

40 110 2.1 × 10−11 −6.81 × 10−12 1.19 1.20 

*The enhancement factors are defined as the ratio of the binding reaction slope with nar-
rowing to that without narrowing. 
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explained by the faster diffusion in transporting the fluid to reach the reaction 
surface at lower microchannel height. Thus, the decay of the diffusion boundary 
layer evolution is clarified by the CRP molecules confinement into a thin layer 
made by the height reduction overhead the reaction surface. Accordingly, a sig-
nificant enhancement of the fluid velocity near the reaction surface, improvises 
the target biomolecule’s consumption.  

4. Conclusion 

In this work, we present a 2D simulation of a CRP microfluidic biosensor based 
on a U-shaped channel using the finite element method. Decreasing the micro-
channel’s equivalent height using local narrowing through simple channel engi-
neering enhanced the CRP binding reaction’s association and dissociation rates. 
Importantly, the lower height of the channel and the faster average inlet velocity 
have led to the reduction of the diffusion boundary layer and improved the bio-
sensor’s performance. This work can undoubtedly offer new insights for further 
investigation in microflow injection experimental studies. 
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