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Abstract: A surface acoustic wave (SAW) sensor with a microfluidic channel was studied to detect
C-reactive protein (CRP). A piezoelectric lithium niobate substrate was used to examine the frequency
response of the microfluidic SAW sensor. The amplitude (insertion loss) changes in the microfluidic
SAW sensor were measured from the interaction of CRP/anti-CRP owing to mass variation. The
fabricated microfluidic SAW sensor exhibited a detection limit of 4 ng/mL CRP concentration. A
wide CRP concentration range (10 ng/mL to 0.1 mg/mL) can be detected by this sensor, which is
higher than the existing CRP detection methods. A good linear relationship between the amplitude
peak shift and CRP concentrations from 10 ng/mL to 0.1 mg/mL was obtained. The amplitude peak
shifts in the sensor can be useful for estimating CRP concentration. This can be used as a biosensor to
diagnose the risk of cardiovascular disease.

Keywords: surface acoustic wave (SAW) sensor; microfluidic channel; C-reactive protein; piezoelectric
lithium niobate

1. Introduction

In clinical applications, protein detection plays an important role in the diagnosis
of diseases. Therefore, the effective detection of proteins is of utmost importance. For
example, C-reactive proteins (CRP) could act as biomarkers of inflammation; the concen-
tration of CRP increases a hundred times when chronic inflammation or cancers occur
in the body. In normal human beings, the concentration of CRP is less than 1 µg/mL [1].
CRP detection is also useful for screening for cardiovascular diseases, hypertension, and
diabetes, among others [2]. There are three categories for the evaluation of cardiovascular
risk: concentrations of CRP lower than 1 µg/mL indicate low risk, 1–3 µg/mL indicates
moderate risk, and 3–10 µg/mL indicates high risk [3]. Therefore, patients’ susceptibility
to cardiovascular diseases can be identified at an early stage, which can then be controlled
through appropriate lifestyle interventions and medicines. Patients with a higher CRP
value indicate a higher adverse event risk. The concentration of CRP could be as high
as 100 µg/mL or even higher when patients have bacterial infections, cancers, or other
autoimmune diseases. Salvo et al. reported that CRP concentration is less than 8 µg/mL
for normal clinical presentation of wounds [4]. Patients with and without wound complica-
tions have average CRP concentrations of ~35 µg/mL and ~9 µg/mL, respectively. When
the CRP concentration is higher than 15 µg/mL, it is assumed to be a result of wound
inflammation [5]. The patient’s wound in the proliferative and inflammatory phases had
an average CRP concentration of 90 µg/mL, which then dropped to 5.2 µg/mL in the
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maturation phase [6]. Patients with trauma-related chronic wounds had an average CRP
concentration of ~66 µg/mL [7]. CRP concentrations can reach 141 µg/mL when a patient’s
wound is infected after surgically managed fractures [8]. Diabetic patients with foot ulcers
have an infection threshold of a CRP concentration of 17 µg/mL [9]. Whether or not a
diabetic patient with foot osteomyelitis has an additional amputation, the average CRP
concentration is 95.6 µg/mL [10]. The patient can be healing and in remission when the
CRP concentration is less than 40 µg/mL. Based on the above, a sensor with a sufficiently
wide range of detection for CRP concentration is needed. However, very few sensors have
a range sufficient to cover the clinically relevant range [11,12].

Recently, several techniques for measuring CRP concentrations have been introduced.
Fluorescent immunosorbent assays have been used to detect CRP [13,14]. However, while
these methods reported sufficient sensitivity, they were time consuming, expensive, and
involved complicated detection procedures. To overcome these limitations, various biosen-
sors based on electrochemical and optical methods [12,15–22] for CRP detection analysis
have been reported. However, there is a need to develop a simple and highly efficient
CRP detection technique for routine clinical testing. Currently, some applications of micro-
electromechanical system (MEMS) technology, such as biomedicine, analytical chemistry,
and molecular biology, have attracted significant interest [23]. Microfluidics-based im-
munoassays offer significant advantages, including low-volume fluidic consumption, fast
analysis, better process control, low fabrication costs, and a safe platform for chemicals [24].
Microfluidics has emerged from MEMS technology. It can control the flow of tiny amounts
of liquids in a microfluidic system [25]. The reaction time and detection limit of these
microfluidic biosensors can be minimized through innovative design.

Surface acoustic wave (SAW)-based microfluidics technology has been under explo-
ration for the past decade. Studies have presented approaches for integrating SAW devices
with microfluidics [26]. This integrated SAW biosensing has opened the path to achieving
fast response times and low sample consumption. SAW-enabled microfluidic devices have
been demonstrated to have many advantages, such as having simple fabrication and being
compact and inexpensive devices [27]. These advantages allow SAW microfluidics to play
an important role in various fields, including biology, chemistry, engineering, and medicine.
SAWs are electroacoustic transducers that are easy to design and operate [28]. SAW sensors
have established a powerful platform for use in chemical sensing or biosensing applica-
tions. In [29], an integrated microfluidic system was used to detect CRP. The detection
process was performed automatically on this system. The total reaction time was less than
25 min, and the detection limit was reported at 12.5 ng/mL. In [30], a microfluidic system
was reported to have rapid automatic detection of CRP. The method also automatically
performs the whole detection process for CRP measurement. This developed microfluidic
system can automatically complete the detection process within 30 min, and its detection
limit is reported to be at 12.5 ng/mL. In [31], a lab-on-a-chip system was demonstrated
to integrate a microfluidic chip and a guided-mode resonance (GMR) biosensor for CRP
detection in whole blood samples. The developed GMR sensor has a 3.2 ng/mL limit of
detection for CRP.

In this paper, we report on a new microfluidic system that integrates with a SAW
sensor for the detection of CRP. We used a shear horizontal-SAW (SH-SAW) substrate,
which is an appropriate substrate material for successful device operation in liquids [32].
SAW biosensors coated with 2-methacryloyloxyethyl phosphorylcholine polymers were
reported to have been used for the detection of CRP [33]. We will fabricate a microfluidic
channel and integrate it with the SAW sensor on a lithium niobate (LiNbO3) substrate for
detecting CRP.

2. Materials and Methods
2.1. Design and Fabrication

The SAW sensor is composed of an input interdigital transducer (IDT), a surface
sensing area, and an output IDT on a piezoelectric substrate. The surface sensing area is
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located between the input and output IDTs. The input IDT converts electrical signals to
surface acoustic waves. The surface acoustic waves propagate through a surface sensing
area to an output IDT, which would be very sensitive to variations in the surface sensing
area. The output IDT converts surface acoustic waves back to electrical signals. The output
response greatly correlates to the corresponding variations on the surface sensing area. The
detailed design of an IDT was described in our previous work [34]. A single, 500 µm thick,
single-side polished, 64-degree Y-cut LiNbO3 substrate was used in this work. We designed
a microfluidic channel to install in a SAW sensor, ensuring that measurements were more
convenient and accurate. Polydimethylsiloxane (PDMS) was used as a structural material
for the microfluidic module and was molded with an 8 mm thick polymethyl methacrylate
(PMMA) piece. For manufacturing PDMS test pieces, a PDMS elastomer kit (Sylgard 184)
was purchased from Dow Corning, and the base part A and the curing agent part B were
mixed in a 10:1 weight ratio at room temperature. Then the mixed, uncured PDMS was
degassed in a vacuum oven at low pressure by using a roughing pump for 45 min. After
degassing, the PDMS mixture was poured into the PMMA molds, and the filled molds
were cured using a high-temperature vacuum oven at a temperature of 125 ◦C. After the
samples were all cured, they were cooled at room temperature for two hours prior to mold
removal. As shown in Figure 1a, the microfluidic channel has a length of 4 mm and a
width of 0.5 mm, while the liquid area in contact with the SAW sensing area is an elliptical
area of 6 and 4 mm. In addition, the thickness of the channel at the bottom is 1 mm, and
the distance from the surface is also 1 mm. Figure 1b,c shows a 3D model view of the
microfluidic channel and the fabricated microfluidic module, respectively. We fabricated
two microfluidic channels in one module. We could cut it in half to obtain one microfluidic
channel for use as a conduction channel and for a surface sensing area reaction. The sensing
area had a capacity of ~50 µL, and other liquid spaces totaled ~50 µL. The water pipes were
connected at both ends of the channel. One end was connected with a thin syringe (total
capacity: 1 mL) as the input end of the reaction volume, and the other end was fixed to the
beaker. The beaker was used to collect the waste liquid when the solution was discharged
after the reaction was completed.
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2.2. Method of Immobilization

For the immobilization of the Au surface and the CRP/anti-CRP interaction process,
the steps are described below:

The Au surface was first cleaned by UV/ozone and then treated with ethanol. Finally,
the Au surface was dried with nitrogen gas.

(a) For a self-assembled monolayer (SAM) formation on Au surfaces, 11-mercaptoundenca
noic acid (11-MUA) in absolute ethanol (4 mM) was injected into the gold sensing
area and incubated for 24 h [35]. After SAM formation, careful and complete rinsing
of ethanol is necessary to get rid of the multilayer 11-MUA [36], and the residual
ethanol is washed out by deionized water and dried by nitrogen (N2) gas. SAMs on
the Au surface with 11-MUA provide the opportunity to modify the acid end group
through other functionalized groups [37].

(b) This reactive SAM layer was activated in situ by immobilizing the N-hydroxysuccinim
ide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC)
reagents (volume ratio: 1:1 of 100 mM NHS and 400 mM EDC) for 20 min. The NHS-
EDC activation approach is the most commonly used amine reactive cross-linking
reagent because the main product of NHS-ester is the dominant intermediate product
for immobilizing biomolecules containing free primary amino groups (e.g., anti-CRP
in this study) via amide linkage [38,39]. After the activation process, the gold surface
was washed with a sodium acetate buffer (10 mM, pH 5.0).

(c) Immobilization of anti-CRP was performed in a sodium acetate buffer (10 mM, pH 5.0)
for 24 h.

(d) Blocking was done by incubating in ethanolamine-HCl (pH 8.5) solutions for 10 min,
followed by washing and incubating in a phosphate-buffered saline (PBS) buffer.

(e) The prepared CRP with the PBS buffer solution was injected over the sensing area
and was allowed to react with anti-CRP to evaluate the interaction between them.

2.3. Method of Measurement

Figure 2 demonstrates the measurement system for the frequency response of the SAW
sensors with the microfluidic channel. In order to clear the demonstration, a zoom-in on the
SAW sensor and microfluidic module is presented on the right-hand side. After the gold
film in the SAW sensor was connected to the anti-CRP molecule, the sensor was installed
in the microfluidic system for the CRP/anti-CRP reaction. The maximum driving flow rate
of the peristaltic pump used this time was 36.9 µL/min, and the experiment was set at
30 µL/min. Each experiment used a peristaltic pump to inject the CRP solution (the solvent
was PBS) into the reaction chamber. At this time, the solution was in contact with the
sensing area (gold film part) at the bottom of the reaction chamber. The contact probability
of CRP molecules in the solution and anti-CRP depends on the diffusion rate of the CRP
molecules in the solvent (PBS), and the control of the flow rate can keep the concentration
gradient of the reaction area constant, which is very helpful for the quantitative analysis of
biochemical experiments. In terms of experimental parameters, for each CRP solution, the
injection time was set for 10 min and performed in a static flow (30 µL/min) to ensure that
all the volumes of the CRP solution were the same. After the reaction, the surface of the
gold film was washed twice with large amounts of PBS buffer to remove the CRP protein
from the reaction, and then the specificity of CRP/anti-CRP was analyzed. Signal changes
are caused by an increase in the number of bonds. In order to suppress noise generation
during measurement, a PBS buffer was injected into the cavity. After the measurement
was completed, the next stage of the experiment was carried out. The frequency response
of the microfluidic SAW sensor was measured using a vector network analyzer. The
frequency response of the microfluidic SAW sensor correlates to the corresponding mass
and mechanical variations on the sensing surface.
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Figure 2. The measurement system of the microfluidic SAW sensor with a zoom-in on the SAW
sensor and microfluidic module.

3. Results and Discussion

Because SAW transducers convert electrical signals into acoustic signals, they propa-
gate on the surface and interact with other structures (for example, gratings, filling layers,
etc.) and reflect back. The interaction between the reflected wave and the incident sound
wave produces a resonance peak. Therefore, whether the conduction effect is good or bad
is closely related to the material of the element and the direction of the lattice arrangement.
During the test, we sequentially injected air and the PBS buffer into the microchannels to
detect the signal characteristics of the SAW sensing area under different environmental
conditions. Figure 3 shows the resonant behavior of the SAW sensor with air and PBS
injected into the microfluidic SAW device. The figure clearly shows the characteristic
resonance frequency of SAW. The blank signal of each condition was measured five times,
and the average value and standard deviation of the peak position were obtained, as listed
in Table 1. The measurement results show that the average value of the resonance peak
under the air condition (standard deviation in parentheses) is about −58.02 dB (0.0643 dB),
and the PBS buffer is −50.76 dB (0.0228 dB). This confirms that the component can operate
normally in a liquid environment. In addition, no contribution to the peak shift for the
microfluidic module was observed when it was assembled into SAW sensors.
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Table 1. The averaged resonance peak and their standard deviation of the microfluidic SAW sensor
with air and PBS injection.

Fill Materials Air (dB) PBS (dB)

Averaged resonance peak −58.02 −50.76
Standard deviation of resonance peak 0.0643 0.0228

In the reaction solution, we configured CRP solutions with six concentrations: 10 ng/mL,
100 ng/mL, 1 µg/mL, 10 µg/mL, 100 µg/mL, and 1 mg/mL. The detected experiment is
ordered from a low concentration to a high concentration. Figure 4 shows the amplitude
response of the microfluidic SAW device with six concentrations: 10 ng/mL, 100 ng/mL,
1 µg/mL, 10 µg/mL, 100 µg/mL, and 1 mg/mL. Interestingly, the resonance frequency
was not changed, and only the amplitude variation was observed. In the SAW sensor, the
mass-loading effect generally changed the amplitude and the resonance frequency. The
change in insertion loss and the lack of change in the resonance frequency for different
CRP concentrations are unclear now. In Wang’s research [40], SH-SAW measurements with
different weight concentrations of glycerol from 0% to 95% led to maximum frequency shifts
of ~430 Hz, and their corresponding differences in refractive index and dielectric constant
were around 0.133 and 35.7, respectively [41]. Compared to our study on CRP/anti-CRP,
both physical properties are much less than the glycerol. The induced frequency shift
will also be smaller than 430 Hz. Therefore, one possible reason is that the frequency
shift is too small to be detectable in our measurement (<2 kHz). The figure clearly shows
that, no matter what the CRP concentration is, it will not cause the frequency shift of the
resonance peak. Generally, the mass-loading effect in a SAW filter changes the amplitude
and the resonance frequency. Therefore, the reason why there is no frequency shift is still
not clear. The evaluation of the repeatability of this integrated system is also essential to
check the reliability. This was investigated by repeatedly injecting each concentration for
measurement five times and was cleaned by PBS every time. The repeated experiment
value and their peak value (insertion loss) varied only by 0.01% (standard deviation), thus
confirming that the measurements have high repeatability.
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Figure 4. The amplitude response of the microfluidic SAW sensor with six concentrations of
10 ng/mL, 100 ng/mL, 1 µg/mL, 10 µg/mL, 100 µg/mL, and 1 mg/mL.

Figure 5 shows the peak shift of the amplitude intensity measured five times at the
same concentration for six different CRP concentrations. We can observe that regardless
of the low concentration (10 ng/mL) or the high concentration (1 mg/mL), the reaction
causes a decrease in the intensity peak. The higher the CRP concentration, the larger the
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peak shift in the amplitude intensity. A possible reason is that the repeated detection
experiments can superimpose the coupling reaction of the CRP/anti-CRP on the surface of
the gold film. This induces large mass variations and results in a continuous decrease in
peak intensity. The higher CRP concentration causes a large mass variation. Therefore, it
has a large amplitude intensity attenuation. Because various concentrations were tested
five times in succession, five intensity peaks were obtained for each concentration. The
peak shift in each concentration represents the quantitative situation of the CRP/anti-CRP
coupling concentration. Therefore, we can estimate the CRP concentration from the peak
shift. Figure 6 plots the relationship between amplitude attenuation (peak shift) and CRP
concentrations, which clearly shows a good linear correlation between the peak shift and
CRP concentrations from 10 ng/mL to 0.1 mg/mL, where the dark point is the mean value
of the peak shift, and the error bar is the standard deviation for each CRP concentration.
The peak shift at the CRP concentration of 1 mg/mL is larger than the other concentrations
of CRP. Therefore, it was ruled out to obtain a good linear fitting. Detailed measurement
data of this experiment are listed in Table 2 with measured CRP concentrations using the
microfluidic system.

Chemosensors 2021, 9, x FOR PEER REVIEW  7  of  11 
 

 

56.0 58.0 60.0 62.0 64.0 66.0

-58

-57

-56

-55

-54

-53

-52

-51

S
21

(d
B

)

Frequency (MHz)

 10ng/mL-1

 10ng/mL-2

 10ng/mL-3

 10ng/mL-4

 10ng/mL-5

 100ng/mL-1

 100ng/mL-2

 100ng/mL-3

 100ng/mL-4

 100ng/mL-5

 1ug/mL-1

 1ug/mL-2

 1ug/mL-3

 1ug/mL-4

 1ug/mL-5

 10ug/mL-1

 10ug/mL-2

 10ug/mL-3

 10ug/mL-4

 10ug/mL-5

 100ug/mL-1

 100ug/mL-2

 100ug/mL-3

 100ug/mL-4

 100ug/mL-5

 1mg/mL-1

 1mg/mL-2

 1mg/mL-3

 1mg/mL-4

 1mg/mL-5

 

Figure 4. The amplitude response of the microfluidic SAW sensor with six concentrations of 10, 

100, 1, 10, 100, and 1 mg/mL. 

Figure 5 shows the peak shift of the amplitude intensity measured five times at the 

same concentration for six different CRP concentrations. We can observe that regardless 

of  the  low concentration  (10 ng/mL) or  the high concentration  (1 mg/mL),  the reaction 

causes a decrease in the intensity peak. The higher the CRP concentration, the larger the 

peak shift in the amplitude intensity. A possible reason is that the repeated detection ex‐

periments can superimpose the coupling reaction of the CRP/anti‐CRP on the surface of 

the gold film. This induces large mass variations and results in a continuous decrease in 

peak intensity. The higher CRP concentration causes a large mass variation. Therefore, it 

has a large amplitude intensity attenuation. Because various concentrations were tested 

five times in succession, five intensity peaks were obtained for each concentration. The 

peak shift in each concentration represents the quantitative situation of the CRP/anti‐CRP 

coupling concentration. Therefore, we can estimate the CRP concentration from the peak 

shift. Figure 6 plots the relationship between amplitude attenuation (peak shift) and CRP 

concentrations, which clearly shows a good linear correlation between the peak shift and 

CRP concentrations from 10 to 0.1 mg/mL, where the dark point is the mean value of the 

peak shift, and the error bar is the standard deviation for each CRP concentration. The 

peak shift at the CRP concentration of 1 mg/mL is larger than the other concentrations of 

CRP. Therefore,  it was ruled out to obtain a good  linear fitting. Detailed measurement 

data of this experiment are listed in Table 2 with measured CRP concentrations using the 

microfluidic system. 

   
(a)  (b) 

Chemosensors 2021, 9, x FOR PEER REVIEW  8  of  11 
 

 

   

(c)  (d) 

 
(e)  (f) 

Figure 5. The peak shift in amplitude intensity measured five times at the same concentration for six different CRP con‐

centrations of (a) 10 (b) 100, (c) 1, (d) 10, (e) 100, and (f) 1 mg/mL. 

 

Figure 6. The correlation of peak shift and CRP concentrations in the proposed microfluidic SAW 

sensor. 

   

Figure 5. The peak shift in amplitude intensity measured five times at the same concentration for six different CRP
concentrations of (a) 10 ng/mL (b) 100 ng/mL, (c) 1 µg/mL, (d) 10 µg/mL, (e) 100 µg/mL, and (f) 1 mg/mL.



Chemosensors 2021, 9, 106 8 of 11

Chemosensors 2021, 9, x FOR PEER REVIEW  8  of  11 
 

 

   

(c)  (d) 

 
(e)  (f) 

Figure 5. The peak shift in amplitude intensity measured five times at the same concentration for six different CRP con‐

centrations of (a) 10 (b) 100, (c) 1, (d) 10, (e) 100, and (f) 1 mg/mL. 

 

Figure 6. The correlation of peak shift and CRP concentrations in the proposed microfluidic SAW 

sensor. 

   

Figure 6. The correlation of peak shift and CRP concentrations in the proposed microfluidic SAW sensor.

Table 2. The peak shift and their standard deviation of the microfluidic SAW sensor for detecting
different CRP concentrations.

Concentration of CRP (ng/mL) Peak Shift (dB) Standard Deviation

10 0.02537 0.00356
100 0.04514 0.01363

1000 0.07274 0.01230
10,000 0.11003 0.00603

100,000 0.14074 0.00871
1,000,000 0.22570 0.02339

Generally, the limit of detection (LOD) indicates the lowest amount that can be distin-
guished from the signal value of the analytical instrument in the sample, but it may not be
able to quantify the correct value of the target object [42,43]. LOD is an important parameter
of validation. Several approaches, such as the visual evaluation method, the signal-to-noise
ratio method, and the calibration curve method, have been used to estimate the LOD. The
visual evaluation method determines the LOD by analyzing samples with known analyte
concentrations and determining the lowest concentration of analytes that can be quantified
with acceptable accuracy and precision. This method is less frequently used due to the
lack of a more rigorous verification method. The LOD may differ due to different cognitive
detection limits. The signal-to-noise ratio method uses three times the signal-to-noise ratio
to determine its LOD. This method can only be used in analysis methods that have noise
background lines and peak height measurements. The calibration curve method is based
on the standard deviation of the response and the slope of the calibration curve. The LOD
was calculated as three times the standard deviation of the response divided by the slope
of the calibration curve. This method is a widely accepted method owing to it being much
easier and less time consuming in the calculation. It is most suitable when the analysis
method does not involve background noise. In this study, the calibration curve method
was used to estimate the LOD. For a linear calibration, the response y is assumed to be
linearly related to the standard concentration x for a limited range of concentration. This
can be expressed as y = a + bx. This model was used to calculate the LOD. The LOD is
expressed as LOD = 3(σ/S), where σ is the standard deviation of the response, and S is the
slope of the calibration curve. The standard deviation of the response was estimated by
the standard deviation of either y-residuals or y-intercepts of the calibration lines, as listed
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in Table 3. The LOD values of the microfluidic SAW sensor calculated from the standard
deviation of y-residuals and y-intercepts are 3.76 and 4.01 ng/mL, respectively.

Table 3. The standard deviation and LOD calculated from the y-residuals and y-intercepts of the
calibration lines.

Residuals Intercepts

Standard Deviation LOD (ng/mL) Standard Deviation LOD (ng/mL)

0.00568 3.76 0.00595 4.01

Although the variations for 10 ng/mL are close to the variations for 100 ng/mL, the
average value for these concentrations is apparently different. For measuring CRP concen-
trations, one can measure them many times to get the average value. CRP concentrations can
be estimated according to linearly fitting curves. Generally, CRP concentration in healthy
humans is less than 1 µg/mL, but it can increase hundreds of times due to infections and
other diseases. The clinically relevant range for CRP concentrations is at 1–200 µg/mL [4].
The proposed microfluidic SAW sensor, with the capability of a wide detection range of
CRP concentrations, can cover this clinical range. Further, as listed in Table 3, the calculated
LOD value of the microfluidic SAW sensor is about 4 ng/mL. This low LOD value of the
microfluidic SAW sensor is high enough for clinical diagnosis applications.

4. Conclusions

SAW sensors with microfluidic channels were investigated for CRP detection. We
observed that the shift in amplitude peak increases with increasing CRP concentration due
to the mass-loading effect. The peak shift exhibited a good linear relation to CRP concen-
trations, from 10 µg/mL to 0.1 mg/mL. The wide detection range of CRP concentrations
demonstrates the potential for use in clinical diagnosis. In addition, the detectable CRP
concentration of 4 ng/mL in the microfluidic SAW sensor is sufficiently high for clinical
diagnosis applications.
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