
OPTOELECTRONICS LETTERS                                                         Vol.20 No.4, 15 April 2024 

Antibody-modified integrated microfluidic terahertz 
biosensor for detection of breast cancer biomarkers*
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Breast cancer is the most common malignant tumor in women, which seriously threatens the physical and mental 
health of women worldwide. The existing detection methods have problems, such as large sample consumption, 
time-consuming sample preparation, expensive equipment, and low sensitivity. In order to solve these problems, this 
paper proposes a method for quickly detecting breast cancer using surface-functionalized terahertz metamaterial bio-
sensors. The use of PIK3CA-modified sensors enhances the detection sensitivity and specificity of exosomes. Based 
on the red shift of the sensor absorption peak caused by exosomes, breast cancer patients can be distinguished from 
healthy controls. This study demonstrates that exosome detection is effective for the repeatable and non-invasive di-
agnosis of breast cancer patients. The terahertz metamaterial biosensor designed in this paper has high specificity, re-
peatability, and sensitivity, and has great potential for application in the development of modern diagnostic instru-
ments. 
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In recent years, exosomes have become a powerful di-
agnostic tool for breast cancer as they can be isolated 
from bodily fluids and carry a large amount of molecular 
information, particularly proteins from parent cells[1-4]. 
These proteins include important biological markers for 
cell metabolism, immune response, cancer progression, 
and cancer metastasis[5-9]. Generally, cancer cells produce 
and release more exosomes than normal cells, and the 
molecules contained in exosomes from tumor cells are 
significantly different from those in normal cells. 

To validate the potential of plasma exosomes as a 
novel biomarker for monitoring breast cancer, current 
research investigates whether terahertz metamaterial 
biosensors can detect KRAS mutations, PIK3CA, and 
BRAF in plasma exosomes from breast cancer patients. 
KRAS mutations are associated with approximately 40% 
of breast cancer cases[10-12]. Breast cancer cells release 
more exosomes with altered protein composition in the 
presence of KRAS. These exosomes transfer their pro-
tein cargo to nearby KRAS wild-type cells, significantly 
stimulating their growth[13], indicating the presence of 
components in exosomes that may indicate KRAS muta-
tions in breast cancer cells. Therefore, various studies 
have identified it as a clinical prognostic and predictive 
marker for breast cancer[14,15]. However, the existing de-
tection methods have some problems, such as large sam-

ple consumption, time-consuming sample preparation, 
expensive equipment and low sensitivity. Terahertz me-
tamaterial biosensor is an effective method for trace 
bio-molecule detection because of its strong resonant 
interaction with bio-molecules. 

Terahertz time domain spectroscopy is a cutting-edge 
technology, which has potential applications in unmarked 
nondestructive testing and analysis of biomaterials[16-20], 
medical testing[21-23] and substance identification[24]. 
CONG et al[25] designed a highly sensitive terahertz 
biomolecule sensor, which has an order of magnitude 
higher quality factor than the conventional planar sensor. 
ZHANG et al[26] used the terahertz sensor to detect 
apoptosis in real time and found that the resonant fre-
quency of the sensor varies linearly with the number of 
cells on the surface, because the number of cells will 
affect the equivalent dielectric constant of the surface 
environment of the sensor. GENG et al [27] used micro-
fluidics to enhance the sensitivity in the terahertz range. 
The sensitivity is 1 700 nm/RIU and the figure of merit 
(FOM) value is 283.3.   
  LIU et al[28] proposed a high performance refractive 
index sensor based on polarization insensitive Fano, 
whose FOM and Q values are 721 and 5 126, respec-
tively, which provides a new way to achieve more accu-
rate biological detection. WANG et al[29] demonstrated a 
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terahertz metamaterial biosensor for the detection of ex-
osomes and proposed a new method for rapid diagnosis 
of colorectal cancer. DAI et al[30] proposed a terahertz 
metal-graphene composite supersensor for the detection 
of chlorothalonil solution. This study opened up a new 
way for the development of ultra-sensitive terahertz sen-
sors and has a wide application prospect in the fields of 
environmental monitoring and food safety. MU et al[31] 
proposed a terahertz metal surface sensor based on na-
nometer silver (AgNPs) integration, and applied it to 
improve the sensitivity of material detection. The en-
hancement of local electric field excited by AgNPs can 
greatly enhance the interaction between terahertz wave 
and analyte, thus improving the detection sensitivity. 
ZHAO et al[32] proposed a strategy to identify substances 
by correlating the peak value of the fingerprint with the 
resonance frequency shift of the metamaterial sensor. 
This study established the relationship between the reso-
nance frequency shift of the sensor and the fingerprint 
peak of the substance. Therefore, within a certain range 
of some unknown substances, the fingerprint peak posi-
tion of these substances can be inferred from the fre-
quency shift of the sensor. This study provides a new 
idea for the specific detection of substances by metama-
terial sensors.  

Although the above research results preliminarily 
show the potential of terahertz spectroscopy in the detec-
tion of tumor cells, in most cases, it is difficult to avoid 
the interference of the detection signal by the culture 
medium around the cell sample. The main component of 
the culture medium around living cells is water mole-
cules, which is the necessary environment for most cells 
to produce, but because water molecules are polar mole-
cules, the absorption of terahertz waves is very strong. 
Therefore, the main components of the cell sample and 
the surrounding medium are water molecules, that is to 
say, the cell signal and the signal of the surrounding me-
dium are dominated by water molecules.   

Based on existing research, this paper proposes an an-
tibody-modified terahertz microfluidic biosensor for the 
detection and analysis of cancer exosomes. The experi-
mental results were analyzed in terms of detection abil-
ity, detection specificity, and detection sensitivity, con-
firming the detection principle and efficacy of the tera-
hertz microfluidic biosensor. Antibody modification was 
performed on the terahertz microfluidic biosensor to 
carry out detection experiments targeting breast cancer 
markers. 

In the pathological report of breast cancer, the results 
of immunohistochemical detection can identify the mo-
lecular type of breast cancer, guide the treatment and 
indicate the prognosis. The related immunohistochemical 
indexes of molecular types commonly used in the diag-
nosis of breast cancer are PIK3CA antibody, Ki-67, 
HER-2, ER, PR and so on. These indicators provide a 
basis for later treatment. Therefore, this paper takes 
PIK3CA antibody, Ki-67, HER-2, ER, PR as the research 

object. The PIK3CA antibody, Ki-67, HER-2, ER and PR 
are purchased from Beijing Yiqiao Shenzhou Company. 
Chloroauric acid hydrate, sodium citrate, anhydrous 
ethanol, 3-aminopropyltriethoxysilane (APTEs), HS-PEG- 
COOH, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC), N-hydroxysuccinimide (NHS), 
phosphate-buffered saline (PBS, pH=7.4) were pur-
chased from Aladdin Company. The plasma exosome 
extraction kit was purchased from Umibio Company. In 
this study, 16 plasma samples were provided by the De-
partment of Oncology, Medical School of Shaoguan 
University. Among them, 10 samples were taken from 
patients diagnosed with breast cancer based on imaging 
and pathological diagnosis, and 6 plasma samples were 
taken from healthy individuals. 

The terahertz time-domain spectroscopy system used 
in this study consists of a pump light source (fiber fem-
tosecond laser, TOPTICA Photonics, Germany) and a 
terahertz time-domain spectroscopy optical path system 
(Z3-XL, Zomega, USA), as shown in Fig.1. The detec-
tion modes of the spectroscopy system include transmis-
sion, reflection, and attenuated total reflection. The fiber 
femtosecond laser generates a laser with a center wave-
length of 800 nm, pulse width of <100 fs, repetition rate 
of 80 MHz, and output power of 140 mW. The system 
can measure the basic optical parameters of samples, has 
fully autonomous testing and analysis software, provides 
real-time online measurement results, and has a spectral 
range from 0.1 THz to 3.5 THz. Fig.1 shows a schematic 
diagram of the principle of the terahertz time-domain 
spectroscopy system. 

 

 
Fig.1 Transmittance detection mode of terahertz 
time-domain spectroscopy system 

 
Fig.2(a) illustrates the unit structure of a terahertz mi-

croflow biosensor with a metamaterial absorber. The 
sensor is composed of five layers, namely the dielectric  
layer, the metal microstructure, the microflow channel, 
the metal reflector, and the substrate, from top to bottom. 
The dielectric layer is made of quartz material with a 
dielectric constant of 3.75+i0.015 and a thickness of 
4 μm. The metal layer and metal reflector are both made 
of gold material with a conductivity of 4.52×107 S/m and 
a thickness of 0.1 μm. The substrate is made of silicon 
material with a dielectric constant of 11.9 and a thickness 
of 50 μm, which does not impact the performance of the 
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sensor. The period of the unit structure, denoted as l1, is 
120 μm. The microfluidic channel is located between the 
metal reflector and metal microstructure, and its height is 
denoted as h3, which is equal to 5 μm. The metal micro-
structure of the sensor consists of a double-ring structure, 
as shown in Fig.2(b). The optimized geometric parame-
ters of the structure are presented in Tab.1. 

According to the sample diagram of Fig.2(b), the pho-
toresist is etched on the substrate by S1813/LOR dou-
ble-layer photoresist, the pattern on the template is 
transferred to the photoresist substrate by MA6 exposure 
machine and CD26 development, the metal silver is uni-
formly deposited on the open ring resonator pattern of 
the high resistance P-type silicon substrate by the ther-
mal evaporation deposition system, and the double-ring 
structure sample of the high resistance P-type silicon 
deposited metal silver is obtained by stripping (lift-off) 
process. Fig.2(c) shows a panoramic view of the sample 
of the double-ring metamaterial absorber under a 
high-power microscope. 

 

 
(a) 
 

   

Fig.2 Schematic diagram of the terahertz microfluidic 
sensor structure: (a) Side view of the unit structure; 
(b) Metal microstructure unit; (c) Panoramic view un-
der high-power microscope 
 
Tab.1 Geometric parameters of terahertz microfluidic 
sensor structure unit 

Parameters l1 r1 r2 w h1 h2 h3 h4 h5 
Value (μm) 120 100 40 5 4 0.1 5 0.1 50 

 
In this study, the three-dimensional electromagnetic 

field simulation software CST was used to perform cal- 

culations and simulations on the metal resonant structure 
column using the finite difference time domain method. 
During the simulation, the x and y directions were set as 
cell boundary conditions, while the z direction was set as 
an open boundary condition[18]. Fig.3(a) shows the im-
pact of the refractive index (n) of the analyte increasing 
from 1.0 to 2.0 on the terahertz metamaterial biosensor 
under the condition of a microfluidic channel height of 
h3=5 μm, and the corresponding change in resonance 
frequency with varying refractive index is shown in 
Fig.3(b). Both low and high resonance frequencies are 
highly sensitive to changes in the microenvironment. At 
the low frequency (fL=0.453 THz), the sensitivity of the 
metal resonant structure is 186 GHz/RIU, while at the 
high frequency (fH=1.03 THz), the sensitivity of the met-
al resonant structure is 258 GHz/RIU. Therefore, in this 
study, the high-frequency resonance point, which has 
higher sensitivity, was used to characterize the reaction 
between the antibody and extracellular vesicles. 

 

  

 

Fig.3 (a) Terahertz absorption spectra of air-biosensor 
under different refractive index conditions; (b) Rela-
tionship between refractive index and frequency shift 
of high- and low-frequency absorption peaks 

 
To apply the terahertz metamaterial biosensor to the 

analysis of breast cancer extracellular vesicle expression, 
this study used antibodies for specific functionalization. 
The basic process of detecting extracellular vesicles us-
ing the antibody-modified terahertz metamaterial bio-
sensor is shown in Fig.4. 
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To verify the effectiveness of the surface functionaliza-
tion process of the sensor, this study analyzed the terahertz 
absorption spectra of three states: without antibody modi-
fication, with antibody modification, and with antibody 
modification plus extracellular vesicles (as shown in 
Fig.5(a)). It can be observed that the terahertz absorption 
spectra of the metamaterial biosensor with antibody modi-
fication had a significant red shift compared to the  

biosensor without antibody modification, especially 
when extracellular vesicles were added on the anti-
body-modified biosensor. The red shift phenomenon of 
the terahertz absorption spectra indicates that the surface 
functionalization process of the sensor through antibody 
modification in this paper is effective, which provides a 
basis for subsequent specific recognition detection ex-
periments. 

 

 
 

Fig.4 Flowchart of biosensor functionalization process 

 
The detection capability of the terahertz metamaterial 

biosensor determines whether the sensor can accurately 
measure the target substance. Therefore, this study con-
ducted a detection capability test on the designed tera-
hertz biosensor. Fig.6(a) shows the terahertz absorption 
spectra of the sensor before and after antibody modifica-
tion in detecting extracellular vesicle samples. It can be 
observed that the terahertz absorption spectra underwent 
a red shift. By enlarging the high-frequency absorption 
peak (Fig.6(b)), it can be found that the high-frequency 
absorption resonance peak shifted by 63 GHz before and 
after adding extracellular vesicle samples to the sensor  

 

 

 

 
Fig.5 (a) Comparison of absorption spectra between 
surface-functionalized terahertz metamaterial bio-
sensor and bare biosensor; (b) Local amplification of 
high-frequency absorption peak 
 
without antibody modification, while the high-frequency 
absorption resonance peak shifted by 62 GHz before and 
after adding extracellular vesicle samples to the sensor 
with antibody modification. The experimental results 
analysis indicates that the designed terahertz metamate-
rial biosensor and antibody modification method in this 
paper are effective.
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Fig.6 (a) Absorption spectra of bare biosensor and 
biosensor modified with PIK3CA antibodies before 
and after adding extracellular vesicle samples; (b) 
Local amplification of high-frequency absorption 
peak 

 
The reproducibility of the terahertz metamaterial bio-

sensor determines whether the sensor can reproduce the 
same measurement results accurately and ensure the re-
liability and accuracy of experimental results. Therefore, 
this study conducted a reproducibility test on the de-
signed terahertz biosensor, and the results are shown in 
Fig.7(a). RN1 to RN10 in Fig.7 represent the randomly 
selected times the sensor was used, and "Average" is the 
data average of the biosensor. Fig.7(b) shows the column 
chart of the red shift of the high-frequency resonance 
peak. It can be seen that the high-frequency peak under-
went red shifts of 1.3 GHz, 1.9 GHz, 2.6 GHz, 2.5 GHz, 
1.8 GHz, 2.7 GHz, 3.4 GHz, 3.2 GHz, and 2.4 GHz. The 
average frequency shift of the high-frequency resonance 
peak of the sensor after multiple cleanings was 
2.42 GHz, while the accuracy of the terahertz 
time-domain spectroscopy system used in this paper is 
3.5 GHz. Therefore, the designed terahertz metamaterial 
biosensor in this paper has good reproducibility. 

To verify the correctness, accuracy, and reliability of 
the information obtained by the sensor on the target sub-
stance, this study added Ki-67, HER-2, ER, PR, and ex-
tracellular vesicle samples to the biosensor modified with 
PIK3CA antibodies and verified its specificity by ana-

lyzing the terahertz absorption spectra characteristics of 
the sensor. The obtained terahertz absorption spectra of 
each sample are shown in Fig.8(a). It can be observed 
from the local amplification of the high absorption peak 
(Fig.8(b)) that after adding different detection samples to 
the biosensor modified with PIK3CA antibodies, the te-
rahertz absorption resonance peaks all underwent vary-
ing degrees of red shifts. As shown in Fig.8(c), the 
high-frequency resonance peaks produced red shifts of 
30 GHz, 35 GHz, 25 GHz, 27 GHz, 66 GHz, and 
73 GHz, respectively. The smallest resonance frequency 
shift of the extracellular vesicle sample is 45% higher 
than that of the other four detection substances, and the 
largest resonance frequency shift of the extracellular ve-
sicle sample is 53% higher than that of the other four 
detection substances. Therefore, the biosensor modified 
with PIK3CA antibodies has the ability to detect ex-
tracellular vesicles (with high specificity). To make a 
comparison, the terahertz transmission spectra of the 
sensor without antibody modification after adding dif-
ferent detection samples are shown in Fig.8(d). It can be 
found from the local amplification of the high absorption 
peak (Fig.8(e)) that the high-frequency absorption peak 
red shifts of each extracellular vesicle sample are similar 
to those of other detection samples, producing red shifts 
of 28 GHz, 33 GHz, 25 GHz, 29 GHz, 26 GHz, and 
27 GHz, respectively (Fig.8(f)). Therefore, the biosensor 
without antibody modification does not have the ability 
to detect extracellular vesicles, while the biosensor mod-
ified with PIK3CA antibodies has high specificity. 

 

 

Fig.7 (a) Absorption peak spectra of the biosensor 
obtained multiple times randomly; (b) Bar chart of 
high-frequency absorption peak shift 
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Fig.8 (a) Terahertz absorption spectra of the biosen-
sor modified with PIK3CA antibodies for different 
samples; (b) Local amplification of high-frequency 
absorption peak of terahertz spectrum for the bio-
sensor modified with antibodies; (c) Bar chart of red 
shift of high-frequency absorption peak for different 
samples (with antibody modification); (d) Terahertz 
absorption spectra of the biosensor without antibody 
modification for different samples; (e) Local amplifi-
cation of high-frequency absorption peak of terahertz 
spectrum for the biosensor without antibody modifi-
cation; (f) Bar chart of red shift of high-frequency 
absorption peak for different samples (without anti-
body modification)  

To test the biosensor modified with PIK3CA antibod-
ies for detecting breast cancer, extracellular vesicle sam-
ples from breast cancer patients (breast cancer samples 
1—10) and healthy controls (health samples 1—6) were 
tested. The obtained absorption spectra and correspond-
ing resonance frequency shift results are shown in 
Fig.9(a)—(c), and the detection results of extracellular 
vesicle samples from breast cancer patients show reso-
nance frequency shifts between 68 GHz and 74 GHz. 

The detection results of extracellular vesicle samples 
from healthy controls show resonance frequency shifts 
between 51 GHz and 54 GHz (Fig.9(d)—(f)). As shown 
in Fig.9(g), setting the detection threshold to 60 GHz, 
resonance frequency shifts below 60 GHz can be identi-
fied as healthy, while resonance frequency shifts above 
60 GHz can be identified as breast cancer. Therefore, the 
biosensor modified with PIK3CA antibodies proposed in 
this study can distinguish extracellular vesicles from 
breast cancer patients and healthy controls. 
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Fig.9 (a) Terahertz absorption spectra of the biosen-
sor modified with PIK3CA antibodies for healthy 
samples detection; (b) Local amplification of 
high-frequency absorption peak of terahertz spec-
trum for healthy sample; (c) Bar chart of red shift of 
high-frequency absorption peak for healthy sample; 
(d) Terahertz absorption spectra of the biosensor 
modified with PIK3CA antibodies for breast cancer 
sample detection; (e) Local amplification of 
high-frequency absorption peak of terahertz spec-
trum for breast cancer sample; (f) Bar chart of red 
shift of high-frequency absorption peak for breast 
cancer sample; (g) Bar chart of red shift of 
high-frequency absorption peak (PIK3CA mutation) 

 
In this study, a method for rapid detection of breast 

cancer using surface-functionalized terahertz metamate-
rial biosensors was proposed. The biosensor has two ab-
sorption peaks, with the high-frequency absorption peak 
being more sensitive to changes in the surface medium 
environment. Therefore, the high-frequency absorption 
peak was selected to characterize the reaction between 
extracellular vesicles and antibodies for detection. By 
modifying the terahertz biosensor with PIK3CA antibod-
ies, the designed biosensor has higher detection sensitiv-
ity and specificity for extracellular vesicles. Based on the 
red shift of the sensor absorption peak caused by ex-
tracellular vesicles, breast cancer patients can be distin-
guished from healthy controls. This research demon-
strates that extracellular vesicle detection is effective for 
non-invasive diagnosis and repeatability of breast cancer 
patients, and surface-functionalized terahertz metamate-
rial biosensors have great potential in the development of 
modern clinical diagnostic instruments and pharmaco- 
logical equipment with high repeatability, specificity, and 
sensitivity. 
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