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ABSTRACT: Owing to their stability in bodily fluids, exosomes have attracted increased attention as colorectal cancer (CRC)
biomarkers for early diagnosis. To validate the potential of the plasma exosomes as a novel biomarker for the monitoring of CRC, we
demonstrated a terahertz (THz) metamaterials (MMs) biosensor for the detection of exosomes in this work. The biosensor with two
resonant frequencies is designed using full wave electromagnetic simulation software based on the finite integration time domain
(FITD) method and fabricated by a surface micromachining process. The biosensor surface is first modified using Au nanoparticles
(AuNPs), and then, anti-KRAS and anti-CD147, which are specific to the exosomes, are modified on the AuNPs assembled with HS-
poly(ethylene glycol)-COOH (HS-PEG-COOH). Exosomes used in the experiment are extracted via the instructions in the
exosomes isolation and purification kit and identified by using transmission electron microscopy (TEM), Western blot (WB), and
nanoparticle tracking analysis (NTA). The biosensor covered with plasma-derived exosomes of CRC patients has a different
resonance frequency shift compared to that with healthy-control-derived exosomes. This study proposes an emerging and quick
method for diagnosing the CRC.

I. INTRODUCTION

Colorectal cancer (CRC) is the third most diagnosed cancer
and the second leading cause of cancer deaths in the world.1

The 5-year survival rate of patients with distant metastasis is
extremely poor, approximately 10%.2 Early detection of CRC
improves the 5-year survival rate from 12 to 13% in advanced-
stage metastatic disease to 90% in early-stage disease.3

Therefore, the early detection of CRC metastasis is very
important for increasing the survival rate of patients. The gold
standard for CRC screening is colonoscopy. However, it is
invasive and uncomfortable for patients, and its accuracy
depends on the skill level and experience of the operator.4

Tumor marker levels, such as carcinoembryonic antigen
(CEA) levels, can be elevated in CRC, but they are not
diagnostic for CRC. The CEA level is also used as a tool to
monitor post-treatment follow up and for surveillance.5

Although labeling techniques, such as fluorescence methods,
played a major role in cancer diagnosis, this labeling treatment
may cause a cross-reaction between nontargeted molecules,
which decreases the specificity of the analysis.6 These clinical

challenges urgently require new biomarkers and methods to
effectively diagnose and monitor the prognosis of patients in
time. In recent years, cancer markers have received more and
more attention, and their important roles in tumorigenesis and
tumor development have become more and more obvious. For
example, Du et al. investigated ultrasensitive single-molecule
techniques for the quantification of 5-methylcytosine (5-mC)
and 5-hydroxymethylcytosine (5hmC).7 Miccio et al. studied
the development on liquid biopsy of the label-free detection of
“circulating tumor cells” through intelligent labs on chips.
Compared to a traditional tissue biopsy that is invasive and
does not reveal tumor heterogeneity, a liquid biopsy is
noninvasive and provides a real-time reflection of tumor
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dynamism and drug sensitivity.8 Pei et al. designed FeOOH@
ZIF-8 composites with an enhanced ionization efficiency and
size-exclusion effect for the laser desorption/ionization mass
spectrometry (LDI MS)-based metabolic diagnosis of gyneco-
logical cancers. The FeOOH@ZIF-8-assisted LDI MS
achieved rapid, sensitive, and selective metabolic fingerprints
of the native serum without any enrichment or purification.9

Huang et al. extracted direct metabolic patterns by optimized
ferric-particle-assisted laser desorption/ionization mass spec-
trometry within 1 s using only 50 nL of serum.10 Su et al.
optimized plasmonic alloys to reveal a distinct metabolic
phenotype in early gastric cancer.11 Li et al. demonstrated that
MOF/Pt hybrid-assisted LDI MS combined with machine
learning analysis of the obtained MFs is a powerful method for
aiding CRC diagnosis.12 Imaging tests are also helpful in
diagnosing CRC, including computed tomography (CT),
nuclear magnetic resonance (NMR), a roentgenographic
(Rtg) examination of the thorax, endorectal ultrasonography
(USG), and abdominal USG. However, these methods are
efficient only in cases of severe focal lesions or during the
middle−late stage.13 Noninvasive tests including the serum
detection of tumor markers (e.g., CEA) and fecal occult blood
testing (FOBT) are associated with low sensitivity and
specificity, especially in early stages. DNA methylation
biomarkers have recently been found to have higher accuracy
in CRC detection and an enhanced prediction of the prognosis
and chemotherapy response. Other screening methods include
colon capsule endoscopy (CCE) and DNA tests, and CCE
limitations include the intensive laxative preparation needed
and the time required to read every study.14,15 Compared to
traditional biological detection, this study proposes a new
method for the rapid diagnosis of CRC, which has unique
advantages such as being label-free, nondestructive, highly
reproducible, and highly specific.
Exosomes were first discovered by Johnstone in 198716 and

consist of lipid bilayers, such as cystic structures, with
diameters ranging from 40 to 150 nm. Exosomes contain
proteins, lipids, RNA, and other substances, which can be
received by recipient cells to realize material transport and
information transmission between cells. Exosomes are closely
related to tumor invasion and metastasis and play an important
regulatory role in the occurrence and development of the
CRC. In recent years, biomarkers based on exosomes have
become a powerful diagnostic tool for CRC. Genetic mutations
in key biomarkers are known to predict outcomes and
responses to treatment in metastatic CRC. KRAS mutations
have been implicated in approximately in nearly 40% CRC
cases.17,18 CRC cell KRAS releases more exosomes, and the
protein composition is changed. The transfer of proteins
carried by these exosomes to surrounding KRAS wild-type cells
will significantly stimulate their growth,19 which indicates that
there are components in the exosomes that can suggest the
KRAS mutation of CRC cells. Hence, various investigations
have identified it as a clinically prognostic and predictive
marker in CRC.20,21 The research discovered significantly
elevated levels of transmembrane protein CD147 exosomes in
the plasma of CRC patients.22 So far, many methods have been
developed to analyze tumor-cell-derived exosomes. Traditional
methods, such as an enzyme-linked immunosorbent assay
(ELISA), WB, and NTA, can be used to detect exosomes.
However, these methods are limited to large sample
consumption, time-consuming sample preparation, expensive
equipment, and low sensitivity. A typical fluorescence

detection method is one of the most widely used methods in
cell detection. Generally, fluorescence comes from different
labels. Fluorescent chemicals can be used to label cellular
components. Unlike the proposed MMs biosensors, the cost of
fluorescent detection is not cheap, and the detection
preparation is complicated because of the irrecoverable
consumption of fluorescently labeled antibodies and the
steps involved. Another method used for biological measure-
ments is electrochemical measurements. This technique
measures the potential difference between two electrodes.
However, if the cell is located near the electrodes, then the
activity of all of the other cells will generate noise, which may
interfere with the measurement. In recent years, some work has
also been carried out on new methods of exosome analysis,
such as the coordination between the phosphate structure on
the exosome membrane and zirconium,23,24 by means of the
steric hindrance effect of exosome nanostructures,25,26 by
enzymatic signal amplification,27,28 or by using covalent
organic framework materials.29

Terahertz time domain spectroscopy (TDS) is a cutting-
edge technology and has potential applications in biomedical
detection30−32 and substance identification.33 The photon
energy of a THz wave is about 4.1−40 meV, so it will not
produce ionizing radiation and chemical damage to biological
tissues.34 In addition, the THz MMs biosensor has been
evaluated as a promising biosensor method because of its keen
sensitivity and good penetration to biomolecular interac-
tions.35 The electromagnetic field in the MMs has a strong
restrictive effect, which can detect the small changes in
biomolecules.36 Therefore, THz spectroscopy detection
technology has been widely used in the label-free non-
destructive testing and analysis of biological substances.37−41

To validate the potential of the plasma exosome as a novel
biomarker for the monitoring of CRC, the current study
investigated whether the KRAS mutation and CD147 in the
plasma exosomes of patients with CRC could be detected by
the THz MMs biosensor. In this study, the THz MMs
biosensor with a theoretical sensitivity of 103 GHz/RIU (RIU:
refractive index unit) is proposed to detect the reaction
between exosomes and antibodies (anti-KRAS and anti-
CD147), and the resonance frequency shift produced by
plasma exosomes derived from CRC patients is different from
that from healthy controls. The FITD method is introduced to
design the biosensor, and the surface micromachining process
is used to fabricate the biosensor. After surface modification of
the biosensor, the proposed THz MMs biosensor can be used
to quickly detect plasma exosomes and thus help to diagnose
the CRC.

II. DESIGN, FABRICATION, AND EXPERIMENTAL
SECTION
II.A. Metamaterials Biosensor Design and Fabrication. The

MMs biosensor is simulated with CST Microwave Studio 2019 full-
wave electromagnetic simulation software. Figure 1a presents a local
schematic of the biosensor with 2 cells × 5 cells. The biosensor has a
triple-layer structure. The top layer is made of lossy aluminum with a
conductivity of σ = 3.471 × 107 S/m. The bottom layer is composed
of a high-resistance silicon substrate with a dielectric constant of ε =
11.9, and the spacer between the top layer and bottom layer is silicon
dioxide with a dielectric constant of 3.75. The periodic array unit is
composed of metal wire structures of different sizes. The structural
parameters of the unit cell are shown in Figure 1b. The unit size isW1
× W5 = 56 × 192 μm. D is the width of the gap, T1−T5 represent the
width of the wire, W1−W5 represent the length of the wire, and H1−
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H3 represent the thickness of each layer. Figure 1e,f shows the surface
current distribution at low and high resonance frequencies,
respectively, and these indicate that they are typical dipole
oscillations. Table 1 lists the parameter values.

To understand the potential resonance mechanism, the trans-
mission spectrum of the THz MMs biosensor is simulated and
measured. As shown in Figure 1d, the simulated results at f1 = 0.403
THz and f 2 = 0.797 THz are similar to the experimental results except
for the strength. The distinctions between the simulated and
experimental data are mainly due to errors in fabrication. To study
its physical mechanism further, the surface current distributions of the
biosensor at f1 = 0.403 THz and f 2 = 0.797 THz are monitored.
Meanwhile, to further evaluate the mechanism of detection by the

THz MMs biosensor, the FITD method is utilized to simulate the
resonance frequency shifts caused by the analyte with a different
refractive index and thickness. With a refractive index of n = 2.0, the
thickness of the analyte increases from d = 0 to 25 μm. The
corresponding transmission spectra and the resonance frequency shift
changing with refractive index are shown in Figure 2a,b, respectively.
Figure 2b shows that the resonance frequency shift of the calculated
biosensor tends to saturate when the thickness of the analyte exceeds
5 μm. Therefore, the influence of analyte thickness on the biosensor
can be eliminated by using an analyte with a thickness of 20 μm.
With a 20-μm-thick analyte, the refractive index of the analyte

changes from n = 1.0 to 2.0, the influence of the refractive index on
the THz MMs biosensor is demonstrated in Figure 2c, and the
corresponding changes in the resonance frequency shift with the
refractive index are plotted in Figure 2d. The sensitivity per unit
volume (S) is defined as the resonance frequency shift of the unit
refractive index change for the unit volume sample; that is, S = Δf/Δn,
where Δf is the resonance frequency shift and Δn is the change in the
refractive index. Both low and high resonance frequencies are highly
sensitive to changes in the microenvironment. The S values at f1 =
0.403 THz and f 2 = 0.797 THz are 63 and 103 GHz/RIU,
respectively. For the THz MMs biosensor with the resonance

frequency of f 2, the resonance frequency shift increased more rapidly
than for f1, as shown in Figure 2d, indicating a better sensitivity for the
microenvironment. Consequently, in the following experiments, we
use only f 2 to characterize the reaction between the antibody and the
exosomes.

The general process of sample processing is as follows: (a) a layer
of silicon dioxide film is prepared on the silicon wafer; (b) a layer of
photoresist is coated on the silicon dioxide surface using a glue
spreader and then baked to dryness; (c) the photoresist is exposed
using an ultraviolet exposure system and (d) developed in a developer
to form a pattern; (e) after drying, it is used as an electron beam
evaporation deposition system for metal deposition; and (f) the
photoresist is removed with acetone and (g) diced with a microtome
to obtain a biosensor sample. The standard electronic module (SEM)
image of the biosensor is shown in Figure 3a.

II.B. Reagents and Instruments. Anti-KRAS (101667-T32),
anti-HSP60 (101240-T38), and anti-CD147 (10186-R125) were
purchased from Beijing Yiqiao Shenzhou Technology Co., Ltd. Gold
chloride hydrate, sodium citrate, absolute ethanol, APTEs ((3-
aminopropyl)triethoxysilane), HS-PEG-COOH, 1-(3-(dimethyl-
amino)propyl)-3-ethylcarbodiimide hydro (EDC), N-hydroxysuccini-
mide (NHS), and phosphate-buffered saline (PBS, pH = 7.4) were all
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
The plasma exosomes extraction kit was purchased from Umibio
Science and Technology Group.

The instrument used in the experiment is an all-fiber THz-TDS
system produced by THz Photonics Technology (Tianjin, China)
(model TPF15K), with a spectral range of 0.1−3.5 THz. The
schematic diagram is shown in Figure 3b.

II.C. Preparation of AuNPs. AuNPs are prepared by the general
method of reducing chloroauric acid (HAuCl4) with sodium citrate:42

(a) A 0.01% chloroauric acid solution (100 mL) is poured into a
round-bottomed flask and heated to boiling under stirring. (b) A 1%
sodium citrate solution (2 mL) is slowly added dropwise to the
boiling chloroauric acid solution, keeping the solution in a boiling
state, and stirred. It can be observed that the solution changes from
colorless to red and finally to wine red. (c) The solution is heated for
another 15 min and then allowed to stand and cool to room
temperature. (d) The AuNPs solution with a particle size of about 20
nm is obtained and stored away from light at 4 °C.

II.D. Sample Preparation. In the present study, 25 plasma
samples were provided by the Department of Oncology, The First
People’s Hospital of Qinzhou, Guangxi province, China. Among
them, 18 samples were taken from patients diagnosed with CRC on
the basis of imaging and pathological findings (Figure 6l, 1−18), and
7 plasma samples were taken from healthy controls (Figure 6l, 19−
25).

II.E. Exosome Extraction. Plasma exosomes were extracted
according to the instructions in the exosomes isolation and
purification kit. The morphology of the exosomes was examined by
TEM, and the expression of exosome marker proteins is assessed by
WB analysis. The size distribution and concentration of exosomes are
determined using NTA. The purified exosomes are stored at −80 °C
for subsequent experiments.

III. RESULTS AND DISCUSSION

III.A. Isolation and Identification of Exosomes.
Extracted exosomes are found to be 40−150 nm in size and
exhibit a round or spindle shape (Figure 4a). The exosome
concentration was determined using a bicinchoninic acid
(BCA) assay kit (Pierce BCA protein assay kit, Thermo Fisher
Scientific), and the exosome was diluted to make the same
concentration, 0.2 μg/μL. The expression of KRAS and
CD147 proteins in the exosomes separated from the plasma
samples of patients with CRC is higher than in the healthy
controls (Figure 4b). No significant difference is observed in
the expression level of exosomes marker HSP60 between
patients with CRC and healthy controls (Figure 4b). The NTA

Figure 1. (a) Local schematic of the biosensor. (b) Top view. (c)
Cross-sectional view. (d) Simulated and experimental transmission
spectrum. Surface current diagrams at (e) f 2 and (f) f 2.

Table 1. Structural Parameters of the Unit (μm)

W1 W2 W3 W4 W5 T1 T2

192 94 92 60 56 6 4
T3 T4 T5 D H1 H2 H3

4 8 6 4 20 0.5 0.2
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data also revealed that the number of exosomes in patients
with CRC is increased compared to the number in the control
group (Figure 4c,d), and the p value is 0.0075. Generally,
cancer cells produce and release more exosomes than normal
cells, and the molecules contained in tumor-cell-derived
exosomes are significantly different than those in normal
cells.43 The results of the current study indicated that plasma
exosomes had the potential to be used for KRAS gene
mutation detection in patients with CRC.
III.B. Surface Functionalization of a Biosensor. To

apply the THz MMs biosensor to the analysis of exosome
expression in the diagnostics of CRC, anti-KRAS and anti-
CD147 are used to functionalize the biosensor. Figure 5
summarizes the major steps in the functionalization process. In
Figure 5b, the biosensor is functionalized with APTES, which
modified its surface with a layer of amino groups. The

interaction between AuNPs and amino groups leads to the
strong electrostatic adsorption of nanoparticles on the surface
of the biosensor, as shown in Figure 5c. Figure 5d,e shows that
HS-PEG-COOH is assembled onto the AuNPs with the Au−S
bond, and the carboxyl moiety on the AuNPs is activated using
EDC/NHS coupling chemistry. After washing with the PBS
solution (0.1 mol/L, pH 7.0) to remove the excess antibody,
the possible remaining active sites against nonspecific
adsorption are blocked with 0.5% BSA solution, as shown in
Figure 5f. Subsequently, the antibody is loaded into the
biosensor, as shown in Figure 5g.

III.C. Detection of Exosomes by an Anti-KRAS-
Modified Biosensor. As shown in Figure 6a, T1−T10 is the
number of times the cleaned sensor is randomly selected, and
the average value is taken as the data of the cleaned biosensor.
The accuracy of the terahertz system is 3 GHz. Comparing the

Figure 2. (a) Transmission spectra and (b) the resonance frequency shift versus thickness for the analyte with refractive index n = 2.0. (c)
Transmission spectra and (d) frequency shift versus refractive index for analyte thickness d = 20 μm.

Figure 3. (a) SEM image of the biosensor. (b) Schematic diagram of the THz-TDS system.
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spectra of the biosensor before modification and after cleaning,
there is almost no difference, which proves that the biosensor
has good repeatability.
By comparing the detection results of the bare silicon wafer,

the bare biosensor, and the anti-KRAS-modified biosensor
before and after adding exosome samples, the detection
performance of the modified THz MMs biosensor is verified.
As shown in Figure 6c, the exosomes samples are directly
added to the bare silicon wafer for comparison. It is found that
there is almost no difference in the corresponding transmission
spectral lines, so the silicon wafer did not have the ability to
identify. By comparing the transmission spectra before and

after adding exosomes samples to the bare biosensor, it is
observed that the resonance frequency shift of the bare
biosensor has a red shift of 62 GHz, indicating that the
biosensor has recognition ability. After exosomes are added to
the anti-KRAS-modified biosensor, it is observed that
resonance peak f 2 is significantly red-shifted by 73 GHz,
indicating that this modification method is effective and can be
used to analyze exosomes from CRC patients.
Before verifying the detection sensitivity, it is very important

to determine the specificity and repeatability of the detection.
The anti-KRAS-modified biosensor is added to Afp, Ca125,
Ca199, Her2, and exosomes samples (samples 14 and 3 reach

Figure 4. Isolation and identification of exosomes from plasma samples of CRC patients. (a) The exosomes are separated from the supernatant
according to the instructions in the exosomes extraction kit, and representative images of healthy controls (1 and 2) and CRC patients (3 and 4)
are captured via TEM. Scale bar, 200 nm. (b) Purified exosome protein is concentrated and then analyzed using WB. The levels of KRAS protein,
CD147 protein, and the exosome marker (HSP60) are determined using WB and calnexin, which is used as an exosome marker negative control.
The size distribution of exosomes from plasma samples of (c) a healthy control and (d) a CRC patient is measured with NTA.

Figure 5. Flowchart for the surface functionalization of the biosensor.
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the maximum and minimum values of the resonance frequency
shift of exosomes) to verify its specificity. It can be seen from
Figure 6g that after adding six different detection substances to
the anti-KRAS-modified biosensor, resonance peak f 2 of the
biosensor transmission spectrum is red-shifted by 26, 32, 27,
34, 73, and 62 GHz. The smallest resonance frequency shift of
the exosome sample is 45% higher than that of the other four
detection substances, and the largest resonance frequency shift
of the exosome sample is 53% higher than that of the other
four detection substances. In comparison experiments with
other proteins (such as Ca125, Ca199, and Her2), the p value
is 0.0047 after statistical analysis. Comparing the detection
results of two exosome samples with those of other substances
shows that the anti-KRAS-modified biosensor has high
specificity, and our method can specifically recognize exosomes
and can potentially be used to analyze exosome samples from
healthy controls and patients with CRC. As shown in Figure
6h, the bare biosensor is directly used to measure the THz
transmission spectrum of the exosomes. The results show that
the THz transmission spectra of all of the samples have a
resonance frequency shift, so the bare biosensor cannot
distinguish between the exosomes of patients with CRC and
healthy controls.
The THz transmission spectrum of exosomes is measured

using the anti-KRAS-modified biosensor, as shown in Figure
6n. The detected exosome samples are from CRC patients with
the KRAS mutation and healthy controls. According to the
experimental data, it is observed that the resonance peaks of
patients with CRC are less than 0.725 THz, and the resonance
peaks of healthy controls are greater than 0.725 THz. After
calculating the resonance frequency shift, it is found that the
resonance frequency shift of patients is more than 59 GHz and
that of healthy controls is less than 59 GHz. This shows that
our method can potentially be used to analyze the exosomes of
CRC patients with the KRAS mutation and healthy controls.
Six groups of data were selected from the healthy group and
the patient group for statistical analysis. The p value is 0.0002,
and the SD value is 4.6224.

III.D. Detection of Exosomes by an Anti-CD147-
Modified Biosensor. First, the detection performance of
the proposed anti-CD147 modified biosensor is tested and
compared with that of the unmodified biosensor. The
experimental transmission spectrum results before and after
modification are shown in Figure 7a. The resonance peak of
the unmodified biosensor has a resonance absorption dip at
0.806 THz, and the resonance frequency of the modified
biosensor is located at 0.762 THz. The resonance frequency
difference between the two devices is caused by the
modification used for the biosensor. The test results showed
that the biosensor without the anti-CD147 modification could
not distinguish between exosomes samples from CRC patients
and healthy controls. Comparing the spectrum of the biosensor
before modification and after cleaning, there is almost no
difference, which proves that the biosensor has good

Figure 6. (a) Transmission spectra before and after cleaning the
sensor. (b) Resonance frequency shift histogram before and after
cleaning the sensor. (c) Transmittance spectra of silicon wafers, a
biosensor, and the anti-KRAS-modified biosensor before and after the
addition of exosome samples and after cleaning the biosensor. (d)
Magnified view of panel c. (e) Transmission spectrum of the anti-
KRAS-modified biosensor after dropping different test substances. (f)
Magnified view of panel e. (g) Histogram of the resonance frequency
shift with six test substances. (h) Transmittance spectra before and

Figure 6. continued

after different exosomes samples are dropped directly on the surface
of the biosensor and after cleaning. (i) Magnified view of panel h. (j)
Transmission spectra of exome samples from patients with CRC and
(l) healthy controls. (k) Magnified view of panel j. (m) Magnified
view of panel l. (n) Frequency offset histogram (KRAS mutation) of
CRC and healthy controls.
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repeatability. To further test the specificity of the proposed
modification-based biosensor, five different detectors are
measured. It can be observed from Figure 7c that the
components that form the transmission spectrum of the

biosensor are red-shifted by 21, 28, 29, 19, 74, and 46 GHz,

respectively.
In comparison experiments with other proteins (such as

Ca125, Ca199, and Her2), the p value is 0.018 after statistical

Figure 7. (a) Transmission spectrum of the modified anti-CD147 biosensor after dropping different test substances. (b) Magnified view of panel a.
(c) Histogram of the resonance frequency shift with six test substances. (d) Transmission spectrum of exosome samples from patients with CRC
and (f) healthy controls. (e) Magnified view of panel d. (g) Magnified view of panel f. (h) Histogram of the resonance frequency shift with CRC
and healthy controls.
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analysis. It is shown that the detection sensitivity of the anti-
CD147-modified biosensor to other substances is lower than
that of exosomes, which further illustrates the specificity of the
biosensor. Thus, high specific sensing of exosomes can be
achieved with THz spectroscopy of the anti-CD147-modified
biosensor.
To test the proposed the anti-CD147-modified biosensor for

detecting CRC, exosome samples from patients with CRC and
healthy controls are measured. The measured transmission
spectrum and corresponding resonance frequency shift results
are shown in Figure 7h.
The detection results of exosome samples from patients with

CRC has a resonance frequency shift of between 46 and 71
GHz. The detection results of exosome samples from healthy
controls show that the resonance frequency shift is between 6
and 35 GHz. The accuracy of the THz system is 3 GHz.
Therefore, on the basis of the modified THz MMs biosensor’s
ability to detect secretions from patients with CRC, the
biosensor can distinguish between patients with CRC and
healthy controls. Six groups of data were selected from the
healthy group and the patient group for statistical analysis. The
p value is 0.0078, and the SD value is 18.6297.

IV. CONCLUSIONS
In this work, we propose a method that uses a modified THz
MMs biosensor to quickly detect the CRC. The biosensor has
two resonance frequencies, and a high resonance frequency is
very sensitive to changes in the surrounding environment.
Therefore, it is used to characterize the reaction between the
exosomes and the antibodies. By sequential modification with
AuNPs, anti-KRAS, and anti-CD147, the biosensor has high
sensitivity and specificity for the exosomes. On the basis of the
resonance frequency shift caused by exosomes, it is easy to
distinguish the patients with CRC from the healthy controls.
This study demonstrated that plasma exosome detection may
be effective for the repetitive and noninvasive diagnosis of
patients with CRC, particularly in patients without the
opportunity for a biopsy prior to treatment selection. The
modified THz MMs biosensor has great potential in realizing
modern clinical and pharmacological equipment with high
sensitivity, high specificity, and repeatability.
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