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a b s t r a c t 

Terahertz metamaterial biosensors combine terahertz time-domain spectroscopy with metamaterial sensing to 

provide a sensitive detection platform for a variety of targets, including biological molecules, proteins, cells, 

and viruses. These biosensors are characterized by their rapid response, sensitivity, non-destructive, label-free 

operation, minimal sample requirement, and user-friendly design, which also allows for integration with vari- 

ous technical approaches. Advancing beyond traditional biosensors, terahertz metamaterial biosensors facilitate 

rapid and non-destructive trace detection in biomedical applications, contributing to timely diagnosis and early 

screening of diseases. In this paper, the theoretical basis and advanced progress of these biosensors are discussed 

in depth, focusing on three key areas: improving the sensitivity and specificity, and reducing the influence of 

water absorption in biological samples. This paper also analyzes the potential and future development of these 

biosensors for expanded applications. It highlights their potential for multi-band tuning, intelligent operations, 

and flexible, wearable biosensor applications. This review provides a valuable reference for the follow-up research 

and application of terahertz metamaterial biosensors in the field of biomedical detection. 
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. Introduction 

Terahertz (THz) waves are generally defined as electromagnetic

aves ranging from 0.1 to 10.0 THz, located between the microwave

nd infrared bands [ 1 ]. This special band position enables it to have both

lectronics and photonics properties. They have a wide spectrum range

nd good directionality, which is suitable for high-speed data transmis-

ion [ 2 ]. In addition, THz waves have low photon energy and high pen-

tration, thus promoting their wide application in fields such as military

ommunication, security detection, and imaging, especially in biomedi-

al sensing [ 3–10 ]. Specifically: 1) Since most biomolecules have unique

ngerprint spectra in the terahertz band, the classification and identi-

cation of substances can be achieved. It covers the energy range of

ydrogen bonding and weak interactions, providing greater sensitivity

o molecular vibrations, rotations, and conformations, thereby provid-

ng a detailed insights into molecular structure [ 11 , 12 ]. 2) The low

hoton energy of THz waves (millivolts scale) ensures that they don’t

ause ionization damage to biomolecules, highlighting their biologi-

al safety [ 13 , 14 ]. 3) Because the terahertz wave is more sensitive to

olar molecules (e.g., water), it is possible to analyze the characteris-

ics of samples based on the water content. It even has potential ap-
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lications in therapeutic interventions. For example, the resonant tera-

ertz field can manipulate the conduction of calcium channels to cor-

ect Ca2+ deficiency in degraded calcium channels and to induce apop-

osis of calcium-overloaded tumor cells [ 15 ]. Currently, for biological

amples with a high content of target molecules (tissue-grade samples,

ompression-grade samples, etc.), highly sensitive and accurate detec-

ion can be achieved using conventional terahertz detection techniques

 16 ]. However, the sensitivity of conventional THz detection techniques

s limited in the context of medical and clinical detection, where tar-

et molecule concentrations are typically low. The mismatch between

he response cross-section of molecules (nanometer scale) and the THz

avelength (sub-millimeter scale) hinders the trace detection capabil-

ties of THz waves, falling short of the requirements for early medical

creening [ 17 ]. 

Metamaterials, as a class of artificial composite structures emerging

n recent years, provide a promising solution to enhance the sensitivity

nd precision of THz technology for the detection of micro- to trace-

evel biological samples [ 18 , 19 ]. According to the practical application

equirements, through the artificially carefully designed and optimized

tructural units, metamaterials can achieve arbitrary dielectric constant

nd permeability customization so as to have extraordinary electromag-
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Fig. 1. The performance enhancement and extended applications of THz MM biosensors [ 29–34 , 51 , 71 , 83 ] . 
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etic wave regulation ability. In terms of biosensing, metamaterials can

chieve a substantial enhancement of the local light field, that is, am-

lify the interaction between matter and metamaterials [ 20 , 21 ]. There-

ore, highly sensitive detection of trace biological samples can be real-

zed, thus contributing to the early diagnosis of diseases [ 22 ]. Compared

ith traditional biosensors, terahertz metamaterials have the character-

stics of fast sensitivity, high biosecurity, no label, and a smaller detec-

ion amount. 

However, current THz metamaterial biosensors (MM biosensors) still

ave three challenges: 1) Sensitivity doesn’t satisfy the needs of early

creening for diseases. 2) Lack of qualitative identification ability. 3) The

bsorption interference of THz waves by water in biological samples.

herefore, based on the practical demands of medical clinics, this pa-

er reviews a variety of emerging technologies to solve the three major

roblems of sensors. In terms of sensitivity, selecting substrate materi-

ls with lower capacitance and optimizing device geometries have been

hown to improve sensitivity. Quartz, cyclic olefin, and polyimide are

roposed as alternatives to traditional high-resistance silicon substrates

 23 ]. Meanwhile, the cell geometries of devices are designed and op-

imized to stimulate new coupling modes: electromagnetically induced

ransparency (EIT), toroidal dipolar (TD), quasi-bound states in the con-

inuum (QBIC), etc. Furthermore, the combination with metal nanopar-

icles and graphene can further amplify the sensing signal [ 24 , 25 ]. To

romote specificity, the surface of biomaterials can be modified using

ntibodies and aptamers, allowing for the differentiation of specific sig-

als and enabling highly accurate qualitative analysis. This improve-

ent is crucial for the early screening of critical illnesses. To overcome

ater absorption interference, methods such as self-referential reflection

 26 ], microfluidics [ 27 ], and hydrogel technology [ 28 , 29 ] are effective.

hese methods not only reduce the interference but also preserve the

ctivity of the sample, increasing the potential for immediate clinical

pplication. This paper also provides the future research direction of

HZ MM biosensors, highlighting their potential in multi-band tuning,

exible wearable, and intelligent programmable applications in the field

f biosensing ( Fig. 1 ). 
572
. The mechanism and manufacture of THz MM biosensors 

.1. The mechanism of biosensors 

The mechanism of THz MM biosensors can be explained by surface

lasma waves. Surface plasma wave refers to the electron density wave

ropagating along the metal surface caused by the interaction between

reely vibrating electrons and photons [ 30 ]. In the THz frequency range,

he skin depth of electromagnetic waves is limited, which inhibits the

ormation of plasma on the metal surface. By designing the metamate-

ial’s structure, local electromagnetic energy is enhanced to achieve a

ood match with the sample to be measured, thereby enhancing the in-

eraction between THz waves and the material [ 35–37 ]. THz MM biosen-

ors typically employ two sensing methods: 1) Detecting shifts in the

esonance frequency that result from changes in the refractive index of

he surrounding environment. 2) Measuring changes in the amplitude of

pectral absorption peaks, which are induced by the object being mea-

ured on the device’s surface. The resonance frequency shift in these

iosensors can involve both single- and multiple-resonance modes. The

ensor’s performance is assessed based on these shifts and amplitude

ariations [ 38 ]. 

.2. The fabrication of biosensors 

The fabrication of THz MM biosensors involves a range of micro- and

anofabrication techniques, such as photolithography, nanoimprinting,

ber-optic drawing, and template deposition methods. Photolithogra-

hy is a common approach for sensor preparation, encompassing the

reation of metallic and non-metallic structures as well as thin-film de-

osition [ 39 ]. Different metamaterial structures require different mi-

roprocessing techniques. Planar metamaterials typically use single-

ayer lithography. This involves metal deposition followed by the de-

elopment of the firm mold and de-gumming to achieve the desired

etal structure [ 40 ]. In contrast, three-dimensional metamaterials are

ypically achieved using multilayer lithography techniques through al-
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ernating stacking and nesting of dielectric and metal structures. For

unable metamaterials, a sleeve engraving technique is utilized, com-

ining multilayer metal and non-metallic structures. This technique

nables dynamic structural changes in response to external stimuli.

 41 , 42 ] 

. The sensitivity enhancement methods for THz MM biosensors 

For early screening of diseases, the concentration of disease markers

n the body is very low. Therefore, the sensitivity of THz MM biosensors

eeds to be as high as possible. It needs to have the ability to detect

he target at very low concentrations. The sensitivity (S) of a THz MM

iosensor is defined as the shift in resonant frequency corresponding

o a change in the unit refractive index of the analyte, which reflects

he refractive index sensing performance of the device. In the terahertz

and, the unit is THz/RIU, and the formula is S = Δ𝑓 ∕Δ𝑛 , where Δ𝑓 is
he frequency shift of the resonance peak and Δ𝑛 is the change in the

efractive index of the analyte [ 21 ]. 

Currently, researchers mainly enhance the device’s sensitivity by re-

ucing electromagnetic radiation loss and combining other enhance-

ent techniques. Firstly, the radiation loss introduced by the device

tself can be reduced by choosing a low-dielectric constant substrate

r optimizing the substrate thickness. In addition, optimizing the MM

iosensor’s unit structure also improves performance. The novel reso-

ance mechanisms, such as EIT, TD, and QBIC mechanisms, demonstrate

otential for high sensitivity by enhancing light-matter interactions and

educing radiation losses [ 40 , 41 ]. Secondly, sensitivity can be increased

y enhancing analyte metamaterial interactions, including the combina-

ion of analyte molecules with gold nanoparticles or with graphene. The

ormer results in the formation of a target with higher reflectivity, yield-

ng a larger frequency shift. The latter increases the interaction with the

bject to be measured through the stacking between 𝜋-bonds, obtaining

 larger amplitude shift and thus achieving a significant increase in de-

ection sensitivity. In this review, we focus on discussing the impact of

ovel techniques on sensitivity enhancement, paying attention to both

he introduction of novel resonance mechanisms in metamaterials and

heir combination with enhancement techniques. 

.1. Introduction of novel resonance mechanisms 

By optimizing the unit structure of the MM to introduce novel res-

nance mechanisms, we can realize the strong coupling mode in the

nit, thus improving the quality factor (Q-value) of the device. This

romotes stronger light-matter interactions, leading to improved sen-

itivity. The Q-value represents the resonant cavity’s ability to con-

ne the optical field’s energy. A higher Q-value indicates a better con-

nement capability, meaning the resonant field of the metamaterial

s less likely to couple with free space, thus reducing radiation loss

 21 ]. In the terahertz band, the Q-value is calculated using the formula

 22 ]: Q = 𝜔0 ∕𝐹 𝑊 𝐻 𝑀 , where 𝜔0 is the resonance’s center frequency and

 𝑊 𝐻 𝑀 is the full width at half maximum of the resonance. In this dis-

ussion, we will concentrate on three coupling modes [ 23 ]: EIT, TD, and

BIC. 

.1.1. THz MM biosensors based on the EIT mechanism 

EIT is a quantum interference phenomenon originating from quan-

um systems. When a medium absorbs light of a particular frequency

probe light) and is illuminated by light of a similar frequency (pump

ight), the two types of light interfere with each other. This interac-

ion weakens the medium’s absorption of the probe light. The released

nergy transfers to the coupling field, creating a sharp transparent win-

ow in the absorption spectrum [ 42 , 43 ]. In THz MMs, EIT is commonly

bserved in bright-bright and bright-dark coupling modes. Bright-bright

oupling involves resonance between all unit structures and the incident

Hz wave, typically occurring in asymmetric structures. The incident

ave excites surface current oscillations, which in turn excite a magnetic
573
ipole that interacts weakly with free space. This resonance between the

lectric and magnetic dipoles facilitates EIT, enhancing sensitivity due

o low radiation loss. Bright-dark coupling, on the other hand, is the

nteraction between modes that resonate with the incident THz wave

bright modes) and those that do not (dark modes). This coupling is

een in structures combining bright (often metal strips) and dark (often

etal surface resonant open rings) elements. The bright mode is excited

y the incident wave, generating an electric field that excites the dark

ode. The resulting phase cancellation interference between bright and

ark modes produces transmission peaks characterized by low radiation

oss, high quality factor, and sensitivity [ 44 ]. 

Many THz MM biosensors based on EIT effects have been designed

nd demonstrated for their high sensitivity and device performance.

n 2021, Zhang et al. [ 45 ] proposed a metamaterial biosensor com-

osed of a cut line and an open ring resonator. The horizontal cut line,

long with two diagonal open rings perpendicular to the incident po-

arization direction, forms a narrow bright mode, while other struc-

ures form a wide dark mode. Theoretical simulations indicated a sen-

or sensitivity of up to 496.01 GHz/RIU. Experimental results demon-

trated that this EIT biosensor could detect maximum sensitivities close

o 248.75 kHz/cell ml-1 for both mutant and wild-type glioma cells. Dis-

inguishing between mutant and wild-type glioma can be achieved by

bserving changes in resonance frequency and amplitude. This meta-

aterial biosensor holds significant potential for identifying glioma cell

ypes at low concentrations, paving the way for advanced biosensing

echnologies. 

In 2023, Wang et al. [ 46 ] designed a perfectly symmetric periodic

M biosensor based on square rings with different sizes of openings

 Fig. 2b ). The device exhibited polarization insensitivity at 2.05 THz

nd a sensitivity of up to 504 GHz/RIU. The minimum number of cells

equired for detection by this EIT sensor was 1/30th of that of conven-

ional clinical methods. And the time consumed was reduced to 1/20th

f that of pathology detection. Four cell types were successfully dif-

erentiated based on the frequency shift and transmittance variations,

hich allows the characterization of cells in both normal and cancerous

tates. 

In addition, the EIT effect in toroidal dipolar metamaterials has at-

racted greater attention. In 2023, Ma et al. [ 47 ] designed a metama-

erial biosensor with double-split circles and cut lines ( Fig. 2c ). In this

ase, the double-split circle is used to excite the ring dipole resonance,

nd the cut line is used to excite the electric dipole moment. Two trans-

arent windows were obtained by interference between the magnetic

ipole moments excited between the two electric dipole moments. With

 values of 21 and 28 and a sensitivity of up to 378 GHz/RIU, the device

chieves highly sensitive detection of E. coli and S. aureus. The lowest

etected concentration reached about 104 cfu mL-1 . By combining the

IT effect and the ring dipole resonance, the device sensitivity and Q

alue were significantly improved. 

.1.2. THz MM biosensors based on the TD mechanism 

TD mechanism can be divided into magnetic toroidal dipoles and

lectric toroidal dipoles, the main difference being the difference in

olarization currents. Magnetic toroidal dipoles are generated by cur-

ents that flow along the meridian of the ring’s surface. Electric toroidal

ipoles are the result of currents that flow tangentially to the ring’s

urface. In traditional materials, achieving TD resonance poses a chal-

enge. Unlike conventional materials where toroidal dipole resonance is

ifficult to achieve, terahertz metamaterials can increase the toroidal

ipole magnetic moment while suppressing the electromagnetic mo-

ent by adjusting the arrangement of the unit structure, which is usu-

lly achieved by the structure of the SRR combination in the opposite

irection [ 48 ].When a THz wave is incident perpendicularly on the sur-

ace of the metamaterial, the opposing open rings will create a counter-

oop current, which excites a magnetic dipole in the reverse direction

 49 ]. This excitation generates a closed magnetic field conducive to ring

ipole resonance. The resonance phenomenon shares similarities with



X. Wei, C. Ren, B. Liu et al. Fundamental Research 5 (2025) 571–585

Fig. 2. Summary of the optimized structures of THz MM biosensors. (a) An EIT-based cut-line opening ring MM biosensor [ 45 ]. (b) An EIT-based perfect opening 

square ring MM biosensor [ 46 ]. (c) An EIT-based double-split circle cut-line MM biosensor [ 47 ]. (d) A TD-based mirror-image gold-opening MM biosensor [ 51 ]. (e) A 

TD-based fractured Chinese THz ring metamaterial biosensor [ 52 ]. (f) A TD-based asymmetric cylindrical metamaterial biosensor [ 53 ]. (g) A QBIC-based asymmetric 

MM biosensor [ 60 ]. (h) A QBIC-based all-media MM biosensor [ 61 ]. 
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he far-field contributions of both the ring polar moment and the elec-

ric dipole moment. By disrupting the interference between these con-

ributions, a magnetic excitation is induced that significantly mitigates

lectromagnetic radiation and scattering losses. This reduction in losses,

n turn, enhances the sensitivity and overall performance of the meta-

aterial biosensor. [ 50 ] 

In recent years, many high-quality and sensitive THz TD metamate-

ial biosensors have been fabricated and utilized. In 2021, Zhang et al.

 51 ] presented a metamaterial biosensor consisting of two mirrored gold

pen-ring resonators ( Fig. 2d ). The sensitivity of the sensor was as high

s 485.3 GHz/RIU. The resonance frequency drift was < 0.66% and the

ransmittance variation was kept below 1.33% over an oblique incidence
574
ngle range of 0° to 30°, exhibiting high angular stability. By detecting

he differences in transmittance and frequency shift of three lung can-

er cells (Calu-1, A427, and 95D), the device was able to directly differ-

ntiate between analyte cell types and their concentrations in just one

easurement. 

In 2023, Liu et al. [ 52 ] based their work on high-quality planar an-

ular dipole resonances found in fractured Chinese Taiji rings. A novel

olarization-independent THz ring sensor was designed by combining

our THz rings into a circular unit ( Fig. 2e ). The biosensor exhibits highly

ensitive sensing characteristics for ultrathin analytes and refractive in-

ices. In the frequency range of 1.345 THz, the analyte at 4 μm coating

hickness can reach a value of 258 GHz/RIU, which is a much higher
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erformance than previous sensors of the same type and successfully

chieves the detection of Alzheimer’s disease-associated A 𝛽 proteins at

ow concentrations (0.0001 mg/m to 10 mg/mL). 

The potential of TD with weak coupling to electromagnetic fields

or developing highly sensitive metamaterial biosensors is significant.

owever, achieving high-quality factor TD resonances in these devices

resents a challenge. 

In 2021, Wang et al. [ 53 ] conducted a study on the aberration of the

ound state that preserves the symmetry of the continuum spectrum in

 fully dielectric metamaterial. This metamaterial was made up of an

rray of high-index tetramer clusters. They achieved this by designing a

ylindrical structure with asymmetric clusters ( Fig. 2f ). By adjusting the

symmetry of the clusters, it is possible to convert the TD resonance into

n ultra-high Q leakage resonance. This low-loss TD resonance, charac-

erized by an extremely narrow linewidth, is highly sensitive to alter-

tions in the refractive index of the surrounding medium. It exhibits an

ltra-high sensitivity level of 489 GHz/RIU and a FOM value as impres-

ive as 253.52. The asymmetric metamaterial structure, which possesses

n ultra-high Q-factor, is particularly adept at detecting small frequency

hifts. These shifts are induced by the small size of the analyte. This ca-

ability makes the structure suitable for the detection of trace analytes,

llowing for precise quantitative analysis. 

.1.3. THz MM biosensors based on the QBIC mechanism 

In photonic systems, the bound-in-the-continuum state (BICs), also

nown as radiation-free localized states, appears as energy bound in the

ontinuum and can’t be coupled with radiation in free space [ 54–56 ].

heoretically, BICs are endowed with an infinite quality factor and

xhibit a non-radiative characteristic with a spectral linewidth that

pproaches zero. However, these ideal properties are challenging to

bserve in practical applications. To bridge the gap between theory and

pplication, researchers have introduced external perturbations to the

ICs. They transform the BICs into observable quasi-bound states with

 high quality factor, known as QBIC [ 57 , 58 ]. This mechanism enables

 substantial enhancement in sensor sensitivity, which is a critical

dvancement. The development of QBIC has far-reaching implications,

articularly in the high-precision, quantitative detection of target

olecules at extremely low concentrations. 

Recently, many scholars have carried out extensive design studies

n THz MMs based on the QBIC mechanism and have realized applica-

ions in biosensing. In 2021, Wang et al. [ 59 ] present an ultra-sensitive

Hz metasensor based on QBIC Fano resonance, which consists of three

old microrods arranged periodically and can sense solutions with ∼nM

oncentrations. In 2023, Liu et al. [ 60 ] designed an asymmetric struc-

ure on a metallic metamaterial ( Fig. 2g ). By controlling the interfer-

nce coupling between electric quadrupoles and magnetic dipoles, ultra-

igh Q resonances up to 503 were excited, and huge increases of 400%

nd 1300% in the energy of the light field confined by the metamate-

ial as well as in the effective sensing area were achieved, respectively.

he range and intensity of the interaction between light and matter are

reatly broadened. Moreover, the QBIC resonance of this metamaterial

as a high refractive index sensitivity up to 420 GHz/RIU, and the direct

etection limit of homocysteine (Hcy) molecule is 12.5 pmol/μL, which

s about 40 times that of the classical dipole mode. 

In 2023, Saadatmand et al. [ 61 ] engineered a silicon wafer-based

M biosensor for dual refractive index and temperature sensing

 Fig. 2 h). The device produced three resonances: magnetic toroidal

ipole, quadrupole, and electric toroidal dipole. An asymmetric design

ielded two ultra-high Q-factor quasi-bound states in BIC resonances.

he sensor exhibited high sensitivity for liquid (Sl = 569.1 GHz/RIU)

nd gas (Sg = 529 GHz/RIU) detection using magnetic toroidal

ipoles, and slightly lower sensitivity for electric toroidal dipoles

Sl = 532 GHz/RIU, Sg = 498.3 GHz/RIU). Additionally, it provided

recise temperature monitoring with a sensitivity of 20.24 nm/°C. This

tudy offers a significant reference for developing accurate, qualitative

race substance detection in the THz range. 
575
.2. The enhancement of the sample signals 

.2.1. THz MM biosensors combined with metal nanoparticle systems 

The dielectric constant of metal nanoparticles is much higher than

hat of biological samples, and they are unable to induce surface plas-

on resonance in the THz band alone [ 62 ]. When they are combined

ith the substance to be tested, the product has a larger overall re-

ractive index and absorption cross-section, with a more pronounced

Hz response, and more distinct resonance changes can be observed

n the spectra. This means that THz MMS biosensors combined with

etal nanoparticle systems can effectively enhance the frequency shift

f the detection results and amplify the detection signals, thus achiev-

ng a significant increase in device sensitivity. Notably, when nanopar-

icles with the same concentration and diameter and different materials

re deposited on the metamaterial, the reflection index of the object

o be measured is the only variable. Therefore, the frequency shift is

nly affected by the dielectric constant, and gold nanoparticles with

 higher dielectric constant can achieve a significant increase in sen-

itivity [ 63 ]. Furthermore, within a 50 nm range, selecting nanoparti-

les with larger diameters not only suggests a greater thickness of the

nalyte but also correlates with higher sensitivity [ 64 ]. This insight is

aluable for optimizing the design of biosensors for superior detection

apabilities. 

In 2016, Xv et al. [ 65 ] combined gold nanoparticles (AuNPs) with a

Hz MM biosensor for the first time, significantly increasing detection

ensitivity by at least 1000x. Afterwards, more and more researchers

egan to focus on the possibility of developing with the combination

f AuNPs with metamaterials technology. In 2022, Yang et al. [ 66 ] in-

roduced a cutting-edge THz biosensor. This sensor leveraged the cou-

ling of metamaterials with nanoparticles and a technique known as

hain substitution amplification. It was specifically designed for the de-

ection of mRNA samples ( Fig. 3a ). Under optimal conditions, the sensor

emonstrated excellent sensitivity, with a detection limit as low as 14.54

m. Notably, miRNA-21 showed a linear response across a concentration

ange from 1 μm to 10 μm. The sensor’s accuracy was further validated

hrough sample recovery tests, which yielded results between 90.92%

nd 107.01% when measuring miRNA-21 in spiked clinical serum sam-

les. This high-sensitivity biosensor is poised to advance nucleic acid

nalysis and cancer diagnosis. 

In 2023, Niu et al. [ 67 ] developed a ring-shaped MM biosensor,

nhanced with functionalized AuNPs, for the highly sensitive detec-

ion of carcinoembryonic antigen ( Fig. 3b ). The AuNPs, with their

igh refractive index, substantially improved the biosensor’s perfor-

ance. The closed-loop magnetic field created electrical confinement,

eading to a high sensitivity of 287.8 GHz/RIU and an ultra-high Q-

alue of 15.04. The sensor’s detection limit was as low as 0.17 ng,

s determined through quantitative studies of carcinoembryonic anti-

en biomarker concentrations. This THz ring MM biosensor, integrated

ith AuNPs, demonstrates exceptional promise for cancer detection

pplications. 

.2.2. THz MM biosensors combined with graphene material 

Graphene is a two-dimensional material with a unique property: high

iomolecular affinity. After binding with biomolecules, the object un-

er test containing 𝜋 bonds can be easily combined with graphene by

- 𝜋 stacking to form stable binding products. This greatly increases

he absorption cross section of the object under test, which in turn

nhances the THz response signal [ 71 ]. Additionally, the binding of

iomolecules to graphene can induce chemical doping, which signif-

cantly alters the material’s optoelectronic properties. Graphene MMs

sed in biosensing are typically p-type doped, with Fermi energy levels

ositioned in the conduction band, slightly away from the Dirac point

 68–70 ]. This means that an extremely weak external excitation can

hange the initial Fermi level from the valence band to the Dirac point,

aking it easier to produce large amplitude changes. Consequently, THz

MS biosensors combined with graphene enable highly sensitive de-
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Fig. 3. THz MM biosensors combined with metal nanoparticles and graphene technology. (a) A MM biosensor based on coupling with nanoparticles and chain 

substitution amplification [ 66 ]. (b) A Ring MM biosensor with functionalized AuNPs [ 67 ]. (c) A MM biosensor based on ionophore-induced transparent resonance 

based on graphene technology [ 72 ]. (d) A MM biosensor based on ring resonators with graphene technology [ 73 ]. 
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ection of biomolecules. A series of graphene THz MM biosensors have

een fabricated and studied in recent years. In 2023, Zhou et al. [ 72 ]

ade significant progress with the development of a high-sensitivity

etamaterial biosensor that integrates metal and graphene, leveraging

lasma-induced transparent resonance. This biosensor achieved a re-

arkable detection limit of 10 ng/mL. As amino acid content increased,

t enabled the efficient identification of three conditions: tyrosinemia,

henylketonuria, and hyperglycemia. The metamaterial sensor, charac-

erized by its high sensitivity and rapid detection capabilities, shows

romise for applications in trace molecular sensing and disease diagno-

is, marking a notable advancement in the field of graphene-based THz

iosensors. 

In 2023, Upender et al. [ 73 ] designed a THz MM biosensor with

our square open-ring resonators coupled by a central graphene ring

 Fig. 3d ). The strong coupling effect between the resonators and the

raphene ring achieves near-perfect absorption at 1.354 THz. The per-

ormance of this sensor can be adjusted by the chemical potential of

raphene to enhance its versatility. This device demonstrates outstand-

ng sensing capabilities, with a high sensitivity of 17 THz/RIU, a quality

actor of 165.09 RIU-1 , and 112.5. Despite the reduction of its structural

hickness by 3 μm, it is still suitable for integration into nanotechnology

evices. Giving it the potential to detect a wide range of viruses, includ-

ng malaria, dengue, herpes simplex virus, influenza, and HIV, and to

ifferentiate between various types of cancer cells, it holds promise for

dvancing biosensing applications. 
576
. Surface modification technology empowers molecule-specific 

etection of THz MM biosensors 

Since THz MM biosensors don’t have the ability to recognize dif-

erent substances on their own, they need to be combined with other

echniques to achieve substance-specific recognition. Nowadays, meth-

ds to achieve specific recognition of THz MM biosensors include the

ntroduction of antibodies, aptamers, or functionalized nanoparticles to

odify metamaterials for sensing [ 74–76 ]. 

.1. Surface modification based on antibodies and aptamers 

Antibodies refer to immunoglobulins that bind specifically to anti-

ens and can be used to detect cells and biomolecules [ 77 , 78 ]. Ap-

amers refer to single-stranded nucleotides that bind to the molecule

o be tested through electrostatic attraction, hydrogen bonding or Van

er Waals forces. And they have a wider target range, higher thermal

tability, chemical synthesis and less batch variation compared to an-

ibodies [ 78,79 ]. The specific binding of aptamers to the devices was

arried out by immobilizing the antibodies on the metamaterials using

 silanization technique [ 80 , 81 ]. First, the devices were cleaned with

cetone and acetone/ethanol and then treated with a piranha solution

o increase hydrophilicity. Then, the metamaterials were immersed in

% 3-aminopropyltriethoxysilane (APTES) toluene to form APTES mem-

ranes with carboxyl groups. The carboxyl group was activated with
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Fig. 4. Antibody, aptamer-modified THz MM biosensors. (a) An antibody-conjugated MM biosensor based on detection of ZIKV envelope proteins [ 82 ]. (b) An 

aptamer-modified THz MM biosensor based on aptamer-modified specific detection of breast cancer markers [ 83 ]. (c) An aptamer-modified THz MM biosensor based 

on aptamer-modified specific detection of lung cancer markers [ 84 ]. 
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-(3-dimethylaminopropyl)− 3-ethylcarbodiimide hydrochloride into

ydroxysuccinimide in a 2-(N-morpholino) ethanesulfonic acid solution.

inally, the devices are placed in an antibody or aptamer solution for

ncubation, allowing binding between the metamaterial and the anti-

ody or aptamer. It is important to note that such modifications enable

he binding of the metamaterial to specific biomolecules or cells. How-

ver, rinsing may affect the activity of the antibody or aptamer, and the

ethod has limited reusability. 

In 2017, Ahmadivand et al. [ 82 ] pioneered a method for the spe-

ific detection of a target virus (ZIKV envelope protein). This method

arnessed the immune-binding effect between antibodies and the virus,

ranscending traditional metamaterial designs by proposing a structure

omposed of planar plasmonic resonators ( Fig. 4a ). The subsurface was
577
odified with a ZIKV antibody so that ZIKV envelope proteins could

e captured by the subsurface. By obtaining transmission spectra of the

lasma MM with different concentrations of ZIKV envelope proteins,

he corresponding frequency shifts were recorded. The MM was demon-

trated to be highly sensitive to ZIKV envelope proteins, with a detection

imit of 24 pg/mL and a structural sensitivity of 6.47 GHz/log (pg/mL).

In 2022, Zeng et al. [ 83 ] introduced an aptamer-modified THz MM

iosensor for the specific detection of human epidermal growth factor

eceptor 2 (HER2), a breast cancer marker. This biosensor features an

rray of two metal SRRs with a 500 nm silica spacer layer to enhance

he quality factor ( Fig. 4b ). The sensor demonstrated a high sensitivity of

08 GHz/RIU at its high-frequency resonance. By modifying the surface

ith aptamer-hb5 (APT-HB5) at 5 μmol/mL, the sensor could specifi-
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w  
ally detect HER2 with a detection limit of 0.1 ng/mL, showcasing its

otential in cancer diagnostics. 

In 2023, Liu et al. [ 84 ] developed a THz MM biosensor with a dual

plit ring resonator. It’s designed for detecting squamous cell carcinoma

ntigen (SCCA), a biomarker for lung cancer ( Fig. 4c ). Simulations in-

icated the sensor could achieve a sensitivity of 103 GHz/RIU. The sen-

or’s specificity for SCCA was enhanced by modifying it with kaolin nan-

tubes and halloysite nanotubes (HNTs), distinguishing it from other

iomarkers like carcinoembryonic antigen (CEA), neuron-specific eno-

ase (NSE), CA125, and CA199. The HNTs-modified sensor exhibited a

ronounced frequency shift in response to SCCA, confirming its selec-

ivity for this biomarker. 

.2. Surface modification based on functionalized nanoparticles 

Antibody and aptamer-modified metamaterial biosensors have ad-

antages of straightforward operation, high sensitivity, and specificity

or target analyte recognition. 

However, the sensors make it difficult to effectively remove the sur-

ace modification molecules after use, resulting in lower reusability and

 higher cost of use, which is not conducive to large-scale clinical testing

pplications [ 85 , 86 ]. Recently, researchers found that the introduction

f functionalized gold nanoparticles into the metamaterial is expected

o solve this problem. In addition, the introduction of functionalized

anoparticles not only enhances terahertz wave-matter interaction, but

lso enables highly sensitive and specific detection of different biologi-

al samples. 

In 2021, Liu et al. [ 87 ] developed a butterfly-array THz MM biosen-

or ( Fig. 5a ).It was modified with functionalized AuNPs for the specific

etection of epidermal growth factor receptor (EGFR), a key transmem-

rane protein implicated in various cancers [ 88 , 89 ]. The sensor could

etect EGFR at a limit of 100 fM, which was further lowered to 10

M with the use of antibody-modified AuNPs (1 fM = 10–15 mol/L).

ignificantly, the metamaterial functionalized with gold nanoparticle-

ntibody (GNP-Ab) complexes demonstrated a greater frequency shift

nd higher sensitivity for EGFR detection compared to metamaterials

odified with antibodies alone. Moreover, the use of larger-diameter

NPs in the GNP-Ab functionalization resulted in an even larger res-

nance frequency shift, indicating that the size of the AuNPs can be

ptimized to enhance sensor performance. 

In 2022, Shi et al. [ 90 ] developed a dual-band, fully dielectric MM

ade up of semi-cylindrical arrays ( Fig.5b ). The biosensor was function-

lized with antibodies (anti-ha)-modified AuNPs. They were dispersed

n the metal surface to create a sensor capable of forming immunocon-

ugates with the HA antigen of the human influenza virus. Detection was

uccessful across a range of concentrations (20 to 50 μg/mL). The intro-

uction of AuNPs resulted in a resonance frequency shift of 87.5 GHz,

oubling the shift observed without AuNPs. The biosensor’s sensitivity

o y-polarized incident THz waves reached 2.96 GHz mL/nmol, indicat-

ng the effectiveness of AuNPs in enhancing detection capabilities. This

pproach is not only limited to viruses but also extends to the specific

etection of other disease markers. 

In 2023, Chen et al. [ 91 ] enhanced a THz MM biosensor by in-

egrating capture hairpin probes attached to AuNPs via thiols. This

odification ensured uniform distribution of amplification products on

he sensor surface and prevented capillary action from dispersing DNA

olecules to the droplet’s edge ( Fig. 5c ). It also boosted the biosensor’s

urface sensitivity, enabling specific detection of miRNA21. The sensor

ould detect miRNA21 concentrations ranging from 100aM to 10 nM

ith a linear response and a sensitivity of 5.56 GHz/lgCmiRNA21 , show-

ng promise for nucleic acid detection applications. In 2023, Wang et al.

 92 ] designed an ultra-sensitive THz MM biosensor based on a split-ring

esonator combining functionalized AuNPs conjugated with the specific

ntibody. The biosensor has a detection sensitivity of up to 674 GHz/RIU

or inflammatory markers, showing its application value in the early di-

gnosis and treatment of sepsis. 
578
. Overcoming interference with water absorption 

The absorption of THz waves by water is a significant challenge

or THz MM biosensors. As it can interfere with and reduce signal

mplitude, when detecting aqueous samples. To avoid this problem,

amples are often dried to create a uniform molecular film on the

ensor surface. However, drying can denature biomolecules and cells,

hich typically require specific aqueous conditions to maintain their

ctivity. Additionally, the detection accuracy is affected by the coffee

ing effect [ 93–95 ]. Therefore, it’s essential to study highly sensitive

Hz biosensors in aqueous environments. Currently, the combination

f microfluidics and responsive hydrogel technology with THz MMs

echnology is an effective method to overcome this problem under the

remise of ensuring the detection sensitivity [ 96 , 97 ]. 

.1. Combination with microfluidics 

Microfluidic platforms are platforms that allow precise control of

iny fluid volumes in micron-sized channels, enabling labelling-free,

eagent-free detection [ 98–102 ]. The advantage of using microfluidic

ystems over macroscopic systems is the reduction of water-induced ab-

orption, resulting in devices with increased sensitivity, wider spectra,

nd higher spatial resolution [ 102 , 103 ]. 

Nowadays, THz MM biosensors combining with microfluidics have

een widely studied and applied. In 2017, Geng et al. [ 104 ] developed

M biosensors with open-ring resonators combined with polydimethyl-

iloxane (PDMS) microfluidics on a silicon substrate for detecting trace

epatocellular carcinoma biomarkers. Later, in 2019, Zhang et al. [ 105 ]

ntroduced a multi-microfluidic channel MM biosensor. This innovation

tilized butterfly array MM sensors on a quartz substrate with SU-8

hoto responsive microfluidic channels, enhancing sensitivity and re-

ucing liquid consumption. 

However, a common limitation in these designs is the "sandwich"

tructure, where microfluidic channels are placed on the metamaterial

nd covered. It potentially weakens the metamaterial’s resonance and

ffects signal strength due to multiple layers’ THz absorption. In 2023,

i et al. [ 106 ] addressed this issue by modeling a THz microwave sen-

or with an embedded microfluidic channel ( Fig. 6a ). This design com-

ined the microfluidic cover layer with the substrate, simplifying the

tructure and enhancing signal strength and sensitivity. Positioning the

icrochannel beneath the SRRS gap, where the electric field is strongest,

oosts the THz-analyte interaction, thereby improving detection sensi-

ivity. This method provides an ideal prototype for the easy fabrication

f highly sensitive, label-free, highly sensitive, and non-destructive de-

ection of liquid samples, but experimental validation is lacking. 

In 2023, Xu et al. [ 107 ] introduced an innovative microfluidic

iosensor that combines label-free particle capture with THz sensing ca-

abilities ( Fig. 6b ). The sensor uses periodic electron-open loop metama-

erial (eSRM) arrays, which have multiple resonance characteristics and

igh sensitivity to the environmental refractive index. As the environ-

ental refractive index changes, the eSRM resonances exhibit a redshift

ith remarkably high linearity (greater than 0.999) and sensitivities of

59 GHz/RIU, 307 GHz/RIU, and 523 GHz/RIU in transverse electric

TE) mode. Moreover, this device enables both qualitative and quan-

itative assessment of resonance frequencies for particles with varying

adius and refractive indices suspended in ethanol. This advancement in

Hz MM sensors paves the way for more precise and label-free detection

f particles in various media. 

Currently, THz MM biosensors with microfluidics are mainly used

or single-component liquid samples. The detection of mixed aqueous

amples needs to be further explored in the future. 

.2. Combination with the responsive hydrogel 

Responsive hydrogels refer to highly hydrophilic 3D polymer net-

orks formed by physical or chemical crosslinking. They can main-



X. Wei, C. Ren, B. Liu et al. Fundamental Research 5 (2025) 571–585

Fig. 5. Functionalized nanoparticle THz MM biosensors. (a) A functionalized nanoparticle-based MM biosensor for detection of specific epidermal growth factor 

receptor [ 87 ]. (b) A functionalized nano-based MM biosensor for detection of human influenza virus HA [ 90 ]. (c) A functionalized nano-based MM biosensor for 

detection of miRNA21 [ 91 ]. 
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ain the activity of biomolecules by replacing water and have signifi-

antly less interference with THz wave absorption, making them ideal

or biosensing applications. Furthermore, the combination of aptamers,

ntibodies, or specific chemical groups into the hydrogel can enhance

he device’s specificity and sensitivity, broadening their use in highly

pecific biosensing [ 107–111 ]. 

In 2021, Zhou et al. [ 112 ] developed a THz MM biosensor featuring

 human 𝛼-thrombin (h-TB) aptamer-responsive hydrogel. They created

hrough in situ polymerization of an aptamer-grafted hydrogel mem-

rane on a silica-based MM ( Fig. 6c ). This sensor enabled label-free,

pecific, and quantitative detection of h-TB in an aqueous environment,

ith a detection limit of 0.40pM in serum —superior to other aptamer-

unctionalized THz MMs. The use of the aptamer hydrogel notably en-

anced the specificity of the sensor for aqueous and serum samples.

owever, the study focused on reflected signals, and the sensitivity still

agged behind that of dried samples and those analyzed using microflu-

dic techniques. 

In 2023, Zhang et al. [ 113 ] proposed an ultrathin, flexible AAPBA

ydrogel that marked a breakthrough in THz detection of biomolecules

n aqueous solutions ( Fig. 6d ). By applying a 200 μm-thick hydrogel film

o a THz MM with an array of polarization-insensitive double-split-ring

esonators, they achieved sensitive glucose detection in water, with a

ensitivity of 0.0446 dL mg− 1 and a detection limit of 1.64 mg dL− 1 .

he biosensor’s design allowed for glucose precipitation from the sur-
579
ace using CHES/NaOH buffer, enabling multiple recoveries. Further-

ore, the sensor maintained excellent performance even after multiple

ending cycles. This innovation points to a promising new avenue for

ntegrating novel hydrogel technology with THz MM sensors. 

Nowadays, the research on combining hydrogel technology with THz

M biosensors is still in the preliminary stage. And there is still a gap

etween the detection sensitivity and that of traditional THz MM biosen-

ors. However, hydrogels hold significant promise for mitigating the

trong absorption effects of water on THz waves, potentially paving the

ay for their use in practical clinical diagnostics. 

. Expanded applications of THz MM biosensors 

.1. Frequency band tunable sensors 

Traditional fixed-structure THz MM biosensors limit the function-

lity of terahertz modulation. Typically, these devices are designed to

perate within a single frequency band. And their performance declines

harply when deviating from this center frequency. This inflexibility

imits the broader practical use of MMs. Consequently, enhancing

he tunability of THz MM biosensors and boosting their sensing ca-

abilities have emerged as key areas of interest in recent research

 114 , 115 ]. 
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Fig. 6. Suppression method of water absorption interference by THz MMS biosensors. (a) A microfluidics-based MM biosensor for the detection of trace liver 

cancer biomarkers [ 106 ]. (b) A microfluidics-based MM biosensor for label-free particle capture [ 107 ]. (c) A hydrogel-based h-TB label-free MM biosensor [ 112 ]. 

(d) A hydrogel-based glucose MM biosensor [ 113 ]. 

580
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Fig. 7. THz MM biosensors for biomolecular extension applications. (a) A tunable MM biosensor based on graphene technology [ 116 ]. (b) An electrically 

controlled tunable MM biosensor [ 117 ]. (c) A flexible MM biosensor [ 121 ]. (d) A ultrathin hydrogel flexible MM biosensor [ 124 ]. (e) A ultrathin hydrogel flexible 

MM biosensor [ 125 ]. 
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Graphene’s electrically tunable properties have attracted the inter-

st of many researchers in the field. In 2021, Qin et al. [ 116 ] devel-

ped a tunable absorber made up of periodically patterned elliptical

nnular arrays of graphene MM ( Fig. 7a ). They used the time-domain

nite-difference method to simulate how the spectra would change with

ariations in the refractive index of the surroundings. Their investiga-

ion led to the creation of a structure with a remarkable sensitivity of up

o 14,110 nm/RIU. Additionally, they analyzed the tunable dual-band

elective absorption properties of a bilayer graphene structure, which

chieved a maximum absorption of 49.6%. This work advances the de-

ign of graphene-based devices, including optoelectronics, biosensors,

nd environmental monitors. 

In 2023, Wang et al. [ 117 ] introduced a multi-band THz MM ab-

orber featuring a toothed resonator surface structure ( Fig. 7b ). This

esign allows for the control of the number of absorption peaks, ei-

her increasing or decreasing them, without complicating the design.

urthermore, incorporating temperature-responsive vanadium dioxide

nto the absorber’s surface structure enables dynamic adjustment of

ts resonance characteristics. Experimental results showed that the ab-

orption peaks can be actively tuned from two-band to even five-band

bsorption as vanadium dioxide transitions from a metallic to an in-

ulating state. This innovation offers a versatile approach to tuning

Hz MM absorbers. Also, in 2024, Sun et al. [ 118 ] reported a broad-

and THz micro-photonics sensor based on a pixelated frequency-agile

etasurface. The sensor’s resonance positions are nearly linearly mod-

lated with the varying Fermi level of graphene. By the synchronous
581
egulation of graphene and C-shape rings, they have obtained highly

urface-sensitive resonances over a wide spectral range ( ∼1.5 THz) with

 spectral resolution < 20 GHz. 

Light control is also a common way to modulate MM sensors. In

019, Li et al. [ 119 ] created a metamaterial sensor entirely from the

hotosensitive semiconductor gallium arsenide. They regulated a pho-

ogenerated transparent window by adjusting light intensity, but the

aterial’s limitation to a single window narrowed its applications. In

020, Chen et al. [ 120 ] utilized a combination of metallic materials

nd graphene to form a MM structure. This design featured a closed

raphene ring encircling two double-open metal resonance rings of vary-

ng sizes. The graphene ring served both as a tunable material and as

n explicit mode in the coupling process, enabling the tuning of the

ransmission peak amplitude without altering the transparent window’s

osition. However, the complex design of the MM was challenging for

roduction. For practical applications, the development of EIT-like MMs

hat support active modulation across multiple bands holds greater po-

ential for broader application prospects. 

In 2023, Wu et al. [ 121 ] introduced a high-sensitivity, tunable THz

M sensor based on semiconductor and metal ( Fig. 7c ). The sensor was

omposed of a top layer of photosensitive semiconductor gallium ar-

enide (GaAs), a middle layer of aluminum, and a polyimide bottom

ubstrate. It exhibited an absorption peak at 2.0 THz with a quality-

alue of 444 and a sensitivity of 1.762 THz/RIU, along with a FOM

alue of 392 RIU-1 . The resonance peak’s position and intensity could

e actively modulated by altering the conductivity of the GaAs layer
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hrough light exposure. This tunable and highly sensitive sensor shows

romise for applications in biomedical sensing, disease diagnosis, and

he detection of trace substances. 

.2. Flexible wearable sensors 

In healthcare, MM biosensors are paving the way for more compact

nd efficient wearable devices. The development of flexible, wearable

etamaterials is guided by theories involving electromagnetic bandgap

tructures, high impedance surfaces, and artificial magnetic conductors.

hese devices can conform to body surfaces or be integrated into cloth-

ng, allowing for the comprehensive measurement of various physiolog-

cal parameters such as respiration, heart rate, body temperature, pulse

ximetry, blood pressure, and blood glucose during everyday activities

 122 ]. THz MM biosensors offer an advantage over traditional wear-

ble devices by being able to map whole-body physiological parameters

ather than just measuring from a single anatomical location. This ca-

ability can yield more nuanced health information, which can be com-

unicated to both patients and healthcare providers. As a result, these

iosensors hold greater potential for use in clinical settings and daily

ealth monitoring. 

In 2022, Fang et al. [ 123 ] introduced a flexible THz MM biosen-

or that uses a polyphenylene diene substrate with a low refractive in-

ex. The sensor was modified in a non-metallic region using a three-

tep method, simplifying the biomarker attachment process ( Fig. 7d ).

he non-metallic modified bulk refractive index sensitivity of this sen-

or reaches 325 GHz/RIU, which is higher than that of the conven-

ional metallic modification (147 GHz/RIU). Meanwhile, the sensor

as consistent with the traditional clinical detection of carcinoembry-

nic antigen (CEA) markers in breast cancer patients, with a detection

imit of 2.97 ng/mL. This flexible THz MM biosensor is expected to

e used for the rapid detection of cancer biomarkers in the future. In

023, Zhang et al. [ 124 ] developed a polarization-independent ultra-

hin THz MM biosensor based on ultrathin hydrogel film covering an

ltrathin surface ( Fig. 7e ). Experiments on the back of human hands en-

bled the detection of glucose in human sweat with a detection limit

f 0.0446 dL mg-1 , which is expected to be part of future wearable

evices. 

Additionally, a reconfigurable wearable antenna with reconfigurable

lement metamaterials has been developed [ 125 ]. The antenna can com-

unicate between sensor nodes, switching between an omnidirectional

adiation mode and a broadside radiation mode that facilitates commu-

ication with external devices. This design enables wireless signals to

ravel along the body surface without excessive radiation into the envi-

onment, enhancing the energy efficiency of wireless communication

 126–128 ]. However, current experiments involving biological tissue

etection with these antennas remain in the laboratory phase. Further

valuation is essential to assess their long-term reliability and suitabil-

ty for future practical applications in wearable technology and health

onitoring [ 129 ]. 

.3. Intelligent programmable sensors 

In practical applications, MMs are enhanced with active compo-

ents to create active MMs for dynamic control over electromagnetic

aves. However, the active MMs still have the problems of small tun-

bility range and little reconfigurability. To address these issues, experts

ave accordingly developed digital coding and programmable functions

ased on active metamaterials. Such devices can implement a large num-

er of different functions and switch them in real time with the help

f field-programmable gate arrays (FPGAs). More importantly, digitally

ncoded representations of metamaterials make it possible to bridge the

ap between the digital and physical worlds using metamaterial plat-

orms and to enable metamaterials to directly process digital informa-

ion, resulting in informational metamaterials. The emergence of pro-

rammable metamaterials can not only effectively realize the modula-
582
ion of light but also generate and store multi-state data. This kind of

rogrammable metamaterial with memory function can be extended to

ther frequency bands, opening up the way for electromagnetic infor-

ation processing. It is very suitable for single/dual frequency switches,

olarization switches, and other devices, and has great research value.

n the field of biological detection, it is expected to realize intelligent

etection of a variety of substances with high accuracy and sensitivity.

ut due to a variety of factors, the stage of programmable metamaterials

pplied in biosensing has not been reported [ 130–134 ]. 

. Conclusion and outlook 

Based on the practical demands of biomedical clinical detection, we

ave briefly reviewed the principles, novel technical methods, and the

xpanded applications of THz MM biosensors. To solve the three ma-

or problems of sensitivity deficiency, specificity limitations, and water

bsorption interference in practical applications, researchers are con-

tantly developing new technologies. These innovations aim to enhance

ensor sensitivity, improve the specificity of detection capabilities, and

mplify the detection signal’s strength so that it can realize the detec-

ion of molecular markers at very low concentrations, early diagnosis,

nd screening for major diseases. 

In terms of sensitivity enhancement of MMs, two primary methods

re effective: optimizing the unit structure of the metamaterial to intro-

uce new resonance mechanisms and combining with other enhance-

ent techniques. Metamaterial biosensors based on TD, EIT, and QBIC

echanisms have been proven to be of great help in improving the sen-

itivity of devices. Furthermore, the combination of graphene and gold

anoparticles is proposed to enhance the interaction with the object un-

er measurement. This cooperative interaction is expected to amplify

he frequency shift and amplitude variation, thereby improving the sen-

itivity of detection. 

In terms of the specificity enhancement of MMs, surface modifica-

ion is the best method to enhance the sensor performance. Combin-

ng with antibodies or aptamers can effectively achieve specific detec-

ion of biomarkers. However, the method is affected by washout and

as limited reusability. To address these limitations, researchers have

urned to functionalized nanoparticles to realize highly specific, sen-

itive, and reusable THz MM biosensors. For instance, functionalized

uNPs can achieve specific detection, high sensitivity, and stability of

he devices, which is important for practical clinical applications. How-

ver, it should be noted how to design functionalized nanoparticles to

mprove the specificity, sensitivity, and robustness of the structures. 

To overcome the water absorption interference in the biological sam-

les, the combination of microfluidics or hydrogel technology is an ef-

ective method. This approach significantly reduces the strong absorp-

ion of THz waves by water, thereby enhancing the detection signal.

his enhancement is crucial for improving the device’s clinical detec-

ion capabilities. Despite its promise, research in this area remains in

he early stages, and it still has room to improve the sensitivity of hy-

rogel technology. Since microfluidics and hydrogel technology are the

ost promising strategies to address the strong water absorption of ter-

hertz waves, with the advantages of simple and fast operation, greater

ttention and research should be given to this technology. 

Considering the actual clinical testing needs, developing a multi-

omponent test platform is necessary. This platform should be capable

f performing simultaneous measurements of various components and

ells within complex solutions. The goal is to enable broad-spectrum

etection. The urgency of this requirement underscores its importance

n advancing diagnostic capabilities. Accurate disease diagnosis necessi-

ates the detection of multiple disease markers, which are often present

n multi-component fluids such as blood and urine. Consequently, the

evice must exhibit high sensitivity and specificity, and its detection sig-

al must be robust against absorption interference. A multi-component

est platform is poised to address these requirements. Standardization of

ample pre-treatment for this platform is essential, ensuring that specific
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iomarkers are identifiable and quantifiable with ease —a key aspect of

ts clinical utility. To harness the full potential of THz MM biosensors,

n integrated approach that combines various technologies is optimal.

or instance, the fusion of THz technology with temperature variation

ids in differentiating microorganisms. Additionally, the synergy of THz

echnology with liquid crystals or modulated electromagnetic fields en-

bles the detection of chiral molecules [ 133 ]. Moreover, combining ma-

hine learning and bioinformatics algorithms with large-scale experi-

ental datasets can lead to the development of more efficient tools.

hese tools can improve the performance of THz biosensors and en-

ance the sensitivity and specificity of cell and biomolecule detection

 135 ], thereby improving the precision of detection outcomes. 
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