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Abstract: A terahertz (THz) all-dielectric metasurface with crescent cylinder arrays for chiral drug
sensing has been demonstrated. Through the multipole expansion method, we theoretically found
that breaking the symmetry of the metasurface can excite higher-order resonance modes and provide
stronger anisotropy as well as enhanced sensitivity for the surroundings, which gives a better sensing
performance than lower-order resonance. Based on the frequency shift and transmittance at higher-
order resonance, we carried out the sensing experiments on (R)-(—)-ibuprofen and (S)-(+)-ibuprofen
solution on the surface of this metasurface sensor. We were able to monitor the concentrations
of ibuprofen solutions, and the maximum sensitivity reached 60.42 GHz/mg. Furthermore, we
successfully distinguished different chiral molecules such as (R)-(—)-ibuprofen and (S)-(+)-ibuprofen
in the 5 uL trace amount of samples. The maximum differentiation was 18.75 GHz/mg. Our analysis
confirms the applicability of this crescent all-dielectric metasurface to enhanced sensing and detection
of chiral molecules, which provides new paths for the identification of biomolecules in a trace amount.

Keywords: THz wave; all-dielectric metasurface; biosensor; chiral drug; multipole expansion

1. Introduction

With increasing demands for developing reliable and effective biological sensors [1],
terahertz (THz) radiation has attracted great attention as a promising tool in biological and
medical investigation in recent years. Because of the unique characteristics of THz waves—
which are as follows: (1) non-ionizing and do not damage biological tissues; (2) sensitive
to weak resonances [2]; (3) highly sensitive to water—THz sensing could soon become a
suitable technology for biological applications. In particular, up to now many reports have
demonstrated that THz time-domain spectroscopy (THz-TDS) is a powerful technique for
label-free, non-contact, and highly sensitive biomolecule sensing, including the detection of
proteins, DNA, or RNA [3-5]; the detection of cells [6]; and antibiotics [7], etc. However,
achieving reliable sensing for trace amounts of sample is still a major challenge.

One of the most promising routes to promote THz sensing sensitivities is to use
metasurfaces [8-14]. These artificial structures’ electromagnetic properties can be eas-
ily controlled by the geometry, shape, or orientation of their constituents, which provide
extremely strong confinement of electromagnetic fields to detect small changes in the dielec-
tric environment around the metasurfaces [15-17], leading to high efficiency and sensitivity.
Many reports have successfully demonstrated the high sensitivity of metasurface-based
THz biosensors; for example, Cheng et al. proposed a THz biosensing metamaterial ab-
sorber based on spoof surface plasmon polaritons which showed ultrasensitive sensitivity
and high resolution in virus detection [18]. Zhang et al. achieved highly sensitive THz
sensing of small-volume liquid samples by a multi-microfluidic channel metamaterial
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biosensor [19]. However, applications in chiral pharmaceutical analysis have rarely been
reported until now.

The chiral structure of molecules is one of the basic elements of nature. In the liv-
ing system, chiral molecules often have extremely important properties and functions.
Many important biological macromolecules, such as amino acids, polypeptides, proteins,
polysaccharides, nucleic acids, and enzymes, are almost all chiral molecules [20,21]. Chiral
drugs contain chiral centers in drug molecules. They usually achieve their pharmaco-
logical effects through strict chiral matching and molecular recognition with biological
macromolecules in vivo [22,23]. Significant differences in pharmacological activity, the
metabolic process, and toxicity exist between the chiral enantiomers of the drugs; one
enantiomer may be effective, while the other enantiomer may be harmful [24]. For example,
ibuprofen (4-isobutyl-2-phenylpropionic acid, C13H;30,), a well-known painkiller and
an efficient anti-inflammatory, is widely used in daily life. It contains in its chemical
structure a stereogenic carbon, and, thus, it has two enantiomers, called S-(+)-ibuprofen
and R-(—)-ibuprofen, respectively. S-(+)-ibuprofen has anti-inflammatory and analgesic
effects, while R-(—)-ibuprofen has almost no anti-inflammatory effect but will increase the
metabolic burden. Therefore, the identification of enantiomers of chiral substances has
always been one of the main problems in life sciences and other fields.

Recently, Asgari Somayyeh'’s group [25] proposed a tunable and controllable graphene
chiral metastructure to analyze the collagen biomolecule. Their simulations showed that
a refractive index sensitivity value can be achieved as high as 0.96 THz per refractive
index unit for the CD spectra. Zhang et al. [26] proposed a THz polarization sensing
method and a chiral metasurface to improve sensing sensitivity. D- and L- enantiomers
of three kinds of chiral amino acids in aqueous solution were successfully distinguished.
Zhou et al. [27] incorporated graphene with a THz metasurface into a microfluidic cell for
sensitive biosensing, and they found that 100 nm DNA short sequences could be detected
by this method. This research has made breakthrough progress, but the structure design
and experimental method are complicated. Achieving reliable and efficient detection is
still a major challenge.

In this work, we present THz-TDS studies of a periodic crescent cylinder metasurface
for highly sensitive detection of (R)-(—)-ibuprofen and (S)-(+)-ibuprofen. By using the
traditional THz transmission experimental system, we found that when the symmetry of
the cylinder is broken, the input THz waves can excite higher-order resonance modes inside
the metasurface and provide stronger anisotropy as well as enhanced sensitivity for the
surroundings. It is worth noting that by monitoring the frequency shift and transmittance
at higher-order resonance, we were able to detect different concentrations of ibuprofen and
distinguish the slight difference between (R)-(—)-ibuprofen and (S)-(+)-ibuprofen at the
same concentration. The experimental results show that our metasurface-based sensor is
compatible with drug concentration detection and chiral biomolecule recognition.

2. Structure Design and Theoretical Analysis
2.1. Structural Layout and Device Fabrication

The asymmetric all-dielectric metasurface structure was designed as shown in Figure 1a.
Through the processes of masking, photolithography, and reactive ion beam etching on a high
resistance silicon wafer, a deep etching relief pattern with a height of H = 230 pm was obtained.
This metasurface consisted of a periodic array of crescent cylinders with the period of unit cell
P =450 um. Each crescent cylinder was produced in the following way. A cylinder with a radius of
R; =200 pm was etched away by a cylinder with a radius of R, = 100 um at a distance of 120 pm
from the center of the larger cylinder. The SEM images of the device are presented in Figure 1b,c.
The remaining substrate was silicon with a thickness of d = 270 um.
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Figure 1. Schematic diagram of device structure and experimental device. (a) A schematic representation of the THz
metasurface sensing experiment. SEM images of the structure: (b) top view and (c) side view. (d) A schematic representation
of the THz-TDS system. PCA: photoconductive antenna. (e) The molecular structure of R/S chiral ibuprofen.

2.2. Numerical Simulation for the Sensor

The optical response of the designed metasurface sensor was numerically investigated
by time-domain simulations, which were performed by commercial CST Microwave Stu-
dio(Computer Simulation Technology AG, Darmstadt, Germany); the permittivity of the
silicon was set at € = 11.8, the x and y directions were chosen to the periodic boundaries,
and the open boundaries were set at the z-axis. The linear polarized plane wave was
incident into the device. We simulated the transmission spectra of the metasurface filled
with simulative materials of different refractive indices. Assuming that the material filled in
the grooves of the metasurface, and that the height was 150 pm in addition, the simulative
materials were considered to be loss-free.

The simulated transmission spectra of the metasurface filled with materials of different
refractive indices 1 are shown in Figure 2. There are two resonance dips located at different
frequencies in the transmission spectra. When the incident wave was y-polarized, the first
resonance appeared at around 0.42 THz and the second resonance was located at 1.07 THz.
For the x-polarized wave, the resonances were located at 0.42 THz and 1.03 THz, respec-
tively. Besides this, according to the spectral shift in resonances, the sensing performance of
the higher frequency resonance was better than the resonance located at a lower frequency.
Different sensing performance originated from the diverse electromagnetic modes hidden
within the metasurface; thus, it was necessary to determine the electromagnetic properties
inside the unit cell.

2.3. Multipole Decomposition Analysis

To explore the electromagnetic properties of this crescent cylinder theoretically and
analyze the resonance model inside the unit cell, we employed multipole expansions
based on the decomposition of the fields in a single cylinder into Cartesian multipole
moments [28-30]. By this technique, the multiple contributions to the optical responses
can be identified. The detailed analysis process can be found in the Appendix A.
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Figure 2. Simulation transmission spectra of the bare device (black line) and filled with the different refractive index
materials by CST simulation. The polarization direction of the incident waves was along the y-axis (a) and x-axis (b).

The results of the multipole decomposition in the unit cell for the two incident po-
larization directions are shown in Figure 3. The surrounding medium was air and the
excitation field was propagating along the z-axis. According to the multipole decomposi-
tion results, in both directions of polarization, for the first resonance the ED and MD were
dominant inside the structure, and the higher-order modes were almost negligible. For the
second resonance in the higher frequency, besides the ED and MD modes, the EQ and MQ
were strongly induced, so much so that they could not be ignored.
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Figure 3. The scattering spectra of multipole decomposition for the unit cell of the metasurface:
y-polarized wave in (a) the lower THz frequency range and (b) the higher THz frequency range;
x-polarized wave in (c) the lower THz frequency range and (d) the higher THz frequency range.
The positions of the resonances are indicated by the dotted lines in the figures.

To further investigate the physical mechanism of the sensor, the electric field and
magnetic field at two resonances were monitored and are shown in Figures 4 and 5 for
two different polarized directions, respectively. For lower-order resonance, as shown in
Figures 4a and 5a, the direction of electric field vectors was consistent with the polarization
direction of the incident light; it flowed into the structure from one side and flowed out
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along the geometry of the structure, connected head to tail in the plane without much
deflection, which implies that an electric dipole resonant mode was generated at the first
resonance. For higher-order resonance, the flow direction of the electric field vectors was
not simply along one direction. From Figures 4f and 5f, we found that the direction of
the electric field in the middle of the structure was opposite to that around the structure,
which resulted in multiple circular electric fields inside the structure, and, thus, electric
quadrupole moments were generated. We then analyzed the magnetic field distribution. In
Figure 4g for a y-polarization incident wave, a ring-shaped magnetic field formed inside
the structure, and it flowed clockwise in the x—z plane, which induced a magnetic dipole
resonant mode. For an x-polarization incident wave, as shown in Figure 5g, two pairs of
ring-shaped magnetic fields were generated above and below the structure and flowed
in opposite directions, which also induced a magnetic dipole resonant mode. When the
frequency increased to around 1.03 THz, for higher-order resonance, the distribution of
magnetic fields became more complex; several ring-shaped magnetic fields were formed
inside the structure. They flowed in different directions and were distributed throughout
the plane. These ring-shaped magnetic fields interact with each other, and their collective
contribution results in the magnetic quadrupole moment.

From the above analysis, we found that high frequency THz waves are more likely
to induce higher-order resonance modes inside the unit cell. Moreover, at higher-order
resonance, the electric and magnetic field distributions are more sensitive to the change in
the dielectric environment surrounding the structure; thus, the sensing performance of the
resonance in a higher frequency is better than that of the lower-order resonance.

It is worth mentioning that Wang et al. presented a similar design in the optical
frequency range very recently [31], but their result is different from ours. Although the
geometry of our structure is similar to that in their work, the physical mechanism of reso-
nance excitation is quite different. Our metasurface can generate higher-order resonance
(EQ and MQ modes) and lower-order resonance (ED and MD modes), which have differ-
ent electric and magnetic field distributions from the bound states in the continuum in
Wang’s work, so the two structures show different responses to changes in the surrounding
dielectric environment, resulting in opposite directions of frequency shift. For our periodic
two-dimensional dielectric structure, the resonances are always excited at the frequencies
that satisfy the phase matching condition. The frequency shift with the refractive index of
the sensing samples depends on the change in equivalent refractive index, described by the
equivalent medium theory. A detailed theoretical analysis can be found in our previous
work [10], which showed the same frequency shift trend as this work.
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Figure 4. The monitored electric field and magnetic field inside the unit cell in the case of the y-polarization incident wave.
(a,b) ED and EQ mode plotted in the x—y plane. (c,d) MD and MQ mode plotted in the x-z plane. (e-h) The corresponding
electric (magnetic) field vectors at the resonant frequency.
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Figure 5. The monitored electric field and magnetic field inside the unit cell in the case of the x-polarization incident wave.
(a,b) ED and EQ modes plotted in the x— plane. (¢,d) MD and MQ modes plotted in the y-z plane. (e-h) The corresponding
electric (magnetic) field vectors of the resonance.

3. Experimental Results and Discussion
3.1. Ibuprofen Concentration Determination Based on THz Sensing

The real-time THz transmission amplitudes of the metasurface-based sensor with
ibuprofen solutions were measured using a self-made THz-TDS setup at room temperature.
As shown in Figure 1d, a femtosecond laser with a wavelength of 800 nm is incident on
a GaAs photoconductive antenna which emits a linearly polarized THz pulse. The pulse
is then focused on the sensor filled with ibuprofen solutions. By varying the time delay
between the THz waves and the probe beam, both amplitude and phase information can be
measured. Finally, the THz spectrum can be obtained by applying a fast Fourier transform
to the time domain spectrum and normalized to the reference. The working frequency
range of our system was 0.05-3 THz.
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THz sensing of (S)-(+)-ibuprofen (98% purity) was performed through measurements
of the transmission change as a function of ibuprofen concentrations ranging from 0.2 to
0.5 g/mL. Avoiding absorption of THz waves is a key point when measuring samples in a
liquid environment. For example, Jahn David’s group proposed a special sensor design
which overcame an issue of damped resonance caused by material losses in resonance-
based sensors [32]. Our work also takes this into account. The influence of absorption
on the experiment was greatly reduced. In our experiment, the solvent used to dissolve
ibuprofen was a self-made mixed solvent (absolute alcohol:DMSO = 4:1 in volume), to
avoid the absorption of THz waves by water. We confirmed that the absorption of THz
waves by the mixed solvent was much smaller than that of water. Before the experiment,
we prepared four different ibuprofen concentrations of 0.2, 0.3, 0.4, and 0.5 g/mL. Using
this hybrid solution allowed us to perform sensing of ibuprofen on trace amounts of
samples. However, the ibuprofen solution still absorbed THz waves, especially when the
sample volume increased; thus, there were still many difficulties in accurately measuring
the optical parameters of the sample in the THz frequency range, such as measuring the
thickness of the sample in trace amount by using a THz-TDS system, so we did not obtain
the specific optical parameters of the sample (refractive index and absorption).

We then measured the normally incident y-polarized and x-polarized THz transmission
spectra of the metasurface with solutions of different concentrations of ibuprofen. Figure 6
shows the experimental results for the two polarization directions. It can be observed that
there are some differences between the simulation curve and the experimental curve, because
the material filled into the structure was loss-free in the simulation, but the biological sample
in the experiment absorbed THz waves. Thus, the transmittance amplitude of the simulation is
inconsistent with that of the experiment. The main purpose of our simulation was to compare
the sensing performance of the two kinds of resonant modes as well as a general change trend.
It can be seen that the simulation results were consistent with the experimental results in terms
of frequency shift tendency. From Figure 6, it is evident that with the increase of ibuprofen
concentration, the resonance dips moved to a higher frequency (blue shift). In addition, one
can note that for both x-polarized and y-polarized incident waves, the frequency shift of the
higher-order resonance is greater than that of the lower-order resonance. To further investigate
the sensing performance of the device, we plotted frequency shift with change in concentration
and the best-fitting line in Figure 7.
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Figure 6. Experimental transmission spectra of the metasurface filled with ibuprofen in different
concentrations for (a) the y-polarized incidence and (b) the x-polarized incidence. The experimental
transmission of the bare metasurface is also included as a reference.
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Figure 7. Resonant frequency shift and transmittance magnitude as a function of concentration.
The frequency shifts of (a) the lower-order resonance and (b) the higher-order resonance with
increasing concentration for the x-polarized input THz wave. (c) Frequency shifts and (d) transmis-
sion changes (higher-order resonance) for different polarization directions. Dotted lines are linear
fits to the data.

According to the experimental results, when the incident wave was x-polarized, with an in-
crease in concentration, for lower-order resonance the resonance dip moved from 0.456 THz up
to 0.525 THz when the ibuprofen concentration increased to 0.5 g/mL (Figure 7a). For higher-
order resonance, the resonance dip moved from about 0.98 THz up to 1.17 THz in the same
case (Figure 7b). The sample volume of each measurement was 10 uL, measured by pipette.
Thus, the sensitivity of the different resonance can be calculated by:

Saf = Af/Am, 1)

where Am represents the mass of ibuprofen filled onto the metasurface. Am = (0.5-0.2)
g/mL x 10 uL = 3 mg. The sensitivity of the metasurface is shown in Table 1. Com-
pared with the lower-order resonance, the frequency shift Af was improved from 68.75 to
181.25 GHz by higher-order resonance, and the sensitivity of the higher-order resonance
was about 2.64 times that of the lower-order resonance.

Table 1. The sensitivity of the higher-order and lower-order resonance.

Saf
Resonance Am (mg) Af (GHz) AT (dB) (GHz/mg) Sar (dB/mg)
Higher-order 3 181.25 18.81 60.42 6.27
Lower-order 3 68.75 - 22.92 -

Figure 7c,d shows the higher-order resonance’s frequency shifts and transmission
changes compared between the two different polarization directions. It is worth noting
that the sensing performance of the x-polarization was better. The results are shown in
Table 2. The Sy for the x-polarization is close to two times that of the y-polarization.
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Table 2. The calculated sensitivity of the higher-order resonance with respect to different polarization directions.
Polarization Am (mg) Af (GHz) AT (dB) Sar (GHz/mg) Sat (dB/mg)
x-polarization 3 181.25 18.81 60.42 6.27
y-polarization 3 93.75 18.7 31.25 6.23

3.2. Chiral Recognition of R/S Chiral Ibuprofen Based on THz Sensing

Next, we performed sensing experiments on (R)-(—)-ibuprofen and (S)-(+)-ibuprofen
at the same concentration to study whether higher-order resonance could be applied in
the recognition of chiral enantiomers. Although the structure we designed was not a
chiral metasurface, from previous experiments we found that the higher-order resonance
generated inside the structure had better sensing performance than the lower-order reso-
nance. It was particularly sensitive to different refractive indices and absorption. Different
molecular structures of chiral molecules will cause slight differences in response to THz
waves, such as in refractive index and absorption. Therefore, higher-order resonance is
used to enhance the response of these slight differences. Additionally, to further test the
performance of our sensor in the trace amount of the sample, the sample volume of each
measurement was only 5 pL in this experiment.

The experimental results are shown in Figure 8, including the cases of two different
polarization directions. Figure 8b,d shows detailed information for the higher-order res-
onance. Although the amount of the sample was reduced, our device still showed good
sensing performance. The transmittance magnitude at the higher-order resonance valley
gradually decreased with increasing concentrations of both (R)-(—)-ibuprofen and (S)-(+)-
ibuprofen. In particular, when the incident THz wave was x-polarized, with the increase in
concentration, an obvious blue shift could still be observed. To measure the sensor’s ability
to recognize R/S chiral ibuprofen, it is important to calculate the degree of differentiation,
which can be expressed as Dag = Af/m, Dar = AT/m, where Af = fr 1y — fs1ou and AT =
TR-1bu— Ts.1py, With the same concentration; m is the mass of ibuprofen. For the x-polarized
wave, R/S chiral ibuprofen could be distinguished not only by frequency shift but also by
different transmittance magnitudes. The detailed results are shown in Table 3.
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Figure 8. Transmitted THz spectra of the R/S chiral ibuprofen at different concentrations. (a) Trans-
mitted spectra for y-polarized incident THz wave and (b) for the details. (c) Transmitted amplitude
for x-polarized incident THz wave and (d) for the details.
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Table 3. The calculated degree of differentiation of the R/S chiral ibuprofen by higher-order resonance for different

concentrations.
Polarization Concentrations m (mg) Af (GHz) AT (dB) Dyr (GHz/mg) Dat (dB/mg)
r-polarization 0.2 g/mL 1 18.75 111 18.75 111
P 04 g/mL 2 25 2.47 12.5 1.235
polarization 0.2 g/mL 1 - 1.55 - 1.55
yP 0.4 g/mL 2 - 3.09 - 1.545

When the incident THz wave was y-polarized, it was difficult to distinguish (R)-(—)-
ibuprofen and (S)-(+)-ibuprofen by frequency shift, as shown in Figure 8b. Fortunately,
the different transmittance magnitude between the two types of ibuprofen could still help
us to recognize them. For example, when the ibuprofen concentration was 0.4 g/mL
for (R)-(—)-ibuprofen, the transmittance magnitude reached about —27 dB; in the same
case, the transmittance magnitude for (S)-(+)-ibuprofen was around —24 dB, and the
degree of differentiation is 1.545 dB/mg in Table 3. According to our experimental results
at different concentrations, the transmittance at the higher-order resonance of (S)-(+)-
ibuprofen is always higher than that of (R)-(—)-ibuprofen. Therefore, our experiments
demonstrated that the slight differences of R/S chiral ibuprofen can be distinguished
through THz higher-order resonance in 5 pL trace amounts of samples on this crescent
cylinder metasurface sensor.

4. Conclusions

In summary, we demonstrated that the THz crescent cylinder metasurface sensor can
be used to detect different concentrations of ibuprofen and recognize R/S chiral ibuprofen.
In particular, from our experimental results and simulation analysis, we found that the
higher-order resonance (MQ and EQ model) is more sensitive to changes in the dielec-
tric environment compared with the lower-order resonance (ED and MD model). The
sensitivity of the higher-order resonance in the ibuprofen concentration experiment was
60.42 GHz/mg, about 2.64 times that of the lower-order resonance. Meanwhile, by utilizing
the higher-order resonance not only different concentrations of ibuprofen can be distin-
guished, but also the slight difference between R/S chiral ibuprofen can be recognized, even
in a trace amount of sample, and the maximum differentiation can reach 18.75 GHz/mg
when the sample volume is only 5 uL. Therefore, our results confirmed that this THz cres-
cent cylinder metasurface sensor has potential applications in drug concentration detection
and identification of enantiomers of chiral drugs with high sensitivity. We believe our
approach will contribute to the development of THz biosensors.
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Appendix A

The electric dipole moments (ED) inside the unit cell can be calculated by integrating
the induced current | over the whole volume:

= é [ s, (A1)
with
J = —iweo (n? ~1)E, (A2)

Here, w denotes the angular frequency, E is the electric field, and ¢ is the vacuum
permittivity. Then the magnetic dipolar (MD) moments of the unit cell can be expressed as:

=[x (A3

where c is the speed of light in a vacuum. The electric and magnetic quadrupole moments
(EQ and MQ) can be written as:

i = 20 ] [rap+7p)a — 30up(r - ])] dr,

m= g [{ I x Targ + [ x Tgra } dr, B

where J is the Dirac delta function and the subscripts «, = x, y, z. Then we can obtain the
scattering cross-sections associated with P, MD, EQ, and MQ, which are given by:

& = *m clnt) = Jito 2
sca 67T‘E ‘ sca 671" E | (A5)
C(‘“]) Z’ (mq) Z‘Q
sca 72071\50\2 Csca 807r|E0|2

assuming the electric field amplitude of the incident plane wave is Ey =1 V/m and the
permeability in a vacuum is yp =1
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