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Plasmonic sensing based on nanostructures is a powerful analytical tool for ultrasensitive label-free biomolecule
detection that holds great potential in the field of clinical diagnostics and biomedical research. Here, we report the
fabrication, the characterization, and the principle of operation of gold nanorod hyperbolic metamaterials
(NHMMs) along with ultrasensitive bulk refractive index and label-free biomolecular detection. By combining
electron-beam lithography and nanoscale electroplating, we demonstrate the fabrication of a highly ordered,
height-controllable, and vertical array of nanorods. By exciting the bulk plasmon—polariton mode in the
NHMM using a prism-coupling technique and integrating the sensor in microfluidics, we demonstrate that
the bulk sensitivity and figure of merit of our device could reach 41,600 nm/RIU and 416 RIU", respectively.
The physical mechanism of this high bulk sensitivity is revealed through theoretical and experimental studies.
Moreover, by bio-functionalizing the surface of the NHMM sensor, monitoring the binding of streptavidin at
dilute concentrations is performed in real time. We test different concentrations of streptavidin ranging from 200
to 5 pg/mL, and the NHMM biosensor exhibits a 1 nm wavelength shift for a 5 pg/mL streptavidin detection. By
fitting the Hill equation of the NHMM biosensor and taking into account the level of noise (0.05 nm) as the
minimum wavelength shift of the detectable limit, the limit of detection of the NHMM biosensor to streptavidin
can be estimated to be 0.14 pg/mL (2.4 nm). As a direct comparison, a 0.5 nm wavelength shift for 20 pg/mL of
streptavidin is reported when using a conventional gold film sensor under identical experimental conditions.
The developed plasmonic NHMM sensor shows tremendous potential for highly sensitive bulk solutions and
biomolecule detection and provides a promising avenue for free-label biosensing applications in the
future.  © 2021 Chinese Laser Press
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1. INTRODUCTION

Plasmonic nanostructure sensors allow fast, real-time, and free-
label detection of molecular interactions, which is particularly
valuable for disease diagnosis and biological analysis [1-6]. The
basic principle of surface plasmon generation is that when the
wavevector of the incident polarized light satisfies the phase-
matching condition, it can cause collective oscillations of free

Propagating surface plasmon resonance (PSPR) and local-
ized surface plasmon resonance (LSPR) are two classes of con-
ventional plasmonic sensors [7]. PSPR sensors based on gold
film are usually built in a Kretschmann configuration to satisfy
the condition of momentum matching, whereas LSPR sensors
have a tunable resonant wavelength that is determined by the
shape, size, and arrangement of the nanoparticles. The sensi-

electrons at the interface between the noble metal and the di-
electric. The evanescent field produced by these oscillations is
extremely sensitive to the changes in the refractive index of a
dielectric medium. When biomolecules are adsorbed on the
surface of the sensor, the refractive index of the evanescent field
region can change, causing the resonance wavelength to shift.
Therefore, by recording the position of the resonance wave-
length, the binding events of biomolecules can be monitored
in real time.
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tivity in the bulk solution is defined as “bulk sensitivity.” A sen-
sor with high bulk sensitivity could be very suitable for
detecting bacteria (0.5-5.0 pm) and even cells. The sensitivity
at the nanometric vicinity of the sensor is defined as “surface
sensitivity.” The surface sensitivity plays a major role in
detecting the binding events of biomoleculars [8,9]. Benefiting
from the long penetration depth (approximately 200 nm) of the
evanescent field in the dielectric, the bulk refractive index
sensitivity of the PSPR sensor can reach tens of thousands
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of nm/RIU in the near-infrared (NIR) region. However, PSPR
sensors still require improvement in surface sensitivity for the
detection of biomolecule binding owing to the low electric field
enhancement effect [10,11]. Moreover, new nanoscale designs
and promising manipulation at the nanoscale level are desired
to meet modern biotechnology requirements. Compared with
PSPR sensors, LSPR sensors have one to two orders of magni-
tude of a lower sensing response to a bulk refractive index
change with a probe depth of 5-15 nm, which is more suitable
for detecting surface biomolecule binding [12]. LSPR sensors
based on metallic nanoparticles, their low uniformity, and irre-
producibility limit their biosensing applications because the
particle sizes, shapes, and spatial distribution are difficult to
precisely control [13].

Recent advances in nanomanufacturing technology have
promoted the development of novel and high-quality plas-
monic nanostructures for biosensing, particularly metamateri-
als, which have the potential to overcome the limitations of
conventional plasmonic biosensors [14—-18]. Metamaterials
are a class of artificial materials that exhibit exotic electromag-
netic properties that are not available in natural materials, mak-
ing them attractive for applications in biosensing. In particular,
hyperbolic metamaterials (HMMs) with hyperbolic dispersion
have shown extreme sensitivity for refractive index sensing and
have become one of the research focuses of plasmonic biosen-
sors [19-24]. The resonance mode of HMMs generally has a
high quality factor and exhibits a localized and enhanced evan-
escent field, which can significantly improve the resolution and
sensitivity of sensors.

In chis study, we described the fabrication, the characteriza-
tion, and the principle of operation of gold nanorod hyperbolic
metamaterials (NHMMs) along with ultrasensitive bulk
refractive index and label-free biomolecular detection. By com-
bining electron-beam lithography (EBL) and electroplating, we
demonstrated the fabrication of a highly ordered, height-
controllable, and vertical array of nanorods. By exciting the bulk
plasmon—polariton mode in the NHMM using a prism-
coupling technique and integrating the sensor in microfluidics,
we demonstrated that the bulk sensitivity and figure of
merit (FOM) of our device can reach 41,600 nm/RIU and
416 RIU", respectively, which are both outstanding compared
to those of many advanced plasmonic sensors. Simulations
and experiments were performed to better understand the
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mechanism of such high bulk sensitivity. Furthermore, by bio-
functionalizing the surface of the NHMM sensor, monitoring
the binding of streptavidin at dilute concentrations was per-
formed in real time. We tested different concentrations of strep-
tavidin ranging from 200 to 5 pg/mL, and the NHMM
biosensor exhibited a 1 nm wavelength shift for a 5 pg/mL
streptavidin detection. By fitting the Hill equation of the
NHMM biosensor and taking into account the level of noise
(0.05 nm) as the minimum wavelength shift of the detectable
limit, the limit of detection (LOD) of the NHMM biosensor
to streptavidin can be estimated to be 0.14 pg/mL (2.4 nm).
Under identical experimental conditions, a 0.5 nm wavelength
shift for 20 pg/mL streptavidin was reported when using a con-
ventional gold film sensor. Finally, we demonstrated a simple
and effective way to remove the self-assembled layer on the sen-
sor surface using sodium borohydride.

2. RESULTS AND DISCUSSION

A. Fabrication and Characterization of the NHMM
Sensor

The NHMM refractometric sensor was fabricated by combin-
ing EBL and electroplating. A highly ordered periodic hole ar-
ray can be obtained by EBL, whereas the electrochemical
method can grow highly-perpendicular nanorod arrays from
bottom to top at a low cost. Figure 1(a) shows a schematic
of the microfluidic-integrated NHMM biosensor. The
NHMM sensor was built using the Kretschmann configura-
tion. Figure 1(b) shows a photograph of the NHMM sensor
fully integrated with a microfluidic channel and sample tubing.
The fabrication process is shown in Fig. 2. First, a Cr (5 nm)/
Au (22 nm) seed layer was deposited on a glass substrate by
using electron-beam evaporation (EBE). Then, the EBL pro-
cess was implemented to transfer the pattern of highly ordered
holes to the polymethylmethacrylate (PMMA) coated on the
metal layer. Subsequently, the electroplating of Au was carried
out with the nano-patterned PMMA as a template, followed by
the removal of PMMA using acetone. Scanning electron
microscopy (SEM) images of the fabricated devices are shown
in Fig. 3. In the electrochemical process, an electric quantity
control method is used for electroplating. Under the appropri-
ate temperature and current, the height of the nanorods can be
adjusted by varying the amount of electricity. It is worth
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Fig. 1. NHMM sensor integrated with microfluidics. (a) Schematic diagram of the NHMM sensor with a liquid flow channel and an SEM image
of the fabricated nanorod array with a consistent period of 210 nm, diameter of 150 nm, and average height of 350 nm (scale bar, 1 pm). (b) Photo of

the NHMM sensor and a prism integrated with a microfluidics system.
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Fig. 2. Schematic diagram of the process of fabricating the NHMM.
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Fig. 3. SEM images of the fabricated gold nanorod array by com-
bining EBL and electroplating. (a) The electric quantity is appropriate,
and the nanorods reach the expected height. (b) Over electroplating:
the electric quantity is too large and the nanorods overflow. (c) Large-
area sample grown under a suitable electric quantity. All pictures were
taken at a depression angle of 45°.

mentioning that although the height of the array can be well
controlled by using EBE deposition, owing to the closure effect,
the frustum of a cone rather than cylinders is actually grown
[25]. In addition, owing to the difficulty of metal lift-off
and the high cost of the EBE method when depositing gold
nanorods hundreds of nanometers high, the electrochemical
method is a more ideal choice. Figures 3(a) and 3(b) show
the samples with suitable electroplating and over-electroplating,
respectively. When the electric quantity is appropriate, the
nanorods grow to the expected height, which is in a suitable
electroplating state. When the electric quantity is set too high,
the nanorods overflow from the hole of the PMMA, which is in
a over-plating state. Figure 3(c) shows a large-area sample made
at suitable electroplating that can be applied to sensing. The
measured period and diameter of the nanorods were 210
and 150 nm, respectively. An average height of 350 nm was
obtained. Compared with the nanorod array fabricated by com-
bining the anodized aluminum oxide (AAO) template and the
electrochemical method mentioned in the previous study [19],
the nanorod array fabricated by combining EBL and the
electrochemical method is more regular and orderly, which aids

in the release of the sensing performance of the NHMM sensor.
Once the feasibility of the device is verified, the EBL can be
replaced by a nanoimprint template, allowing the possibility
for large-scale and low-cost production [26].

B. Bulk Plasmon-Polaritons (BPPs) in NHMM
The manufactured NHMM exhibits anisotropic optical prop-
erties, which can be described using the effective medium
theory (EMT). The permittivity perpendicular to the nanorods
(G ) and parallel to the nanorods (£57) can be calculated using
the Maxwell-Garnet approximation as follows [27]:
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where f = n(r/P)? represents the filling ratio of Au. » and P
represent the radius and period of the nanorods, respectively,
and ¢, and ¢, represent the permittivities of the gold nanorods
and their surrounding environment, respectively. When using
the EMT approximation, we can consider the NHMM as a
metamaterial slab. It should be noted that the EMT approxi-
mation is more accurate when the nanorods have a high aspect
ratio. The use of this approximation in our structure is not to
accurately calculate & and 8§f§ but to provide a means to de-
rive the phase-matching condition of the BPP mode. The meta-
material slab was placed on a prism substrate (7, = 1.5163)
with a liquid environment (7, = 1.3323) as a superstrate.
There was a certain thickness of the gold film between the
substrate and the metamaterial slab. When excited by prism
coupling with a transverse magnetic (TM) polarized light in-
cident, a standing wave similar to the Fabry—Perot (F-P) cavity
resonance was formed in the metamaterial slab, which is the
BPP mode in the NHMM slab. The electric field of this
mode is not only confined to the metamaterial slab, but it is
also evanescent in the superstrate environment. Under the
attenuated total reflection condition, the phase-matching
condition to excite the BPP mode in the NHMM satisfies
the following [28]:

kon sin 0 = /eo\/w — k neﬂ:TM (3)

where @ represents the angle of incidence, A = gcn/(wh),
and kg = w/c. b represents the height of the nanorod,
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similar to the length of F-P cavity. gz/h is the transverse
confinement of the wavevector component perpendicular to
the metamaterial interface, where the integer g > 0 refers to the
mode number [See Appendix A for the derivation of Eq. (3)].
The evanescent field of the BPP mode has a penetration depth
in the superstrate, which can be expressed as [29]

5, = (koI - (Re(EFT™M)2)) @

The penetration depth, &,, directly affects the bulk sensitiv-
ity of the NHMM sensor. At the critical angle of the attenuated
total reflection, Re(#¢f"™) = n, sin 0 = ng,, 6, is theoreti-
cally infinite, the electric field can penetrate deeply into the
environment, and an extremely high bulk sensitivity can be ob-
tained. The bulk sensitivity of the plasmonic sensor is propor-
tional to the integral of the electric field in the analyte region
[10,30]. Therefore, a sensor with a strong electric field and a
large penetration depth has a high bulk sensitivity. This ana-
lytical model shows the effect of the incident angle on bulk
sensitivity, and numerical simulations and experiments were
also performed to prove this in the following section.

C. Bulk Sensitivity and Optical Properties

Next, we revealed the optical properties and ultrahigh bulk
sensitivity of the sensor through simulations and experiments.
The finite element method (FEM), implemented through 3D
simulations using COMSOL 5.5, was adopted to simulate the
reflection spectrum and the electric field distribution at the res-
onance wavelength. In our simulations, a free tetrahedral mesh
was used for the entire region. A moderate mesh grid was
adopted for an effective tradeoff among accuracy, memory re-
quirements, and simulation time. The horizontal and vertical
directions were adopted for the Floquet periodic boundary
condition and perfect matching layer condition, respectively.
The permittivity of gold was taken from Palik [31], and the
refractive index of the prism was set to 1.5163.

The resonance responses of the NHMM structure with dif-
ferent height and filling factor were investigated. As shown in
Fig. 4(a), an approximately equal interval increase in the res-
onance wavelength from 1109 nm to 1386 nm as the height
increases from 300 nm to 390 nm can be observed. In addition,
there is a slight increase in the wavelength shift (A1) from
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24 nm to 28 nm as the height increases, a trend consistent with
that observed with conventional PSPR or LSPR sensors. The
influence of the radius and period on the resonance responses is
reflected in the filling factor. As shown in Fig. 4(b),
with the increase of the filling factor from f = 0.24 to
0.54, the resonance wavelength shows a red shift from
1117 nm to 1367 nm, and the wavelength shift shows an
extremely large increase from 16 nm to 33 nm, respectively.
Through the above analysis, we can know that both the reso-
nance wavelength and A show a rising tendency as the height
and filling factor increase. In other words, making a high nano-
rod array with a large filling factor can achieve high sensitivity.
In our design, considering that the manufacturing process is
relatively difficult when the filling factor of the nanorod is
overly large, we have chosen the period of 210 nm and a radius
of 75 nm, i.e, f = 0.4. In addition, the resonance wavelength
of the previous two studies on HMM biosensing did not exceed
1300 nm [19,22]. For a comparison, we have chosen an appro-
priate height range, 330 nm to 360 nm, to make the resonance
wavelength at 1200-1300 nm, which was electroplating
controllable.

The simulated reflection spectra for environmental refrac-
tive indices () of 1.3323 and 1.3329 are shown in Fig. 5(a).
A distinct dip in the NIR range was observed because the BPP
mode was excited in the NHMM. When the refractive index of
the solution increased by 6 x 1074, the resonant dip had a large
red shift of 26 nm. The full-width at half-maximum (FWHM)
of the resonance dip was 53 nm. The experimental results
confirmed the existence of the BPP mode. The reflectance spec-
trum measurement system is provided in Appendix A. The
background spectrum was obtained by the total reflection of
the incident light through the prism in air without the
NHMM sensor. In the sensing test, the collected reflection
spectrum was divided by the background spectrum to obtain
the normalized reflection spectrum. The normalized reflectance
spectra of deionized (DI) water and 0.5% glycerol in DI water
are shown in Fig. 5(b). When the total reflection angle corre-
sponding to the environmental refractive index is less than the
incident angle, the total reflection condition can be maintained,
and the condition for exciting the BPP in the NHMM sensor
can be satisfied. The difference in the refractive index between
the DI water (1.3323) and the 0.5% glycerol in DI water
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(a) Resonance wavelength and wavelength shift (A1) with various heights of the nanorod. The period and radius of the nanorods are

210 nm and 75 nm, respectively. (b) Resonance wavelength and A with various filling factors of the nanorod. The height of the nanorod is 350 nm.
The wavelength shift is the difference between the resonance wavelengths when the refractive index of the analyte is 1.3329 and 1.3323.
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(a) Simulated and (b) experimental reflectance of the plasmonic NHMM sensor in deionized (DI) water and 0.5% glycerin in DI water.

The simulation parameters are as follows: the period, height, and radius of the nanorods are 210 nm, 350 nm, and 75 nm, respectively. (c) The curve
of the simulated electric field intensity with z at different incident angles. z represents the distance from the top of the nanorod. (d) The wavelength
shift measured with DI water and 0.5% glycerin solution at different incident angles.

(1.3329) was 0.0006 at 26.4°C, which was repeatedly
measured three times using a refractometer after scanning
the reflectance spectrum. The wavelength shift and calculated
refractive index sensitivity were 25 nm and 41,600 nm/RIU,
respectively, which are exceptionally high values when com-
pared with those of many other advanced plasmonic sensors
(see Appendix A, Table 1). Another important parameter
of a sensor is the FOM, which is defined as
(AX/An)/FWHM, and determines the sensitivity with which
extremely small wavelength changes can be probed by consid-
ering the sharpness of the resonance. The bandwidth of the
reflection dip obtained in the experiment was 100 nm, and
the calculated FOM was 416 RIU". For conventional LSPR
and PSPR sensors, under optimized nanostructures and exper-
imental conditions, the FOM can reach 23 and 121.31 RIU",
respectively [2,32]. The bulk sensitivity and FOM reported
previously using nanorod arrays fabricated by AAO templates
were 30,000 nm/RIU and 330 RIU", respectively [19].
Therefore, a recorded sensitivity of 41,600 nm/RIU and a high
FOM of 416 RIU" at NIR frequencies were achieved, indicat-
ing that the device can detect ultralow concentrations of ana-
lytes by measuring small refractive index changes.

The extremely high bulk sensitivity can be attributed to the
ultra-long penetration depth of the BPP mode in the NHMM
sensor. To further clarify the physical mechanism of the high-
sensitivity behaviors in the NHMM sensor, we simulated the
electric field distributions at the resonance wavelength corre-
sponding to various incident angles. Figure 5(c) shows the

attenuation of the electric field along the surface of the nanorod
in the environment. Overall, when the incident angle was close
to the critical angle of the total reflection, the penetration depth
of the electric field was the longest. The penetration depth of
the electric field decreased as the incident angle increased. In
addition, the increase in the incident angle did not significantly
weaken the electric field within 100 nm of the nanorod surface.
We also experimentally revealed the dependence of the bulk
sensitivity of the NHMM sensor on the incident angle. We
measured the resonant dip position of the reflection spectrum
when the DI water and the 0.5% glycerol were injected into the
microfluidics at different incident angles and calculated the
wavelength shift. As shown in Fig. 5(d), when the incident an-
gle is adjusted close to the critical angle of the total reflection,
we obtain the maximum wavelength shift. As the incident angle
increases, the wavelength shift exhibits an exponential decay
trend, which is consistent with our analysis of the evanescent
field. We demonstrated the dependence of the bulk sensitivity
on the incident angle using the analysis model, simulation, and
experimental results.

The manufacturing error of the NHMM sensor is the main
cause of the difference in the resonance wavelength of the sim-
ulation and experiment results. In the parameter sweeping we
performed, the resonance wavelength of the NHMM sensor
was closely related to the height and filling factor of the nano-
rod. Slight deviations of these parameters can lead to a differ-
ence in the resonance wavelength. In addition, there is a slight
difference between the permittivity of gold in the experiment
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and simulation. All these factors together have caused the
difference of the resonance wavelength obtained by experiment
and simulation.

It should be noted that the FWHM of the resonance dip
measured experimentally was much larger than the simulated
result. The height of the nanorod significantly affects the posi-
tion of the resonance wavelength. When the top of the nano-
rods was rough and uneven, there was an inconsistency in the
height of the nanorods, which could cause the resonance dip to
broaden. We believe this difference cannot be attributed solely
to the manufacturing error of the device but also partly because
the incident light in the experiment was not purely parallel
light. The resonant wavelength of the BPP mode is angle de-
pendent. Owing to the non-negligible divergence angle of the
incident light, the bandwidth of the resonance dip is broad-
ened. Therefore, decreasing the divergence angle of the incident
light aids in further improving the FOM of the NHMM sensor.

Moreover, as shown in Fig. 6, there is a clear bulk resonance
mode with a significantly enhanced electric field in the
NHMM slab that penetrates into the environment, as well
as a localized electric field surrounding the top of the nanorod.
It is necessary to distinguish the electric field enhancement of
the BPP in the NHMM from the electric field enhancement of
the LSPR based on nanoparticles. BPP is formed in the
NHMM slab, and the electric field decays in the environment,
whereas the electric field of the LSPR is generally limited to the
top of the nanoparticles without the bulk mode. In the
NHMM, the nanorods are wrapped by the sensing substance.
Thus, the BPP mode provides a better overlap between the
sensed substance and the sensing field than the conventional
surface plasmonic sensors. In addition, owing to the modifica-
tion of the plasmon—plasmon interaction in the nanorod array,
the effective permittivity e of the NHMM strongly depends
on the permittivity of the tested substance ¢,. Hence, the ex-
citation conditions of the BPP mode caused by the sensed sub-
stance were modified. Therefore, such near-field enhancement,
in combination with the highly uniform nanoarray, can signifi-
cantly enhance the surface sensitivity, which statistically reflects
the change in the local environmental refractive index owing to
the biomolecular binding on the surface of the nanorods.

In addition, as shown in Fig. 3(a), the top of the fabricated
nanorods was not smooth but presented a kind of tip. To study
the influence of the tip on the top of the nanorod, we did a
simulation analysis, adding five gold nanocones on the top

ewfd.normE

Fig. 6. Simulation diagram of the electric field at the resonance
wavelength.
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of the nanorod. The reflection spectrum of the structure with
the nanocones is shown in Fig. 7(a). When compared to the
case without the gold cone, the resonance wavelength was
slightly red shifted, which was related to the increase in the
overall height of the nanorods due to the existence of the gold
cones. The cross-sectional electric field diagram at the top of
the nanocone is shown in Fig. 7(b), and a local electric field
existed at the top of the nanocone, which could play a positive
role in biosensing.

D. Biotin-streptavidin Biosensing

To demonstrate the label-free detection of the interaction of the
biomolecules on the surface of the NHMM biosensor, we
implemented tests using the biotin—streptavidin affinity model.
The interaction of streptavidin and biotin has been developed
for application in numerous biomedical and proteomics re-
search. Streptavidin is one of the most commonly used model
proteins in biosensing research, and its detection is usually used
as the initial proof-of-concept for new biosensor designs.

In the biosensing experiment, the plasmonic NHMM bio-
sensor was bio-functionalized with thiolated biotin and specific
immobilization of streptavidin, as shown in Fig. 8(a). Initially,
the sensor was functionalized with a 10 mm Biotin-PEG2000-
SH solution (in DI water) for over 24 h at 37°C, in which a self-
assembled biotin monolayer was formed on the sensor surface.
Then, the bio-functionalized NHMM was washed with DI
water and integrated into the microfluid after drying.
Streptavidin solutions were prepared by diluting them in
10 mm phosphate-buffered saline (PBS).

In the test, we first injected the PBS and recorded the posi-
tion of the resonance dip. Streptavidin was injected under the
assumption that the measurement system was stable, i.e., there
was no wavelength shift. During the scan, the flow rate of the
microfluidic pump was set to 10 pL/min and the wavelength
resolution of the spectrometer to 0.5 nm. Although the mini-
mum resolution of our spectrometer can be as low as 0.2 nm,
we found, at experiment, when a high resolution was used, the
signal became unstable. There are two reasons for this phe-
nomenon. On the one hand, the performance of the spectrom-
eter will deteriorate at a high resolution. On the other hand,
the noise of the measurement system cannot be ignored. At
a high resolution, the resonance wavelength jitter caused by
the noise is more prominent. Therefore, a 0.5 nm scanning
interval was chosen in our biosensing experiment. After the
spectrometer continuously scanned all the spectra, the reso-
nance wavelength of each reflection spectrum, i.c., the wave-
length corresponding to the lowest reflectance, was extracted
by a python program.

The response of the biosensor during the detection of the
different concentrations of streptavidin ranging from 200 to
5 pg/mL is shown in Figs. 8(b) and 8(c). First, the PBS was
injected into the microchannel to determine the spectral base-
line. Because no molecular binding event occurred during this
process, the position of the resonance dip remained unchanged.
The streptavidin was then injected, and the resonance wave-
length was recorded over a reaction time of 50 min. The
interaction process was related to the concentration of
the streptavidin, the number of biotin sites, the flow rate, the
size of the microfluidic, and even the nanostructure of the
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Fig. 7. (a) Simulated reflectance of the plasmonic NHMM sensor in DI water and 0.5% glycerin in DI water. The model with the addition of the

five gold nanocones to the top of the nanorod to simulate the tips produced in the manufacturing process is shown in the inset. The base and top
radii of the nanocones are 15 nm and 1 nm, respectively, and the height of the nanocones is 20 nm. (b) A cross-sectional electric field diagram at the

top of the nanocones.

sensor. The biotin sites on the NHMM biosensor surface were
excessive, and the streptavidin in the solution was a small
amount. The more streptavidin was bound, the greater the
steric hindrance, and the subsequent binding could be more
difficult. Increasing the flow rate may shorten the time to
saturation.

In the research [22], the combination of biotin and strep-
tavidin takes about 40 min. In other research [33], the combi-
nation of streptavidin and biotin takes about 2 h. Therefore, it
was normal to take nearly 50 min to reach saturation in our
experiment. In the initial region, the binding of streptavidin
and biotin caused a significant red shift in the resonance
dip, which was proportional to the concentration of streptavi-
din. Over time, the biotin sites were gradually occupied by the
streptavidin, leading to the saturation of the wavelength shift.

Finally, the PBS was again injected into the microchannel, and
no blue shift of the resonance dip was observed. This is because
the combination of biotin and streptavidin is forceful, and the
red shift is caused by the combination of biotin and streptavidin
rather than the difference in the refractive index of the bulk
solutions. The results of the refractometer also showed that
the differences in the refractive index between these streptavi-
din solutions and the PBS were less than 1 x 1074

To verify the reliability and repeatability of the sensing sub-
strate, each concentration of the streptavidin solution was mea-
sured three times. Figure 8(d) shows that the standard variance
of the repeated results is small, indicating that our NHMM
biosensor had good repeatability for the detection of streptavi-
din. The NHMM biosensor exhibited a 1 nm wavelength shift
for a 5 pg/mL streptavidin detection. As a direct comparison, as

(b) 25
E 20
£
=
£15
&
£
FRU
o)
]
Z s g ——200 pg/mL
4 ——100 pg/mL
04 4 ~—50 pug/mL

0 10 20 30 40 50 60

Time (min)

(a)
b o o
C ( (
2 >
BN Blop) o
[ (
RN d SELR
(0 7 (°
HS-PEG-Biotin ? 2 Streptavidin
« (
) =
( ! ! \n}
B ool A
c (d) 30
© sof —auwni e
= Hgm 25,
E 251 ——SsugmlL g k=100.44 pg/ml,
£ 20{ —7PBS L
- E
< 1.5 = 15
E o0
2 107 2 10
2 S
s <
fol e P
L]
0.0 ol

;) 1’0 2‘0 3’0 4’0 5’0 60 0 5I0
Time (min)

Fig. 8.

160

Concentration of streptavidin (ug/mL)

© 3
3
/ ERS) 50 nm Au film
E 20 PN biosensor
G i
£ 15
g
o Experiment 210 ——20 pg/mL
~——Fitting 2 ——PBS
Z 05 /
0.0
15'0 260 (’] l'l] 2’0 3’0 4’0 5‘0 6’0
Time (min)

(a) Schematic diagram of bio-functionalization on the NHMM biosensor. (b) and (c) Sensorgrams for real-time detection of different

concentrations of streptavidin. (d) Wavelength shift as a function of streptavidin concentration, and the error bars represent the standard deviation.
The red curve was fitted by the Hill equation. (¢) Sensorgrams for detecting 20 pg/mL streptavidin by 50 nm gold film PSPR biosensor.
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shown in Fig. 8(e), we prepared a 50 nm gold film PSPR bio-
sensor that exhibited a 0.5 nm wavelength shift for a 20 pg/mL
streptavidin detection under identical experimental condi-
tions and for the same resonance wavelength. These results
demonstrate that free-label biosensing based on the NHMM
biosensor is a highly competitive technique when compared to
the conventional gold film PSPR sensor. This indicates that the
NHMM biosensor has a high surface sensitivity. Furthermore,
Svedendahl ez 2/ demonstrated that LSPR and PSPR biosensors
exhibited very similar sensing performance in terms of the
signal-to-noise ratio and the wavelength shifts for the biotin-
avidin coupling experiments [34]. Therefore, the NHMM
biosensor has a high performance for biomolecular detection
based on specific binding, which is promising for biomedical
applications. In addition, we tested 20 pg/mL of streptavidin
by increasing the incident angle from the critical angle, and we
observed that there was no significant difference in the wave-
length red shift. This can be explained as follows: unlike the
case increasing the incident angle where the electric field pen-
etration depth is significantly reduced, increasing the incident
angle causes the surface electric field to change less drastically.
Thus, there is no clear difference in the performance of the free-
label detection under different incident angles.

We have conducted an experiment to prove that the wave-
length shift came from the specific binding of streptavidin and
biotin. The experimental results are shown in Fig. 9. First, the
PBS was injected into the microchannel to obtain a stable base-
line, and then 50 pg/mL of bovine serum albumin (BSA) was
injected. Within the scanning time of approximately 20 min,
no wavelength shift was observed, i.e., no molecular binding
events occurred. Then, 50 pg/mL of streptavidin was injected,
and the resonance wavelength shifted rapidly, reaching satura-
tion after 50 min. The molecular weight of the BSA is 66 kDa,
and detecting the BSA could not be more difficult than
detecting the streptavidin (58 kDa). No wavelength shift ob-
served at such a concentration indicated that the BSA did not
bind on the sensor surface. The results of the refractometer
showed that the refractive indices of the PBS, the 50 pg/mL
BSA, and the streptavidin were the same. Thus, the change of
the solution did not cause the wavelength shift. Therefore, we
can conclude that the wavelength shift was due to the specific
binding of the streptavidin and the biotin.

14

121
10 1

61 : Bsa

Streptavidin
PBS

50 pg/mL

Wavelength shift (nm)

6 1'0 2|0 3'0 4I0 5'0 6I0 7|0 8'0
Time (min)
Fig. 9. Variation of the wavelength shift in the presence of the PBS,
the 50 pg/mL BSA, and the streptavidin over time.
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An essential merit of the NHMM biosensor is its discon-
tinuous nanotexture, which makes it possible to implement
new sensing geometries and strategies, whereas conventional
gold film PSPR sensors are not feasible. The significantly
enlarged adsorption surface provided by the NHMM consid-
erably increased the amount of biomolecules incorporated into
the nanoarray within the accessible detection region, maximiz-
ing the surface sensitivity of the NHMM biosensor. Moreover,
the spacing between the nanorods can be user-defined to match
the size of the biological analytes of interest, thereby further
obtaining size-selective options that are significant for numer-
ous tasks in immunoassays and protein and virus detec-
tion [35].

Moreover, the adsorption process of streptavidin on the sur-
face of the plasmonic NHMM biosensor can be modeled using
the Hill equation. That is, the wavelength shift A4 is propor-
tional to the concentration of streptavidin, which can be quan-
titatively described as follows [36]:

c

A= Mg, (5)
where ¢ and AA represent the concentration of streptavidin and
the wavelength shift of the resonance dip, respectively. # and
Al represent the HS-PEG2000-biotin/streptavidin  Hill
constant and the wavelength shift at the saturating sensor re-
sponse, respectively. The constant 4 is mainly determined by
the binding molecule pair of biotin and streptavidin. In fitting,
the parameters A, and k are optimized by the gradient
descent method to minimize the mean square error based
on the recorded data of different streptavidin concentrations.
Based on the best fitting, we obtain Al,,,, = 36.91 nm and
k =100.44 pg/mL, as shown in Fig. 8(d). According to
the two fitting parameters and taking into account the level of
noise (0.05 nm) as the minimum wavelength shift of the de-
tectable limit [19], the LOD of the NHMM biosensor to
streptavidin can be estimated to be 0.14 pg/mL (2.4 nm).
Using a uniform standard to evaluate the LOD can reduce the
influence of the experimental conditions, including the equip-
ments, modification methods, materials, etc., and can get a
fair conclusion.

A key step in ensuring the reproducibility of the biosening
experiments is the effective removal of the biological layer after
the test so that it can be re-modified for the new concentration
test. In our experiment, we referred to the method of removing
self-assembled monolayers (SAMs) on gold proposed by Yuan
et al. [37]. We verified that the SAM of the thiolates on the
NHMM biosensor can be removed (the bond cleavage of
S-Au) efficiently by immersing 1 mol/L NaBH; in 1:1
H,O/EtOH for 30 min. In our experiment, after the surface
of the sensor was bound with streptavidin, owing to the existence
of a large number of hydrophilic groups, clear hydrophilicity was
observed when the sensor was cleaned with DI water. After treat-
ment with sodium borohydride, the hydrophilicity disappeared.
An energy dispersive spectrometer (EDS) was used to analyze the
element content on the chip surface before and after the sodium
borohydride treatment. The results of the EDS (shown in
Appendix A, Table 2) show that the sulfur content was signifi-
cantly reduced after treatment with sodium borohydride. In ad-
dition, the reduction in the content of the elements C and N also
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indicated that the bio-organic layer was removed. Good repeat-
ability of our experimental results also verifies the effectiveness of
this method.

3. CONCLUSION

In conclusion, we described the fabrication, the characteriza-
tion, and the principle of operation of nanorod hyperbolic
metamaterials (NHMMs) along with ultrasensitive bulk
refractive index and label-free biomolecular detection. A high-
uniformity NHMM sensor was fabricated by combining elec-
tron-beam exposure and electroplating for high-performance
plasmonic sensing, demonstrating an extremely high bulk re-
fractive index sensitivity of 41,600 nm/RIU and a figure of
merit of 416 RIU'. We have revealed the bulk sensitivity
dependence of the incident angle through simulations and
experiments. Furthermore, the NHMM biosensor was bio-
functionalized to further demonstrate its potential as a universal
biosensor by real-time monitoring of the resonance dip shifts
upon the biotin/streptavidin interaction. We tested different
concentrations of streptavidin ranging from 200 to 5 pg/mlL,
and the NHMM biosensor exhibited a 1 nm wavelength shift
for a 5 pg/mL streptavidin detection. By fitting the Hill equa-
tion of the NHMM biosensor and taking into account the level
of noise (0.05 nm) as the minimum wavelength shift of
the detectable limit, the limit of detection of the NHMM bio-
sensor to streptavidin can be estimated to be 0.14 pg/mL
(2.4 nm). As a direct comparison, a 0.5 nm wavelength shift
for 20 pg/mL streptavidin was reported when using a conven-
tional gold film sensor under identical experimental conditions.
Our study indicates that the plasmonic NHMM biosensor has
widespread applications in label-free biomedical and chemical
studies.

APPENDIX A

Device fabrication: The K9 glass substrates (20 mm x
10 mm x 1 mm) were cleaned ultrasonically in acetone and
isopropyl alcohol (IPA) for 20 min, rinsed with deionized
water, and dried in N,. EBE was then carried out to deposit

Lock-in
amplifier

Diaphragm 1

Tungsten

5 nm Cr and 22 nm Au at a rate of 0.8 A/s (1 A =
0.1 nm). An electrochemical template was produced using
PMMA coating. Initially, a layer of tackifier (HMDS) was
spin-coated on the substrate at a speed of 3000 r/min to en-
hance the adhesion between the PMMA and the substrate, then
spin-coated on the PMMA (model 679.04) at a speed of
1000 r/min, and baked at 170°C for 5 min. The prepared sam-
ple was patterned by EBL at a dosage of 700 pC - cm™ and a
beam intensity of 2 nA. The exposed samples were developed
using methyl isobutyl ketone (MIBK) for 35 s and IPA for
70 s. Next, inductive coupled plasma (ICP) etching was
implemented to remove residual PMMA in the nanohole
array, which was carried out for 7 s at an RF/ICP power of
20 W/500 W, oxygen flow rate of 50 sccm (standard cubic
centimeters per minute), and 20°C. Au electroplating was then
carried out in a conventional electrolyte tank with a cyanide-
free solution (ECF-78N, Metalor). The electrochemical work-
station operates in constant current polarization mode, and the
current density is set to 1 mA/cm?. The nanofabrication pro-
cess was terminated by lift-off to remove the PMMA template
in the acetone.
Phase-matching condition: Dispersion equation reads

2R
t = (A1)

z

giff

where £, and k, represent the wavevector components along
the x- and z-directions, respectively, and k#y = w/c. Similar to
a Fabry—Perot cavity, the slab geometry determines the z
component of the wavevector of the infinite metamaterial as
the value of the mode order and slab thickness, such as
k, = q(z/h). Putting 4, into Eq. (Al), we can obtain the
following:

et (gme\?
ko= koy e - (Zg—h) . (A2)

When using the prism-coupling approach, the transverse
wavevector of the incident TM light after passing through the
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Fig. 10. Schematic diagram showing the setup used for reflectivity measurements.
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system.

prism is k, = kon, sin 0. Therefore, we obtain the following
phase-matching conditions for exciting the BPP mode in the

NHMM:

eff 2
kon, sin 0 = koy e -2 (ﬂ> . (A3)

gfff wh

Chemicals: Sodium borohydride, BSA, and PBS were
purchased from Sigma-Aldrich. Biotin-PEG2000-SH was
purchased from Ponsure Biotechnology (Shanghai, China).
Streptavidin (molecular weight: 58 kDa) was purchased from
Solarbio (Beijing, China).

Optical measurements: Figure 10 is a schematic diagram of
the nanostructure reflection spectrum detection system that we
built for sensing measurements. The system mainly consists
of a wide-spectrum tungsten light source, a collimated incident
light, an imaging module of the reflected light, a phase lock-in
amplifier, and a spectrometer. The light source used in the ex-
periment was Thorlabs” small stable broadband light source
SLS201L, with a spectral range of 500-2600 nm, and the op-
tical output power was 10 mW, coupled with fiber jumpers. In
the collimation part, the output light first passed through the
small aperture diaphragm 1 to reduce the light spot and elimi-
nate stray light. The incident light then passed through a polar-
izer to obtain the TM-polarized light. Finally, it was collimated
by a collimating lens, which reduced the divergence angle of the
incident light to a certain extent. The incident angle can be

Table 1.
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precisely controlled at 0.05° by rotating the sample stage.
The prepared nanorod hyperbolic metamaterial sample was
adhered to a K9 glass prism with a refractive index matching
liquid (MYCRO Cargille BK7) and encapsulated by microflui-
dics. In the imaging part, the incident light was irradiated on
the surface of the metamaterial and then magnified by the im-
aging lens. A clear and 4x image can be observed on the aper-
ture diaphragm 2. Only the light reflected by the metamaterial
was allowed to pass through diaphragm 2 and enter the fiber
receiver. The model of the spectrometer was HORIBA iHR320
(minimum resolution 0.2 nm), equipped with an InGaAs
detector (detection spectrum range 900-2100 nm). Because
the intensity of the incident light was weak after collimation,
to obtain a reliable measurement result, a lock-in amplifier was
used to improve the signal-to-noise ratio.

In our experiment, the noise mainly came from the follow-
ing aspects, including the stability of the light source, the
alignment of the optical path system, the microfluidics, the
environmental temperature, and so on. All these aspects can
cause spectral jitter, which in turn affects the position of the
resonance wavelength. We assessed the effect of the noise on
the resonance wavelength by the following method. When
the scanning interval was set to 0.5 nm, in the PBS, the res-
onance wavelength was stable within 60 min, indicating that
the wavelength shift caused by the noise was less than
0.5 nm. Therefore, it can be considered that the experimental
overall noise was less than 0.5 nm. Before starting a biosensing
experiment, an indispensable task is to control the noise level
below 0.5 nm.

Microfluidic system: The schematic diagram of the micro-
fluidic system is shown in Fig. 11. The microfluidics in our
experiment mainly comprised a glass chip, a poly(dimethylsi-
loxane) (PDMS) chip, and a stainless steel base. The liquid
channels were made on a glass with a width of 200 pm,
and the diameter of the outlet and inlet was 1 mm. The micro-
fluidic chamber was made on the back of the PDMS with an
area of 4 mm x 3.46 mm and a height of 200 pm. The glass
and front of the PDMS were bonded together by plasma treat-
ment. The PEEK base was glued to the entrance and exit of the
glass. A polytetrafluoroethylene (PTFE) tube with an inner
diameter of 1 mm and outer diameter of 1.6 mm was used.

Comparison between the NHMM Sensor and the Advanced Plasmonic Sensors

Structure Type Fabrication Methods

Wavelengths Sensitivity (nm/RIU) FOM (RIU") References

Nanobump metasurface Nanoimprint and plasma etching Visible 454 ~30 (38]
Tungsten disulfide nanosheets overlayer EBE and spin coating NIR 2459 13 (39]
Nanorod HMM AAO and electroplating NIR 30,000 330 [19]
Multilayer HMM EBL NIR 30,000 590 [22]
Nanorod HMM EBL and electroplating NIR 41,600 416 Our work
Table 2. Results of the Energy Dispersive Spectrometer (EDS)

Element C N Na Si S K Au Total
After bio-test Weight percentage (%) 8.54 2.46 25.87 4.43 31.63 0.53 9.09 17.44 100
After removal Weight percentage (%) 4.62 0.98 27.57 5.07 35.08 0 10.36 16.33 100
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In this microfluidic system, the liquid can fill the microfluidic
and flow smoothly, which is important for obtaining reliable
experiment results.
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