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Abstract

Surface plasmon resonance (SPR) sensors operate mainly on prism and grating coupling
techniques, with spectral and angular scans being the two major interrogation schemes. Among
them, the angular scan technique has several advantages including higher measurement precision
owing to its higher signal-to-noise ratio. The currently available SPR sensor arrangements provide
a maximum angular sensitivity of 500°-600° per RIU. Here, we report the study of grating
coupled-hyperbolic metamaterial (GC-HMM) sensors with high angular sensitivity. The
experimental studies show extraordinary angular sensitivities from visible to near infrared (NIR)
wavelengths by exciting bulk plasmon polaritons associated with hyperbolic metamaterials, with a
maximum of 7000° per RIU. This angular-scan plasmonic biosensor has been used for the
detection of low molecular weight biomolecules such as biotin (244 Da) and high molecular
weight macromolecules such as Cowpea mosaic virus (CPMV, 5.6 x 108 Da) at ultralow
concentrations. The miniaturized sensing device can be integrated with microfluidic systems for
the development of next-generation biosensors for lab-on-a-chip and point-of-care applications.

1. Introduction

Surface plasmon polariton (SPP) based sensors have emerged as a promising technology for
the development of next-generation biological and chemical sensors for high-throughput,
label-free, and multianalyte sensing applications.[2~5] SPPs are collective charge density
oscillations occurring at the interface between a metal and a dielectric that have been widely
used for the investigation of change in refractive index near the metal—-dielectric interface.
This is because the electric field associated with these oscillations is very intense at this
interface and decays exponentially in both interfacing media. Based on the momentum
matching condition required for the excitation of SPP on a thin metal film, the SPP sensors
are classified into two configurations: attenuated total-reflection (Kretschmann) and grating
coupling.I8-91 In both configurations, two major interrogation schemes have been employed
for acquiring the information by measuring the reflected signal: spectral scan and angular
scan interrogation.[>-12] |n spectral interrogation, the resonant wavelength shift in the
reflectance spectrum indicates the refractive index change caused by the capture of
biomolecules at the sensor surface, whereas angular shift is the indication of refractive index
change in angular interrogation. In contrast to the spectral interrogation scheme, the main
advantage of angular interrogation is that a single wavelength laser source is used rather than
polychromatic light. Therefore, it is possible to achieve higher signal-to-noise ratio owing to
the wavelength and power stability of the source. Thus, angular interrogation has been
widely used in SPP sensors based on grating coupling and Kretschmann
configurations.[12-15] Recently, a SPR arrangement based on angular interrogation has been
used for the detection and quantification of bacteria.[!6] An angular sensitivity maximum of
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up to 500°-600° per RIU has been theoretically reported using the Kretschmann
configuration.[15] However, it is not possible to develop a miniaturized sensor device for lab-
on-a-chip and point-of-care applications using the Kretschmann configuration due to the
bulky end instrumentations required.[?]

Recently, advanced lithography techniques have made it possible to fabricate sub-
wavelength metal gratings suitable for SPP sensors.[17-19] The primary advantage of metal
nanograting-based SPP sensors is miniaturization, enabling lab-on-a-chip commercial
applications such as antigen-antibody, protein, and chemical detection. To date, a maximum
angular sensitivity of around 500° per RIU was reported using grating SPP sensors.[29] The
angular sensitivity mainly depends on the incident wavelength, prism material, and the
diffraction orders. Therefore, it remains challenging to achieve higher angular sensitivity
(above 500° per RIU) using conventional (Kretschmann and grating) SPR sensor
arrangements. To overcome these technological hurdles and push the limit of angular
sensitivity of SPP sensors, we report a miniaturized plasmonic sensor geometry, which is a
combination of a sub-wavelength metallic diffraction grating and a hyperbolic metamaterial.

Hyperbolic metamaterials (HMMs) are distinguished as a promising class of optical
metamaterials, with bulk 3D sub-wavelength structures that are anisotropic in
permittivity.[21] HMMs in the form of metal nanorods in a dielectric host (Type I) and
ultrathin metal-dielectric multilayers (Type 1) have several advantages, including 3D
nonresonant optical responses with low loss. These nonmagnetic media have optical
hyperbolic iso-frequency surfaces with a diagonal form of the permittivity tensor (e =
diag(ey, ), €7) in which diagonal elements have different signs (ex= ey and ey. £,<0)

leading to a hyperbolic dispersion w®/c*=(k;+k;)/c.+k? /.. Since HMM supports high-
wavevector propagating modes (high-k modes), it promises a variety of potential
applications such as spontaneous emission enhancement, nanoimaging, negative refraction,
and perfect absorption.[22-28] |t has also been recently demonstrated that a HMM can be
used for the development of ultrasensitive plasmonic biosensors.[29301 A plasmonic nanorod
metamaterial (Type | HMM) has been proposed for high-sensitivity plasmonic biosensors
with an extreme spectroscopic sensitivity of 32 000 nm per RIU and a figure of merit (FOM)
of 330 at NIR frequencies.[?] In addition, a metal-dielectric stack-based HMM (Type II
HMM) has been proposed for the realization of a miniaturized biosensor with many highly
sensitive resonant modes from visible to NIR frequencies, with a reported maximum
spectroscopic sensitivity of 30 000 nm per RIU and a record FOM of 590 at NIR
wavelengths.[3% In both HMM-based biosensors, the ultrahigh spectroscopic resolution was
achieved by exciting the high-k modes associated with HMMs. In the present work, we
demonstrate that a metal-dielectric stack-based HMM can also be used for accomplishing
extreme angular sensitivity by exciting the high-k modes of the HMM using a grating
coupling technique. Since this plasmonic platform supports many modes from visible to NIR
wavelengths, we report different extreme angular sensitivities for the range, with a
maximum of 7000° per RIU at NIR and a minimum of 2000° perRIU at visible wavelengths.
Performance of the sensor was evaluated using both low and high molecular weight
biomolecules, i.e., biotin and CPMV. The relevance of using these two specific biomolecules
is mainly based on unmet clinical needs to detect ultralow molecular weight proteins (like
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biotin) in cancer research. Very early, circulating tumor cells overexpress small proteins
(<500 Da) that are extremely difficult to detect with currently available sensing
technologies. Whereas the CPMV is a plant virus that we chose as a safe model system to
mimic infectious disease. The 2014 Ebola epidemic as well as the 2015 Zika virus outbreak
highlight the urgent need for detection and control of infectious diseases. With no approved
treatments and preventative vaccines, detection, and monitoring are the first steps toward
confinement and eradication of the spread of these and other infectious diseases.

2. Design and Fabrication

As we reported before,[31:32] 3 grating coupling technique was used to excite the bulk
plasmon polaritons associated with the HMM. To accomplish this, a metallic diffraction
grating-coupled HMM (GC-HMM) was fabricated (Figure 1a) and proposed to function as
an ultrasensitive plasmonic biosensor. The designed HMM consisted of 16 alternating thin
films of gold and aluminum dioxide (Al,O3) that were fabricated by layer-by-layer
deposition of Al,03 and gold thin films on a glass substrate using electron-beam evaporation
of Al,O3 pellets and the thermal evaporation of gold pellets, respectively (see Supporting
Information). The sensor device is based on the coupling condition between grating surface
modes and bulk plasmon polariton (BPP) modes, allowing one to observe a change in
resonance angle as the refractive index of the surrounding medium changes. This is due to
the variation in coupling condition between these two modes because BPPs are the entire
family of gap plasmon modes of the metal-dielectric stack.

The optical constants and the thickness of both grown thin films were determined using a
variable-angle spectroscopic ellipsometer. The metallic filling ratio was around 35%, with
individual gold and Al,O3 thicknesses of 16 and 30 nm, respectively. For the fabrication of
GC-HMM, a thin spacer layer (Al,O3) of thickness 10 nm was first deposited on the HMM
to improve the coupling between diffraction grating and HMM. An array of subwavelength
holes with square lattice symmetry was patterned on top of the spacer layer using electron-
beam lithography. Using a two-layer photoresist coating, deep subwavelength gratings were
realized. Then, a thin gold layer of 20 nm thickness was directly deposited on top of the
sample using thermal evaporation to realize a gold diffraction grating. The metal diffraction
grating was chosen to be gold because of the easier functionalization processes with
biomolecules by using thiol-based surface chemistry.[33] Figure 1b shows a scanning
electron microscope (SEM) image of the 2D gold diffraction grating on the HMM with an
average period and hole diameter of 500 and 160 nm, respectively.

We then used effective medium theory (EMT) to determine the uniaxial dielectric tensor
tmEm+tacd emEd(tm~+taq)
components of the fabricated HMM, [2] N=Ee =T o and Sl
Where (&4 ty) and (e, t;) are the dielectric permittivity and thickness of Al,O3 and gold,
respectively. EMT-derived permittivity components (Figure S1, Supporting Information) of
the fabricated gold-Al,03 multilayer confirmed a Type Il HMM with hyperbolic dispersion
atA =520 nm (i.e., ey<0and £, >0). Reflectance spectra at oblique incidence were
obtained using variable angle high-resolution spectroscopic ellipsometry. The reflectance
spectrum of the GC-HMM obtained using p-polarized light is shown in Figure 1c. In the
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hyperbolic region (A > 520 nm), four reflectance dips with high quality factor resonance
were obtained, which represents the highly confined bulk plasmon polaritons.[39:31] These
modes can be experimentally probed by studying the reflectance spectra as a function of
incident angle at a particular wavelength in each BPP mode band. As shown in Figure 2, the
excitation of BPP modes in the four BPP bands with an equal bandwidth (50 nm) was
investigated: 2100 to 2050 nm, 1100 to 1050 nm, 750 to 700 nm, and 550 to 500 nm. A
decrease in resonance angle was observed when the excitation wavelength in each BPP band
was increased, which indicates that the modal index of BPP modes decreases with an
increase in excitation wavelength.[31:32] In particular, the resonance angle variation was
different in each BPP wavelength band, with maximum for the shorter wavelength band (550
to 500 nm) and minimum for the longer wavelength band (2100 to 2050 nm). This is due to
the fact that the modal index varies more at shorter wavelengths compared to longer
wavelengths (Figure S2, Supporting Information). Also, the modal dispersion plot for
surface and bulk plasmon modes is given in the Supporting Information (Figure S3). Since
the BPP modes showed different angular variation for each BPP wavelength band, it could
be used to design a potential plasmonic biosensor with different angular sensitivities for each
BPP wavelength band. Therefore, we fabricated a microfluidic channel integrated GC-HMM
based miniaturized biosensor platform (see Supporting Information). For this purpose, a
microfluidic system was assembled on top of the GC-HMM, which was composed of a
poly(methyl methacrylate) plastic top (encompassing micromachined inlets and outlets) and
a 50 um thick double sided adhesive film in the middle that defined the outline and the
thickness of the microchannel.

3. Sensor Calibration Test

We first determined the angular detection limit of the sensor device by manually injecting
different weight ratios (0.1%-1% (w/v)) of glycerol in the sensor flow microchannel. Here
the aqueous solutions of glycerol were prepared in distilled (DI) water. The reflectance
spectrum of the sensor device with DI water as the superstrate was first recorded (Figure S4,
Supporting Information). Note that the longer wavelength BPP mode (at 2000 nm) was not
present in the spectrum, in comparison to Figure 1c, which is due to the greater absorption
capacity of the relatively thick PMMA channel at longer wavelengths. From the reflectance
dip of the BPP mode bands, four resonant wavelengths were selected (1250, 850, 650, and
530 nm). In order to determine the angular sensitivity of the device, we recorded the
reflectance spectra as a function of incident angle at each particular wavelength. The results
obtained from injecting different weight ratios of glycerol in a sample volume of 14 x 2 x
0.05 mm!3] are shown in Figure 3. One can see a positive angular shift for all four
wavelengths when the glycerol weight ratio was increased from 0% to 1% (w/v). This shift
represents the ability of the sensor to detect the extremely small refractive index change
resulting from the change in glycerol concentration. Also note that the angular shift varied
between the different modes. This is due to the fact that the transverse decay of the field in
the superstrate strongly varies from one mode to another.[3%1 In particular, the shift varied
nonlinearly with glycerol concentration at the four wavelengths. This shows that the sensor
has its highest performance at the lowest concentrations. Therefore, in order to determine the
angular detection limit of the sensor, we calculated the angular sensitivity of the device at
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each BPP mode wavelength by considering the shift obtained at lowest concentration (0.1%
(w/v) glycerol) (Figure S5, Supporting Information). The refractive index difference
between DI water and 0.1% (w/v) glycerol in DI water is around 0.0001.134] At 1250 nm
wavelength, the obtained angular shift for 0.1% (w/v) glycerol was 0.7°, resulting in a
calculated angular sensitivity for the refractive index change of 7000° per RIU (Figure 3a).
The corresponding values at 850, 650, and 530 nm were (0.6° and 6000° per RIU), (0.3° and
3000° per RIU), and (0.2° and 2000° per RIU), respectively (Figure 3b-d). For 1% (w/v)
glycerol, maximum angular shifts obtained were 1.6° at 1250 nm, 1.6° at 850 nm, 1.4° at
650 nm, and 1.8° at 530 nm. This shows that the angular sensitivity of BPP modes varies
randomly with BPP mode band. This is because the diffraction orders of the sub-wavelength
grating also decide the angular sensitivity of the sensor device. Note that the angular
sensitivity of conventional grating SPR sensors behaves similarly.[?] Since the modal index
of both BPP and SPP modes decrease with wavelength (Figure S2, Supporting Information),
the angular sensitivity performance of BPP and SPP modes in relation to the wavelength
should follow a similar pattern. In contrast to conventional SPP based sensors, all the BPP
modes of GC-HMM show an improvement in angular sensitivity, with a maximum of 14-
fold at 1250 nm and a minimum of 4-fold at 530 nm. Even though the angular sensitivity
depends on the wavelength of incident light, here for the comparison purpose we assumed an
angular sensitivity of 500° per RIU for SPP based sensors at all wavelengths. Since the
sensor shows different angular sensitivities for each mode, there is flexibility in the selection
of a particular mode for identification of specific biomolecules. In other words, there is the
option of using a lower sensitivity mode for the detection of higher molecular weight
biomolecules and a higher sensitivity mode for the detection of lower molecular weight
biomolecules.

4. Sensing of Biomolecules

To demonstrate the capabilities of the presented device for the detection of biomolecules,
angular detection was used for sensing low molecular weight biotin (molecular weight = 244
Da) and high molecular weight CPMV (molecular weight = 5.6 x 106 Da). For the capture
of biotin, the streptavidin-biotin affinity model was used [see Supporting Information]. With
this setup, our device was able to measure the refractive index change caused by the capture
of biotin at the sensor surface within the microfluidic channel. The performance of the
sensor was monitored based on the resonant angular shift in the reflectance spectrum when
different concentrations (100 x 10712 m to 10 x 1078 m) of biotin in phosphate buffered
saline (PBS) were injected into the sensor microchannel. It should be noted that we have
used a single injection procedure for all our measurements. We first recorded the reflectance
spectrum of the sensor device by injecting PBS. We then injected different concentrations of
biotin, and the corresponding reflectance spectra as a function of incident angle were
recorded after a reaction time of 40 min. Before each injection of a new concentration of
biotin, PBS was introduced into the microchannel to remove the unbound and weakly
attached biotin molecules. Since the mode at 1250 nm showed maximum angular sensitivity,
we used that particular mode to study the biomolecular binding on the streptavidin-
functionalized sensor surface, as shown in Figure 4a. A positive angular shift was obtained
when the biotin concentration was increased, which is due to the increase in refractive index
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by the capture of biomolecules. As shown in Figure 4b, a nonlinear variation in angular
shift, as a function of the biotin concentration, was observed. In particular, a large angular
shift of 1° was obtained for 100 x 10712 m biotin, while the obtained angular shift for 10 x
1076 m was only 3°. These results demonstrate that the presented device has the capability to
detect low molecular weight biomolecules with a sensitivity of 100 x 10712 m. We used
biotin as a proof-of-concept—Dbiotin is a model system for small molecule compounds such
as other vitamins, cancer-specific proteins, hormones, therapeutics, or contaminants such as
pesticides or toxins.

We then performed experiments to detect high molecular weight macromolecules Cowpea
mosaic virus. CPMV was propagated in and isolated from plants using methods described
by Wen et al.[33] Different concentrations (1 x 1071° m to 1 x 1079 m) of CPMV were
prepared in PBS and then injected into the sensor microchannel. PBS was injected into the
channel to remove unbound and weakly attached CPMV before each injection of a new
solution. After 20 min reaction time, the reflectance spectra for the highly diluted CPMV
solutions were recorded (Figure 4c). A large angular shift of 1° was obtained for 1 x 1071% m
CPMV, whereas 1 x 1079 m CPMV provided an angular shift of 6°. In addition, the binding
of CPMV to the sensor surface was investigated by recording the reflectance spectrum over
time (Figure S6, Supporting Information). Also in this case, we observed a nonlinear
variation in angular shift with concentration. The sensor performance for the mode at 1250
nm is shown for different concentrations of CPMV in Figure 4d. Since the molecular weight
of CPMV is very large, the sensor saturates very quickly when the concentration was
increased up to 1 x 1079 m. We then determined the sensitivity of the angular shift to the
number of adsorbed molecules on the sensor surface and the data points in Figure 4b,d were
fitted using a double exponential function (Figure S7, Supporting Information). The
sensitivity analysis indicates that for CPMV at 1 x 10715 m concentrations there are at most
eight particles on average adsorbed in the sensing region of the surface. Given the
corresponding large angular shift of 1°, this suggests that our novel sensor system could
possibly achieve single-molecule detection levels. Therefore, the BPP-based biosensor has
potential to match the sensitivity of nucleic acid technology-based sensors, with the added
advantage that biospecimen processing to remove the encapsulated RNA cargos would not
be necessary.

The highly nonlinear response of the sensor to concentration is an intrinsic property of the
device, and is consistently present across all the times scales we probed, even the longest
where equilibrium was approximately achieved. We anticipate a further improvement in
sensitivity for detection of lower molecular weight biomolecules through controlling the
parameters of the GC-HMM device. This could be achieved by tuning the GC-HMM design,
especially the diffraction grating geometry. In comparison to conventional biosensors based
on SPPs or metamaterials, the presented system can provide different angular sensitivity
modes in the visible to NIR range. Specificity to detect viruses in complex media (blood or
other body fluids and tissue samples) need to be achieved for commercial implementation,
and will be a future direction. In particular, we are investigating this by functionalizing the
sensor surfaces with antibodies, which can selectively capture specific proteins, viruses, or
even entire cells.
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5. Conclusions

In summary, a grating coupled-hyperbolic metamaterial biosensor with enhanced angular
sensitivity was demonstrated. In contrast to existing biosensors based on SPPs, we achieved
different extreme sensitivity modes with 14, 12, 6, and 4 times higher angular sensitivity by
exciting the bulk plasmon polaritons of HMM at 1250, 850, 650, and 530 nm wavelengths,
respectively. With our new biosensor, we demonstrated the angular detection of low
molecular weight biomolecules such as biotin in highly diluted solutions using a standard
streptavidin-biotin affinity model. In addition, the angular detection of high molecular
weight biomolecules such as CPMYV, a model virus particle, at concentrations as low as 1 x
10715 m was demonstrated. Since angular interrogation scheme offers higher measurement
precision as compared to spectral interrogation, this miniaturized sensing scheme can be
used for the development of next-generation sensors for biomedical, environmental, and
chemical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Design and characterization. a) Schematic representation of microfluidic channel integrated
with grating coupled-HMM biosensor. b) SEM image of 2D gold hole array diffraction
grating on top of the HMM (period = 500 nm and hole diameter = 160 nm). c) Reflectance
spectrum of grating coupled-Au/Al,03 HMM at 30° angle of incidence (wavelength
spectroscopic resolution was set to 2 nm).
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Figure 2.

Excitation of bulk plasmon polaritons at four BPP mode bands. Reflectance spectra as a
function of incident angle are shown for a) mode band 1 (2100-2050 nm), b) mode band 2
(1100-1050 nm), ¢) mode band 3 (750-700 nm), and d) mode band 4 (550-500 nm). The
angular resolution of the instrument was set to 1°.
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Sensor evaluation using glycerol solutions. Reflectance spectra as a function of incident
angle of the sensor device obtained by injecting different weight percentage concentration of
glycerol in distilled water: a) at 1250 nm, b) at 850 nm, ¢) 650 nm, and d) 530 nm. A
positive angular shift was observed when the glycerol weight percentage increased. The
angular resolution of the instrument was set to 0.1°.
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Figure 4.

Angular detection of low and high molecular weight biomolecules at ultralow
concentrations. a) Reflectance spectra of the sensor device at 1250 nm for different
concentrations (100 x 10712 m to 10 x 107 m) of biotin in PBS. b) The variation of angular
shift with different concentrations of biotin. ¢) Reflectance spectra of the sensor device at
1250 nm for different concentrations (1 x 1072 m to 1 x 1079 m) of CPMV in PBS. b) The
variation of angular shift with different concentrations of CPMV. Angular shift showed a
distinct positive shift and nonlinear variation with increasing concentration. The angular
resolution of the instrument was set to 0.1°. The size of the data points in (b) and (d)

represent the error bar.
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