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Metasurfaces are engineered nanostruc-
tured interfaces comprising thin layers of 
plasmonic or dielectric materials[1] at sub-
wavelength thicknesses that manipulate 
light by spatially arranged meta-atoms. 
Those meta-atoms can directly change 
light properties such as phase, ampli-
tude, and polarization, thus, extending 
photonic behavior of natural materials.[2] 
Metasurfaces offer unusual optical phe-
nomena[3] such as optical magnetism,[4] 
negative reflections,[5] electromagnetic-
induced transparency,[6] bianisotropy,[7] and 
Fano resonance.[8,9] In particular, metas-
urfaces enable optical control by passing 
through nanostructured arrays to induce 
a rapid change of phase and light polari-
zation.[10] These structures also enable a 
change of induced light angular moment
um,[11] spins and/or quantum states, and 
provide applications in flat lenses,[12] holo-
grams,[13] invisible clocks,[14] and photonic 
devices.[15] The light controlling capability 
of metasurfaces is strongly dependent 
on engineered nanostructures, especially 
their shape and material composition.[16] 
Metasurfaces with different dimensions 

have been fabricated using various nanofabrication methods 
including nanodisks by template stripping,[17] rod antenna by 
nanoimprint,[18] retroreflector by electron-beam (e-beam),[19] split-
ring resonators by nanosphere/ion-beam milling,[20] complex 
3D structures by self-assembly approaches[21] and colloidal syn-
thesis.[22] However, apart from advanced applications, the ability 
to fabricate cost-effective metasurfaces at a large-scale remains a 
challenge. A plasmonic metasurface with Fano resonances and 
asymmetric spectral lines originating from the response of iso-
lated metal atoms, i.e., a unique feature of a quantum system 
was described recently.[23,24] Metasurfaces are used in a variety 
of fields, including solar energy harvesting,[25] spectroscopy,[26] 
sensing,[27] and broadband light manipulation.[28] Importantly, 
applications of plasmonic metasurface Fano resonances are cru-
cial in biomolecular sensing because they greatly increase the 
sensitivity. This is achieved by a large spectral shift in resonance 
frequency in response to interference of two or more molecular 
oscillations and small perturbations.[23] However, current Fano-
resonant metasurfaces[8,23] require complex nanofabrication[6,29] 
as well as optical sensing techniques[29] that requires expensive 

Metasurfaces are engineered nanostructured interfaces that extend the 
photonic behavior of natural materials, and they spur many breakthroughs in 
multiple fields, including quantum optics, optoelectronics, and biosensing. 
Recent advances in metasurface nanofabrication enable precise manipula-
tion of light–matter interactions at subwavelength scales. However, current 
fabrication methods are costly and time-consuming and have a small active 
area with low reproducibility due to limitations in lithography, where sensing 
nanosized rare biotargets requires a wide active surface area for efficient 
binding and detection. Here, a plastic-templated tunable metasurface with 
a large active area and periodic metal–dielectric layers to excite plasmonic 
Fano resonance transitions providing multimodal and multiplex sensing of 
small biotargets, such as proteins and viruses, is introduced. The tunable 
Fano resonance feature of the metasurface is enabled via chemical etching 
steps to manage nanoperiodicity of the plastic template decorated with 
plasmonic layers and surrounding dielectric medium. This metasurface 
integrated with microfluidics further enhances the light–matter interactions 
over a wide sensing area, extending data collection from 3D to 4D by tracking 
real-time biomolecular binding events. Overall, this work resolves cost- and 
complexity-related large-scale fabrication challenges and improves multilayer 
sensitivity of detection in biosensing applications.
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and bulky equipment (e.g., Fourier transform infrared (FTIR) 
spectrometers).[26] This critically limits the use of Fano-resonant 
metasurfaces for point-of-care (POC) biosensing applications.

Detecting and quantifying the interactions of metamaterials 
with biological entities require a large active area. To address 
these challenges, others have presented commercial optical disk 
surfaces as cost-effective bio/chemical sensing platforms.[30,31] 
Since the biotargets are small and rare in quantity, these plat-
forms require further improvements in resonant characteristics. 
However, tuning the resonant characteristics of the metamate-
rial through (i) “etching” a plastic template to control “nanoperi-
odicity” of the structure, coupled to (ii) precise “deposition” of 
multilayer plasmonic materials to engineer the plasmonic Fano 
resonance on a plastic-templated metasurface has not been dem-
onstrated. Here, we show that these tuning processes uniquely 
enable biosensing applications in detection of nanothick multi-
biolayers and nanosized biotargets such as virions using off-the-
shelf, broadly available, inexpensive commercial optical disk sur-
faces. The Fano-resonant surface integrated with microfluidic real-
time measurements did not only help to capture biotargets, but 
also helped to confine their light–matter interactions within the 
sensing microenvironment that can be further extended from the 
3D collection of the optical information to 4D by tracking the bio-
sensing process over time. Our results indicate that this metasur-
face offers a portable, cost-effective, disposable plasmonic sensing 
platform for detection and quantification of multiple molecule 
layers and virions. Comparing with other techniques, plastic-
templated fabrication is easy and enables a large scale, reproduc-
ible production of wide-area metasurfaces. We show that plastic-
templated metasurface demonstrates tunable Fano resonances 
due to the coupling/interference between waveguides and surface 
plasmon polarization (SPP) modes.[32,33] As a result, the metas-
urface is able to provide maximum sensitivity, S = 377.69 nm  

per RIU and figure of merit, FOM = 25, where sensing perfor-
mance is comparable with the reported Fano resonance sensor’s 
response in the visible range.[34–37] Our results show real-time, 
layer-by-layer binding of proteins, antibodies and virus particles 
achieved by monitoring continuous spectral shifting of asym-
metrical Fano-resonant frequency. We demonstrate (1) multiplex 
read-out from multiple parallel channels or locations on the same 
channel; (2) specific binding and spectral measurement of anti-
body-tethering proteins (protein G) and antibodies (anti-gp120) 
on a layer-by-layer surface chemistry; (3) comprehensive selec-
tion of a polyclonal gp120 antibody capable of targeting multiple 
HIV-1 subtypes (A, B, C, D, E, and BC); (4) multimodal sensing 
of both multiple types of biomolecules and viruses; (5) detection 
and quantification of a target protein (recombinant gp120); (6) 
capture and detection of virus particles (HIV-1, molecular clone 
YU2), and (7) an inexpensive portable optical platform to detect 
down to 40 copies µL−1 of HIV-1. These results demonstrate that 
plastic-templated metasurfaces can be used in biosensing appli-
cations. Overall, our findings suggest that this metasurface plat-
form can potentially improve clinical diagnostics of diseases such 
as cancer and HIV/AIDS at resource-limited settings due to its 
portability and cost-effective features.

The commercial digital versatile disk (DVD) surface design 
has a built-in, uniform periodic grating with periodicity (ˆ) 
≈750 nm, width (W) ≈450 nm, and height ≈23-25 nm[31] 
(Figure 1a). To demonstrate the plasmonic response, we have 
coated the plastic-templated surface grating with multilayers, 
including titanium (Ti), silver (Ag), and gold (Au) materials 
through electron beam evaporation technique. We removed 
unwanted plastic, metals, and photoresist (PR) layers of DVDs 
to obtain plastic-templated surface grating. Finally, cleaned and 
chemically etched surface grating was coated with 10 nm Ti, 
30 nm Ag, and 15 nm Au layers (optimized based on numerical 
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Figure 1. A Fano-resonant plastic-templated metasurface and a portable microfluidic sensor. a) The optical disk surface consists of a dielectric surface-
grating used as a metasurface sensor. The surface was coated with Ti (10 nm), Ag (30 nm), and Au (15 nm) multilayers to fabricate plastic-templated 
metasurface. b) Schematic diagram depicts the microfluidic chip consisting of three layers (plasmonic surface, DSA, and PMMA). c) Fabricated meta-
surface chip is connected with tubing at inlet and outlet ports. d) The plastic-templated metasurface based biosensing measures the layer-by-layer 
functionalization of biomolecules and target HIV-1 capture.
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modelling). Further details regarding surface preparation, chem-
ical etching (30, 60, and 90 s), and microfluidic chip assembly 
steps are illustrated in Figure 2a and the Experimental Section. 
As a result, the final surface comprises dielectric–metal layers 
capable of exciting multiple optical modes based on grating 
(waveguide) dimensions.[38] These surfaces were then integrated 
with a microfluidic chip for biomolecular detection in real-time 
(Figure 1b). The assembled microfluidic chip showed a dif-
fractive rainbow pattern that can also be seen by the naked eye 
(Figure 1c). The device can be disposed of after single-use in 
clinical or POC settings, where targets can be infectious and bio-
hazardous to avoid contamination; or it can be chemically treated 
on-chip to completely remove the surface chemistry for re-using 
the chip in future experimentation in nonbiological analytical 
chemistry applications. To evaluate plasmonic behavior of the 
chip, we performed bulk sensing with various concentrations of 
glycerol solutions. (Figures S1a–c and S2, Supporting Informa-
tion). The surface sensing with layer-by-layer surface chemistry 
allowed to monitor the binding of mono- and multilayers of 
biomolecules and virus particles at the atomic scale (Figure 1d). 

The fabrication steps are illustrated in Figure 2a. The fabricated 
surface showed bright rainbow scattering with the broadband 
light illumination (Figure 2b(i)). The scanning electron micros-
copy (SEM) image showed a uniform pattern with a periodicity 
of 750 nm (Figure 2b(ii)). The atomic force microscopy image 
confirmed the 3D profile of the surface (Figure 2b(iii)). Uniform 
grating periodicity on the surface enabled efficient light excita-
tion and coupling of surface plasmon resonance.[39]

Near-field electromagnetic excitation of the metasurface 
resulted in both parallel and antiparallel currents corresponding 
to the transverse electric (TE) and transverse magnetic (TM) 
modes.[40] Plastic-templated metasurface waveguides can support 
multiple TE and TM modes based on waveguide dimension and 
effective refractive index changes.[41] As refractive index of the 
surrounding medium increases, effective refractive index value 
will increase to generate multiple modes and mode-hybridiza-
tion will occur, accordingly.[42] For plasmonic waveguide-based 
structures guided modes propagate the light that passes through 
the metal waveguide, termed as “waveguide (WG) mode.” More-
over, SPP modes are generated that propagate along the interface  
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Figure 2. Plastic-templated metasurface fabrication, surface profile, and structure-dependent plasmonic Fano resonance modeling. a) Plastic-tem-
plated metasurface fabrication is based on subsequent steps: (i) removal of top plastic, (ii) removal of PR and metal-coating, (iii) surface cleaning, (iv) 
chemical etching, (v) plasmonic layer coating, and finally (vi) microfluidic chip assembly. b) The fabricated metasurface shows bright rainbow patterns 
(i), scanning electron microscopy (SEM) image shows uniform surface gratings (ii), and atomic force microscopy (AFM) image depicts 3D profile of 
coated surface (iii). c) WG and SPP modes are present in the plasmonic waveguide (PWG) grating surface. d) SPP mode response of the metasurface 
with dielectric medium (DM) RI varying from 1.33 to 1.42 RIU. We have shown plasmonic field distribution at peak resonance frequency, fpeak = 560 nm 
in water medium. e) Plasmonic Fano resonance response of metasurface is tuned by changing the thickness of silver (Ag) layer.
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between metal–dielectric sections, defined as “SPP modes” that 
can be classified as super (bright), and subradiant (dark) modes 
dependent on coupling strength between incident light from 
free-space to metasurfaces.[43] Normally, SPP modes can be con-
sidered as guided modes that leak-out energy outside the wave-
guide or not confined to the metasurfaces due to effective RI 
variation and inherent loss of the metal coating.

Due to the symmetrical metal grating, the subradiant mode 
will be dominant on the surface.[26] During near-field excita-
tion, WG and SPP modes are excited at the same time. How-
ever, based on RI of the dielectric medium, light can be strongly 
coupled inside the waveguide or leakage to the surrounding 
medium (Figure 2c). Computational modeling of dielectric–
metal interface showed strong dependency on the SPP modes 
with medium RI variations (Figure 2d). The asymmetric decay 
of SPP modes increased as we increased the RI of the medium 
(from 1.33 to 1.42). Therefore, WG modes leaked to the metal–
dielectric interface and contributed to the interference with the 
SPP modes.[33] Maximum field-decay occurred with the higher 
RI of dielectric medium (n = 1.42) compared to the lower values  
(n = 1.33). Similarly, the field-decay property was also observed 
with WG modes due to the variations in medium RI (Figure S1d, 
Supporting Information). However, the WG mode field decay 
was lower compared with SPP modes with RI variations.

The plastic-templated metasurface can be considered to func-
tion as a plasmonic nanocircuit at optical frequency, where each 
of multilayer elements with characteristic impedance contributes 
to the resonance frequency.[44] Accordingly, the plasmonic reso-
nance of surface can be defined with the following equation:
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where P0 is the periodicity of grating surface; εs and εm are per-
mittivity of metal and dielectric medium; and j and k are grating 
orders.[31] To confirm diffraction patterns, the metal-coated sur-
face was illuminated using a monochromatic light source. The 
first-order of diffraction pattern was clearly observed (Figures S3  
and S4, Supporting Information). When the parameters of 
grating period (P0 = 750 nm) and diffraction orders (i = j = 1)  
were kept constant, the resonance frequency was strongly 
dependent on the material property of the metal and dielec-
tric medium. Moreover, plasmonic response of the plastic-
templated metasurface shows asymatical Fano shape. Fano 
response occurs (based on Ugo Fano in 1961) due to interfer-
ence between continuum states (background process) and exci-
tation of discrete states (resonant process).[24] Fano resonance 
of periodic metasurface due to electromagnetic modes, mate-
rial losses, and their coupling onto the resonance line shape.[45] 
For our plastic-templated metasurface, asymmetric Fano shape 
occurs in the reflection spectra due to interference between 
guided modes from the grating surface (waveguides), which 
act as a background process and the SPP modes from metal–
dielectric interfaces that can act as a resonant process.[32,33] The 
Fano resonance profile of our plastic-templated metasurface 
can be approximated by following equation:[46]

( ) Am
1 /

1 /
BCref

c

c

2

2

I
q

ω
ω ω

ω ω(
( )( ( )

( )
=

+ − Γ 
+ − Γ 

+  (2)

where BC is the background term, Am is the amplitude, Γ is 
the resonant bandwidth (BW), and q is the Fano parameters. 
The value of q is used to define asymmetric property of the 
Fano profile, which is based on coupling/interference between 
the background (continuum state) and resonant process  
(discrete state). Therefore, three special shape of Fano 
responses are antiresonances (q = 0, no coupling to the discrete 
state), asymmetric resonance (0 < q < ±∞, coupling between dis-
crete and continuum states), and Lorentzian shape resonance 
(q = ∞, no coupling to the continuous state). There is no gen-
eral procedure to design a system with desired q parameter. In 
addition, q parameter depends on incident light, geometry, and 
materials properties of a Fano system.[8] Therefore, we have fur-
ther evaluated the plasmonic response of surfaces by altering 
material types and coating thicknesses since the metal prop-
erty (the refractive index or permittivity) of a medium has a 
strong relationship with its thickness, shape or dimension.[36,47] 
By employing a finite element method, we computationally 
assessed the effect of variations in metal layer thicknesses to 
predict plasmonic responses and the observed plasmonic Fano 
resonance shift (Figure S5a, Supporting Information). Further, 
when the thickness of silver layer (tAg) was changed from 5 to 
40 nm whereas the thickness of gold (tAu = 10 nm) and titanium 
(tTi = 10 nm) were kept constant, the plasmonic Fano resonance 
peak had blue-shifted from 707.47 to 558.27 nm, respectively 
(Figure 2e). Similarly, we also observed blue-shifts in plasmonic 
Fano resonance dip from 682.22 to 528.73 nm, respectively 
(Figure 2e). The maximum peak/dip resonance shift (Δλres = 
41.82/44.20 nm) was observed when the lower thickness of the 
silver layer (tAg = 5 nm) was used. In particular, when the thick-
ness of the silver layer was ≈30 nm and more, the resonance 
peak and dip remained constant at 558.27 and 530.25 nm, 
respectively. Therefore, we kept the silver thickness as 30 nm 
and titanium thickness as 10 nm in further simulations. We 
have also altered the thickness of gold (tAu) and titanium (tTi) 
and measured dip and peak of the plasmonic Fano resonance 
shifts (Figure S5b,c, Supporting Information). Alteration in tita-
nium thickness did not provide any significant changes in the 
resonance peak or dip. Then, we have simultaneously altered 
the thickness of titanium, silver, and gold, and observed sim-
ilar blue-shift trends as found in the silver thickness variations 
(Figure S5d, Supporting Information). Therefore, the varia-
tion of tAg had the dominant effect in the maximum resonance 
wavelength shifts compared to other metal layers with min-
imum thickness variations (5 nm). As earlier reported,[48] the 
plasmonic response of Ag nanostructure is stronger than that 
of Au, Ti, and other plasmonic materials. Moreover, we com-
pared computational simulations with experimental data and 
observed the same plasmonic responses for the thickness vari-
ations of metal layers (Figure S6a,b, Supporting Information). 
Moreover, asymatric Fano response tunning due to q-value 
variation through periodic metal surfaces structural param-
eters (width, height, and thickness) variation are also reported 
previously.[49]

To observe the plasmonic Fano response of the surface 
with RI variations of dielectric medium, a hand-held, portable 
(weight < 0.5 lb) sensing platform was designed and assembled 
as shown in Figure 3a,b. Briefly, the broadband light is emitted 
from the source, passes through a series of optical components 

Adv. Mater. 2020, 32, 1907160
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and illuminates the microfluidic-integrated chip. The reflected 
light is measured through a customized spectrometer (see 
the Supporting Information). During the system characteriza-
tion, the plasmonic Fano resonance responses of the plastic 
surface were measured and acquired using the normal white-
light illumination (Figure 3c). A dip resonance reflection (λ0) 
was observed at 750 nm with 15 nm of spectral line-width or 
full width at half maximum (FWHM) in air medium. The reso-
nance spectra showed good agreement with computational 
modeling, and the 3 dB bandwidth decreased to 5.24 nm. 
Overall reflection spectra increased by ≈10% due to higher light 
absorption during experiments. To prove Fano response of the 
plastic-templated metasurface, we have fitted reflection spectral 
line with Fano equation and calculated available parameters fol-
lowing Equation (2) (Figure S7, Supporting Information). For 
air (n = 1.0) medium fitting parameter [BC, ωc, Am, BW, q] are 
[0.92 ± 003, 758.49, −0.479 ± 0.0047, 11.20 ± 0.215, −2.42 ± 03]. 
Similarly, for water medium, fitting parameter [BC, ωc, Am, BW, 
q] are [0.102 ± 001, 547.94 ± 0.35, 0.064 ± 0.001, 12.85 ± 0.79, 
10]. Furthermore, medium-dependent plasmonic Fano reso-
nance tuning response was observed due to the coupling/
interference between the WG and SPP modes. Experimental 
data and computation modeling of the associated  asymmetrical 
plasmonic Fano resonance response had a similar peak and 

dip resonance at ≈560 and 525 nm, respectively (Figure 3c). 
However, there is a big different at shorter wavelengths for the 
reflection in air medium between simulation and experiments 
conditions. This may be due to light absorption at shorter wave-
lengths and unable to provide exact experiment environments 
during modeling.

Optical sensing performance is generally characterized using 
both spectral shifts (Δλ) and spectral line-width (FWHM) due to 
the RI variations (Δn).[39] This is related to the sensor sensitivity 
(S = Δλ/Δn)[31,34] and figure of merit (FOM = S/FWHM).[34,50] To 
observe bulk sensitivity, we have also varied the concentration of 
glycerol (from 2.5% to 70%, v/v), corresponding to the RI varia-
tions from 1.336 to 1.428 RIU (a.u.) (Figure 3d,e; Figure S1c,d, 
Supporting Information). Due to the changes in RI, asym-
metric Fano resonance caused a peak red-shift from 553.44 
to 585.85 nm, as well as in the dip from 524.32 to 553.22 nm. 
Similarly, Fano resonance shifts with RI variations were also 
observed at transmission-mode due to the semitransparent 
property of fabricated surface (Figure S6c,d, Supporting Infor-
mation). A linear fit of the resonance wavelength shifting for 
RI variations demonstrated the sensor sensitivity as 377.69 nm 
per RIU and FOM as 25 based on Δλ = 9.82 nm, Δn = 0.026  
RIU, and FWHM = 15 nm values, respectively. Computational 
modeling confirmed the wavelength shifts of the asymmetric 
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Figure 3. Bulk RI-sensing on a portable setup and computational modeling. a) Portable setup measures the plasmonic Fano response of plastic-
templated metasurface. b) Conceptual block-diagrams of the optical setup and ray-tracing of the light-transmission and reflection from the metasur-
face. c) Computational and experiment results demonstrating plasmonic Fano resonance tuning from the metasurfaces with medium (air and water) 
variations. d) Plasmonic Fano resonance is tuned using a range of glycerol dilutions in water (2.5–70% v/v). e) Plasmonic Fano resonance wavelength 
shifts as a function of RI variation. Dotted lines indicate the linearity response during simulation and experiment. f) Real-time dip and peak plasmonic 
response to the variation in glycerol concentration.
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Fano resonance with different glycerol solutions and corre-
lated with experimental data (Figures S1e and S3e, Supporting 
Information).

Additionally, we evaluated the effect of etching process  
(1:4 mixture of acetone and isopropyl alcohol, with different 
etching periods: 30, 60, and 90 s) on the plasmonic Fano reso-
nance response of plastic-templated metasurfaces. Bulk sensing 
response was measured in real-time with respect to the peak and 
dip of the Fano resonance with 60 s etching process (Figure 3f). 
Both peak and dip resonances were correlated with RI varia-
tions in 2.5 to 70% glycerol solutions. As a result, the peak of 
Fano resonance provided higher wavelength shifting compared 
to the dip. Based on the glycerol concentration experiments, 
we found that 60 s etched surfaces provided higher wavelength 
shifts than those of 30 s and 90 s etching processes (Figures S6d 
and S8a,b, Supporting Information). Our sensor performance 
(S and FOM) was comparable with the other reported localized 
surface plasmon resonance platforms in the visible range.[34–37]

As Fano resonance is based on the interference of two or 
more oscillations, a small perturbation can produce a large 

spectral shift in the resonance frequency.[23,51] To observe 
this effect, we applied layer-by-layer surface chemistry on the 
plastic-templated metasurface and monitored real-time bio-
molecular binding. Chemical steps to capture mono- and 
multi-biomolecular layers are summarized using a conceptual 
block diagram in Figure 4a. Briefly, our goal was to optimize 
the chemical steps to effectively capture recombinant gp120 
HIV protein (rec-gp120). Gp120 is an HIV envelope glycopro-
tein located on the surface of HIV-1 particles.[52] The chemistry 
steps include N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 
hydrochloride (EDC)/N-hydroxysuccinimide (NHS), protein  
G, anti-gp120 HIV antibody, and rec-gp120 HIV protein. These 
steps were evaluated on plastic metasurfaces etched for 30,  
60, or 90 s (Figure 3b). The chemistry details are provided in 
Table S1 of the Supporting Information. Results showed that the 
60 s etching period provided the maximum cumulative wave-
length shift of 0.16, 0.36, 1.36, and 1.955 nm for EDC/NHS, 
protein G, anti-gp120, and rec-gp120, respectively (Figure 3c). 
As the complexity of the biomolecule layer increased, the reso-
nance wavelength shifted to the higher values. The dependence 

Adv. Mater. 2020, 32, 1907160

Figure 4. Surface sensitivity of plastic-templated metasurface for layer-by-layer modifications. a) Summary of surface chemistry steps. b) Resonance 
peak wavelength shifts demonstrated on surfaces etched for 30, 60, and 90 s. c) Layer-by-layer binding response of biomolecules on the 60 s etched 
surface is monitored in real-time. d–f) Resonance wavelength shifts as a function various concentrations of protein G, anti-gp120 antibody, and rec-
gp120 protein are represented via Box–Whisker plots. I-shaped box indicates 25th and 75th, red-line median, and whiskers the 95th and 5th percentiles. 
Dots represent data points for each concentration. Nonparametric Kruskal–Wallis analysis followed by Dunn’s multiple comparison test was performed 
to evaluate the collected data for each concentration at protein G, anti-gp120 antibody, and rec. gp120 protein experiments. The minimum, first quar-
tile, median, third quartile, and maximum of each concentration were presented in Table S1 of the Supporting Information. In protein G experiment, 
statistical difference was observed between 75 and 1000 µg mL−1 concentrations (n = 3, p < 0.05). In anti-gp120 antibody experiments, statistical differ-
ence was observed between 30 and 75 µg mL−1 concentrations (n = 3, p < 0.05). In rec-gp120 protein experiments, statistical difference was observed 
between 25 and 200 µg mL−1 concentrations (n = 3, p < 0.05).
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of the resonance wavelength shift (Δλ) on the molecular layer 
binding thickness (d) was related to the following equation:

(1 )layer medium
2 /m n n e d lλ ( )∆ = − − −  (3)

where m is the sensitivity factor (in nm per RIU); nlayer and 
nmedium are the refractive indices of the molecule layer (RIU) 
and dielectric medium, d is the thickness of molecule layer 
(nm), and l is electromagnetic decay length (nm).[35] In our 
 experiment, m = 377.69 nm per RIU, nlayer (≈1.48),[53] having 
higher value compared to the nmedium (1.33). Therefore, layer-
by-layer binding of these biomolecules resulted in red-shifts 
(higher wavelength values). The binding responses of metasur-
faces etched for 30 and 90 s periods are shown in Figure S9 of 
the Supporting Information. To optimize the concentration of 
protein G, we evaluated a range of concentrations from 75 to 
1000 µg mL−1 and observed cumulative resonance wavelength 
shifts from 0.032 ± 0.003 to 0.204 ± 0.017 nm (Figure 4d; 
Figure S10, Supporting Information). The lowest concentra-
tion of protein G (50 µg mL−1) did not provide any signal (data 
not presented). Protein G data are represented with I-shaped 
Box–Whisker plots. Through nonparametric Kruskal–Wallis 
analysis followed by Dunn’s multiple comparison test, we 
observed a statistically difference between 75 and 1000 µg mL−1 
concentrations (n = 3, p < 0.05). Since there was no statistical 
difference between 500 and 1000 µg mL−1 (n = 3, p > 0.05), we 
selected the protein G concentration of 500 µg mL−1 for further 
experiments.

On the HIV-1 virus surface, there are several viral proteins 
that can serve as targets in HIV-1 capture and detection. As an 
envelope protein, gp120 has discontinuous conserved epitopes 
(V1–V5 loops) assisting the virus entry to CD4+T lympho-
cytes.[54] Therefore, we used this protein as a target protein on 
the virus surface, and tested the binding of anti-gp120 anti-
bodies to recombinant gp120 proteins. A panel of ten gp120 
recombinant proteins representing a broad range of HIV sub-
types (A, B, C, D, E, and RC) was tested. Recombinant gp120 
proteins were obtained through the National Institutes of 
Health (NIH), AIDS Research and Reference Reagent Program 
and also from commercial sources. This panel of recombinant 
gp120 proteins was applied to authenticate reactivity of anti-
gp120 antibodies using Western Blot analysis (Figure S11a and 
Table S2, Supporting Information). Twenty anti-gp120 mono-
clonal and polyclonal antibodies were tested for cross reactivity 
with multiple HIV subtypes. Two best antibodies were selected: 
a mouse monoclonal antibody (#2343 ID6 clone, NIH AIDS 
Reagent Program) and a rabbit polyclonal antibody (#11233-
RP02, Sino Biological) (Figure S11a and Table S2 of the Sup-
porting Information). The polyclonal anti-gp120 antibody was 
strongly reactive with all 10 gp120 recombinant proteins in the 
panel (Figure S13a and Table S2 of the Supporting Informa-
tion). Therefore, the polyclonal antibody was selected for fur-
ther experiments.

Multiple concentrations of the polyclonal anti-gp120 anti-
body were evaluated (15 to 75 µg mL−1) on the plastic meta-
surface. The recorded shifts ranged from 0.25 ± 0.08 to 
0.8 ± 0.02 nm (Figure 4e; Figure S11, Supporting Informa-
tion). No signal change was detected at the antibody concentra-
tion of 15 µg mL−1 (data not presented). Anti-gp120  antibody 

data are  demonstrated with I-shaped Box–Whisker plots. 
Through nonparametric Kruskal–Wallis analysis followed by 
Dunn’s multiple comparison test, we observed a statistical dif-
ference between 30 and 75 µg mL−1 concentrations (n = 3, p < 
0.05). Since there was no statistical difference between 50 and  
75 µg mL−1 (n = 3, p > 0.05), we selected the anti-gp120  
antibody concentration of 50 µg mL−1 for further experiments. 
The concentrations of rec. gp120 protein ranging from 25 to 
200 µg mL−1 were tested (Figure 4f; Figure S12, Supporting 
Information). Similarly, rec-gp120 protein data are demon-
strated with I-shaped Box–Whisker plots. Through nonpara-
metric Kruskal–Wallis analysis followed by Dunn’s multiple 
comparison test, we observed a statistically difference between 
25 and 200 µg mL−1 concentrations (n = 3, p < 0.05). In sum-
mary, our plastic-templated metasurface was able to sense  
multiple biomolecular layers and capture rec-gp120 proteins 
efficiently based on the capability of the higher order plasmonic 
modes to cover larger distance into the dielectric medium and 
efficiently interact with bioanalyte layers .

To capture HIV-1 particles, we modified plastic metasurfaces 
using the optimized concentrations of 11-mercaptoundecanoic 
acid (11-MUA), EDC/NHS, protein G, and the polyclonal anti-
gp120 antibody. To model a viral load assay, we diluted the stock 
HIV-1 YU2 solution using phosphate-buffered saline (PBS). 
The stock concentration of HIV-1 YU2 was 400 virus copies 
per µL and the corresponding concentration of the HIV p24 
gag protein was 20 pg µL−1. We decided to continue using the 
polyclonal anti-gp120 antibody to make the system versatile to  
multiple HIV-1 subtypes. We used the plastic-templated sur-
faces to capture pseudo HIV particles and also HIV virus par-
ticles (Figure S13, Supporting Information). We evaluated the 
effect of surface chemistry on HIV-1 detection, and designed 
three experimental sets: (1) surface chemistry (no incubation 
and real-time measurement) and HIV detection (no incubation 
and real-time measurement); (2) surface chemistry (no incuba-
tion and real-time measurement) and HIV detection (with a  
1 h incubation and real-time measurement); and (3) surface 
chemistry (with incubation) and real-time HIV detection (with a 
1 h incubation in real-time). For HIV sampling, we introduced 
HIV  solution for an hour via a syringe pump with a flow rate of  
5 µL min−1. The details in surface chemistry and HIV sampling 
are described in Table S3 of the Supporting Information. In the 
experimental set-1, HIV detection provided 0.207 ± 0.133 nm 
shift without any incubation steps at both surface chemistry 
and HIV sampling (Figure S13c, Supporting Information). In 
the experimental set-2, we observed 0.26 ± 0.008 nm shift when 
we incubated HIV sample for an hour after we introduced the 
sample to the chip (Figure 5a). In the experimental set-3, incu-
bation steps were included on both the surface chemistry and 
the HIV capture where we incubated the same HIV sample for 
an hour after introducing it to the plasmonic chip (Figure 5b). 
The set-3 provided a strongly increased wavelength shift 
(0.92 ± 0.06 nm) indicating that the incubation step in the chem-
istry enhanced the signal and provided a wider detection range 
compared to sets 1 and 2 (Figure 5c). Further, virus incubation 
on the active surface area of the metasurface allowed the viruses 
to interact longer with the surface, hence enabling more inter-
actions between the target and the surface for a better detection 
protocol that is reflected as a higher shift in the resonance and 
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more efficient capture of HIV-1 particles. Dose-response was 
tested by measuring cumulative binding on the nanoplasmonic 
surface using three dilutions of the HIV-1 virus YU2 stock in 
PBS (40, 80, and 200 copies µL−1. All HIV dilutions provided 
red-shifts in the peak wavelength (Figure 5d). The HIV virus 
was captured at different locations on the chip (both the top and 
edge side of the metasurface grating) demonstrating that the 
entire surface was efficiently functionalized with the anti-gp120 
antibody (Figure 5e). This indicated that both waveguide and 
plasmonic modes may contribute to surface plasmon Fano reso-
nance and enable efficient biosensing. Together, these results 
suggest that the metasurface chip we present here has potential 
for a high impact on HIV viral load testing.

In summary, we introduce plastic-templated metasurfaces 
with a large active area, having periodic metal–dielectric layers to 
excite plasmonic Fano resonance modes providing multimodal 
and multiplex sensing. Our approach will be able to resolve cost 
and complexity related with large-scale metasurface fabrication, 
and enhance sensitivity of layer-by-layer real-time binding of 
mono- and multilayer protein, antibody, and virus particles on 
a cost-effective, disposable, and portable platform. Briefly, we 
designed and developed a plasmonic metasurface, and demon-
strated efficient Fano resonance modes and specific detection of 
protein G, recombinant gp120 protein and HIV viral particles. 

We also showed that biosensing properties of these metasur-
faces can be monitored using a simple, cost-effective, and port-
able platform to quantify binding of specific proteins and virus 
 particles in real-time. The plasmonic Fano resonance mode multi-
plexing capability demonstrated here has potential to be generally 
applied to detect other specific proteins, viruses, and cells.

The metasurface demonstrated here is cost-effective and can 
be mass produced. This metasurface preparation method moves 
the fabrication process from the traditionally used silicon sub-
strate to plastic, leveraging the nanoperiodicity that has been 
already perfected in the commercial surface. This innovative 
change in fabrication approach reduces the manufacturing cost 
by ≈100 times, enables reproducibility over a large surface area 
and makes possible to control electromagnetic field at nanoscale 
regions with a high precision. In conclusion, plastic-templated 
metasurfaces demonstrated here have potential to offer a wide 
range of applications, including biochemical sensing, optoelec-
tronics, and optical spectroscopy devices.

Experimental Section
Preparation of Plastic-Templated Metasurfaces: DVD surface consists 

of top plastic surface, metal-coating, photoresist layers, surface grating, 
and polycarbonate-plastic layers. Briefly, metasurfaces were prepared by 
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Figure 5. Detection and capture of HIV-1 particles. a,b). Real-time detection of HIV-1 YU2 molecular clone is demonstrated for the experimental set-2 
and 3. c) Different experimental sets evaluated the effect of extended incubation time on sensing performance. d) Cumulative resonance wavelength 
shifting is demonstrated usingdifferent HIV-1 concentrationse SEM images of captured HIV-1 particles on both the edge (i) and top (ii) layer of grating 
surface due to SPP and waveguides modes.
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removing the coating on DVD surface, unwanted metal-coating, and PR 
layers using step-by-step physical and chemical processes. Fabrication 
steps: (1) top coating layer of DVD was removed using a knife;  
(2) metal-coating was removed using air-flow; (3) surface was cleaned 
using a 1:1 mixture of ethanol (EtOH) and methanol (MetOH) at 60 °C and 
(4) the surface was etched using a 1:4 mixture of acetone and isopropanol 
for different etching periods (30, 60, and 90 s). After the cleaning step,  
(5) DVD surface grating was coated with 10 nm titanium (Ti), 30 nm 
silver (Ag), and 15 nm gold (Au) layers through electron beam 
evaporation technique (AJA international, Inc., MA 02066, USA). For 
10 nm Ti layer, 8.3 kV voltage, 60 mA current, and 0.5 A s−1 deposition 
rate were used. For 30 nm Ag layer, 8.3 kV voltage, 96 mA current, and 
1 A s−1 deposition rate were used. Similarly, 15 nm Au coating thickness 
was obtained from 8.3 kV, 175 mA current, and 1 A s−1 deposition rate 
parameters. (6) Finally, the plasmonic surface was further washed before 
the microfluidic chip assembly using the 1:1 mixture of EtOH and 
MetOH.

Sensitivity and Binding Properties: To measure bulk sensitivity and 
observe the binding response of biomolecules, glycerol diluted was 
used in deionized (DI) water (2.5 to 70.0% v/v). The metasurface 
was functionalized using layer-by-layer surface chemistry. To evaluate 
functionalized surface sensitivity, the coated metasurface was modified 
using 10 × 10−3 m of 11-MUA (450561, Sigma-Aldrich, MO, USA) 
overnight to create carboxyl groups. Afterward, the surface was cleaned 
using 1:1 mixture of EtOH and MetOH and dried using filtered air. Then, 
the surface was assembled using plastic layers to construct microfluidic 
chip. The microfluidic chip consisted of two layers: (1) a poly(methyl 
methacrylate) (PMMA, thickness: 3.2 mm, MacMaster Carr, Elmhurst, 
IL, USA) as the top layer with inlet and oulet ports. (2) A double-sided 
adhesive (DSA) layer (thickness: 50 µm, iTapestore, Scotch Plains, NJ, 
USA) to create microchannels and assemble the chip with surface. The 
PMMA and DSA surfaces were cut using a CO2 laser cutter (VL-200, 
VersaLaser, Arizona, USA).

HIV gp120 Protein and Virus Capture: Multilayer immunocapture 
method was used to capture gp120 HIV protein and HIV viral 
particles on the metasurfaces in three steps. (1) Protein G layer: After 
MUA modification, a 1:1 mixture of 100 × 10−3 m EDC (03450 Fluka 
– Sigma-Aldrich, MO, USA) and 100 × 10−3 m NHS (130672 Aldrich-
Sigma Aldrich, MO, USA) was flowed through the channel to create 
succinamide groups. The surfaces were then washed with 100 µL PBS 
flow via inlet ports. The succinamide groups reacted with amine groups 
in protein G (#21193, Thermo Fisher Scientific, MO, USA). This step was 
followed by a 100 µL PBS wash. (2) Anti-gp120 antibody layer: 100 µL of 
anti-gp120 (immunoaffinity purified rabbit polyclonal IgG, 1 mg mL−1, 
#11233-RP02, Sino Biological, PA, USA) was captured on the protein  
G layer and the surface was washed using 100 µL PBS. (3) HIV capture: 
the functionalized metasurface was used to capture recombinant gp120 
proteins and HIV-1 particles. After the capture events, the surfaces were 
washed with 100 µL of PBS. All the steps were monitored in real-time. 
Recombinant gp120 proteins representing HIV subtypes A, B, C, D, 
E, and RC were obtained from the NIH AIDS Research and Reference 
Reagent Program, Sino Biological Inc. and Immune Technology Corp. 
(New York, NY). To model a viral load assay, a stock solution of HIV-1 
YU2 molecular clone (400 HIV-1 virus copies per µL based on 20 pg 
of HIV Gag pP24 protein per µL as determined via ELISA, see Virus 
Production and Quantification section below) was used. The stock 
solution of HIV-1 YU2 was provided by Dr. Timothy Henrich.

Portable Optical Setup: A portable, customized optical setup was 
developed to measure the plasmonic responses of the metasurface 
gratings. Briefly, the portable setup consists of light-emitting diode 
(LED), AA battery (3.7 V), convex lens, optical linear polarizer, slit  
(Ø 0.9–12 mm), beam splitter (50:50), objective lens (×4), and 
a customized spectrometer (Ocean optics, HR4000+ (custom), 
Resolution: ≈0.02 nm FWHM, detection range: 380–870). Broadband 
light from an LED source was focused through an input convex lens 
that passed through a linear polarizer, slit (50 µm), a beam splitter 
(50:50), and finally illuminated to the microfluidic metasurface through 
an objective (×4). The light reflected from the metasurface chip returns 

to the same objective by passing through the beam splitter and output 
convex lens. Finally, the response is measured in real-time by using a 
portable spectrometer. Analyte was flowed through the channel using 
a syringe pump setup (withdraw mode) to change the refractive index 
(RI) of the dielectric medium. The resultant Fano resonance wavelength 
shifting was measured through the spectrometer using MATLAB 
interfaced omindrive software. Real-time plasmonic response of the 
metasurface sensor was measured through the peak-wavelength shifts 
versus analyte flow time (in second).

Simulations: The light reflection guiding property from the plastic-
templated metasurface was modeled using a finite element-based 
computational software (COMSOL Multiphysics, CST Studio Suite). 
The model is based on the 3D geometry of grating structure (width = 
450 nm, height = 25 n, and periods = 730 nm). Taking advantage of 
planar symmetry in the x–y plane and periodic grating structures, a 
single unit cell, with periodic boundary conditions, an input port for 
light excitation, and an output port to measure the light was modeled. 
Similar, single unit cell simulation of periodic metasurface was also 
previously reported in the literature.[55] The grating structure was made 
using polycarbonate (n = 1.58) coated with titanium (Ti), silver (Ag), 
and gold (Au) materials. A broadband light source illuminated the unit 
grating surface from the top. Light reflection from the grating surface 
with medium RI variation (from 1.33 to 1.42) was collected from the 
entrance of the incident beam.

Virus Production and Quantification: HIV particles were prepared 
from HIV-1 YU2, a CCR5-using molecular clone that productively infects 
primary lymphocytes, monocytes, and macrophages. pYU2 plasmid 
was obtained from Dr. Beatrice Hahn and Dr. George Shaw (NIH AIDS 
Reagent Program, cat# 1350). Briefly, 293T cells were transfected with 
pYU2 using the X-tremeGENE 9 DNA transfection reagent following 
the manufacturer protocol (Millipore Sigma). Cells were incubated at  
37 °C for 48–72 h in DMEM plus 10% fetal bovine serum, penicillin, and 
streptomycin. Supernatants were removed, clarified by passage through 
a 0.45 × 10−6 m mesh filter, aliquoted, and frozen at −80 °C for future 
use. Viral stocks were quantified using real-time PCR amplification of 
HIV-1 RNA as previously reported[27] and HIV-1 P24 gag protein was 
detected using the Alliance HIV-1 p24 ELISA kit (Perkin Elmer) following 
the manufacturer protocol.

Western Blotting: HIV recombinant proteins were analyzed using 7.5% 
Criterion SDS-PAGE gels (Bio-Rad cat# 5678025) and Trans-Blot Turbo 
Transfer Packs (Nitrocellulose, Bio-Rad cat# 170–4159). Criterion gels 
made possible QC monitoring across the workflow: total protein was UV 
imaged in the gel and on the nitrocellulose blot to evaluate molecular 
integrity and transfer efficiency. The gp120 HIV protein was detected 
using ECL sandwich immunoassay with the same antibody as used in 
the metasurface system (rabbit polyclonal anti-gp120 cat# 11233-RP02 
Sino Biological, PA, USA), goat antirabit HRP conjugate (cat# 111-035-
045, Jackson ImmunoResearch Laboratories, West Grove, PA, USA), and 
West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 
cat # 34096). The chemiluminescent signal was recorded as a series of 
exposures (typically 1 s–30 min) using a digital camera (Chemidoc MP, 
BioRad).

Statistical Analysis: Statistical assesements were performed using 
GraphPad Prism software. Details on the statistical analysis are indicated 
in the text and figure captions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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