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ABSTRACT: The quest for auxiliary plasmonic materials with
lossless properties began in the past decade. In the current study, a
unique plasmonic response is demonstrated from a stratified high
refractive index (HRI)—graphene oxide (GO) and low refractive
index (LRI)—polymethyl methacrylate (PMMA) multistack. Gra-
phene oxide plasmon-coupled emission (GraPE) reveals the
existence of strong surface states on the terminating layer of the
photonic crystal (PC) framework. The chemical defects in GO thin
film are conducive for unraveling plasmon hybridization within and
across the multistack. We have achieved a unique assortment of
metal-dielectric-metal (MDM) ensuing a zero-normal steering
emission on account of solitons as well as directional GraPE. This has been theoretically established and experimentally
demonstrated with a metal-free design. The angle-dependent reflectivity plots, electric field energy (EFI) profiles, and finite-
difference time-domain (FDTD) analysis from the simulations strongly support plasmonic modes with giant Purcell factors (PFs).
The architecture presented prospects for the replacement of metal-dependent MDM and surface plasmon-coupled emission (SPCE)
technology with low cost, easy to fabricate, tunable soliton [graphene oxide plasmon-coupled soliton emission (GraSE)], and
plasmon [GraPE] engineering for diverse biosensing applications. The superiority of the GraPE platform for achieving 1.95 pg mL™
limit of detection of human IFN-y is validated experimentally. A variety of nanoparticles encompassing metals, intermetallics, rare-
earth, and low-dimensional carbon—plasmonic hybrids were used to comprehend PF and cavity hot-spot contribution resulting in
900-fold fluorescence emission enhancements on a lossless substrate, thereby opening the door to unique light—matter interactions
for next-gen plasmonic and biomedical technologies.

KEYWORDS: graphene oxide plasmon-coupled emission, graphene oxide plasmon-coupled soliton emission,
surface plasmon-coupled emission, nanointerface, Purcell factor, human IEN-y biosensor

B INTRODUCTION disciplinary applications have been reported.” A strong
dependence of graphene plasmons on its Fermi energy has
been used for tuning its optical properties by chemical doping
and electrostatic gating. Further, the nonlinear properties of
graphene and analogous 2D materials have dramatically
influenced the understanding of traditional plasmonic con-
cepts, with innovative breakthroughs on account of pecu-
liarities of massless Dirac Fermions.” While the physical,
electronic, and chemical properties of graphitic materials are
being exploited with new insights, nanoplasmonic and
photonic assessments are still in their nascent stage. In this
context, the coupling of graphene plasmons with incident EM

Applied nanoscience and plasmonics have prompted significant
attention in the recent past on account of their tunable light—
matter interactions, resulting in economical and industrial
applications." Frontier areas of research at interfaces in nano-
optics and nanophotonics involve electromagnetic (EM) field
trapping, control, tuning, evaluation, and manipulation,
resulting in unearthing phenomena such as metal-dependent
plasmonics,” dielectric-dependent metamaterials,” graphene-
based plasmonics,* and photonic crystals (PCs).” Despite the
versatility of metallic or metal-dielectric hybrid plasmons, their
intrinsic dissipative Ohmic losses prevent the realization of
theoretically established luminescence emission enhance-
ments.’ In this regard, several hybrid approaches combining Received:  January 16, 2021
PCs and graphene z-plasmons with metal-plasmons in a 3D Accepted: March 22, 2021
interfacial multistack format vis-a-vis flatland nanophotonics Published: March 31, 2021
have evolved with numerous benefits.”

Charge density perturbations on a variety of nanometal and
hybrid graphene frameworks are studied and their multi-
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radiation is indeed challenging.'” However, in-plane momen-
tum matching has been realized with nanoribbon or disk
arrays,'" graphene-dielectric-graphene nonlinear structure,'"”
and spatial solitons-surface plasmon polaritons (SPPs)
coupling."*™'® Of late, multilayer graphene structures are
being scrutinized to comprehend their linear and nonlinear
contributions in altering coupling efficiency with incident EM
radiation."*~"® High conductivity induced strong quenching of
quantum emitters in the vicinity of graphene sheets seems to
contradict its intrinsic nature while taken in doped form
presenting extreme EM-field confinement.” Conceivably, it
would be more exciting to comprehend the effect of disjoint 7-
plasmons"® (taken in a stacked format) on the performance of
quantum emitters in terms of Purcell factors (PFs), quantum
efficiency, and radiative and nonradiative decay lifetime.
Several strategies are developed for the synthesis of graphene'’
from carbon-based materials that include chemical vapor
deposition (CVD) and mechanical and solution exfoliation.
However, graphene-dependent applications suffer from cost,
time-effective mass-production, solubility, process ability, and
flexibility in manufacturing procedures. As a result, graphene
oxide (GO) has emerged as an essential analogue of graphene
presenting equally robust characteristics.”” Although single
layer graphene oxide (SLGO) and exfoliated graphene layers
were adopted in a surface plasmon-coupled emission (SPCE)
platform, a metal-free and a template-free graphene oxide
plasmon-coupled emission (GraPE) has not been reported
hitherto. In this context, here, we report a key step toward z-
plasmon-soliton substrate engineering by tailoring the solitons
(nonlinear part) and plasmons (linear part) supported using a
GOIPMMA multistack. Different methods such as CVD,
magnetron sputtering, and polymerization are available for the
fabrication of one-dimensional photonic crystals (IDPCs).”!
Nevertheless, innovative protocols are of great necessity to
avoid complex fabrication strategies, making them amenable to
studies in resource-limited settings (low- and middle-income
countries). We have hence utilized spin-coating as a modest
technique in this substrate design.””

By and large, our efforts have been to reproduce or mimic
the capabilities of metal-dielectric interfaces with a GO-based
PC framework. Our work helps rationalize the better output
realized using this self-designed protocol in comparison with
metal-dependent SPCE. Initial reports on Bragg-grating
coupled emission (BGCE) specifies the observation of
directional emission from 1DPCs on account of Bloch surface
waves (BSWs) and internal optical modes (IOMs).”> When
1DPC is coupled to a metal thin film (mimicking two adjacent
1DPCs), zero-degree normal emission Tamm states”® have
been observed. Likewise, metal-dielectric-metal (MDM)
architectures in SPCE provide steering emission on account
of coupling between cavity modes and SPP modes.”” On the
contrary, %raphene multistacks are shown to support
solitons *~" that are equivalent of Tamm states.”****” The
first and only report™ on graphene-based PC involved an
alternating HRI and LRI framework, adopted to realize a
significant resonance dip in the reflectance profile. In this
report,” the reflectivity (resonance dips) is studied in a narrow
range of angles (65°—80°). In the current study, we describe
the use of SPCE,””*° a versatile platform to comprehend
multiple dips in the reflectance profile, over the complete
angular range starting from 0° to 90° with relevant theoretical
and experimental elucidations. In this purview, the first-time
use of a metal-free architecture has resulted in synergistic

fluorescence enhancements with the use of the GOIPMMA
multistack, discerning distinct properties on the basis of a
combination of ‘graphene oxide plasmon-coupled soliton
emission’ (abbreviated as GraSE) with steering” emission
characteristic as well as ‘graphene oxide plasmon-coupled
emission’ (abbreviated as GraPE) with directional property.”’
Since we were able to capture both beaming GraSE and
directional GraPE in a single platform, we have termed the
entire framework as the GraSP emission platform (a
combination of GraSE and GraPE).

A methodical and successful demonstration of simulations
and experimental results using the GraPE platform has been
outlined, with an observation of 35-fold fluorescence emission
enhancements. While metal-dependent SPCE showed ~10-
fold emission enhancements,””*° GraPE on account of its
lossless”®® and nonlinear characteristics'>~'"*" provides
augmented enhancements. The underlying near-field plas-
mon—plasmon interactions between the three-dimensionally
stacked GO sheets presenting hybridized states are also
detailed."*™"* While terahertz’> and IR range33 tunable
plasmonic response from graphene has been studied
extensively, its response in the visible range is seldom reported.
The study also presents the necessity and importance of
adopting GO instead of graphene with concepts such as
plasmon—plasmon hybridization, hole transport, and defects
with cross-verification from high-resolution transmission
electron microscopy (HRTEM), selected area electron
diffraction (SAED), atomic force microscopy (AFM), and
Raman studies. Further, cavity nanointerfaces supporting hot-
spots of tunable intensities are elaborately discussed with four
classes of chosen nanoparticles (NPs): (a) metals [Ag, Au, Pt]
NPs, (b) intermetallics [SiO,, TiO,, TiC, TiN, TiCN], (c)
rare-earth [Nd,O;] NPs, and (d) low-dimensional carbon
substrate—metal plasmonic hybrids [CDs, AgCDs]. We
attained an unprecedented 900-fold emission enhancements
with the usage of AgCDs in GraPE on account of multifold
hot-spots, presenting remarkable capabilities in hot-spot
engineering in the presented micronano-interface. A label-
free sandwich immunoassay is established for detection of
human y-interferon (HulFN-y) using a GraSP biosensor. The
importance and relevance of detecting this antigen is
comprehensively captured. The extreme EM-field entrapment
between the plasmonic NP (linked to secondary antibody) and
the Ag thin film (in case of SPCE) as well as the GOIPMMA
multistack (in case of GraSP) assisted in enhancing the limit of
detection of analytes. A comparative analysis between these
results and that from conventional absorbance-based immuno-
assay and SPCE is given in detail. We anticipate an immediate
deployment of the proposed GraSP engineering technology in
bioanalytical sensing and point-of-care device applications.

The Results and Discussion section has been divided into
five subsections broadly discussing the novel synthesis and
characterization, which is followed by theoretical and
experimental results with associated discussions and applica-
tions. First, all the details pertaining to validate the fabrication
protocol developed are presented in Multistack Fabrication
and Characterizations section. The second section titled
Graphene Oxide Plasmon-Coupled Emission (GraPE) Anal-
ysis details all the theoretical and experimental analysis
associated with the directional emission characteristic response
of the fabricated multistack. This is followed by a third section
titled Graphene Oxide Plasmon-Coupled Soliton Emission
(GraSE) Analysis, describing the steering emission property of
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Figure 1. Fabrication of GOIPMMA multistack. (a) Schematic of fabrication protocol for obtaining GOIPMMA multistack. (b) Field emission
scanning electron microscopy (FESEM) image of PMMA thin film. (c) Reverse Kretschmann (RK) configuration adopted in experimentation. The
directional (at higher angle) and steering/beaming (at 0°) is highlighted in red. (d) Wave vector momentum phase matching of the incident
radiation (k,) with that of the multistack (kgp). (e and f) Surface roughness measurements of PMMA thin film before and after corona treatment,

respectively.

the fabricated multistack, where the experimental results are
strongly supported by theoretical analysis. After we have
demonstrated and validated the photonic response of the
fabricated multistack in the first three sections (using
theoretical and experimental details), we have presented the
utility of these novel substrates in the perspective of broad
applications for photonics and biosciences in the last two
sections. That is, the penultimate section titled Metal,
Intermetallic, Rare-Earth, and Carbon—Metal Hybrid NPs for
Cavity Hot-Spot Generation demonstrates the utility of the
multistack for obtaining tunable fluorescence enhancements
where we have drawn logical and comparative conclusions with
regard to the well-established SPCE platform. Finally, the last
section Biosensing Applications of GraSP Emission Platform
portrays the performance and functional efficacy of the
multistack for sensing applications.

B RESULTS AND DISCUSSION

Multistack Fabrication and Characterizations. The
GOIPMMA multistack was fabricated by a spin-coating
technique as shown in Figure la. GO, being the oxidized
analogue of graphene, exhibits noteworthy properties on
account of sp’- and sp>-hybridized carbon skeletons with a
large number of functional groups including hydroxyl (—OH)
and epoxy (—O) on either side of the sheet and carboxyl
(—COOH) and carbonyl (—C=0) on the sheet edges.”” The
PMMA thin film was subjected to corona treatment for

17048

generating oxygen functionalities dangling on top of it. This
assists in chemical adherence of subsequently spin-coated GO
onto the PMMA thin film.

An earlier report™® demonstrates a 470 nm PMMA thin film
obtained by spin-coating PMMA (0.25g/mL dissolved in
CHCI,). Figure 1b indicates a 445 (+3) nm PMMA thin film
that was obtained after corona treatment using the technique
as shown in Figure la. Experimental details are discussed in the
Experimental Section. Subsequently, the fabricated 1DPC of
the GOIPMMA multistack was spin-coated with a final
nanolayer containing the radiating dipoles. This was affixed
to the hemicylindrical prism as shown in Figure 1c and excited
through RK configuration.””** The schematic presents a
zoomed in cross-sectional view of different layers for a clear
depiction of the modes sustained within the multistack. For an
ease of comparative analysis of the acquired results, poly(vinyl
alcohol) (PVA) was used as the standard polymer matrix to
disperse the emitter dipoles for all the experiments in this
study.”*** The unpolarized incident beam constituting TM (p)
and TE (s) components and GraSE and GraPE emissions at 0°
and at a wider angles, respectively, have also been depicted.

Broadly two methodologies were adopted for satisfying the
phase matching condition in order to excite the SPPs at the
metal-dielectric interface: (a) with prism-coupling and (ii)
without prism.” While the latter was performed using a grating-
coupling technique,” the former was performed in three
different optical configurations, (i) Otto configuration,” (i)

https://doi.org/10.1021/acsami.1c01024
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Figure 2. Optical and electronic characterizations. (a) TEM image of GO sheet. (b) SAED at the center region of (a) showing bright spots labeled
with Miller—Bravais indices. (c) Intensity profile across the line-profile as presented in (b), including inner and outer diffraction dots. (d and e)
Raman spectrum and X-ray powder diffraction (XRD) pattern of spin-coated GO. (f) UV—vis absorbance of GO dispersion. (g and h) Fourier
transform infrared (FTIR) spectra of GO and PMMA. (i) HRTEM image of GO presenting regions of defects (curved dashed line). (j and k) AFM
images of GO coating shown along with height profiles.

Kretschmann-Raether (KR),”**7%¢ and (iii) Reverse explained below. In the Otto configuration, the prism and
Kretschmann (RK) configuration,”® and they are briefly the metal thin film were separated by an air gap and was
17049 https://doi.org/10.1021/acsami.1c01024
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excited from the prism side. The thickness of the air gap was
modulated to alter the coupling strength.” In the KR
configuration,”**”>**® the metal thin film was placed on top
of the prism and in between prism and dielectric (or sample
side). This was excited from the prism side, and the evanescent
wave coupling with SPPs occurred at metal-dielectric interface
by controlling the angle of incidence near the critical angle (for
total internal reflection). That is, this requires the emplace-
ment of a dielectric layer of high refractive index adjacent to
the plasmonic substrate and an appropriate incident angle,
Osp.’® Furthermore, in the RK configuration (Figure 1c), the
fluorescent layer (on metal thin film) was directly excited from
the free space side.””***" This in turn excited the surface
plasmons, and the emission was out-coupled at definite angles
(from curved surface of prism) where phase matching was
satisfied. We adopted RK configuration across all the
experiments, in order to maintain generality across the results
and for ease of experimentation and reliable comparative
analysis, in line with our earlier works.””**"" This requires the
emplacement of a dielectric layer adjacent to the plasmonic
substrate and an appropriate incident angle, fsp. Although 7-
plasmons supported by graphene apparently make it a
semimetal,'® obtaining the phase matching condition in the
visible range remains a daunting task. In this context, we
adopted a metal thin film-free, GO-based multistack
architecture to access potential surface and bulk states of the
multistack, as detailed in the subsequent sections. Figure 1d
depicts a conceptual geometry adopted to increase the
magnitude of k, (x-axis wave vector component of the incident
field) to equal or exceed kgp (wave vector of the plasmon
sustained by multistack), in turn realizing the condition for
multistack plasmon resonance (MPR) [analogous to surface
plasmon resonance (SPR)]. This was achieved by increasing
the free space wave vector (k,) [or decreasing the free space
wavelength (4,) by 4./ n,, where n, is refractive index of prism]
with the incident light introduced from the prism side [KR
configuration]. This implies that MPR occurs when k, = k, n,
sin 6¢p, where 0gp (GP: graphene oxide plasmon) is the angle
at which the multistack supports the graphene oxide plasmon
polaritons.”® It must be noted that, while graphene forms a
continuous carbon framework of delocalized electrons, GO is
present as flakes or islands.”® However, for easy visualization
we have used a continuous sheet to represent GO.

The examination of a dilute GO suspension that was drop-
coated and well-dried on a lacey carbon supporting film with a
transmission electron microscope (TEM) is shown in Figure
2a. The ultrahigh electron transparency of a very large surface
area GO sheet with a few folds/overlaps with an adjacent GO
sheet in the top part of the figure is evident. Figure 2b presents
a 6-fold hexagonal array of diffraction bright spots seen with a
selected area electron diffraction (SAED) study performed at
the lower region of Figure 2a, displaying strong evidence for a
graphene-like honeycomb structure for the sample under
study.”” Moreover, the relative intensity of the inner 1100-type
(blue) reflection being much more than that of the outer 2110-
type (red) reflection given with Miller—Bravais hkil notation in
Figure 2c¢ confirms the morphology of the sample to be a
monolayer, consistent with earlier reports.””*® The d-spacings
of the inner and out rings were found to be 0.21 and 0.12 A,
similar to the graphitic domains in graphene samples.’
Moreover, one can note that the surface roughness (R,)
value of the PMMA film decreased after corona treatment, in
consonance with an earlier report (Figure le,f).”> The

smoothened surface of PMMA thin film after corona treatment
makes the surface more conducive for better bonding with a
subsequently spin-coated GO layer.

Furthermore, Raman studies were performed to corroborate
the nature of incomplete/partially oxidized GO flakes with the
help of D-band (at 1338 cm™") and G-band (at 1596 cm™)
intensities, as seen in Figure 2d. Several oxygen functionalities
in GO cause a disruption of sp® bonds, attributing to structural
defects (D-band) in the breathing modes of graphitic domains
or whiskers like carbon (G-band). In line with earlier
findings,* a relatively larger intensity of the D-mode (doubly
degenerate phonon mode, E2g symmetry) compared to the G-
mode indicates the presence of a GO monolayer in the spin-
coated samples along with defects and vacancies. The regions
of parent graphene domains present along with oxygen
functionalities in the GO substructure (of graphene) was
further validated from the X-ray diffraction (XRD) results
shown in Figure 2e. Although crystalline graphite shows a d-
spacing of 0.34 A, the population of oxygen functionalities
(epoxides and hydroxyls) and intercalation with water
increases the interplanar separation to 8.49 A with a sharp
and distinct peak at 20 = 10.41°, as seen in Figure 2e. While
this accounts for regions of pure GO flakes, a broad and weak
peak at 20 = 21.59° with a d-spacing of 4.11 A indicates the
presence of nonoxidized re§ions, as an incomplete oxidation of
the graphitic framework.*" Likewise, a weak peak at 26 =
42.45° [d-spacing: 2.12], even observed in the SAED pattern
(inner bright spots) of the GO sample, substantiates that there
are regions of graphitic delocalized sp®> domains where the
interconnection with oxygen atoms is absent completely.*' The
UV—vis absorbance spectra for the GO solution used for spin-
coating are given in Figure 2f. This displays a maximum
absorption at 229 nm and is due to m—z* transition of
aromatic C=C bonds extensively present in GO flakes.”* At
slightly larger wavelengths (~300 nm), a shoulder was noticed.
This is attributed to n—7* transitions of the carbonyl groups
present in GO.* In addition to the above detailed HRTEM,
SAED, Raman, and XRD studies, the Fourier transform
infrared (FTIR) spectra for the spin-coated PMMA thin film
and GO thin film show characteristic vibrational bands as given
in Figure 2gh. This provides an experimental verification of
the fabrication protocol implemented and depicted in Figure
lc.

The presence of absorbed water molecules and alcohol
groups (including phenolic OH) superimposed over the OH
stretching frequencies of large number of carboxylic groups
results in a broad absorption band in the region 3050—3800
cm™1.*” The large negative value of the { potential for the GO
solution (—40.1 mV) indicates a stable dispersion with the
presence of several negatively charged functional groups. This
is on account of carboxylic acid groups in GO that also interact
strongly with the corona-treated PMMA layer for maintaining
the integrity of the multistack. While the vibrational bands at
2828 cm™! account for asymmetric and symmetric CH,
stretching, the band at 2356 cm™' is due to CO, groups. A
relatively strong absorption band at 1738 cm™" is attributed to
the stretching vibration modes of C=0 in carboxylic acid and
carbonyl groups. The assignment of stretching frequencies at
1623 and 1420 cm™! was made to C—C skeletal vibrations of
graphitic domains and C—O functionalities.*”* The vibra-
tional stretching bands of PMMA are tabulated in Table S1
and discussed in detail in the Supporting Information (SI).
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Figure 3. Graphene oxide plasmon-coupled emission (GraPE). (a) Reflectivity plot for the 7 BLs of the GOIPMMA multistack in the angle ranged
from 70° to 80°, indicating two regions of high reflectivity [Z, X] and one region of low reflectivity [Y]. (b) Schematic of the fabricated multistack
indicating the numbering of the same from glass toward PVA film, as adopted for EFI simulations. (c—e) EFI intensity profiles corresponding to the
X, Y, and Z regions highlighted in (a). (f) Schematic of KR and RK configurations. (g) Correlation between GraPE emission enhancements [left y-
axis] and emission intensity counts [right y-axis]. (h) GraPE emission intensity spectrum along with corresponding p, s, and FS emission spectra for

the 7 BLs multistack architecture.

Yet another interesting and relevant feature of GO adopted
for GraSP engineering studies is its intrinsic defects/vacancies/
holes, as seen in Figure 2i. It can be clearly noted that the
HRTEM image presents a highly crystalline region with a d-
spacing of 0.242 A, corresponding to the (1120) lattice
fingerprints of graphene. The intensity of the D-band being
more than that of the G-band strongly suggests the presence of
defects in the graphitic domains. The peculiar characteristics of
the defects were explored by Raman signal enhancement on
account of enhanced local electric field intensity.””* In this
context, we observe structural defects in Figure 2i, marked with
a curved dashed red line, having no lattice fringes of parent
graphene. Earlier reports also suggest the presence of holes in
GO on account of CO, and CO functionalities present along
with carbonyl groups accounting for boundaries of such
holes.** Therefore, we confirm that the GO sample used in the
current study has large regions of unstrained sp” bonds,
preserving the order and hexagonal symmetry of original
graphene sheet with fewer regions of oxidized counterparts
having nominal sp* bonding features along with defects.””~*"**
We have deliberately chosen this composition of GO (neither
pure graphene nor pristine GO) that presents both oxygen
functionalities and large graphitic areas in order to achieve an
appreciable amount of # plasmon—z plasmon hybridization
within a single layer of GO thin film. Furthermore, we
extensively studied the surface morphology of monolayer GO
using AFM characterization (Figure 2jk), with details
presented in the SI (Figure S1).

Graphene Oxide Plasmon-Coupled Emission (GraPE)
Analysis. Inspired by research undertaken by Lakowicz et
al,,>*72>%% SPCE has gained strong foothold in the broad arena
of plasmonics with important studies, processes and
applications at nanodimensions.””**** Recent research ad-
vancements " in SPCE domain continue to utilize metal-based

plasmonic substrates for chem-bio sensing frameworks: single
molecule detection,*® bimetal mediated-DNA diagnostics,Ar7
femtomolar glutathione™ and spermidine sensors,™ label-free
aptasensors,48 to name a few. However, owing to the lossy
nature of metallic substrates that directly affect the perform-
ance of plasmonic sensors, alternative plasmonic sub-
strates”” have gained increased attention, photonic crystal
being one of them.

Eli Yablonovitch and Sajeev John in the year 1987
introduced the term photonic crystal,”’ which was followed
by extensive scientific reports portraying unique advancements
in the field of multidimensional PCs.”*"**** In brief,
distinctive properties rendered by stopbands, BSWs, IOM,
band edge, and leaky modes have revolutionized the means to
exploit and employ EM-field in the broad arena of nano-
photonics. Photonic crystals have recently found widespread
applications in structural color printing, fiber optics, sensing,
optical devices, and photovoltaics, to name a few.”*’ After the
advent of PCs, in a span of 10 years, Boehm et al. referred to
planar hexagonal carbon lattice as graphene,*® following which
there has been tremendous attention in its translational
research®” on account of its unique strength, carrier mobility,
and chemical, optical, and thermal properties.m’lg’28 From an
extensive survey of the literature, it can be concluded that,
although several applications of graphene and graphene oxide
have been reported in the broad area of optics and photonics,
to the best of our knowledge, their ability to replace metal thin
films by generating surface EM waves has not been discussed,
after their preliminary observation in the year 2012.”* Unlike
the graphene framework utilized earlier, here, we developed an
economically viable and user-friendly GO-based multistack to
not only observe directional emission but also achieve
expedient steering” emission in the complete absence of
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metal thin films. Further, the purpose and motivation for
carrying out this work is elaborately discussed in the SI.

Regions/angles of sharp resonance dips in the reflectance
profile are well-established to denote the coupling of
luminophore emission (fluorescence, phosphorescence, chem-
iluminescence, or photoluminescence) with the incident
radiation in SPR studies.>**>*~** As seen in Figure 3a, for
7 bilayers (BLs) of GO and PMMA, a directional emission can
be expected due to a strong SPR dip at a wider angle (76.6°).
This is attributed to phase matching achieved with the use of
the GOIPMMA multistack that in succession assists the
coupling of radiating dipoles with the truncated multistack.*®
Furthermore, the effect of the number of BLs of GOIPMMA
on the intensity of resonance dips obtained using TFCalc
simulations is presented in Figure S2. It is seen that, although
the dip in the reflectivity does not vary significantly at 0°, the
percentage reflectivity decreases at higher angles as the number
of BLs increases. For clarity in presentation, the reflectivity
profiles for 1, 2, 3,4, S BLs and 6, 7, 8, 9, 10 BLs were plotted
separately in Figure S2a,b. A lower number of BLs yield smaller
resonant dips and sharpness of the dip increases for higher
BLs. Although 6, 7, 8 BLs show similar minimum reflectance,
the multistack with 7 BLs shows a double dip with nearly equal
intensities, absent in lower BLs. Hence, on the basis of
simulations, we expect to observe a maximum emission
intensity from radiating dipoles on a substrate having 7 BLs
in comparison with the rest, as increased thickness in higher
BLs is expected to contribute significantly to back scattering
and reduced enhancements.”*” Additionally, the possibility of
the FS emission to increase is more for a larger number of BLs,
which may also contribute for reduced emission enhancements
for larger thicknesses or a larger number of BLs. For all the
simulation studies, the real and imaginary parts of the refractive
index of GO and PMMA were taken into consideration and
provided as input parameters for generating electric field
intensity (EFI) and reflectivity plots.

BGCE studies have shown increased density of states (DOS)
for emitter dipoles placed in its vicinity. In this context, we
adopted standard TFCalc simulations”>** to understand the
EFI at each of the multiple resonances (and corresponding
crests) observed in Figure 3a, labeled as X, Y, and Z. A
schematic representation of the engineered 7 BLs multistack is
shown along with the numbering from the glass slide to the
PVA layer in Figure 3b. The layers numbered with odd and
even numbers correspond to GO and PMMA layers,
respectively. This also holds good for the numbering in the
EFI profiles throughout. The modes that have not been
carefully investigated previously’® present interesting states
that are hybridized, making them ideal candidates for light
energy confinement. The EFI plots are captured in Figure 3¢c—
e. The larger angle crest (Figure 3a) with a high reflectivity
indicated as X in Figure 3c presents a strong surface state. This
is due to the nonlinear nature of the multistack architecture
sustaining solitons'*™'” that are analogous to Tamm
states”" >’ observed in conventional PCs. This is because
Tamm states are observed for conventional photonic crystals
made of dielectrics where the EFI resembles the one that is
seen in Figure 3c. Further, a sharp resonance dip at Y of Figure
3a is shown to support a bulk mode within this multistack with
a maximum EFI confined relatively in the center of the
multistack (Figure 3d). This is in good resemblance with the
EFI profile reported for standard MDM™ cavity modes, where
the dielectric sandwiched between the two metal thin films

presents a similar EFI response. This clearly indicates that the
angle of minimum reflectance in the GraPE substrate is on
account of multistack sustaining bulk modes analogous to
those of the MDM modes. The pseudometallic nature
(discontinuous, delocalized z-plasmons of GO sheets with
defects) inherited from z-plasmons®~** of individual GO
sheet could be responsible for such a phenomenon. This is
further on account of plasmon hybridization between
aggregation resistant GO flakes in a single sheet."*™'*** The
evident observation of an increase in emission enhancements
obtained with an increasing number of BLs in the multistack
specifies that plasmons of one BL interacts with those of an
adjacent BL. This understanding is in line with the ability of
the graphene-based multistacks or multilayers to support
solitons (nonlinear attributes to that of Tamm states), as
reported earlier."*™"® This can be further understood by
observing the characteristic behavior of multiple dips obtained
in the reflectivity plots (Figure S2). For one BL, we observe
one dip, for two BLs, two resonance dips, and so on. The
concept of hybridization between two graphene sheets
separated by a dielectric resulting in symmetric and
antisymmetric hybridized states has been reported earlier."”~"*
In this context, we propose an extended hybridization between
plasmons supported by individual BLs across the multistack (in
between the BLs).”””'*** Additionally, with a reduction in
angle (at Z), a bulk mode as well as a surface mode were
observed. This indicates that, as the angle moves away from
the region of maximum resonance (maximum dip), bulk and
surface modes begin to hybridize.'”"” In other words, solitons
(on account of nonlinearity) and hybridized plasmons (due to
linear property) interact with one another to present multiple
resonant dips and crests in the reflectivity profile. This trend in
EFI is constantly observed with resonant dips and crests at
lower angles (less than 70°, but greater than 50°) and is
presented in Figure S3. Hence, we conclude that, although
earlier reports have demonstrated BGCE enhancements
distinctly at lower and higher angles due to BSWs and
IOMs, respectively,B’24 the GOIPMMA multistack, due to a
synergistic combination of plasmons (from pseudometal) and
nonlinear solitons, presents a hybridization of bulk and surface
states resulting in multiple resonances. The importance and
details of reflectance at different wavelengths are given in
Figures S4—S6.

It is customary to obtain highly polarized and >50% signal
collection of directional luminescence in SPCE platform due to
in-phase coupling between TM-polarized excitation field and
surface plasmon oscillations on a metal-dielectric inter-
face.””*3%*7%% The SPPs generated as an immediate
outcome of this coupling have an evanescent behavior. An
emitter dipole placed in its vicinity experiences EM-field
confined to the surface, resulting in S—10-fold enhanced
emission of emitter dipoles in SPCE.”***® As predicted
theoretically, with the use of multistacks (instead of a metal
thin film) in a conventional SPCE framework, we observed an
increase in the emission intensity with an increasing number of
BLs spin-coated on top of a glass substrate. Particularly with
the use of 7 BLs of GOIPMMA, an increase up to 35-fold in
emission enhancements was observed (Figure 3g). In line with
earlier reports,zg’?’o’36 the emission enhancements were
calculated as a ratio of GraSP [ie., in the case of both
GraSE and GraPE] emission intensity counts to free space
(FS) counts. It is worth mentioning that this is the first time
such augmented enhancements have been experimentally
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Figure 4. Graphene oxide plasmon-coupled soliton emission (GraSE). (a) Reflectivity plot for 7 BLs of GOIPMMA multistack in an angle range
from —90° to +90°, indicating two regions of high reflectivity at wider angles with multiple narrow dips and a broad angular region of high
reflectivity around 0° (b) Correlation between GraSE emission enhancements [left y-axis] and emission intensity counts [right y-axis]. (c)
Experimentally obtained angular emission pattern at distal part of the prism with beaming emission at 0° and directional emission at 72° in
correspondence with the reflectivity shown in (a). (d) EFI profile at 0° showing an increase toward the surface of the substrate. (e) GraPE emission
intensity spectrum along with the corresponding p- and s-polarized emission and FS spectra for 8 BLs of the multistack architecture.

demonstrated on a metal-free platform through a simple spin-
coating substrate fabrication. This amplification is substantial
on account of the following factors: (i) lossless nature of
GraSP engineering in comparison with conventional SPCE, as
the self-induced lossy nature of metals results in damping of
theoretically postulated extreme and tight optical energy
trapping. (ii) The synergistic effect of nonlinear solitons and
linear 7-plasmons'*** account for surface and bulk states. (i)
In the case of metal-dependent SPCE studies, only emitter
dipoles oriented perpendicular to the metal surface couple with
surface plasmons to give TM-polarized emission.””*° However,
in case of the GraSP platform, radiating dipoles oriented not
only perpendicular to the surface but also nearly parallel to the
multistack couple with surface and bulk states supported by
this architecture, thereby resulting in enhanced TE- and TM-
polarized emissions. This phenomenon of graphitic frame-
works that aid the coupling of radiating dipoles oriented in
every direction, other than perfectly parallel to the metal thin
film, has been reported earlier.”’ The GraPE intensity spectra
for all BLs (2—10) along with their p- and s-polarized emission
and FS spectra are presented in Figure S7.

While traditional SPCE supports only p-polarized emission,
HRI dielectric NPs placed atop a metal thin film sustain strong
magnetic flux dipoles, resulting in a highly s-polarized
emission.’ Similarly, PCs display the coupling of s-modes
due to alternating HRI and LRI nano thin films. > However, a
multistack architecture for coupling both p- and s-polarized
modes is unfamiliar. In this context, GraPE engineering
presents a unique architecture for the coupling of unpolarized
light where the TE-mode is marginally superior to that of TM-
coupling, as seen in Figure 3h. The TM- and TE-polarized EFI
profiles presented in Figure 3c—e confirm this understanding.
Although both p- and s-polarized modes are continuous within
the stack, at the surface near the terminating PVA layer
(embedded with radiating dipoles), the p-modes are
predominantly noncontinuous and fragmented. This implies
that the extent of realizing p-mode coupling is diminished.”>**

Graphene Oxide Plasmon-Coupled Soliton Emission
(GraSE) Analysis. The reflectivity plot obtained for a
complete angular range, from —90° to 0° to +90°, is shown
in Figure 4a. Resonance dips at a higher angle have been
elaborately discussed in the preceding section on GraPE
engineering. Here, we attempt to understand the property of
resonance dip, in reflectivity at 0°. In a traditional SPCE
platform, the emission observed at 0° is termed as beaming/
steering emission. This comes with an important advantage of
no requirement of a rotational stage, generally employed for
the collection of directional emission in the SPCE platform.”
In the case of beaming emission achieved with MDM
frameworks, the detector was fixed in line with the incident
light beam. Since fluorescence emission travels in same straight
line as that of the incident ray in RK configuration, the SPCE
platform layout is immensely simplified. Further, the usage of
1DPCs on a metal thin film also presents beaming emission on
account of Tamm states.”>*°

In this study, we used GraSE engineering for the steering of
emission with augmented emission enhancements for 8 BLs
multistack (Figure 4b). In consonance with the simulated
reflectivity plot (Figure 4a), the experimentally obtained
angularity plot in Figure 4c shows characteristic directional
(72°) as well as beaming emission (0°). We see a 5°—7°
variation from the simulated value for GraPE. This is primarily
on account of the approximation made during simulation,
where GO was considered as a continuous film with a
thickness of 1 nm. However, unlike pristine graphene, GO
presents a noncontinuous thin film due to its well-established
intrinsic properties discussed in previous sections. Further,
infinitesimal imperfections in the fabricated multistack could
also lead to such a mismatch. The angularity plot representing
the emission intensity counts collected at distal part of the
prism with a 2° resolution is presented in Figure 4c. We
observed a clear beaming emission at 0° and directional
emission at 72°. In Figure 4a, we observed a significant dip in
reflectivity even at 0°, as observed with MDM> and Tamm
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state-coupled emission (TSCE) frameworks.”* The EFI profile
presented in Figure 4d confirms its origin and functionality as a
surface state, resembling the TSCE phenomenon in conven-
tional dielectric-based photonic crystals. This indicates that the
surface state generated at the PVA layer doped with radiating
dipoles experiences high EM-field enhancements even at 0° on
account of solitons.

Moreover, it must be noted that RK configuration is an
essential requirement to observe beaming emission””*> at 0°.
This is in good agreement with the simulated reflectivity plot
(Figure 4a) having the dip in reflectance at 0°. For better
clarity, the EFI profile at 0° for only the PMMA stack (without
GO) and the GO stack (without PMMA) is presented in
Figure S10 for 7 BLs. This establishes that, without the
multistack architecture with alternating HRI (GO) and LRI
(PMMA) materials, EFI remains constant from the glass slide
to the outermost PVA nanolayer. To the contrary, we observed
in Figure 4d that EFI shows a gradual increase from the glass
slide to PVA through the multistack. This is in close agreement
with the previously reported surface EM waves supported by
the multistack with graphene as HRIL>® Although 15-fold
emission enhancement obtained with 8 BLs is maximum, it is
slightly more than that obtained from the 7 BLs multistack.
Nevertheless, this increase up to 15-fold is a significant result
when compared to that achieved with conventional SPCE.
Subsequently, for maintaining generality in the study, we have
carried forward the GraSP emission engineering with a variety
of NPs using the 7 BLs multistack alone. The fluorescence
emission spectra displaying high intensity counts in compar-
ison with FS emission along with the p- and s-polarized
emission are presented in Figure 4e. The GraSE intensity
spectra for all BLs (2—10) along with their p- and s-polarized
emission and FS spectra are presented in Figure S11.

Another interesting feature of GraSE engineering is the
polarization of modes presented by multistack at 0°. In Figure
4d, both p- and s-modes are presented with a blue line, since
they both have exactly similar behaviors inside and at the
surface of the multistack. With this background, one can clearly
speculate an equally enhanced emission of both p- and s-
polarizations. In strong agreement with this, we observed
nearly equal p- and s-polarized emission enhancements at 0°,
as seen in Figure 4c. The angularity plots for all BLs displaying
both beaming emission and directional emission are presented
in Figure S12. We conclude here that the increase in emission
enhancements compared to FS emission is on account of the
hybridized modes (z-plasmons and solitons) sustained by the
multistack for GraPE. While for GraSE, the enhanced emission
is on account of solitons. Furthermore, we also performed
MATLAB-based numerical simulations in line with our earlier
works™* to obtain the dispersion diagram for the proposed
multistack architecture for 7 BLs (Figure S13). The results
from the dispersion diagram are in consonance with the results
obtained from the TFCalc simulations, where we observed
multiple resonances at higher angles and also dip in reflectivity
at 0°. In addition to this, the distinctive properties of this
platform with futuristic scope are detailed in the SI (Figures
S14-S18).

Metal, Intermetallic, Rare-Earth, and Carbon—Metal
Hybrid NPs for Cavity Hot-Spot Generation. The 35-fold
emission enhancements realized with 7 BLs multistack
architecture were further augmented using cavity engineering
at the multistack interface to understand the effect of different
types of plasmonic and dielectric NPs toward hot-spot

generation. The large tunability in emission enhancements
has been demonstrated using a wide variety of NPs: metals, Ag,
Au, and Pt; intermetallics, SiO,, TiO,, TiC, TiN, and TiCN;
rare-earth, Nd,O;; low-dimensional carbon substrate—plas-
monic hybrids, CDs. AgCDs were interfaced with the
fabricated multistack such that the radiating dipole is
sandwiched in the cavity environment. This study opens a
new horizon for understanding plasmonic coupling and
provides a futuristic innovation of hybridized metal-dielectric
platforms. The variable EM-field entrapment provided by these
NPs and the extended hybridization between the hybridized
modes of multistack and resonances sustained by individual
NPs result in tailored PFs with a wide range from 4.4 to 471.6
for SiO,NPs and AgCD NPs, respectively, in the GraSP
emission platform. The direct effect that the cavity environ-
ment has on the spontaneous emission from a radiating dipole
is known as the Purcell factor.”” Cavity hot-spots with
amplified EM-field intensity result in a decrease in fluorescence
lifetime, an increase in radiative decay rate, an enhanced
quantum yield, and a high PF.

Purcell-enhanced excitonic emission from cavity-modified
photonic nanoregimes has presented impactful and fascinating
aspects of light—matter interactions in van der Waals
heterobilayers.”> The materials display unique and judicious
properties in bulk as well as nanoscale dimensions.””** We
have earlier demonstrated the utility of a variety of nano-
particles (NPs) and nanocomposites in a SPCE platform to
comprehend their unique plasmonic properties. Physico-
chemical interfacial interactions were harnessed in nanocavities
(between NP and metal thin film) to realize the femtomolar
sensitivity of glutathione® and spermidine® and the picomolar
sensitivity of a coronary LpPLA,”" biomarker. In this context, a
cavity environment sustaining EM hot-spots, generated
between the NPs and metal thin film, was exploited for
different useful a.pplications.w’w’51 As a continuation, in this
work, we intended to understand the intricate details of
interfacial plasmonics using different types of NPs on a metal-
free GraSP platform, unlike the conventional SPCE platform,
presenting intriguing results.

HRTEM images of all the NPs used for the GraSP (GraPE
and GraSE) engineering studies are presented in Figure S. The
lattice resolved images indicating the characteristic d-spacing
are also shown. The TEM images of all NPs at different
resolutions along with SAED images and corresponding
powder XRD patterns are presented in Figures S19—S22.
The discussions pertaining to Miller indices, 26 positions,
ICSD reference code, and the crystal system have also been
given in detail (Supporting Information). From Figure Sl, we
see that AgCDs presented a maximum of 947-fold and 573-
fold enhancements with GraPE and GraSE. Colossal use of
AgNPs for plasmonic investigations involving newer frame-
works such as metal-dielectric hybridized plasmons, void
plasmons, and truncated plasmons is now on the rise.' ™ In
this context, we synthesized AgCDs as described in an earlier
report.”’ These nanohybrids present multifold hot-spots due to
two important aspects: (i) Ag being a metal and CDs being a
dielectric; the metal—dielectric hybrid of AgCD presents
hybridized plasmonic resonances.”’ From Figure 5m, we see
that synthesized CDs and AgCDs gave absorbances at 271 and
458 nm. Also, the HRTEM image in Figure Sk shows an
overlapping d-spacing of AgNPs and CDs, confirming the
formation of hybrids. To the best of our knowledge, this is the
first report that presents >900 emission enhancements on a
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Figure S. Tunable emission enhancements with different nanoma-
terials. HRTEM images of (a), Au, (b), Pt, (c) Ag, (d) SiO,, (e)
TiO,, (f) TiC, (g) TiN, (h) TiCN, (i) Nd,O;, (j) CDs, and (k)
AgCDs nanoparticles. The d-spacing has also been presented for
crystalline NPs. In (k), the red dashed curve and yellow dashed curve
represent CDs and AgNPs. (1) Comparison between GraPE and
GraSE enhancements for all the NPs. (m) UV—vis absorption spectra
for CDs and AgCD. (n) Comparison between GraPE and SPCE
enhancements for the dielectric (red shaded), rare-earth (unshaded),
and metal (green shaded) NPs used.

metal-free substrate. The absorbance of CDs in AgCDs
lessened on account of the utilization of CDs for AgCD
formation. During the process, the CDs are decorated with
AgNPs, hence red-shifting the absorbance maximum of AgCD
hybrids to 458 nm. (ii) As a result of the decoration of CDs,
the EM hot-spots generated are multifold. This is because the
nanogaps between the AgNPs and the CDs support intense
EM-field confinement. The voids and nanojunctions that are
generated as an offshoot of this decoration between the
decorated AgNPs would further enhance the optical field
entrapment. Adding to these hot-spots, when AgCDs are taken
in vicinity of GraSP substrate, they experience and work in
tandem with the surface and bulk states presented by the
multistack. Likewise, the radiating dipoles sandwiched between
the multistack and AgCDs experience large EM-field intensity
on account of multiple hot-spots from NPs and surface and
bulk states from the multistack. Theoretically, this results in a
very large PF of 471.6 for AgCDs in the GraSP emission
platform. In strong agreement with the theoretical data, we
observed amplified emission enhancements. Also, we observed
that emission enhancements obtained from directional GraPE
were always more than those of beaming GraSE. This is
reasonable since the EFI profile, as discussed earlier, was, in
general, lesser for GraSE in comparison with that of the GraPE
framework. Besides, the emission enhancements seen in Figure
Sl are in excellent agreement with the PF obtained by taking
these NPs on the GraSP substrate.

Figure Sn shows the comparative analysis between the
performance capabilities of SPCE and GraPE technologies. It is
clearly seen that, with the use of any NP (other than AgCDs),
the emission enhancements obtained were superior in the case
of GraPE as compared to GraSE. This augmentation in
enhancement is because of the lossless nature of GraPE
architecture compared to that of lossy metal-dependent SPCE.

In fact, the hybridized states of solitons and 7z-plasmons
presenting bulk and surface states that are absent in the case of
metal thin film would aid the coupling phenomenon here to a
significant extent. However, it is to be noted that emission
enhancements seen with GraPE engineering remained margin-
ally less compared to the SPCE enhancements obtained with
the use of AgCDs. Although the exact mechanism for this
observation is still under inspection, one plausible explanation
could be that radiating dipoles held in the infinitesimal volume
between CD, AgNP, and Ag thin film could experience
amplified EM hot-spots due to an extended hybridization of
metal thin film metal AgNPs—dielectric CDs—metal AgNPs,
wherein the continuity in the dielectric constant is not
significantly broken. This could lead to an extremely
cooperative and coherent interaction between the LSPR of
AgNPs, dielectric plasmons of CDs, hybridized plasmons of
AgCD, void plasmons between AgNPs, and most importantly
the propagating plasmons of Ag thin film, thereby boosting and
outdoing the capacities of GraPE. Whereas, in the case of
GraPE engineering when AgCDs are taken on its surface, the
mismatch in the dielectric constant is comparatively much
larger because of the dielectric multistack-metal AgNPs—
dielectric CDs—metal AgNPs framework. These observations
were validated by the PFs obtained with the use of AgCDs in
SPCE (1027.6) and GraSP (471.6) emission platforms, where
we clearly noticed that the PF in the cavity hot-spot was larger
for SPCE. Theoretical studies and experiments to comprehend
the contribution from each of these EM-field augmenting
parameters are underway. While the dielectrics and inter-
metallics have shown to assist in large tunable PFs on the
SPCE platform [SiO,, 35.9; TiCN, 109.52; CD, 114.12; Au,
3464.7], we noticed that the PFs on the GraSP platform [SiO,,
4.39; TiCN, 3.99; CD, 19.45; Au, 5069] are moderately
enhanced, resulting in reasonably higher emission enhance-
ments. It is well-known that AuNPs result in quenching of
emitter dipoles placed in their Vicinity.30’35 In similar lines, we
observed the quenching of emission from RhB, resulting in S-
fold emission enhancements in SPCE. This phenomenon has
been exploited in biosensor applications for the sensin% of
aptamers on a quenching—dequenching SPCE platform.” In
contrast to this, we observed an enhanced emission of 53-fold
(compared to a blank of 35-fold) while AuNPs were taken in a
cavity architecture in GraPE. This is noteworthy since the
lossless nature of metal-free multistack aids in the coupling of
dipoles that are otherwise quenched. This unique observation
can be rationalized by taking into account the competitive
effect of the bulk and volume EM-field confinement modes
sustained by the multistack and dequenching effect. The
increase in theoretically obtained PF (5069 in GraSP vis-a-vis
3464.7 in SPCE) and experimentally obtained emission
enhancements confirms that the quenching factor is outdone
by hybridized modes and coupling interactions with LSPR of
AuNPs, thereby presenting a quench-free Au-cavity framework.
This is, indeed, a crucial strategy to overcome the quenching
effect of AuNPs and has tremendous scope for next-gen
plasmonic applications. Optical light scattering effects from
Nd,0; nanorods (NRs), acting as “Huygen” sources for
enhanced forward scattering outdoing the metallic AgNPs on a
SPCE platform have recently been studied for evaluating
hazardous tannic acid in environmental water bodies.”>*® The
results of the current study being preferable and superior in
comparison with SPCE for sensing applications, again, present
a new outlook to understand the effect of several other
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Figure 6. Biosensing with GraSP emission platform. Calibration curves of antigen (human interferon-y, IFN-y) concentration versus (a)
absorbance values obtained in a conventional 96-well plate ELISA. (b) Conceptual schematic of ELISA performed on the multistack, (c) GraPE
enhancements, and (d) GraSE enhancements. The insets shown in each of the plots indicates a linear relationship on a bilogarithmic coordinates.

lanthanides and actinides on the GraSP substrate. Further, AI**
ion and cortisol sensing that have been achieved using the
nanocavity supported by the Bloch surface waves of IDPC and
the LSPR of plasmonic NPs can also be explored in the GraSP
platform because of the advantage of simple substrate
fabrication involved here.”>*® Additionally, this platform can
be used for sensing applications and monitoring hazardous
elements in food, body fluids, and environmental water bodies.
On a concluding note, we attempted to compare and
contrast the emission enhancements obtained by using
metallic, intermetallic, rare-earth, and low-dimensional carbon
and composite substrates. This report provides a broad
overview of GraSP engineering using NPs that are from
different elements of the periodic table. Despite this, several
other NPs that involve magnetic NPs, ferroelectric NPs,
nanovesicles, alkali and alkali-earth NPs, polymeric NPs, and
their hybrids need to be studied on the GraSP substrate to
understand the impact and novelty brought by this unique
architecture. The obtained results showcase a new trajectory
for beneficial and practical output for sensing applications in
the growing field of plasmon-coupled emission spectroscopy.
Biosensing Applications of GraSP Emission Platform.
Further, we demonstrate the importance of the interfacial
GraSP emission platform (in comparison to conventional
ELISA and SPCE) in monitoring the human interferon y
(IFN-y) antigen concentrations through a sandwich immuno-
assay. The human IFN-y is one of the different types of
endogenous proinflammatory cytokines and plays a crucial role
in human health and illnesses.”” Host protection is primarily
dependent on an innate and adaptive immune system. While
natural killer (NK) cells and natural killer T (NKT) cells are
major producers of IFN-y via innate immune response, CD4"

17056

T cells and CD8* T cells contribute to IFN-y production
during an adaptive response.’”*® The vital functions of this
type II interferon includes antiproliferative and antiviral effects,
immunostimulatory and immunoregulatory properties, and
antiparasitic effects during disease progression.”’ " Elevated
levels of IFN-y in the human body is characteristic of several
diseases such as cancer, Crohn’s and Johne’s disease,
tuberculosis, Diabetes mellitus, HIV, dengue, and chronic
obstructive pulmonary disease (COPD) to name a few.’' ~**
Therefore, IFN-y has been widely adopted as a biomarker for
early diagnostics and medical treatment. The majority of these
disease states demand picomolar sensitivity of IFN-y in order
to confirm the cause for specific illness in patients. Sandwich
enzyme-linked immunosorbent assay (ELISA), reverse tran-
scriptase polymerase chain reaction (RT-PCR), and enzyme-
linked immunospot assay (ELISPOT) are the widely used
methodologies for the detection of human IFN-y at bio-
logically relevant concentrations.”~** ELISA is well-known for
its innate reliability, sensitivity, specificity, and reproducibility
of results. Moreover, the SPCE platform has been earlier
utilized for performing such sandwich immunoassays, extend-
ing their utility in biosensing applications.****** In light of
these observations, in this report, we attempt to establish the
GraSP emission platform as an eflicient alternative for SPCE
and conventional absorbance-based ELISA applications. The
experimental details of ELISA performed via absorbance,
SPCE, and GraSP emission platforms are presented in the
Experimental Section. In brief, SPCE and GraSP emission
platforms were spin-coated with a S nm PMMA polymer thin
film layer doped with Rh6G radiating dipoles. The capture
(coating) antibody was immobilized on to this, and a sandwich
ELISA was built using IFN-y, a biotinylated detection
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antibody. Furthermore, streptavidin conjugated AgNP was
added for the generation of hot-spots. Higher concentrations
of antigen assisted in the formation of a large number of hot-
spots between the AgNP and metal thin film (in case of SPCE)
as well as the PMMAIGO multistack (in the case of GraSP). As
discussed in preceding sections, the nanogaps between the
metal thin film or the GraSP platform and the metal NP are the
regions of high electric field intensity and are called hot-spots.

Figure 6 shows the calibration curves obtained for the
detection of IFN-y using different detection methodologies.
The conventional absorbance-based 96-well plate ELISA
yielded a linear relationship between the absorbance and
different IFN-y concentrations. This is presented as an inset in
Figure 6a, where we observed a linear fit on a bilogarithmic
coordinates*® with an R value of 0.988 and a linear range from
31.25 to 1000 pg mL™". The limit of detection that could be
achieved here is 20.4 pg L™". On account of high sensitivity of
the SPCE platform, as expected, from Figure S23 (and the
inset provided), we noticed a linear relationship between the
SPCE emission enhancements obtained and different concen-
trations of IEN-y.**®> Here, we observed a linear fit in the
range 7.81-250 pg mL™' (R = 0.987), and the limit of
detection was further lowered to 7.81 pg mL™". Furthermore, it
is worth noting that the maximum emission enhancement
observed with 2000 pg mL™' (maximum concentration of
antigen) in SPCE is 112-fold. The conceptual schematic of the
ELISA performed in the fabricated multistack is shown in
Figure 6b the details of which are given in the Experimental
Section (here, Cap Ab, capture antibody; Atg, antigen; Det Ab,
detection antibody; Strp-Ag, streptavidin AgNP). While this is
the case with the SPCE platform, directional GraPE and
beaming GraSE presented 183-fold and 92-fold emission
enhancements, respectively, with the maximum concentration
of antigen, i.e., 2000 pg mL™L Upon reduction in the antigen
concentration, the number of AgNPs generating the hot-spots
dwindled, resulting in reduced emission enhancements. This
was accompanied by a reduced number of nanogaps between
the NPs and sensing platform as reported earlier."”**~°° This
was in turn used to understand the interfacial interactions of
the antigen and antibody and detection of IFN-y. Parts c and d
of Figure 6 display the calibration plots for the GraPE and
GraSE detection platforms. While the linear fit observed for
GraPE was in the range 1.95—1000 pg mL™" (R = 0.988) with
an 1.95 pg mL™! limit of detection, the same for GraSE was
observed to be in the range 31.25—1000 pg mL~" (R = 0.989)
with a 31.25 pg mL™" limit of detection. The large linear range
exhibited by the GraPE platform (compared to conventional
ELISA and SPCE) is reasonable on account of the large
coupling efficiency of the PMMAIGO multistack with the
radiating dipoles. From an earlier section, we noted that the
cavity environment generated by any NP results in higher
emission enhancements in GraPE as compared to those of
SPCE. Hence, the utility of GraSP engineering was
demonstrated in biosensing by the dual benefits of GO
plasmons and the solitons (of the multistack) presenting
reliable, sensitive, and reproducible results with a much lower
limit of detection in comparison to conventional ELISA and
SPCE. Unlike the earlier reports where ELISA was established
in a directional SPCE platform,"®**% this report presents a
convenient way for the collection of emission signal in the case
of GraSE where the position of the detector is fixed. In this
approach, we avoided the intricate labeling of biomolecules
(such as antibodies) to fluorophores by adopting the well-

established cavity architecture for signal collection, both in
SPCE and GraSP. This label-free technique was achieved
simply by directly spin-coating the radiating dipoles on the
platform. Moreover, several advantages of GraSP engineering
on account of wide optical window, directionality, reduced
background noise, and polarization properties that were
discussed in earlier sections of this report can be further
improved and optimized for biosensing applications on the
basis of specific requirements. Earlier reports validate the
importance of the SPCE platform as an efficient framework for
performing immunoassays even in optically dense matrices
including blood sa111ples.64’65 Furthermore, it is informative to
discuss the different methodologies that have been developed
for the detection of IFN-y and draw a comparative analysis
with the technique developed in this work. From Table S2, we
note that reports in the literature, in the past 10 years, utilized
a variety of materials and techniques for both the qualitative
and ultrasensitive detection of IFN-y. These reports have been
comprehensively summarized in Table S2 in terms of their
limit of detection and linear sensing range along with key
highlights. In light of these observations, it is worth mentioning
that the proposed GraPE detection technology using the GOI
PMMA multistack presents itself as a salient methodology and
has demonstrated a better limit of detection compared to those
of existing techniques. Further, the ability to integrate this in-
house developed platform with a simple, rapid, low-cost spin-
coating technique presents for near real-time point-of-care
diagnostic applications in resource-limited settings. In this
context, further experiments to understand the merits and
demerits of the GraSP detection platform under different
disease conditions are underway with the use of healthy and
infected serum, blood, saliva, plasma, and urine samples. Of
late, PMMA-based microfluidic devices®” are being studied for
sensing applications, and hence, we strongly believe that the
GraSP platform could be used for monitoring human IFN-y in
biological samples using such PMMA multistack-based
detection platforms.

B CONCLUSIONS

In summary, this report presents a simple, user-friendly, cost-
effective spin-coating technique to realize GraSP emission with
soliton-aided MDM analogues and directional emission
patterns on a conventional SPCE platform. The utilization of
a 7 BLs multistack resulted in 35-fold emission enhancements,
while a cavity environment generated with AgCDs supporting
multiple hot-spots resulted in >900-fold fluorescence enhance-
ments in the otherwise omnidirectional uncoupled FS
emission. This report attempts to bring a directional emission
characteristic of SPCE and GO-assisted soliton states onto a
single metal-free and template-free GraPE platform. The
deliberate use of RK configuration was essential to capture
the beaming emission on account of soliton states. While
SPCE aids in the coupling of only p-polarized light, GraSP
engineering allows one to realize the coupling of both p- and s-
polarized emission due to nonlinear and linear contributions.

The impacts of this study are threefold: (i) This approach
could find applications in metal-free plasmonic sensor
platforms with applications in optofluidic PMMA chip-based
smart plasmonic devices. (ii) GO has already been extensively
used for different sensing and light confinement technologies,
which makes GraSP engineering an entirely new counterpart of
SPCE technology. (iii) It holds great promise for the tunability
and steering of fluorescence emission, resulting in reconfig-
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urable plasmonics at novel interfaces with new opportunities
for biomedical point-of-care diagnostics. We envisage the
immediate deployment of these low-cost, metal-free multi-
stacks for bioanalytical, chemical, and forensic sensing
applications. Doping individual layers of the multistack with
different NPs would open a new arena of research in graphene
oxide interfacial plasmonics. We strongly believe that this study
presents a stepping stone to a plethora of exciting plasmonic
architectures with doping of compositionally different multi-
stacks containing analogous 2D nanomaterials (such as nitrides
and carbides) to fully exploit their plasmonic and optical
response.

B EXPERIMENTAL SECTION

Chemicals. Pyrex microscopic slides vapor-deposited with Ag thin
film (50 nm) were purchased from EMF corp. Rhodamine B (RhB),
poly(methyl methacrylate) (PMMA), rhodamine 6G (Rh6G),
polyvinyl alcohol (PVA), and Nd,O; NRs were procured from
Sigma-Aldrich. Intermetallics/SiO, NPs were obtained from Tata
Chemicals Ltd. TiO, NPs were procured from US Research
Nanomaterials, Inc. TiC, TiN, and TiCN were procured from Reinst,
Nano Ventures. AgNPs (Turkevich method) and AuNPs were
synthesized via well-established procedures.”® PtNPs was obtained
as a gratis sample. Invitrogen IFN y human matched antibody pair
“ELISA IFN-y Cytoset” (Cat. # CHC1233), Life Technologies, was
procured from Thermo Fisher Scientific. All the experimental
solutions of the antibodies, antigen, and other reagents dilutions
required for sandwich enzyme-linked immunosorbent assay (ELISA)
were made using the recommended Invitrogen buffer kit for antibody
pairs (Cat. # CNB0011) procured from Thermo Fisher Scientific. A
F96 Maxisorp NUNC-Immuno plate (Cat. #442404) procured from
Thermo Fisher Scientific was used for the conventional ELISA.
Streptavidin-40 nm silver nanoparticles conjugate solution was
procured from Cytodiagnostics (Cat. # SC-40-04).

GraSP Engineering Protocol. The multistack was prepared by
spin-coating technology as reported earlier.”**® First, GO (0.5 mg/
mL) was spin-coated on a glass slide at 9000 rpm for 60 s, to give a
0.9—1.1 nm thick GO.%® This was followed by spin-coating PMMA
(0.25¢/mL) dissolved in CHC13.28’69 This gave a PMMA thin film
with a thickness of 460—480 nm. However, since GO was dissolved in
Milli-Q water and PMMA in CHCl,, spin-coating GO on PMMA did
not help to obtain the required multistack due to repulsive
interactions between polar and nonpolar entities. Hence, in order to
successfully spin-coat GO on PMMA, the PMMA layer was subjected
to corona treatment. This resulted in the dangling surface oxygen
functional groups that aided in the bonding of GO that was
immediately spin-coated on corona-treated PMMA. It must be noted
that alterations in thickness, 450 nm PMMA layer with +50 nm, did
not result in any significant changes in the reflectance profile
(Supporting Information). Also, a variation in the thickness of GO in
the range 0.6—1.6 nm did not affect the MPR resonances. This
procedure was taken forward for the preparation of the desired
number of BLs. The engineered GraSP substrates [glass slides with
BLs] were affixed to a hemicylindrical prism using an index matching
fluid glycerol (1.47). This prism was mounted on a calibrated 360°
rotating stage. All GraSP experiments were performed in reverse
Kretchmann (RK) conﬁguration.29’30'3’4‘3’5 A S mW, 532 nm c.w. laser
excitation was incidented onto the engineered GraSP substrates, and
plasmon-coupled emission was collected from the distal part of the
prism using a 550 nm long wave pass (LWP) filter. An USB4000 fiber
optic spectrometer connected to Ocean Optics SpectraSuite software
was utilized for recording free space (FS), GraSE, and GraPE. A sheet
polarizer was placed in between the prism and fiber optic collector in
vertical and horizontal orientations to capture p- and s-polarized
emission. The fluorescence emission enhancements were calculated as
the ratio of GraSP emission intensity counts to FS emission intensity
counts. The directionality of the angular emission was determined for
all the samples, as reported earlier.””***%%°

Cavity Engineering Protocol. The blank for cavity interface was
prepared by spin-coating dye doped polymer as a single layer on top
of the multistack. The cavity is the infinitesimal nanogap between NPs
and the fabricated multistack. This was prepared by spin-coating a
blend of RhB and the NPs on top of the multistack as reported in our
carlier publications.””*”***>*! In brief, NPs were admixed with
emitter dipoles and spin-coated on top of the multistack at 3000 rpm
for 60 s using PVA as a polymer matrix. This resulted in an overcoat
of 30 nm thickness. The region between the NP and multistack, where
the radiating dipoles are sandwiched, experiences augmented EM-field
intensity. As a result, depending upon the plasmonic behavior of NPs
to confine light to a cavity environment, tunable emission enhance-
ments can be achieved.

FDTD and TFCalc Simulations. TFCalc solftware (Software
Spectra) was used to carry out simulations on the basis of SPR theory
and to validate observed emission angles. The theory of SPR and
SPCE being complementary to each other suggests that regions of
minimum reﬂectivitzr can give rise to enhancements in emission from
a radiating dipole.’® The parameters used as inputs during the
simulations are as follows: ng = 1.50 for PVA, npyps = 1.49, ngo =2 +
0.3i, 1 mm BK7 glass (ng = 1.518) corresponding to the wavelength
maxima,”® where n is the refractive index.

Lumerical’s FDTD solutions, a commercially available software,
were used for the simulation of the various hot-spots. The multistack
structure was created with material and simulation properties available
within the software. The conceptual schematic is presented in Figure
S24. An in-built dipole source was used after matching its emission
with that of RhB. The simulations were carried out at 0.1 nm
resolution in 3D, and the resulting PFs were exported and correlated
with enhancements obtained from the experiments. Figure S24
represents the cavity architecture that shows high electromagnetic
field intensity at the gap between the nanomaterial and plasmonic thin
film. This area is referred to as a hot-spot. When a dipole emitter is
present in this hot-spot, the electromagnetic field experienced by the
emitter is much higher when compared to that in the absence of the
cavity. This variation was calculated as the Purcell factor (PF). In this
work, we carried out FDTD simulations with various nanomaterials as
part of the cavity and correlated their PF to the experimental
outcome.

ELISA Protocol. The calibration concentrations of IFN-y were
measured using conventional sandwich ELISA (absorbance techni-
que) as per the manufacturer’s recommended protocol. The immuno
microwell plate was coated with 100 yL/well of 2 ug/mL coating
antibody solution and incubated at 4 °C for 18 h. The coating
antibody solution was aspirated out, and the wells were washed once
with 300 uL of washing buffer per well. Following the wash, the
remnant liquid was removed by inverting and tapping the plate on an
absorbent paper. The assay buffer (300 uL/well) was added and
incubated at room temperature for 1 h for blocking the nonspecific
sites of the capture antibody. Calculated concentrations (100 uL) of
recombinant IFN-y diluted serially in assay buffer (ranging from 2000
to 31.25 pg/mL) were pipetted into designated wells in triplicate.
Immediately, SO uL/well of the working detection antibody solution,
0.16 pg/mL, diluted in assay buffer was added and incubated at room
temperature for 2 h with shaking at 700 rpm. The solutions were
aspirated out, and the wells were washed five times with 300 yL of
washing buffer per well. Following each wash, the remnant liquid was
removed by inverting and tapping the plate on an absorbent paper.
The working streptavidin-HRP solution (100 L) prepared in assay
buffer was pipetted into each of the well, followed by 30 min of
incubation at room temperature with shaking at 700 rpm. The
solutions were aspirated out, and the wells were washed five times
with 300 uL of washing buffer per well. Following each wash, the
remnant liquid was removed by inverting and tapping the plate on an
absorbent paper. The TMB substrate solution (100 L) was pipetted
into each well, followed by 30 min of incubation at room temperature
with shaking at 700 rpm. The stop solution (100 L) was pipetted
into each well. The absorbance was measured at 450 nm (reference
absorbance at 650 nm) using a Varioskan LUX Multimode Microplate
Reader (Thermo Fisher Scientific). A similar protocol was adopted
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for SPCE and GraSP platforms. Pyrex microscopic slides vapor-
deposited with Ag thin film (50 nm) comprised the SPCE substrate.
The 7 BLs of GOIPMMA fabricated atop pyrex microscopic slides
comprised the GraSP emission substrate. Initially, 0.7 mg/mL PMMA
in chloroform containing 1 mM Rh6G was spin-coated on top of
SPCE and GraSP emission platforms to get a 5 nm thick polymer
overcoat. The PMMA overcoats were corona-treated for 3 s just
before coating the primary antibody so as to generate oxygen
functionalities as described in preceding sections. The slides were
coated with coating antibody solution to cover the surface of the slide
(cut with dimensions 2 cm X 1 ¢cm) and incubated at 4 °C for 18 h.
The coating antibody solution was aspirated out, and the SPCE and
GraSP substrates were washed once with washing buffer to remove
the unbound coating antibody. Next, an assay buffer covering the
surface was added and incubated at room temperature for 1 h for
blocking the nonspecific binding sites. After the assay buffer was
drained out of the slides, 80 uL of calculated concentrations of
recombinant IFN-y diluted serially in assay buffer (ranging from 2000
to 1.95 pg/mL) were pipetted onto the SPCE and GraSP substrates in
triplicate. Immediately, 40 uL of working detection antibody solution,
0.16 pg/mL, diluted in assay buffer was added, and the substrates
were incubated at room temperature for 2 h with shaking at 45 rpm.
The solutions were aspirated out, and the substrates were washed
thrice with washing buffer and drained of any remnant liquid. An 80
UL of working streptavidin-40 nm silver nanoparticles conjugate
solution (prepared in assay buffer) was pipetted onto each substrate,
followed by 30 min incubation at room temperature with shaking at
4S rpm. Solutions were aspirated out of the substrates, followed by
three times wash using a washing buffer and a complete draining of
remnant liquid.
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