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Generating plasmonic hot-spots through engineering of nanoscale interfaces offers exciting opportunities to-
wards point-of-care analytical detection. The mutual trade-off between ultra-high sensitivity, specificity and
reliability are major drawbacks for practical applicability with real-time samples. Fundamentally these originate
from low photonic mode density, high ohmic losses, temporally fluctuating and chemically indistinguishable
nature of electromagnetic hot-spots. This work describes synergism of metallic plasmons from tailored interfaces
of Ag-Au nanoalloys with conical nanocavities of nanocarbon florets (NCF), leading to strong metal-dielectric
interfacial coupling. Such, Ag-Au-NCF nanohybrid delivers an unprecedented 1517-fold enhancement in
surface-plasmon coupled directed emission (SPCE) of Rhodamine B (RhB) leading to robust (relative standard
deviation, RSD < 10 %) single-molecular-level detection of spectroscopically-silent perfluoroalkyl substances
(PFAS). The limit-of-detection demonstrated (PFOS = 0.005 ppt) is one-thousand times better than WHO
recommendation and surpasses all existing reports. The specific cation-anion interactions between RhB and
PFAS are substantiated through density functional calculations that concur with experimental findings. Finally,
the emission from this SPCE platform can be visually tracked through a smartphone camera over wide range of
PFOS concentrations (0.005-5000000 ppt) in water samples (lake, river, tap, drinking and ocean) and blood-

plasma, offering transformative opportunities in analytical sciences.

1. Introduction

Fluorine-containing poly- and perfluoroalkyl substances (PFAS)
constitute a major class of emerging contaminants in water, whose
ubiquitous occurrence extends to water bodies, soil, aquatic life, vege-
tation and humans. This category of compounds have been classified as
‘forever chemicals’ on account of their long persistence and chemical
stability that adversely effects the immunal, developmental, metabolic,
and endocrinal systems of all life forms [1]. The accumulative nature of
such chemicals implies that consistent exposure at insignificant con-
centrations is sufficient to cause health complications ranging from
chronic prostate and kidney cancer, anemia, pancreatic diseases, coro-
nary artery disease, hypertension, and thyroid dysfunction to fetal
development effects [2-5]. The magnitude and severity of the PFAS is
evident from estimates of ~54-83 % of the US population suffering from
the exposure and contamination of PFAS in drinking water, with several
countries banning its usage [6]. The acceptable limit for PFAS in

drinking water is stipulated by WHO to be 70 ng/L (70 ppt) for lifetime
exposure [7]. The current gold standard for the detection of PFAS is
high-performance liquid chromatography (HPLC) and gas chromatog-
raphy (GC) coupled with mass spectrometry (MS), providing a detection
limit of ~0.5 ppt [8]. However, the cumbersome instrumentation
requiring sophisticated, time-intensive methodologies, complex sample
preparation requirements, exhaustive sample processing and limitations
in nature of samples have severely restricted its applicability, particu-
larly for on-field applications. Such complexity and inaccessibility of
testing originating from the spectroscopically silent nature of PFAS,
leads to severe damages to environment and ecosystem [9].
Accordingly, the two main approaches for the detection of PFAS have
focused on electrochemical and optical methodologies. While electro-
chemical techniques are favored for their efficient signal transaction
pathways, the lack of clear electrochemical redox behavior, poor solu-
bility, hydrophobic nature, and low reactivity of PFAS have proven to be
significant disadvantages that limit the sensitivity and reliability of
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detection [10]. In this direction, electrochemical impedance spectros-
copy provides a viable alternative and has been demonstrated to achieve
a LOD of 0.5 ppt by Cheng et al [11]. However, such approaches suffer
from low specificity and reliability of detection in real-time, on-field
testing. On the other hand, optical detection approaches such as fluo-
rimetry, [12] photoluminescence, [13] electroluminescence, [14]
colorimetry [15], and surface-enhanced Raman scattering [16] have
exploited sensitive light-matter interactions to demonstrate the speci-
ficity of detection, at the cost of sensitivity. For instance, fluorimetry
fails below a threshold concentration of ~10™'! M (5 ppt) in case of PFAS
[17-19]. The spectroscopically silent nature of PFAS has proved to be a
major obstacle in achieving the synergistic combination of ultra-
sensitive, specific, and reliable detection. In addition, the cumbersome
instrumentation involved in optical techniques along with the require-
ment of separate transducer have been severe limitations for sensible
detection and real-time environmental monitoring of PFAS. Our current
inability to reliably detect PFAS with ultra-high sensitivity is evident
from Fig. S1 that summarizes the state-of-the-art detection techniques
reported (Fig. S1). Thus, a sensing platform that combines the specificity
of optical techniques with the sensitivity and reliability of electro-
chemical platforms to provide a direct visual readout is an immediate
and important requirement.

Recent years have witnessed greater utilization of light-matter in-
teractions at nanoscale dimensions for enhancing the spectroscopic
signals through surface enhanced-Raman scattering (SERS) and surface
plasmon coupled emission (SPCE) platforms [20-23]. Radiating dipoles
of the analyte localized within the electromagnetic hot-spots of plas-
monic assemblies experiences synergistic coupling leading to high
excitation and emission rates [24-29]. The pioneering works of Lako-
wicz and co-workers explored such architectures on metallic thin films
sustaining propagating surface plasmon polaritons (SPPs) [30,31,32].
Study of Ag nanoparticles (Ag NPs) over metallic thin films yielded 60-
fold higher intensity of emission over those obtained through conven-
tional spectrophotometer [32]. Following this revelation, our laboratory
investigated the prominence of inter-plasmonic photonic coupling with
the use of myriad nanosystems, including intermetallics, [33] low-
dimensional carbon substrates [34,35], and coinage metal-dielectric
hybrids [36,37] in addition to exploring their synergistic nano-
assemblies. These systems provided new horizons in understanding
the contribution from delocalized Bragg plasmons and localized Mie
plasmons as well the cavity and void effects at fundamental level, to
broaden the scope of nanoplasmonics-based detection systems [38-40].
In spite of these fundamental and applicative developments, the main
challenges that confront SPCE-based detection systems remain their (i)
poor fluorescence enhancements [41,42], (ii) radiative damping
[43,44], (iii) low-quality factor [45], (iv) Ohmic losses with the use of
Au and Ag NPs [46-48], all of which directly contributes to low sensi-
tivity of detection [49]. Overcoming these fundamental limitations
would provide a viable path towards the development of portable sen-
sors that combines ultra-high, single molecular level sensitivity with
reliability of sensing and thereby achieve first-line defenders for robust
and early-stage identification of PFAS.

In this direction, we establish design principles to synergistically
combine a non-plasmonic, multi-scale porous nanostructured hard-
carbon floret (NCF) with plasmonic metal nanostructures that over-
come the fundamental limitations described above. Specifically, the
convergence of inter-plasmonic, intra-plasmonic, and dielectric-
mediated void plasmons in Ag-Au-NCF curtails the ohmic-losses and
produces highly confined electromagnetic hot-spots at the metal-NCF
interface. Consequently, we achieve an unprecedented 1517-fold
directed enhancement of fluorescence emission. We leverage this
powerful concept to demonstrate direct visual detection of PFOS (Hep-
tadecafluorooctanesulfonic acid) and PFOA (Perfluorooctanoic acid) at
10 aM (5 x 10 ppt) and 1fM (4.14 x 10! ppt) levels, respectively.
While this forms the state-of-art in terms of the detection limit for the
emerging class of contaminants (PFAS), the SPCE platform also exhibits
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ultra-high sensitivity (PFOS = 155.78 counts, PFOA = 144.98 counts)
and linearity of signals over a large range of concentrations spanning
8-10 orders of magnitude. Importantly, the specificity of detection is
demonstrated in range of samples such as tap water, river water (Chi-
travathi, Andrapradesh, India), drinking water, lake water (Powai Lake,
Mabharashtra, India) and ocean water (Juhu Chowpatty Beach, Maha-
rashtra, India) and blood-plasma. Such combination of high detection
metrics originates from charge-transfer-based interaction between the
fluorophore (RhB) and analyte (PFOA/PFOS). We firmly believe that the
low-cost, portable smartphone-based detection system developed here-
with would be realistically integrated with the rapidly growing artificial
intelligence tools such as neural networks to generate and asses the
environmental water and health conditions at remote locations, with an
ease to record, transmit, compare and analyze the data from different
parts of the geolocations, thereby enabling environmental surveillance,
water quality managers, and health policymakers to make appropriate
decisions in real-time basis.

2. Materials and methods
2.1. Chemicals and materials

50 nm Ag thin film coated on Pyrex slide (1 mm) with 5 nm silica
layer on it, was purchased from EMF Corp, USA. All the chemicals used
are of analytical grade and are used as received without any further
purification. HAuCly, AgNOs, Cetyltrimethylammonium bromide
(CTAB), Tetraethyl orthosilicate (TEOS), urea, Rhodamine B (RhB),
Polyvinyl alcohol (PVA) [molecular weight 85,000-12, 4000 g/mol;
degree of hydrolysis 86-89 %] and phosphate-buffered saline tablets
(PBS, P4417) were procured from Sigma-Aldrich. Cyclohexane, penta-
nol, perfluorooctanoic acid (PFOA), Heptadecafluorooctanesulfonic
acid (PFOS), CaCly, CdCly, CH3COONa, glucose, MgCly, ZnCly, KC,
NaCl, NaNOs, thiourea, NapSO4 and NaOH were procured from Merck.
Water samples from different resources are used in this study. Such as,
tap water, river water (Chitravathi, Andrapradesh, India), drinking
water, lake water (Powai Lake, Maharashtra, India) and ocean water
(Juhu Chowpatty Beach, Maharashtra, India). The spiking studies using
blood-plasma are collected from healthy patient (control subjects of the
DST-Technology Development Programme, project code: IDP/MED/19/
2016) as part of the biomedical research (at STAR laboratory, SSSIHL).
All reagents used in this study were of analytical grade. All the glassware
used for synthesis were cleaned with aqua regia. Following this, they are
rinsed with Milli-Q water and with distilled ethanol. Further, they were
well-dried before use.

2.2. Instrumentation and characterization

The synthesized NCF and metal decorated NCF were characterized
using various techniques. The structural properties, morphology and
size distribution of metal nanoparticles were obtained by transmission
electron microscopy (TEM) using Thermo Scientific, Themis 300 G3.
TEM samples were prepared by drop casting dilute solution of Ag-Au-
NCF-10 on carbon coated copper grid followed by drying in ambient
atmosphere. Powder X-ray diffraction (XRD) traces were collected on
Rigaku Smartlab SE diffractometer using Cu-Ka radiation 1.514 A and
all the samples were scanned in the 20 range of 5-80° at a step scan of 5°
per minute. X-ray photoelectron spectroscopy (XPS) analysis were per-
formed using Kratos Analytical, AXIS Supra, Shimadzu group. The solid-
state UV-Visible absorption spectrum were used to analyse the sample
(Jasco 770- UV-VIS-NIR). The fluorescence spectra were obtained via
Horiba Fluoromax 4 Spectrofluorometer. Zeta potential of RhB and RhB-
PFOS mixture was measured using Anton Parr (model of Litesizer 500)
by using Omega cuvette.
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2.3. SPCE experimentation

All the SPCE experiments were performed in reverse Kretchmann
(RK) configuration by mounting the prism on a calibrated 360° rotating
stage (Fig. S2) [29,30]. The main component of the SPCE substrate is a
Pyrex slide coated with a 50 nm thin film of Ag. The Ag coated Pyrex
slide is attached to the hemicylindrical BK7 prism by using index
matching fluid glycerol (1.47) and it is mounted on a rotating stage. A
continuous wave laser source operating at a wavelength of 532 nm (with
a laser power 5 mW) illuminates the SPCE substrate and the surface
plasmon-coupled emission was collected from distal part of the prism. A
550 nm long wave pass filter and a polarizer are used to collect the
coupled emission from the distal part of the prism. The polarizer is
placed in the horizontal and vertical orientation to confirm the p-
polarized SPCE characteristics. A P600-2-VIS-NIR fiber (Wavelength
Range: 400 nm — 2.1 pm, Fiber Core Size: 600 um, Length: 2 m, Jacket:
PVDF zip tube) is utilized for efficient signal collection. To reduce the
cost of detector systems, we replaced the costly spectrophotometer with
a smartphone-based detector, as illustrated in Fig. S2. The plasmonic
interfaces: spacer, cavity, and ext. cavity employed in SPCE experi-
mentation is elaborated in subsequent sections. The emission is captured
using a smartphone camera, and the resulting images are analyzed using
the Color Grab app, which can be downloaded from the Google Play
Store. The SPCE measurements were carried out under reverse
Kretschmann geometry to estimate the SPCE enhancements as [50].

SPCE intensity under given conditions (counts)

SPCE enhancement =

Free — space intensity under identical conditions (counts)

The SPCE thin films were characterized through both electron micro-
scopy and absorbance spectroscopy. For the scanning electron micro-
scopy (SEM), effective concentrations of polyvinyl alcohol (400 pl of 2
wt%) was mixed with RhB (200 pl of 1 mM) and Ag-Au-NCF-10 (200 pl
of 0.04 wt%) in aqueous medium (distilled water, pH 7.0). The resulting
dispersion was spin-coated at 3000 rpm on silicon/quartz substrates and
air-dried to yield, continuous and uniform films. These were subse-
quently characterized by optical microscope (Olympus microscope of
DSX series) and SEM (Dual vacuum HR SEM, JEOL). The thickness of the
films were estimated using optical absorption as

2.303A
Thickness =

where A and « represents the absorbance and extinction coefficient of
the PVA thin films. This information, the corresponding images and the
spectra are provided in the supporting information.

2.3.1. Preparation of SPCE substrate

We have utilized three different nanointerfaces (Fig. 2a), namely (a)
Spacer configuration, (b) Cavity configuration and (c) Extended cavity
(ext. cavity). The preparation of each nanointerface is explained below

(a) Spacer configuration: The SPCE substrate (Pyrex slide coated
with a 50 nm thin film of Ag) was spin coated with 0.02 wt% of Metal-
NCF hybrid in 2 wt% of poly-vinyl alcohol (PVA) followed by the further
incorporation of 1 mM RhB in PVA on the same substrate. Thus, the
interaction between the Metal-NCF hybrid with the RhB is mediated by
the PVA.

(b) Cavity configuration: The SPCE substrate was spin coated with
premixed PVA, Metal-NCF and RhB having the same concentration of
spacer configuration providing direct interaction between the radiating
dipole of RhB with the metal-NCF hybrid.
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(c) Ext. cavity: RhB is sandwiched between the metal-NCF hybrid
and PVA. The SPCE substrate was spin coated with 1 mM RhB in 2 wt%
of poly-vinyl alcohol (PVA) followed by the further coating of Metal-
NCF hybrid in PVA on the same substrate.

3. Preparation for SPCE substrate for PFAS sensing

1517-fold enhancement in SPCE of RhB in cavity configuration with
Ag-Au-NCF-10 nanohybrid is utilised for the sensing of PFOS and PFOA.
Here, RhB is mixed with arbitrary concentration of PFAS followed by the
addition of Ag-Au-NCF-10 and 2 wt% PVA and the premixed mixture
was spin coated over SPCE substrate to record the emission intensity.

3.1. Computational methods

The Gaussian 16 [51] suite was utilized for optimization and AIM
analysis [52,53], with the B3LYP functional [54,55] and the 6-31G *
basis [56] set being employed. Additionally, the empirical dispersion D3
[57] was incorporated to consider non-covalent interactions. The ab-
sorption spectrum of RhB-PFOS and RhB-PFOA was analyzed using
programs from the ORCA suite [58]. The TD-DFT approach was
employed in these calculations, and the BP86 functional [59] and the
TZVP basis set were used for all atoms. Furthermore, the conductor-like
polarizable continuum model (CPCM) solvation model [60] was incor-
porated to account for solvation effects arising from water.

3.2. Synthesis of dendritic fibrous nanosilica (DFNS)

At room temperature, cetyltrimethylammonium bromide (CTAB) (2
g, 0.005 mol) and urea (2.4 g, 0.04 mol) were mixed in 100 mL of water.
To this solution, TEOS (4.7 g, 0.02 mol) in 100 mL of cyclohexane is
added in dropwise and mixed for 1 h followed by the addition of 1-pen-
tanol (7.57 g, 0.086 mol). The mixture was refluxed at 82 °C using an oil
bath and kept for 12 h under ambient stirring. The obtained product was
washed with water and ethanol, and dried at 80 °C. Finally, the white
powder was calcined at 550 °C for 6 h to remove the reactants to get
dendritic fibrous nanosilica [50].

3.3. Synthesis of nanocarbon floret (NCF)

NCF was prepared by a hard template method using DFNS as the
template and acetylene as carbon source. The prepared DFNS was
heated in a quartz tube at 740 °C under a helium atmosphere (700
sccm). Acetylene gas was passed through the tube for a duration of 10
min. The resulting black powder was stirred with 1 M NaOH to remove
the DFNS followed by washing with water until the pH of the filtrate
became neutral. The resulting black powder was dried in oven at 80 °C
to obtain nanocarbon florets [50].

3.4. Synthesis of metal-dielectric nanohybrid

Schematic for the synthesis of Ag, Au and Ag-Au decorated over NCF
is shown in the Fig. 1a. 1 mM aqueous solution of AgNOs / HAuCly is
stirred with 0.1 % of NCF (w/v) under sunlight for different time in-
tervals 1, 5, 10 and 20 min. The obtained product is immediately
centrifuged and dried in hot air oven at 70 °C. Similarly, the Ag-Au
hybrid was decorated as same protocol by mixing AgNO3 and HAuCly
with 0.1 % of NCF. The obtained product was labelled according to their
time of solar irradiation.
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Fig. 1. (a) Schematic representation of fabrication of NCF followed by photothermal one-pot synthesis of Ag-NCF, Au-NCF and Ag-Au-NCF. (b,c,e) TEM images, (d)
HAADF imaging and (f) SAED of Ag-Au-NCF-10. (g) Histogram showing the size distribution of metallic nanoalloy (Ag-Au) on NCF obtained after 10 min of solar
irradiation. High resolution XPS of (h) Ag-NCF-10, (i) Au-NCF-10 and (j) Ag-Au-NCF-10, (k) absorption spectra of NCF, Ag-NCF-10, Au-NCF-10 and Ag-Au-NCF-10.
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4. Result and discussion

Universally, the reliability and sensitivity of SPCE platforms are
dictated by the accessible photonic mode density (PMD) at nanoscale
interfaces and efficient suppressing of non-radiative phenomena.
Nanostructured metal-based SPCE platforms, such as those of Ag, Au, Pt,
and Pd, exhibits significant ohmic losses besides suffering from un-
avoidable surface oxidation. Similarly, spectral broadening is also
observed in SPR resonance while employing metal thin films in combi-
nation with metal nanoparticles. All these phenomena contribute to
lowering of PMD [61-65]. In addition, the exponential decrease in
electromagnetic field enhancements poses significant challenges in
confining the analyte within a microscopic zone of activity resulting in
inevitable quenching phenomena and causing large variability in the
results.

4.1. Fabrication and characterization of metal-nanocarbon interfaces for
SPCE platforms

In order to overcome these shortcomings, our approach focused on
porosity engineering of hard-carbon frameworks whose morphology
would serve as dielectric-based optical microscale cavities. Further-
more, the large and easily accessible surface area of such nanostructures
would serve as anchoring surfaces for plasmonic materials with higher
PMD and lower ohmic losses. In this direction, templating of dendritic
fibrous nanosilica (DFNS) by gas phase carbon deposition yielded
unique, open-ended, nanostructured hard-carbon florets (NCF) that
exhibit multi-dimensional porosity and large accessible surface area
(743 ng’l) [66]. Importantly, three-dimensional spherical assemblies
of graphitic lamellae mimic optical microcavities for effective broad-
band absorption [67]. The large surface area and graded pore structures
of NCF also provides conducive surface for anchoring of plasmonic
materials. Such hybrid dielectric-plasmonic assemblies are therefore
expected to achieve the synergistic combination of electromagnetic
plasmonic hot-spots and n-n* dielectric driven SPCE enhancements
leading to ultra-high sensitivity with chemically tailored specificity.
NCF exhibits the combination of hard-carbon framework and conically
graded morphology, both of which act synergistically to achieve highly
efficient light entrapment and absorption [66-71]. While this is bene-
ficial for the targeted SPCE platform, we extend our design principles to
construct higher ordered nanoarchitectures that leverages the advan-
tages of both dielectric and plasmonic platforms. Accordingly, a single-
step photo-driven anchoring and growth of nano-dimensional Au, Ag,
and Ag-Au alloy within the cavities of NCF was achieved (Fig. 1a). This
was further assisted by the intrinsic functional groups (-OH, -COOH)
created on the terminal graphitic domains during the fabrication of NCF
(Fig. S3). It is important to note that photo exposure of the corre-
sponding metal ions either led to their uncontrolled reduction (in case of
Ag™), resulting in bulk silver films or afforded no reaction (in case of
Au"). Therefore, the strong photothermal ability of NCF is a primary
factor driving the reduction of metal ion precursors. Further, the pres-
ence of suitable anchoring points on the surface of NCF and its confined
conical geometry are deterministic factors that control the dimensions of
resulting metallic nanostructures. Accordingly, the kinetics of nucle-
ation and growth of metallic nanostructures (Au, Ag, and Ag-Au) were
controlled by varying the time of solar irradiation (2000 Wm™2). The
samples thus obtained were labelled as Au-NCF-x, Ag-NCF-x, and Ag-Au-
NCF-x, where x denotes the time of solar irradiation (x = 1, 5, 10, and
20 min), with metal-NCF hybrids used to denote them collectively. The
formation and anchoring of the metal nanoparticles on NCF is evident
from both microscopic (Fig. 1b-c) and spectroscopic (Fig. 1h-j) results.
The TEM images of the samples confirm the stability of NCF matrix, that
is now uniformly decorated with monodisperse metal nanoparticles. The
representative TEM and SEM images recorded on Ag-Au-NCF-10 sam-
ples exhibit extensive alloying of Ag and Au, along with their robust
interface with the disordered surface of NCF (Fig S4-S6). The crystalline
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nature of Ag-Au nanoparticles and their uniform alloying is evident from
the HAADF, EDS mapping (Fig S7-S8), and SAED pattern that clearly
exhibits the (200), (111) and (311) crystal planes that arise due to
alloying between Au and Ag (Fig. 1d-f) [72]. In addition, PXRD confirms
the successful growth of Ag, Au and Ag-Au nanoparticles on the surface
of NCF by the presence of characteristic diffraction peak with 26 value
38.1°, 44.3°, 64.4° and 77.4° (Fig. S9-S11) [73]. The high propensity for
surface oxidation in silver is reflected in the X-ray photoelectron spectra
of both Ag-NCF-10 and Ag-Au-NCF-10 samples. Accordingly, the XPS of
Ag 3d region in both these samples exhibits 3ds/» (375.0 and 373.1 eV)
and 3ds/, (368.6 and 367.1 eV) peaks corresponding to both Ag® and
Ag1+ oxidation states, respectively in Fig. 1h [74]. No such features
corresponding to surface oxidation is observed in Au 4f peaks exhibited
by Au-NCF-10 and Ag-Au-NCF-10 samples (Fig. 1i-j). Furthermore, the
Ag-Au-NCF-10 hybrid exhibits a higher percentage of surface oxidized
Ag compared to Ag-NCF-10 sample. This is attributed to the reduction of
Au®" to Au® by the photothermally reduced Ag’, leading to greater
oxidation of Ag® to Ag'™. The combination of surface Ag™! and Au®
immobilize on NCF would be effective in minimizing in ohmic losses and
greater confinement of electromagnetic fields. Since NCF has been
established as a near-perfect blackbody absorber in our earlier works
[75,76], we do not observe the characteristic surface plasmon absor-
bance of metal nanoparticles in the absorption spectra of Ag-NCF, Au-
NCF and Ag-Au-NCF nanohybrids. Such a combination of NCF as the
broadband absorber and plasmonic nanostructures is expected to serve
as an excellent SPCE platform. This is validated by the excellent ab-
sorption of the electromagnetic spectrum (300-900 nm) for all the
samples prepared (Fig. 1k). Since all the metal-NCF hybrids are fabri-
cated through a photothermal reduction strategy, it becomes imperative
to understand the role of exposure time in controlling the dynamics of
nanoparticle formation. Accordingly, increase in the duration of solar
illumination brings about a corresponding increase in the average size of
the metal nanoparticles, as seen from the TEM images and their corre-
sponding histograms (Fig. S12). Evidently, the photoreduction and
subsequent immobilization of the metallic nanostructures on the surface
of NCF increases with the time of solar exposure. However, extended
periods of solar exposure (>10 min) causes Ostwald oxidative ripening
leading to marginal changes in the particle dimensions. Therefore, we
note that the growth of metal nanoparticles reaches saturation after 10
min of solar exposure (Fig. 1g).

4.2. Tunable SPCE enhancements using different NCF-metal hybrid
variants

The strong absorption and the extensive metal-dielectric interface
created in the metal-NCF hybrids through this strategy offers an excel-
lent opportunity for their utilization as SPCE substrates. Since metal
nanoparticles based plasmonics and nanostructured carbon-based di-
electrics operate on fundamentally differing pathways, the extensive
interface created in metal-NCF hybrids warranted a systematic study
into their effectiveness as SPCE platform. Accordingly, we employed
three different configurations (Fig. 2a), namely.

(a) Spacer configuration, with the polymer mediating the interaction
between the radiating dipole of fluorophore with the metal-NCF hybrid.

(b) Cavity configuration, providing direct interaction between the
radiating dipole of fluorophore with the metal-NCF hybrid, and.

(c) Extended cavity (ext. cavity), were in fluorophore is trapped
between metal-NCF hybrid and Ag film.

These three configurations represent three contrasting environments
for interaction of the fluorophore with the SPCE enhancers [29,30]. The
synthesized metal-NCF hybrids were juxtaposed over the propagating
surface plasmon polaritons of the metallic thin film in order to
comprehensively understand the photo-plasmonic coupling efficiency.
In spacer configuration, metal-NCF hybrid is pre-mixed with PVA solu-
tion and was spin-coated on SPCE substrate, followed by the deposition
of RhB solution. Hence, the interaction between the fluorophore and the
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dielectric material is mediated by the polymer. In comparison, the cavity
configuration provides direct coupling between the fluorophore and the
dielectric and is fabricated by mixing of RhB with the metal-NCF hybrid
and PVA. The third configuration employs PVA as the bridging polymer
to extend the coupling between the fluorophore and metal-NCF hybrid
and is therefore referred to as ext. cavity. Thus, these three configura-
tions, along with the variations of metal-NCF hybrids, act as a versatile
model system to derive fundamental insights leading to the advance-
ment of SPCE based analytical detection platforms. The microscopy
images of such SPCE films, prepared with the metal-NCF hybrids shows
uniform and continuous film formation in both optical microscopy and
electron microscopy (Fig S13). Furthermore, the cross-sectional SEM
images exhibit smooth and continuous morphology of the SPCE film.
The SEM images recorded at lower magnification shows the impregna-
tion of the Ag-Au-NCF into the polymeric film, that is also uniformly
distributed over the substrate. The thickness of such films, is estimated
from both cross-sectional SEM and optical microscopy to be 30-50 nm.

Accordingly, a matrix of devices (Fig. 2a-c) with varying metal-NCF
hybrids prepared under different conditions of solar irradiation were
evaluated for the magnitude of SPCE enhancements. Intriguing scientific
understanding can be drawn from the observed trend in the SPCE en-
hancements. Irrespective of the device configuration, all three metal-
NCF hybrids (Au-NCF, Ag-NCF, and Ag-Au-NCF) exhibits monotonic
increase in SPCE enhancements with increasing time of solar irradiation.
This trend continues up to 10 min of solar irradiation, following which
there is a decline in the SPCE enhancements (Table S1). This is attrib-
uted to the increase in the size of the metal nanoparticles forming the
metal-NCF hybrids beyond 10 min of solar exposure, which in turn re-
sults in dielectric mismatch between the active layer and the Ag thin
film, in line with our earlier works [50]. Accordingly, we arrived at an
optimum time interval of 10 min for obtaining the finest number of
plasmonic hot-spots supporting high SPCE enhancements.

Based on these observations, the SPCE enhancements provided by
Au-NCF-10, Ag-NCF-10, and Ag-Au-NCF-10 were directly compared in
spacer, cavity and ext. cavity nanointerfaces (Fig. 2d, g, j). Through such
experiments, Au-NCF-10 performed best in ext. cavity configuration in
contrast to Ag-NCF-10 and Ag-Au-NCF-10, both of which gave the
highest SPCE enhancements in cavity configuration. Quantitatively, the
order of SPCE enhancements follows Ag-Au-NCF-10 (cavity) > Ag-NCF-
10 (cavity) > Au-NCF-10 (ext. cavity). The Ag-Au-NCF and the fluo-
rophores are located in differing electromagnetic environments in the
cavity and extended cavity configurations. While the cavity configura-
tion provides a direct coupling between the radiative dipoles of RhB
with the near-field electromagnetic enhancement provided by Ag-Au-
NCF, the extended cavity sandwiches the RhB between the Ag-Au-NCF
and metal thin film. Thus, the fluorophore trapped between the Au-
NCF and metal thin film in the extended cavity configuration is able
to effectively experience the enhanced electromagnetic field in such
sandwich configuration. However, it is to be noted that the absolute
magnitude of SPCE enhancements obtained with Ag-Au-NCF in cavity
configuration is always higher due to the direct enhancement of PMD.
The lower enhancements obtained with Au-NCF hybrids is primarily on
account of the quenching phenomena, in line with earlier studies uti-
lizing RhB as fluorophore with Au NPs [77,78]. This is further sub-
stantiated by the Au-NCF providing the least SPCE enhancements in
cavity nanointerfaces due to the dominant quenching effect arising from
the direct admixture of Au-NCF with RhB. Thus, the Au-NCF nanohybrid
works best in ext. cavity interface on account of its architectural design
that enables the optimum combination of both spacer (material and dye-
doped in separate nanolayers) and cavity (the dye molecules experience
the electromagnetic hot-spots) nanointerfaces.

Importantly, the SPCE enhancements with Ag-Au-NCF-10 in both
cavity and ext. cavity were estimated to be 1517-fold and 1480-fold and
represent the highest obtained with any combination of metal-dielectric
hybrids reported thus far. This is significantly outperforming several
other plasmonic and non-plasmonic SPCE platforms such as low
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dimensional carbon with Ag, Au, Ag-Au hybrids [33,35,79], metal-
dielectric nanohybrids [36], Soret nanoparticle assemblies [80] and
ceramic composites [81], reported earlier and constitutes an exclusive
system delivering over three orders of magnitude enhancements in
SPCE. The primary reason for this outcome lies in the morphological
structure of the NCF that presence conducive mesoporous morphology
mimicking conical microcavities and thereby facilitates extensive
interface [50]. The superior SPCE enhancement achieved with Ag-Au-
NCF is attributed to the optical cavitating effect of NCF, wherein the
dielectric-based optical microscale cavities of NCF acts to confine the
electromagnetic field and thereby enhance the SPCE enhancements. In
brief, the NCF constitutes a large number of nano-curvatures and nano-
vortices that result in the formation of uniformly distributed three-
dimensional nanogaps sustaining high gradient of EM field intensity.
The hierarchical anchoring of Ag and Au nanostructure on such struc-
turally graded morphologies result in generation of high density of
electromagnetic hot-spots, generating void plasmons. On account of its
intensely interconnected nanogap architecture, the gap-plasmons
specially overlap with the adjacent hybrids thereby generating
partially propagating delocalized electron cloud density. The architec-
tural design of cavity nanointerface allows the radiating dipoles to
occupy such graded nanovoids and nano-curvatures, as a result of which
the emission from such molecules undergo multiplicative effect. It is
important to note that, although such collective and coherent photon
scattering is expected in the case of Ag-NCF, Au-NCF, and Ag-Au-NCF
nanohybrids. The surface-induced quenching in the case of Au-NCF
outperforms the enhancement channels. Consequently, this photon
cascading effect in cavity nanointerface results in drastically high SPCE
enhancements in Ag-NCF and Ag-Au-NCF.

Lakowicz and co-workers pioneered surface plasmon-coupled emis-
sion (SPCE) technology as an effective biosensing platform where the
fundamental understanding of the functionality of the substrates with
mechanism of enhanced fluorescence are elucidated [30-32]. Here, the
NPs present on metal thin film brings a synergistic combination of metal
enhanced fluorescence (MEF) and surface plasmon-coupled emission
(SPCE), on account of increased localized density of states. These unique
nanoscale light-matter interaction within the SPCE platform have been
utilized for detection of molecules and ions of biological and environ-
mental interest at significantly low concentrations. In this context, this
work describes the effective interfacing of Ag-Au-NCF nanohybrids over
metallic thin films to drive the generation of high local field intensity
due to augmented density of states, leading to enhanced fluorescence
signal intensity and directionality of emission from proximaly located
fluorophores.

At this juncture, it is worth noting that more than 1517-fold fluo-
rescence enhancement is observed in cavity nanointerface with the use
of Ag-Au-NCF-10, in spite of the possible contribution of Au towards
emission quenching. In the context of several strategies utilized for
obtaining Ag-Au heterometallic nanohybrid, our work demonstrates a
single-pot fabrication of Ag-Au nanohybrid, by leveraging the photo-
thermal properties of the porous nanocarbon framework. In accordance
with earlier work [50], such nano-engineering results in the successful
formation of heterometallic Au-Ag-Au plasmon passages that are
distributed discontinuously over the NCF. Consequently, the Ohmic
losses observed in the case of both pristine Ag and pristine Au are
significantly nullified in their combination. The significantly lowered
losses operating at the metal-dielectric interface thereby contribute to
the high SPCE enhancements obtained. The spectral data and angularity
plots reaffirm the SPCE nature of emission enhancement observed (Fig. 2
e-f, h-I, k-1). In the context of this study, the coupling of the emitted
photons from the fluorophores (RhB) with the hybrid modes generated
by the metal-dielectric nanohybrid (Ag-Au-NCF) produces the
enhancement of electromagnetic field intensity in the near-field region.
Such field are subsequently confined within the nanocavities of Ag-Au-
NCF nanohybrid, resulting in the enhancement of the intensity of
emitted photons from the fluorophores. We refer to such coupling as
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intra-metal-dielectric coupling. On the other hand, intra metal-dielectric
coupling is used to describe similar interactions occurring between
adjacently located Ag-Au-NCF particles. Such unprecedented 1517-fold
SPCE enhancements may be attributed to the factors including.

(a) hybrid intra-plasmonic coupling between the metallic NPs within
Ag-Au-NCF nanohybrid.

(b) intra-metal-dielectric coupling between the metallic NPs and the
NCF in a single Ag-Au-NCF nanohybrid.

(c) inter-plasmonic coupling between the metallic NPs of neigh-
boring Ag-Au-NCF nanohybrids.

(d) inter-plasmonic heterometallic Ag-Au-dielectric NCF coupling
between neighboring Ag-Au-NCF nanohybrids.

(e) Multiple total-internal scattering induced coupling of void plas-
mons sustained by the NCF corrugated morphologies, and.

(f) coupling between the Ag-Au-NCF nanohybrids and their indi-
vidual components with the propagating plasmons of metallic
thin film.

It becomes important to understand the role of metal loading and the
metal-NCF ratio in determining the SPCE enhancements obtained (Fig
S14). Accordingly, the SPCE enhancements obtained in cavity configu-
ration were compared for all the three (Ag-NCF, Au-NCF and Ag-Au-
NCF) prepared under varying time of solar illumination (Fig. 2m). It is
observed that Au-NCF hybrid provided the least enhancement, irre-
spective of the metal-NCF ratio. This is expected, since the Au nano-
particle are established to be effective quenchers of SPCE enhancements
[48,77]. On the other hand, the combination of Au and Ag, as present in
Ag-Au-NCF nanohybrid provided the maximum enhancements, irre-
spective of the time of solar illumination. A strong direct correlation
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between the SPCE enhancements obtained with Ag-Au-NCF nanohybrids
to the metal-carbon ratio is observed (Fig. 2n). The highest SPCE en-
hancements were obtained at a metal-carbon ratio of 1.6 in Ag-Au-NCF,
corresponding to 10 min of solar exposure. Further solar illumination is
not observed to change this ratio and therefore has minimal effect on the
SPCE enhancements also. This optimal metal-carbon loading, along
with the Ag-Au alloy formed within the nanocavities of NCF, is therefore
critical for achieving high SPCE enhancements. This also corresponds to
larger size of the Ag-Au nanoparticles (mean diameter ~ 15.6 + 0.36
nm) that is in good agreement with the cavity dimensions of NCF.

In light of these observations, our route to generate metal-dielectric
hybrids is therefore expected to have widespread implications for rapid,
user-eco-friendly technology for large-scale production of nanohybrid
libraries by tuning the metal ion of interest. Importantly, we leverage
the unprecedented and high SPCE enhancements provided by Ag-Au-
NCF-10 to demonstrate powerful and environmentally relevant, ultra-
sensitive analytical detection.

4.3. Sensing of PFOS and PFOA

The extraordinary SPCE enhancements (1517-fold) achieved with
Ag-Au-NCF-10 nanohybrid in cavity configuration presented a unique
opportunity for employing this platform towards ultrasensitive and
reliable detection of environmental contaminants. Accordingly, we set
out to monitor the emerging and hazardous class of fluoro compounds
such as PFOS and PFOA [5], with the aim of devising a portable SPCE
detection system. Our choice of analytes was dictated by their (a)
spectroscopic and electrochemical ‘silent’ character, (b) accumulative
and persistent nature of PFAS, warranting its early-stage detection at
ultra-low concentrations, (c) emerging ubiquities in water and soil
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Fig. 3. Comparison of SPCE enhancement (red) and conventional fluorescence intensity (black, absolute) with varying concentrations of (a) PFOS and (c) PFOA. (b)
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leading to sever environmental and health hazards and (d) current lack
of real-time, field deployable detection solutions. Accordingly, the SPCE
device consisted of admixed Ag-Au-NCF-10, RhB and fluoro-
contaminant (PFOS or PFOA) in cavity configuration.

The magnitude of SPCE enhancements was found to systematically
decrease with increasing concentration of the analyte (PFOS or PFOA)
(Fig. 3. a-b, Fig. S15). Importantly, the change in SPCE enhancements
was measurable and reliably quantifiable starting from 1017 M of PFOS
(5 x 107 ppt) and 101> M of PFOA (4.14 x 107 ppt). It is important to
note that this detection limit ranging from 10*®> — 1017 M corresponds
to detection at single molecular levels. Thereby, this report constitutes
the first in our knowledge to achieve single molecular level detection of
fluoro compounds. Furthermore, the relative standard deviation (RSD)
of 9.67 % for PFOS and 2.2 % for PFOA, confirms the robustness and
reliability of this detection platform. Moreover, the decrease in SPCE
enhancements exhibits a monotonic trend till a concentration of 10° M
for PFOS and 10* M for PFOA, thereby achieving an effective opera-
tional range of 10'° for PFOS and 10® for PFOA. The linearity of response
across such a wide operational range spanning 8-10 orders of magni-
tude, along with the large sensitivity associated with the signalling
(PFOS = 155.78 counts, PFOA = 144.98 counts) and reliability of
response (RSD = 9.67 % and 2.2 respectively for PFOS and PFOA) is
unprecedented for both PFOS and PFOA. Interestingly, such high-
performance metrics also presents new landscape for evolving novel
SPCE-based detection platforms. This originates primarily due to the
rational design principles developed for realizing 1517-fold emission
enhancements by synergistic tailoring of plasmonic and dielectric elec-
tromagnetic field confinement in Ag-Au-NCF-10.

It is imperative to assess the specificity of any sensible analytical
detection that operates at such low concentrations of analytical detec-
tion. Accordingly, SPCE enhancements provided by Ag-Au-NCF-10
platforms in the presence of 1 pM each of PFOS and PFOA were esti-
mated in the presence of 100-fold higher concentrations of thirteen
different potential interferons (CH3COONa, NaNOs, KCI, NaCl, CdCl,,
MgCl,, CaCly, ZnClp, NaOH, NazSO4, Phenol, Glucose, Thiourea) [9].
These interferons belong to a wide range of chemical libraries consisting
of ionic, organic, water-soluble, and biodegradable compounds.
Screening of these interferons was carried out on the basis of their
shared origin with fluoro compound and their dominant presence in
potential water sources. Significantly, none of these thirteen potential
interferons provides any noticeable or quantifiable change in the SPCE
enhancement intensities (Fig. 3. c-d). Thus, the quenching of SPCE en-
hancements corresponds exactly to that obtained with pristine PFOS and
PFOA and thereby establishes the extreme specificity of interaction be-
tween the SPCE platform and analyte leading to the signalling. Addi-
tionally, we attempted to carry out SPCE experiments with 4-
nitrobenzenesulfonyl chloride and 4-amino-3-hydroxynaphthalene-1-
sulfonic acid as potential interferons with PFOS, due to the shared sul-
fate groups. However, both these chemicals were insoluble in water,
even at ppm levels, and therefore did not provide reliable results for
detection.

Control experiments monitoring the fluorescence quenching of RhB
with PFOS and PFOA was ineffective below concentration of 107 M and
108 M, respectively (Fig. S16 and S17). This constitutes a 1000 times
higher concentration than the WHO stipulated limit (70 ppt) [7] and
importantly establishes that direct fluorescence quenching of RhB by
PFOS and PFOA is ineffective at these relevant and critical concentra-
tions. In addition, the specificity of response achieved warrants further
fundamental understanding of the interaction between RhB and PFAS.
Accordingly, the lifetime measurements on RhB + PFAS was carried out
through fluorescence lifetime imaging microscopy (FLIM). While pris-
tine RhB exhibits a mono-exponential decay with a lifetime of 3.65 ns,
the decay profile changes to a bi-exponential character with a lifetime of
1.17 ns and 2.73 ns due to the addition of PFOS. Identical trends with
biexponential decay (3.30 ns, 1.49 ns) are obtained with PFOA, con-
firming the similarity of their interaction with RhB (Fig. S18) [50,82].
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Complimentary experiments accessing the zeta potential of pristine RhB
and its combination with PFAS were carried out. Consistent with the
fluorescence measurements, a significant lowering in the zeta potential
of RhB is observed in the presence of both PFOS and PFOA (Table S2).
These results taken together, implies a charge-transfer based interaction
between the fluorophore (RhB) and analyte (PFOA/PFOS). Such a hy-
pothesis is augmented by detailed theoretical calculations that is pre-
sented in the subsequent section.

Density Functional Theoretical calculations were performed using
hybrid B3LYP functional employing the Gaussian 16 suite to understand
the interaction between the RhB, PFOS, and PFOA. To begin with, RhB
and PFOS/PFOA are optimised together (Fig. 4). This stable optimised
structure yielded a binding energy of — 372 kJmol ! and — 340 kJmol !
for PFOS and PFOA, respectively. Such a strong binding affinity is
attributed to a strong interaction between the two molecules, and hence
the optimised geometries are further analysed. Our analysis reveals that
the SO3 (sulfonate) and CO3 (carboxylate) groups of PFOS and PFOA,
respectively, are located in close proximity to the N(CHCH3) ©
(ammonium) group of RhB (3.1 A —3.9 A) (Fig. 4), indicating the
occurrence of cation-anion interactions. Furthermore, we observe the
formation of hydrogen bonds between the hydrogen atom of the car-
boxylic group in RhB and the O~ atom of the sulfonate group (1.7 A),
and the O~ atom of the carboxylate group (1.6 A) in PFOS and PFOA,
respectively. Additionally, we performed another set of calculations
involving 4-Chlorobenzenesulfonate with RhB (Fig. S19). DFT computed
geometry revealed a significant binding energy of — 344 kJ/mol, indi-
cating favourable interactions between RhB and sulfonic acids other
than PFOS and PFOA.

An intriguing observation that can be drawn from such an analysis is
the deviation from planarity in RhB when exposed to acids. The aro-
matic structure in RhB exhibits a notable bending from planarity by
approximately 5°. This alteration in the molecular geometry adds an
exciting dimension to the behaviour of RhB in the presence of acids,
given that the absorption in chromophores relies heavily on planarity.
To understand the interactions between RhB and acids, we performed an
Atoms in Molecules (AIM) analysis. The nature of the Bond Critical Point
(BCP) was determined using the |V(r)/G(r)| ratio (Fig. S20, S21 and
Table S3, S4). If the |V(r)/G(r)| ratio is between 0 and 1, it indicates
predominantly ionic interactions. The ratio between 1 and 2 suggests
intermediate interactions, while ratios greater than 2 suggest covalent
interactions. We thoroughly analysed all the BCP between the two en-
tities, and they consistently indicated an ionic nature of the interaction
(see Table S3 in supplementary file). This analysis further confirms the
presence of cation-anion-type interactions (Fig. 4, Fig. S20, S21).

Further TDDFT calculations were performed to understand the na-
ture of the observed transition and probe the origins of quenching. While
none of the exchange-correlation functionals is illustrated to accurately
reproduce the vertical excitation energies of the RhB, among tested
functionals, BP86 was found to yield a good trade-off, which has been
used in our case [83]. Our calculations suggest a strong n-n* feature
centered at ~ 478 nm for RhB (Fig. $22-S24). Upon interaction with the
PFOS (PFOA), this feature was found to be red-shifted to 500 nm (506
nm) with a shoulder detected at 462 nm (449 nm) that corresponds to
another n-n* transition (Fig. S22-524). This shift that is observed due to
the interaction with the PFOS and PFOA to lower energy is due to the
aforementioned non-covalent interactions. Particularly strong anion...n
interactions stabilise the corresponding n* orbitals leading to a relatively
smaller n-n* gap and hence the shift that facilitates the quenching
(Fig. $25-526).

4.4. Real-time field tests

Utilizing the strengths of the SPCE detection platform, we demon-
strate its field testing for detection of PFAS from various environmental
and biological sources. Since PFAS has extreme chemical stability, its
presence in various water bodies and subsequent penetration to the
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Fig. 4. DFT optimized structure of (a) RhB-PFOS (b) RhB-PFOA showing the interactions between two. Colour Code: C-grey, F-cyan, O-red, N-blue. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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human food chain has been an increase in cross of concern. Accordingly,
we drew samples from five different water bodies namely tap water,
river water (Chitravathi, Andrapradesh, India), drinking water, lake
water (Powai Lake, Maharashtra, India) and ocean water (Juhu Chow-
patty Beach, Maharashtra, India) and artificially spiked them with
varying concentrations of PFOS and PFOA (Fig. 5a-e and Fig. 6a-e). In
addition, blood plasma was also spiked with identical concentrations of
PFOS and PFOA for comprehensive field testing (Fig. 5f and Fig. 6f) .
Significantly, the quantification from lab scale experiments were exactly
validated through this field-testing trial with an 100 % agreement be-
tween the SPCE enhancements obtained in lab scale and those obtained
during the field testing. The excellent correlation between these values
confirm the potential ability of the SPCE based technique to monitor the
analysis of PFOS and PFOA. This technique can be extended as a new
strategy for the detection of PFOS and PFOA in common detection
system.

All the sensing studies were performed using cost-effective smart-
phone-based detector as a replacement for the current state-of-art
complex, bulky and expensive readout systems. Such approaches that
aid in decentralization of the laboratory-confined biosensing technolo-
gies are gaining increased interest in disease diagnostics as well as for
monitoring the quality and safety of environmental bodies (air, water,
and soil). Especially, the smartphone-based healthcare management

10

systems are significantly researched due to their low-cost, portability,
superior cameras and memory storage capability, ever-advancing soft-
ware, and hardware accessories with auxiliary benefit of cloud
computing and association with distant physicians or health experts for
immediate feedback. In this context, the images of the SPCE were
captured using a smartphone and processed using the ColorGrab app.
The luminosity values obtained from the smartphone images during the
sensing of PFOS/PFOA is plotted in the right y-axis with respect to the
SPCE enhancement (Fig. 7a, ¢ & Fig. S27). It is observed that there is an
excellent correlation between the luminosity values and the SPCE en-
hancements (Ocean Optics detector), thereby enabling smartphone-
based sensing in a reliable and reproducible manner. The color cards
and processed image corresponding to the different addition of PFAS
were presented in Fig. 7b and 7d respectively for PFOS and PFOA
enabling visual detection and quantification of the PFAS using smart-
phone (Fig. S28-29).

Finally, we benchmark the ultra-high sensitivity, specificity and ease
of detection of a particularly challenging and rapidly emerging envi-
ronmental contaminant (PFAS) with global WHO recommendations and
several other studies drawn from the literature [3,14-18,84-91] (Fig. 8).
The platform integrated with mobile phone demonstrates the first visual
detection of fluoroalkyl contaminants at unprecedented sensitivity that
is three orders of magnitude lower than the limit set by WHO (Fig. 8a).
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These results assume immense technological relevance given the
persistent and accumulative nature of PFAS. Such a comparison high-
lights the importance of this work in achieving outstanding performance
in detection while simultaneously complying with the stringent de-
mands of real-time sampling along with reliable on-field deployability
(Fig. 8b).

5. Conclusion

In summary, we establish nanoengineered metal-dielectric hybrids
as excellent platforms for obtaining one of the highest reported SPCE
enhancements (1517-fold). While the bimetallic Ag-Au alloy synergises
to lower the Ohmic losses, subsequent coupling with nanocarbon-based
dielectric contributes to high PMD through broadband absorption and
cavity-based confinement of the electromagnetic field intensities. Such
unprecedented enhancements achieved have been leveraged for robust
and reliable single-molecular level detection of fluorinated alkyl-
compounds. The utility of such detection is extended beyond lab to
practical, on-field samples drawn from various sources, with signal
detection being achieved with a smartphone camera.
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