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Microcavity and whispering gallery mode (WGM) biosensors derive their sensitivity from monitoring frequency shifts induced by protein binding at sites of
highly confined field intensities, where field strengths can
be further amplified by excitation of plasmon resonances
in nanoparticle layers. Here, we propose a mechanism
based on optical trapping of a protein at the site of plasmonic field enhancements for achieving ultra sensitive
detection in only microliter-scale sample volumes, and in
real-time. We demonstrate femto-Molar sensitivity corresponding to a few 1000 s of macromolecules. Simulations
based on Mie theory agree well with the optical trapping
concept at plasmonic ‘hotspots’ locations.

Protein detection with plasmon-coupled microcavity biosensor

1. Introduction
Label free optical biosensors enable the monitoring
of biomolecules and their interactions in often highly

sensitive diagnostic assays. For example, mechanical
biosensors, such as atomic force microscopy [1, 2]
and quartz crystal microbalance [3], electrical biosensors such as impedance [4], and voltammetry
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[5, 6], optical sensors such as Raman spectroscopy
[7–11], plasmon resonance [12] and emerging Whispering Gallery Mode (WGM) [13–18] sensors have
been utilized for detecting biomolecules at mg-ng/ml
sensitivity levels. WGM biosensing offers a particularly sensitive approach to quantify the mass loading
of biomolecules on the resonator surface with ultimate sensitivity estimated on the single molecule level [19, 20]. WGM biosensors derive their unprecedented sensitivity from the use of high quality-factor
(Q-factor) optical resonances to monitor wavelength
shift signals upon binding of biomolecules or nanobeads to the resonator surface [20–25]. The simplest
WGM biosensor is a glass microsphere (typically
50–100 mm in diameter) where the resonant light remains confined by total-internal reflection. The
WGM biosensing approach has been shown to be
highly sensitive down to the single virus or nanobeads level (100 nm) [22, 23, 25, 26] in purified
buffer solutions. In complex samples such as blood
plasma, recognition elements such as antibodies or
DNA oligonucleotides immobilized at the WGM microsphere surface are needed for specific detection
tasks [27, 28].
Achieving the goal of single molecule detection
of proteins (10 nm in size) and their actions in solution requires mechanisms for boosting sensitivity
in WGM biosensing [13]. Several approaches have
been investigated recently, and specific examples for
enhancement mechanisms include the use of multiplexed sensor arrays [27], self-referenced mode-splitting techniques [25, 26] as well as hybrid photonicplasmonic WGMs [29, 30]. In the latter approach, a
WGM is tuned close to the plasmon resonance of a
surface bound gold (Au) nanoparticle (NP) ‘antenna’ so that a hotspot of high field intensity is created
at the NP site – without significant loss of Q-factor.
Molecules binding to the hotspot location can dramatically tune the WGM wavelength of such hybrid
photonic-plasmonic detectors. In fact several orders
of magnitude in sensitivity enhancements are predicted [29, 31], bringing label free single molecule
detection in aqueous solution and the study of single
proteins ‘in action’ within reach. This hybrid photonic-plasmonic sensing concept was first demonstrated with an Au NP layer coupled to a WGM biosensor [29] where different amount of bovine serum
albumin (BSA) proteins pre-adsorbed to the NP
layer has been detected down to pM concentration
levels. A drawback of this approach is the fact that
measurements cannot be done directly in solution.
Furthermore, real-time analysis is not possible since
this method requires extraction, filtration and drying
of the NP layer before probing with the WGM biosensor. In addition, proteins are adsorbed randomly
within the NP layer (i.e., outside of plasmonic field
enhancements sites), which lowers the sensitivity of
the detection. Therefore, there is a need for a new
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approach for probing proteins in solution to achieve
ultra-sensitive detection in WGM.
Here, we propose to overcome these problems
by optical trapping of protein molecules at the sites
of plasmonic field enhancements in a random Au
NP layer. We implement real-time detection of protein adsorption from microliter-scale sample volumes
and demonstrate ultra-sensitive detection down to
fM solution concentration levels, corresponding to
only a few thousand of protein molecules. Calculation of plasmonic field enhancements using electromagnetic Mie-theory combined with simulation of
stochastic protein binding events suggest that indeed
optical trapping of the proteins at highly sensitive
plasmonic hotspot locations is essential for achieving
high sensitivity in microcavity biosensing.

2. Experimental and computational
methods
2.1 Computational methods
Generalized Mie Theory: Both, far and near field
spectra of hybrid plasmonic-photonic structures were
calculated in the frame of the generalized multi-particle Mie theory, which provides an exact analytical
solution of Maxwell’s equations for an arbitrary configuration of L spherical scatterers (NPs and/or microspheres) [32–34]. The total electromagnetic field
scattered by the hybrid structure was constructed as
a superposition of partial fields scattered by each
scatterer:
PP l
Elsc ¼
ðamn N mn þ blmn Mmn Þ; l ¼ 1; . . . L ð1Þ
ðnÞ ðmÞ

where Nmn and Mmn are spherical vector wave functions. A matrix equation for the Lorenz-Mie multipole scattering coefficients (almn , blmn ) was obtained
by imposing the continuity conditions for the tangential components of the electric and magnetic fields
on the surfaces of NPs and the microsphere, and by
truncating the infinite series expansions to a maximum multipolar order N. The far field extinction
spectra of a hybrid sensor were calculated under
plane-wave illumination incident normally on the
top of the microsphere. We used the experimentally
measured Au refractive index values from Johnson
and Christy [35] in the simulations. The Au NP clusters morphology (55 nm NP diameters, 4 nm minimum inter-particle gap) reproduced the experimental values determined by the scanning electron
microscopy (Figure 1c).
Monte Carlo (MC) Simulations: Protein adsorption
is a complex process and influenced by many surface
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properties such as surface wettability, chemical composition and morphology [36, 37]. Various adsorption models including Langmuir adsorption, virial
expansion and scale particle theory were proposed
to model proteins adsorption on surfaces [38]. Langmuir adsorption and virial expansion seldom predict
the correct behavior due to conformation change of
protein upon adsorption to the surface, and interaction with other adsorbed proteins on the surface.
Scale particle theory incorporates excluded volume
and shape effects, which predicts isotherm to be a
function of protein shape. The isotherm broadens
due to excluded volume, and steepens due to attractive interactions between proteins. However, the
scaled particle theory is limited to well-defined geometries and does not incorporate multilayer adsorption. Computational models, such as molecular dynamics, and MC, have advantages compared to
analytical model listed above, which solve major issues related to electrostatic and pH effects. However, molecular dynamics simulations are limited to
single protein adsorption due to cost of the computational time. Cooperative adsorption of an ensemble
of protein can be studied using MC simulation,
which provides large number of configurations for
adsorbed proteins with low computational cost [36].
It should be noted that stochastic approach of the
MC simulation could be a disadvantage compared
to the deterministic molecular dynamic simulation,
which provides dynamical information.
The MC simulations are performed with a custom
written code. The model is a two-dimensional square
lattice simulation with periodic boundaries, where
each lattice on the substrate is as large as a BSA
protein (3.4 nm radius). MC iterations (i.e. adsorption, desorption, and diffusion on the substrate)
were performed according to the Metropolis sampling algorithm [39]. The probability of accepting an
MC move is therefore:
P ¼ min ½1; eðUnew Ucurrent Þ=b 

ð2Þ

where b ¼ 1=kB T with kB being Boltzmann’s constant and T the absolute temperature, Unew is the
new potential energy of the system, and Ucurrent is
the current potential energy of the system. Reduced
units are used for simulation parameters. Under
non-biased conditions (i.e. when the field effects are
not involved), the adsorption energy of a single protein molecule was taken as 1:0kB T. Field effects
are taken into account by biasing the probability of
finding a non-occupied lattice and also by modifying
the Metropolis acceptance criterion:
Pbias ¼ min ½1; ðfnew =fcurrent Þ  eðUnew Ucurrent Þ=b 

ð3Þ

where fnew and fcurrent are the field intensity values at
the corresponding locations of the substrate. These
intensity values are the results of generalized Mie
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theory field patterns (see Figure 4a). The cooperative adsorption of the proteins is taken into account
by adding an extra energy of 0.1 kT for each occupied next neighbor lattice. This value has been assigned after checking that the protein adsorption is
moderately affected (i.e. Langmuir type of behavior
is no longer observed), but the field effects are not
suppressed either. Simulations are run for 50 million
MC steps, after which the results are found to converge at low protein concentrations and under field
effects. Each simulation is replicated 3 times with a
different seed using the random number generator
of the computer.

2.2 Experimental method
Materials: Chloroauric acid (HAuCl4), sodium citrate, (11-Mercaptoundecyl)-N,N,N-trimethylammonium bromide, Bovine Serum Albumin (BSA), and
phosphate buffer saline (NaCl 0.138 M; KCl
0.0027 M; pH 7.2, at 25  C after dissolving it in 1L
ultrapure water) were purchased form Sigma-Aldrich. Anodic alumina oxide membranes (100 nm)
were purchased from Whatman. Glass microfiber
was purchased from Corning.
Gold NP preparation: 1. Citrate method: The synthesis of the Au-citrate NPs was done following a
modification of the Lee and Meisel’s method [40] as
the one described by Kruszewski and coworkers
[41]. Briefly, Au colloids were prepared by a reduction of HAuCl4 (103 M, 100 mL) with sodium citrate (1%, 4 mL). The 103 M HAuCl4 solution was
heated to 100  C under constant stirring. Then, 4 mL
of a 1% trisodium citrate solution was added to the
reacting mixture. Two minutes after the addition of
trisodium citrate the reacting mixture turned to a
black color. The reaction was let boiling for 1 h, finally exhibiting a deep red color.
Gold NP preparation: 2. Amino method: The preparation of the Au-amino NPs was done in a similar
way to the one described by Kunitake et al. [42] Basically, Au-citrate NPs were functionalized upon preparation with (11-Mercaptoundecyl)-N,N,N-trimethylammonium bromide (10 mg). After addition of
the trimethylammonium thiol the solution changed
to a brown-yellowish color, and the reaction was
stopped when the solution turned to a dark brownreddish color.
Optical measurements: WGM spectra were obtained
with a tunable external cavity laser operating at
633 nm nominal wavelength (TLB 7000, New Focus). A silica microsphere (radius: 60–250 mm)
coupled to a tapered optical fiber [29] (SMF-28,
Thorlabs) was employed as the microcavity probe.
The microspheres were fabricated by melting the tip
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of a piece of single mode optical fiber (SMF-28,
Thorlabs) with a CO2 laser [23]. Then the microsphere cavity was permanently aligned to the tapered optical fiber with the help of mechanical
stages such that a WGM is excited along the equator
of the microsphere, see Figure 1. The fiber-coupled
microsphere was mounted on mechanical stages in
such a way that it can probe via its evanescent field
the NP layer when brought in contact. The WGM
evanescent field has a considerable spatial extend
with an approximate evanescent field length 50 nm
in air and 90 nm in water, and excites plasmon resonances at several NP sites in the layer creating a
random array of highly sensitive intensity hotspots.
The plasmon-coupled WGM sensor is particularly
sensitive to proteins binding at these hotspot locations where binding induces a large tuning of the
plasmon-coupled WGM resonance wavelength, proportional to the field strength, E, encountered at the
binding site, r v [29],


Dlr
a="0 jEðr v Þj2
ﬃ Ð
lr
2 "r ðrÞ jEðrÞj2 dV

ð4Þ

V

where a is the excess polarizability of the protein
molecule and the denominator represents the energy
density integrated over the whole mode volume. The
data is obtained by recording a baseline resonance
wavelength signal, and then protein solution is
added to the layer. After adding BSA solutions, the
resonance wavelength shift Dl is recorded until the
signal saturates after approximately 10–15 minutes,
dependent on protein concentration. Figure 1(D)
shows such a shift in wavelength units [nm] for
0.1 pM concentration of BSA on the Au NP layer
with amine modification. The wavelength shift measurements were normalized by dividing by the nominal laser wavelength (633 nm) and by multiplying
with the microsphere radius R (in nm). The saturation value of this sphere normalized fractional shift
R  Dl=l [nm] was plotted versus concentration in
Figure 2. A different microsphere was used for each
adsorption measurement.
Filtration of Gold NPs: Anodic alumina oxide
(AAO) 100 nm diameter membranes were soaked
for 5 h in an 5% solution of polyethyleneinimide
(PEI) and ultra pure H2O (18.2 Ohm-cm). Then they
were washed with ultra pure water, by soaking them
in six consecutive baths (10 min each), and then they
were dried overnight in a desiccator under vacuum.
Au colloids previously prepared were suction filtered
through the PEI-modified nanoporous membrane.
Then, the Au NP layer template was vacuum dried
for at least 4 h.
Protein Measurements: BSA adsorption experiments
were performed at different concentrations, ranging
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from 0.001 pM to 1000 pM. First a wetted Au NP
layer was brought into contact with the resonant microcavity. Then, 1.5 mL of BSA solution (phosphate
buffered saline) was added to the Au NP membrane.
After addition of the BSA, the solution wicks
through capillary action into the membrane and delivers the BSA molecules to the sensor area where a
wavelength shift is recorded as a function of time
and analyzed using a custom Labview program that
tracks the wavelength shift signal, see Figure 1(D).

3. Results and discussion
Figure 1A and B show the schematic for real-time
label-free sensing platform of a BSA protein. The
stable integration of the microsphere WGM biosensor with a wetted Au NP layer is critical for achieving ultra-sensitive detection. Therefore, the silica microsphere cavity remained fixed on the Au NP layer.
The NP layer was kept wetted using a humidity
chamber throughout the experiment. Initial Q-values
of the microspheres are in the 106-range. After
stable coupling to the wetted NP layer the Q-factor
drops slightly but remains in the 105 range. Figure 1C shows the electron microscope image of Au
NPs (approximately 55 nm in diameter) filtered on
an aluminum oxide membrane forming a random
distribution of NPs. Figure 1D shows a typical spectrum for the WGM biosensor. A stable resonance
peak at specific wavelength l is recorded before
adding protein solution. Then, BSA protein, dissolved in PBS buffer, is added at microliter of sample volumes. The solution is introduced to the NP
layer by capillary suction, and immediately probed
by the WGM of the microsphere cavity. The resonance wavelength shift is recorded as a function of
time (see also experimental methods). Figure 1E
shows the experimental setup.
Figure 2 shows microsphere normalized fractional
wavelength shift of BSA adsorption as a function of
BSA concentration ranging from fM to pM. We observe unexpectedly large resonance wavelength
shifts with high sensitivity for WGM detection of
BSA protein down to few 1000 s of molecules. We
design two experiments with NPs that have been
modified with different surface monolayers. A negatively charged citrate and a positively charged amino
group monolayer were chosen to study the effects of
surface charge on nonspecific BSA protein adsorption from solution to the Au NP layer. We observed
a slightly higher protein adsorption to Au NPs with
amino groups. This is not surprising since BSA is negatively charged in solution at physiological pH, and
it is known that BSA forms monolayers on monolayers of amino-silanized surfaces [43]. Table 1 shows
the adsorption kinetics as a function of concentra-
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Figure 1. (online color at: www.biophotonics-journal.org) (A) Schematic diagram of the Au NP layer coupled to a WGM
resonant microcavity. (B) Protein detection scheme by monitoring the wavelength shift of a resonant microsphere cavity. (C)
Scanning electron micrograph of Au NPs immobilized onto an AAO nanoporous membrane. (D) Example of a BSA adsorption curve, upon BSA addition, the resonance spectra shift drastically and BSA adsorption is observed in real time as an
increase in resonance wavelength. (E) A photograph of the WGM setup mounted on a high-precision stage located on an
inverted microscope. The microscope helps to position and align the silica microspheres with respect to the fiber and the Au
NP substrate.

tion (i.e. rate shift R Dleq/(l  teq), where Dleq is the
saturation shift in equilibrium and teq is the time).
The level of sensitivity on the order of few 1000 s
of molecules (fM concentration levels) for both NP
coatings is very surprising, and cannot be explained

from random binding of the BSA molecules to the
NP surface. Instead, we hypothesize that the protein
molecules prefer to bind to hotspot locations (i.e.
closely spaced random NPs) of plasmon resonances
excited in the NP layer due to optical trapping. To
validate our hypothesis, we calculated the electromagnetic field distribution in a model NP layer using
generalized Mie theory (see computational methods)
and simulated the expected wavelength shift due to
the binding of proteins.
We simulated model hybrid structures composed
of a 5 mm diameter silica microsphere and finite-size
Table 1 Rate of the wavelength shift signal corresponding
to the different adsorption kinetics of BSA measured for
citrate and amino modified Au NPs.
Concentration Number of
(pM) of the
BSA
droplet
molecules

Figure 2. (online color at: www.biophotonics-journal.org)
Normalized WGM shift measured at 633 nm probing
wavelength of the Au NP layer, see experimental methods
section. The shift becomes larger as the number of BSA
protein molecules added to the Au NP layer increases.
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0.00235
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Figure 3. (online color at: www.biophotonics-journal.org) (A, B) Schematics of the Au NP cluster (trimer) (A) and a hybrid microsphere-NP cluster sensor (B) under the plane wave illumination. Au NP diameters are 55 nm and inter-particle
separations are 4 nm. Silica microsphere has a diameter of 5 micron, and microsphere-NP separation is 1 nm. (C, D) Calculated spatial near-field intensity distributions in the isolated (C) and microsphere-coupled NP cluster (D) at 634.9 nm wavelength. (E) Fractional wavelength shifts of the hybridized WGM-plasmonic NP mode of the sensor caused by the adsorption of BSA molecules one-by-one. The inset shows the positions of the adsorbed molecules relative to the hot spots
formed in the NP cluster (compare with (D)).

planar NP clusters of 3 NPs to simplify the numerical
analysis. Our previous work confirmed that such
scaled model structures provide qualitative physical
picture of the interactions between the evanescent
fields of WGMs and plasmonic modes of NP arrays
[29, 44]. Figure 3 shows the result of the calculations
for a linear NP trimer with 4nm-wide inter-NP gaps
coupled to the 5 mm silica microsphere through a
1 nm-wide gap. Under external light illumination as
schematically shown in Figures 3A and B, high-intensity electromagnetic hotspots are generated in the
gaps of the NP cluster (Figure 3C) owing to the excitation and strong near field coupling of localized
plasmon modes on Au NPs. The hot-spot intensities
are boosted by orders of magnitude [29, 44–47] if
the NP cluster is resonantly excited via the field of
the WGM generated in the microcavity (compare
Figure 3C and D).
In Figure 3E, we plotted the fractional wavelength shift of the hybrid WG-plasmon mode of the
sensor due to adsorption of BSA molecules to different spatial areas of the NP cluster. BSA molecules themselves are modeled as spherical NPs of
3.4 nm radii and refractive index of 1.45. As shown
in the inset, first four molecules were assumed to
adsorb in the area of the highest field intensity between the Au NPs (blue dots), followed by the next
four molecules (shown as red dots), which formed
the second molecular layer in the cluster gaps. As
can be seen in Figure 3D, the top-layer molecules
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are immersed in the lower-intensity region of the
optical mode field. Clearly, molecules that adsorbed
in the high-intensity hotspots cause larger wavelength shifts than those forming the second molecular layer, and so forth. Binding at high field intensities can therefore explain the large wavelength
shifts that were measure in our experiments (see
also experimental methods section). The large wavelength shift that is expected for binding of the first
molecules at highest field intensities may explain
the offset seen in our measurements in Figure 2
indicating that we do not yet have a large enough
signal-to-noise ratio to resolve these first binding
events.
We also examined whether the calculated field
strengths between closely spaced NPs can indeed promote the binding of BSA proteins by optical trapping.
In general, the total time-averaged optical force acting on a molecule or a particle illuminated by incoming light can be obtained from the Maxwell’s
stress tensor [48]. However, for the molecules modeled as particles with the radii much smaller than
the wavelength of incident light the total time-averaged optical force acting on the molecular particle
can be calculated within the Rayleigh (dipole) approximation as the sum of the gradient force and
the dissipative force [48–50]:
hFi ¼ rhUi þ hFD i ¼

I 0n 0
ða rM þ a00 kMÞ
c"0

ð5Þ
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Here, hUi is the optical potential, n is the refractive
index of the ambient medium, I0 is the incident field
intensity, M is the local electric field intensity enhancement at the molecular particle position, and
a ¼ a0 þ ia00 is the isotropic complex NP polarizability, which for the molecular particle of radius R and
permittivity ep embedded in the medium with permittivity es is calculated as follows:
a ¼ 4pR3 "0 "s

ð"p  "s Þ
ð"p þ 2"s Þ

ð6Þ

For a BSA molecule with radius of 3.4 nm and refractive index np ¼ 1:45 embedded in water (ns ¼ 1:33)
polarizability a ¼ 4:546  1037 [A2s4 kg1].
Following Eq. (5), the dissipative optical force
component, which acts in the direction of the incident light propagation, is proportional to the imaginary part of the molecular particle polarizability.
Therefore, the effect of this component is typically
considered negligible for investigating lateral movement and trapping of small transparent dielectric
particles. Under the action of the gradient force, the
molecular particle drifts toward the region of higher
electric field intensity, where the induced dipole has
the lowest potential energy. The probability to find a
sufficiently mobile NP or a molecule at a spatial position r is [50]
Pðr; UÞ / P0 ðrÞ exp fhUðrÞi=kB Tg;

ð7Þ

where kB is the Boltzmann constant, T is the temperature, and P0 ðrÞ is the corresponding probability
without optical fields. A gradient force strong enough to overcome the Brownian motion needs to be
generated in the trapping area. For the maximum incident field intensity of the WGM used in the experiment I0 ¼ 2  109 [W/m2], we estimate the optical potential required for trapping a NP of 3.4 nm radius
and refractive index n ¼ 1:45 in aqueous environment (normalized by kBT (T ¼ 300 K) [48, 50] as
U½kB T ¼ 1:1026  104 M. Our generalized Mie
theory calculations of the field distributions in the
various random configurations of microspherecoupled Au NP clusters with minimum particle separations of 4 nm show that high-intensity hotspots
generated in the clusters have high enough field intensity enhancement (M  4–9  104) to provide optical potential strong enough to trap a BSA molecule.
We have studied the effects of the NP diameter
and the NP cluster size on the intensity of the localized hot spots generated in the cluster under resonant excitation by the WG mode field (see supplementary materials). The results of our calculations
indicate that (analogously to the case of a single microcavity-coupled NP [29]) the hot spot intensity is
governed by the spectral overlap between the localized SP mode in a cluster and a WG mode in the
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Figure 4 (online color at: www.biophotonics-journal.org)
(A) The field intensity map for random Au NP is shown.
This map is calculated using the generalized Mie-theory.
Representative MC simulations results for N ¼ 50 and
N ¼ 500 are shown in (B) and (C) respectively. BSA coverage, at the hotspot locations, shows clearly a different
trend for light field on (blue) and light field off (red) MC
simulations (D).

microsphere. Furthermore, coupling of various surface plasmon (SP) modes within clusters [49] reduces
the hot spot intensity, which initially drops rapidly
with the increase of the cluster size and then saturates in clusters over 10 NPs in size. Overall, the performed calculations demonstrate that hybrid microsphere-cluster structures with NP diameters in the
range of 30–60 nm provide the optical potential for
trapping of small protein molecules at the chosen excitation wavelength ( 633 nm).
Having confirmed the ability of a WGM-coupled
Au NP cluster to trap BSA molecules at the site of
high plasmonic field intensities, we simulated the distribution of BSA protein binding throughout a random NP layer using MC simulations.
Figure 4 shows the monte-carlo (MC) simulations
results of BSA protein adsorption on NPs with and
without the optical field. Cooperative effect (i.e. the
influence of pre-adsorbed proteins on the adsorption
of proteins in solution to adjacent sites) among proteins during the adsorption period is also considered
for the MC simulation. Figure 4A shows the field intensity map calculated using the Mie theory, where
orange to red regions are hotspots. The field intensity data is chosen as an input for the MC simulation
as described in the methods section. Figure 4B and
C show the final configuration of the MC simulation
for 50 and 500 proteins respectively. These results
show that even for large number of binding events
(i.e. in the given scenario of competing binding sites
as well as slight cooperativity) BSA molecules accumulate first at high intensity hotspots supporting our
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hypothesis of large wavelength shifts due to optical
trapping. Figure 4D shows the coverage of hotspots
as a function concentration of proteins. Similarly, we
simulated protein coverage as a function of NP diameter (i.e. 40, 50 and 55 nm) with the optical trapping (see supporting information). Switching off the
field leads to random distribution of BSA molecules
on the NP surface, where the coverage of hotspots is
significantly lowered compared to optical field is on
(i.e. optical trapping).

4. Conclusion
We have demonstrated a first hybrid photonic-plasmonic WGM biosensor that measures protein binding down to fM solution concentration levels. The
unprecedented sensitivity towards detection of proteins is explained by optical trapping of proteins at
highly sensitive plasmonic hotspots on a gold NP
layer that is coupled to the WGM biosensor. This
approach indicates a promising route towards
achieving single molecule resolution in WGM biosensors coupled to engineered or random plasmonic
nanoantennas. The approach of using a random NP
layer has the advantage of integration to a microfluidic device with the added advantage of using gold
NPs, which can be easily functionalized with recognition elements such as oligonucleotides or proteins.
Sample analysis based on the hybrid photonic-plasmonic approach is rapid since detection is potentially
speed up through the use of optical forces that deliver proteins to the sites of high field intensity.
With the challenges of surface functionalization, detection speed and microfluidic integration addressed,
we propose that highly sensitive hybrid photonicplasmonic WGM biosensors in NP layers will have
broad applications across multiple disciplines and
areas including medical biosensing and drug screening [51, 52].
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