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Introduction

Single-molecule techniques continue to transform imaging, biophysics and, more recently, optical sensing. Label-free optical sensor
systems have emerged that exhibit extraordinary sensitivity for detecting physical, chemical, and biological entities at the
micro/nanoscale. Particularly exciting is the detection and analysis of molecules on micro and nanoscale optical transducers that can
be integrated and multiplexed on miniature sensing devices and that have many possible applications in health, environment, and
security. It is also becoming increasingly clear that in order for us to better understand the functionality of complex bio-molecules,
we need to investigate their dynamics."! X-ray crystallography and dramatic advances in electron microscopy® have led to the
structural identification of a large number of biomolecules.?! However, accessing the dynamic information has been more challenging
owing to the wide timescales and range of motions involved.!" Nonetheless, a variety of techniques such as small-angle X-ray scattering
(SAXS), nuclear magnetic resonance (NMR) spectroscopy,”! and mass spectrometry!® have provided critical information on
biomolecular conformational dynamics in the past three decades. However, these techniques are mostly ensemble methods, which
require a large number of molecules for measurement. Hence, these methods

suppress molecular heterogeneity, that is, they do not report fluctuations of a molecular property from the mean value.” In the
optical domain, the most popular technique is fluorescence spectroscopy, which has the capability to detect single molecules, and
report on molecular conformations via Forster Resonance Energy Transfer (FRET).[® % The large range of fluorescent dyes, combined
with optimized optics, efficient detectors and algorithms have made single-molecule fluorescence spectroscopy the method of choice
for single molecule dynamic studies in the past decade.”! However, this technique requires the labelling of the molecules of interest
which can be a drawback in certain investigations. In some cases, it might not be possible to attach a label," or the label might
affect the kinetics™ of the molecules under study.

Fortunately, a new class of label-free micro and nanosensors are starting to emerge that might allow us to do exactly that, observe
dynamic processes at the single molecule level directly with light, with high temperal and spatial resolution without the use of
flourescent labels. Hence, these sensors will be complementary to the existing well established techniques such as NMR, mass
spectrometry and flourescence spectrosopy in the near future. Micro- and nanosensors by virtue of their small interaction length
probe light-matter interactions over a dynamic range often inaccessible by other optical techniques. They can be used to study
biomolecular dynamics of protein folding, catalysis, light harvesting, ion channels and membranes; dynamic processes which can
span a range from less than 10° to more than 10® seconds.!! Their small size enables an exceedingly high sensitivity, and the
application of quantum optical measurement techniques can allow us to approach or surpass classical limits of detection. Quantum
photonic micro- and nanosensors may emerge that probe molecules with a sensitivity and resolution far beyond the current state of
the art by using quantum correlated nonclassical sources and measurement schemes.” By virtue of different materials and
geometries, micro- and nanofabricated devices exploit different light-matter interactions with the same analyte molecule. The
micro/nanosensor might allow simultaneous access to multiple aspects of the dynamics of single molecules by probing using various
wavelengths, different polarizations and intensities of light. The fast transduction or mixing of these optical signals allows for novel
spectroscopies and pump-probe detection schemes. It may even become possible to realise a longstanding dream of biologists and
biotechnologists of gathering all this information to visualise protein dynamics with atomic resolution.

Already now, micro and nano-sensors have reached a sensitivity-level that allows for the detection of very small single-molecules."

“l These extreme advances in label-free optical detection were first made possible by enhancing the interactions of light with
molecules on metal nanostructures. First demonstrations of plasmon-enhanced single-molecule sensing utilised gold nanorods for
detecting larger protein molecules in solution, for example streptavidin with a MW~ 53 kDa.Is! The most recent, most dramatic
sensitivity enhancements down to single ions, however, were made possible by combining the plasmonic nanoparticle sensors with
optical microcavity detection systems."®! The idea of the resulting optoplasmonic sensors is to enhance the detection signal via the
application of the optical microcavity, similar to two micro-mirrors reflecting light and creating multiple cavity passes, i.e cumulative
enhancement of the detection signal by a high quality factor of the microcavity. At the same time, the light is focussed, via a metal
nanoparticle, down to sub-wavelength scales to overcome the diffraction limit and probe single molecules and ions.

All of the emerging single-molecule sensor systems, optoplasmonic, nanophotonic, or plasmonic, are enabled by advances in micro
and nanofabrication. Advances in measurement methodology, laser interferometry, and quantum optics further contribute to the
rapid progress of the field. It is this convergence of previously quite disparate fields of scientif ic investigations that is accelerating
the recent advances in micro and nanosensing. For researchers entering this rapidly advancing field there is an urgent need for a
timely review that covers the most recent developments, one that identifies the most exciting opportunities. The focus of this review
is to provide a summary of the recent techniques that have either demonstrated label-free single-molecule detection or claim single-
molecule sensitivity. We structure our review into the following sections of: 1. Plasmonic, microcavity, and optoplasmonic label-free
sensing approaches; 2. Photonic crystal based sensors; 3. Recent developments in single-molecule plasmon-enhanced label-free optical
spectroscopy; and 4. Methodology and recent advancements in quantum photonic sensing in general and its wide possibilities
extending to molecular level biosensing. It is pertinent to note that unlike the established single molecule biosensing approaches
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reviewed in first three sections, the quantum photonic sensing is still in its infancy. Given the recent fast developments in quantum
metrology and communication, quantum photonic sensing is promising in terms of its nonclassical approach to overcome the classical
limits in conventional optical sensing schemes. The review closes with an outlook section that identifies some challenges to overcome
for these sensors to become widely used in biology and clinical diagnostics. We also identify some exciting applications of label free
optical single-molecule sensors. It should be noted here that our aim is not, however, to provide a comprehensive account of all the
advancements that have led to the current progress in label-free single-molecule sensor technology. Instead, we would like to refer
the readers to other focussed reviews on plasmonic sensing, label-free single-molecule imaging,"” optical microcavity based
sensing,'®" photonic crystal sensors,™ and Surface-enhanced Raman scattering® *! for a more detailed treatment of the techniques

highlighted in this paper .

1. Plasmonic, microcavity, and optoplasmonic label-free sensing approaches

Some of the most recent breakthroughs in optical label-free single molecule sensing can be mainly attributed to the advances in
utilization of plasmonic and optical resonators. In general terms, a resonator is a structure that allows only oscillations of a certain
‘resonant frequency’ to be sustained within. More importantly, this provides for an amplification of the amplitude of the oscillation
at this resonance frequency relative to the rest. The resonance frequency is dependent on the properties of the material, the
surrounding medium and geometry of the resonator. For example, a tuning fork is an acoustic resonator which oscillates at one
particular tone depending on the length and mass of the fork. In the optical domain, similar structures that confine light only of
particular frequencies can be fabricated using different materials. These can be broadly classified into two categories, plasmon
resonators using metal nanostructures and optical micro- and nano- resonators using dielectric materials. The interaction of an
analyte such as biomolecules with the resonator results in a change to the spectral properties of the resonator. These changes are
monitored to infer information on the molecule. This mechanism has been successfully exploited to achieve label-free detection of
single molecules. In this section, we will highlight the plasmonic,'® ' microcavity,"® ! and optoplasmonic sensors (a combination of
both plasmonic and microcavity sensors)!™ 2 that have very recently enabled the label-free detection of single-molecules.

1.1. Plasmonic sensing approaches
The collective oscillations of the surface electrons in metal nanostructures (where structure size << wavelength of incident light),
termed as localized surface plasmon resonances (LSPRs), results in high field localization in very close proximity of a few nm to the
nanostructure.?* The enhancement is extremely high at the tips of rods, stars, and diamonds (Figure 1A). LSPRs can be resonantly
excited directly by visible and near infrared light. The scattering of light due to these LSPRs results in the often bright colours
commonly seen with solutions of metal nanoparticles. The interaction of chemical and biological species with plasmon enhanced
light-fields has been utilized for sensing applications.!' 23!

LSPRs are a class of morphology dependent resonances, meaning that, the frequency of resonance can be tuned by varying the shape

and size of the nanoparticle. The polarizability of the nanoparticle, @, determines the resonance frequency and the extent of the
near-field localization, and is given by (with the dipole approximation)®!
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Figure 1. Plasmonic sensing of single molecules. (A) Simulation of the near-field of a plasmonic gold nanorod shows an intensity enhancement
of the order of 10. (B) Mechanism of sensing by plasmonic nanorods. The shift of the LSPR resonance peak due to binding of a molecule
is monitored. The insets show a sketch of the nanorod at time t where no molecules are attached to the surface, and the time t > t where
a molecule attaches to the hotspot. (C) Time traces of LSPR shift for the binding of streptavidin—R-phycoerythrin conjugate at different
concentrations. Adapted with permission.© Copyright 2012, Springer Nature. (D) Figure shows the double nanohole optical traps for single
molecule sensing. The nanohole is a dumbbell shaped structure milled in a gold film coated on a glass substrate. A laser beam is focussed
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onto the structure and the transmitted light is collected and captured by an avalanche photodiode. The example trace in subfigure shows
step events in the transmission signal due to trapping of a single BSA molecule. Adapted with permission.” Copyright 2012, American
Chemical Society. (E) Low frequency Raman spectrum of a single Conalbumin protein measured as the root mean squared fluctuation of
the transmission signal across the optical trap. Adapted with permission.- Copyright 2014, Springer Nature.

where V is the volume of the particle, €, €,, and €, are the permittivity of free space, relative permittivites of the surrounding

medium and the metal nanoparticle, respectively and L is a shape dependent factor. 1t is seen from Equation 1 that the surrounding
medium affects the polarizability of the plasmonic nanoparticle. This change in polarizability when a molecule enters the near-field
of the nanoparticle (permittivity of the surrounding medium is changed) is employed in the label-free detection of single molecules.
The change in & is monitored as a shift in the resonance peak position when a molecule interacts with the near-field of the plasmonic
nanoparticle (Figure 1B). Using this approach, shifts of the plasmon peak due to the binding of single streptavidin (53 kDa), antibiotin
(150 kDa), and a streptavidin—R-phycoerythrin conjugate (300 kDa) to biotin coated gold nanorods (Figure 1C) have been reported.!
This single molecule detection scheme was improved by simultaneously monitoring the scattering from hundreds of nanorods using
a dark field microscopy setup.?” This approach allowed the statistical analysis of antigen-antibody interactions. Although directly
observing the LSPR shifts has enabled the detection of single molecules, the signal-to-noise is limited due to the low quality of the
resonance.

Instead of monitoring the spectral position of the plasmon resonance, another approach detects single molecules by trapping them
using the high field localized around plasmonic nanostructures. The presence of the molecule is detected as a change in the
transmission of the illuminating light across the plasmonic structure.””” The principle of optical trapping is based on the forces
acting on a dielectric particle such as a glass bead or a biomolecule due to its interaction with a focussed beam of light. This optical
force can be separated into two components, the scattering force and the gradient force.*! The gradient force acts to pull the
particle towards the focal region while the scattering force acts to push it away. Hence, trapping of the scatterer occurs when the
pulling gradient force exceeds the pushing scattering force. By confining light into sub-wavelength scales and increasing the local
field intensity experienced by a particle, plasmonic nanostructures have enabled trapping of single nano objects,® even single
proteins.””! Using a double nanohole structure fabricated on a thin gold (Au) film, trapping of a single bovine serum albumin (BSA)
protein could be achieved.”” The nanohole structure is a dumbbell shaped hole (Figure 1D) milled into a thin gold film using
focussed ion-beam milling. The structure is illuminated by a focussed laser beam. The optical transmission across the nanohole
structure is monitored to detect a trapping event. When a dielectric particle enters the nanohole structure, it changes the refractive
index and hence results in a step change in the transmission across the structure (Figure 1D).

Additionally, more information about the molecule can be obtained after the trapping event. The transmission signal also depends
on the thermal motion of the molecule in the trap (Figure 1E).?? This sensitivity to thermal motion of molecules has been used to
probe some low frequency (GHz range) vibrational modes of a trapped biomolecule.”®! The principle of detection is based on
monitoring the increase in fluctuations of the transmission signal when a vibrational mode of the biomolecule is excited. The
excitation is achieved by modulating the electrostriction force (force due to displacement of ions in an external electric field) using
an amplitude modulated pump beam. The increased motion of the molecule upon excitation results in an increased fluctuation in
the transmission signal across the double nanohole structure. The root mean squared (r.m.s) fluctuation of the transmission signal
with varying modulation frequencies provides a vibrational spectrum equivalent to a Raman measurement. In this manner, Wheaton
et al. could obtain low-frequency Raman spectra for four globular proteins, carbonic anhydrase, conalbumin, cyclooxygenase-2 and
Aprotinin.®) An example spectra for Conalbumin is shown in Figure IE. In subsequent work, theoretically derived Raman intensity
spectra were matched with the experimentally obtained low-frequency Raman spectra.® In the future, this approach could be
extended to high frequency Raman spectra of single proteins as well. However, a few questions such as the smallest size of molecules
that can be trapped and if the trapped biomolecules remain functional under the high optical forces in the trap have to be addressed.

1.2. Optical microcavities based approaches
Optical microcavities are structures that confine light into small volumes by resonant recirculation forming optical resonances.
These cavities, typically fabricated from dielectric materials such as glass or 111-V semiconductors, have a small mode volume, V, and
extremely low losses described by a high quality factor, Q. For any cavity, the quality factor, Q, quantifies the temporal confinement

[34]

of light and is defined as the ratio of energy stored in the cavity to energy dissipated per electromagnetic oscillation, Q =
u)/[— (dZEt))/(uo]. Here, U(t) is the total energy confined in the cavity and (— (dl;—it)

lost per electromagnetic oscillation and W, is the resonance frequency.?s From the definition of Q, it follows that the initial energy

) / wg ) is proportional to the energy

stored in the cavity decays over time with a time constant,T = Q/wg. Similarly, the mode volume, V, quantifies the spatial
confinement of light. Many definitions are found in literature for the mode volume. For high Q cavities, the mode volume can be

defined as the energy density in the mode normalized to the maximum inside it, V = fv(E(I‘) |E(1r)|? dV) /max[e(r)|E(r)|? ].B+

3% Here, €(I) is the permittivity of the material, E(T) the electric field and the integration volume is over the entire space. For
sensing applications, the figure-of-merit for a microcavity sensor is given as the ratio of Q/V. Many different cavity structures such
as Fabry-Perot cavities, whispering-gallery mode cavities (WGM) and photonic crystal (PhC) cavities have been employed. Among
these, WGMs and PhCs are promising due to their ultrahigh quality factors and ultra-small mode volumes, respectively.

Optical WGMes are resonances in dielectric geometries with circular symmetry such as spheroids,’¥” toroids,* bottles*”, and disks.*’!
These resonances are formed when light is trapped due to multiple total-internal reflections at the curved boundary. The term WGM
for these optical resonances is obtained from the acoustic analogue. Lord Rayleigh first studied a similar phenomenon for sound
waves in St. Paul's Cathedral in London, where the guiding of sound waves in the dome led to whispers being heard from across
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the 32-meter gallery.*! Figure 2A shows an illustration of a microsphere cavity where light is trapped due to multiple total internal
reflections at the curved interface. The quality factors of these resonances can be extremely high depending on the material and
wavelength of light used for the excitation. Ultrahigh quality factor WGM resonators with Q of 108 — 101 with small mode
volumes of 180 (£ m3 have been demonstrated.*” Although most of the light is confined within the cavity, there exists an
evanescent field, hundreds of nanometres long, extending out into the surrounding medium. The interaction of molecules with this
evanescent field induces changes to the spectral or scattering properties of the WGM. These changes in the WGM'’s optical properties
is exploited for sensing applications and are monitored using various techniques to extract information about the molecule.'® ' 43!
The spectral properties can be categorized into three observables; frequency shifts, broadening of the cavity linewidth and mode
splitting.[4?!

Since biomolecules induce very small losses in the system, the most common mechanism exploited for sensing with WGMs is reactive
sensing. The term “reactive” here refers to the change in spectral properties introduced by a purely reactive interaction, that is, by
an elastic scatterer which does not induce any absorption losses. In this case, the frequency shifts induced by the analyte are
monitored (Figure 2A). The fractional frequency shift of the WGM can be given to the first-order by the simple equation!**

o  __ aelE(rp)l” @)

o T 2[,eMIEm)I2aV
Where 0 @ /@ is the fractional shift, @ is the resonance frequency, ( oy is the difference in polarizability between the molecule
and the surrounding medium, € is the refractive index of the cavity medium, E(r) and E(rp) are the electric fields in the cavity
and the molecule’s position, respectively. In experiment, the fractional shift is acquired continuously either by scanning a tuneable
laser over a range around @ or by locking the excitation laser to the cavity resonance frequency (Pound-Drever-Hall lock).* ¢!
Using a tuneable distributed feedback laser (nominal wavelength = 763 nm) and a glass microsphere resonator, single Influenza
A viruses could be detected by Vollmer et all*”! Despite the high Q and small V of WGMs, detection of single molecules of small
proteins and DNA has not been possible by directly monitoring the frequency shifts of the WGM. A theoretical model by Foreman

et al. predicts a required enhancement in the frequency shift signal of the order of 10* to achieve single biomolecule sensitivity.**!

The straightforward solution to boost the sensitivity is to enhance the field E(l'p) seen by the biomolecule.*”) This enhancement
can be achieved by coupling the WGM to plasmonic nanostructures presented in the previous section. This combination of optical
cavities with plasmonic nanostructures has been successfully exploited in optoplasmonic sensors to achieve detection down to single
molecules of BSA,®! study the interactions of single DNA oligomers,’”) monitor the kinetics of single molecule surface reactions!®’
and enzyme kinetics,* and even monitor interactions of single atomic ions" with a gold surface (Figure 2B). Further improvements
in terms of signal-to-noise can be achieved by minimizing the errors introduced by laser frequency-jitter and the wavelength sweeping
mechanism. These errors can be minimized by either using a reference interferometer to measure the frequency shift™! or using

lock-in detection schemes.[*®!
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Figure 2. Whispering-gallery mode based single molecule sensing mechanisms. (A) Schematic of a WGM-plasmonic hybrid sensor (the gold
nanorod is labeled NR in the figure). The WGM field is enhanced by a plasmonic gold nanorod. The analyte, in this case a heavy metal ion,
interacts with the gold surface inducing shifts in the WGM resonance peak as depicted. (B) WGM shift signals time traces showing two
regimes of Zn- and Hg' ion interaction with the gold surface. Adapted with permission.” Copyright 2017, The Royal Society of Chemistry.
(C) Optomechanical sensing of single proteins. The WGM shift induced due to BSA binding is translated into a shift in the mechanical
mode due to optomechnical coupling of the WGM and mechanical Eigen modes of the cavity. (D) Spectrograms showing clear binding
steps by individual BSA molecules. Adapted with permission.” Copyright 2016, Springer Nature. (E) Photothermal absorption spectroscopy
of single gold nanorods attached to a toroidal WGM microcavity. Here NP indicates the nanorod. A tuneable modulated pump beam excites
the nanorods. The probe beam is coupled into the WGM using a tapered optical fiber. The shift in the WGM resonance due to the
photothermal signal is monitored using a Pound-Drever Hall lock-in detection scheme. (F) A fine resolution absorption spectrum obtained
by tuning the pump laser from 0.905-0.069 eV. The spikes in the absorption spectrum show Fano features due to the WGM-nanorod
coupling. Adapted with permission.- Copyright 2016, Springer Nature.

Although combining plasmonics with the WGM enables detection of single molecules, it introduces a few disadvantages. The sensing
volume is drastically reduced which might be undesirable for sensing extremely low concentrations of analyte in reasonable timescales
of few seconds to an hour. Also, the complexity of the sensor system in terms of assembly is increased with the addition of the
plasmonic nanostructure. An approach based on optomechnical coupling of WGMs to the mechanical eigenmodes of the cavity
overcomes this issue. The light circulating in a microcavity exerts a radiation pressure on the cavity walls. With the right frequency
of light, mutual coupling of the optical and mechanical degrees of freedom of the resonator can be achieved resulting in coherent
optomechanical oscillations.”® This optomechanical resonance frequency and its overtones can be retrieved from the power spectrum
of the cavity emission. Due to the coupling of optical and mechanical modes, any shift in the WGMs resonance due to interacting
analytes is transferred to a shift in mechanical oscillation frequency. The mechanical resonance peaks can be extremely sharp (sub
Hz linewidths) and it possesses a greater shift to linewidth ratio compared to the optical resonance (Figure 2C). In fact, this

mechanism has enabled the label-free detection of single bovine serum albumin (BSA) adsorption to a bare silica microcavity. (Figure
2D).54

A recently published approach reports single particle photothermal absorption spectroscopy using toroidal whispering-gallery
mode cavities.l® Gold nanorods attached to the surface of a toroidal cavity (Figure 2E) are heated using a pump laser with energies

from 0.905-0.969 eV (1280-1370 nm). The WGM resonance is excited with a tuneable, narrow linewidth (< 300kHz) diode laser
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in the wavelength range 1520 — 1570 nm. The WGM resonance is monitored using a frequency lock-in technique (Pound-Drever-
Hall lock). Extremely high sensitivity is achieved by amplitude modulation of the pump beam. This allows moving the desired signal
into a sub-hertz (0.1375 Hz) band at several kilohertz modulation frequency thus overcoming the low frequency noise contributions.
Single particle absorption spectrum of gold nanorods are inferred from the WGM shifts. The coupling of WGM and the nanorod
could be monitored with a fine resolution scan of the probe beam, where the Fano line shape of the coupled resonator system could
be extracted (Figure 2F). The smallest detected WGM resonance frequency shift with gold nanorods is 84 Hz (1 attometer)
corresponding to a power of 20 pW. This power is orders of magnitude smaller than for example photothermal signal of a single
dye molecule (order of 1078 W).I5] Although in this proof-of-concept study, plasmonic absorption is used, this approach could be
applied to molecular or vibrational transitions as well. More recently, this approach has been applied to studying conductive
polymer molecules with the smallest molecules similar in cross-section to single dye molecules.® Future single-molecule
measurements will have to discriminate, however, the WGM shifts that originate from the heating of single molecules from the
WGM shifts that originate from the heating of the surrounding environment by the pump beam, and the heating of the
microresonator itself.

2. Photonic crystal based sensors

The ultimate lab-on-a-chip concept, the ability to perform many different tests at the single-molecule level, is a vigorously
pursued goal in biosensor research. The desire is to not only achieve improved figure-of-merits for incorporated sensors, such as
larger Q-factors or smaller modal volumes, but to move towards miniaturised schemes that are easy to manufacture. A promising
candidate for such devices employs Photonic Crystal (PhC) elements®’ for precise light control. These PhCs can be used to produce
optical resonant cavities with comparable Q-factors®® ®! at the micron and nanometer scale, and their fabrication leverages the
mature technologies employed in the CMOS manufacturing industry.

At their simplest, PhCs possess a periodic variation in refractive index throughout their body, produced most often by
nanostructuring. The periodic environment leads to the constructive and destructive superposition of light waves, forbidding the
propagation of some wavelengths of light, and modifying the propagation of others. Analogy is often drawn with electrons in a
periodic atomic potential, their wavefunctions interfering to modify the electron transport through the crystal.
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Figure 3. (A) An example Photonic Crystal structure consisting of air-holes in a material, possessing a hexagonal lattice with basis
vectors a, and a,. The dotted region indicates the primitive cell of the structure. (B) The reciprocal space map of the lattice in (A)
with the key symmetry points labelled. Adapted with permission. ) Copyright 2008, Princeton University Press. (C) A typical
dispersion diagram for the example structure. The allowed light modes that might propagate in the structure are shown as blue and
red lines, indicating their polarization state (TM or TE). The region for which no propagating modes exist is shown as a green
band.®! Copyright 2008, Princeton University Press.

Since the analogy of electrons in crystals is so useful, PhC research has borrowed much of the terminology from its electronic
counterpart. The dispersion of light through the crystal for various symmetry directions is most often presented as the ‘photonic
band-structure’ of the crystal, plotting the allowed energy (or frequency) against the light’s quasi-momentum (or wavevector) states,
an example of which is shown in Figure 3. Frequency ranges for which light is forbidden to propagate are known as the ‘photonic
band-gap’. The group velocity of the light is intuitive in such diagrams, as it is simply the gradient of the photonic band. With
suitable choice of period, material and symmetry, researchers have demonstrated using PhCs for the negative refraction of light,*?
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subwavelength focussing lenses,®¥! self-collimation/®* and even optical cloaking.® The possibility of creating such a photonic band-

gap via the near-elastic scattering of light in low-loss materials leads to a large density of photonic states at the band-gap.
Consequently, designing resonant cavities that utilize surrounding PhC structure for the confinement of light leads to extremely
efficient and long-lived resonances, providing the large Q-factors and small modal volumes that are vital for the best biosensors.
Creating such a resonant cavity requires the breaking of the otherwise perfect symmetry of an (ideally infinite) PhC structural lattice.
Many example and designs of such cavities have been reported; defect cavities, ®! double hetrostructure cavities,®” nano-slots,°®!
and even using designed or intrinsic and unavoidable fabrication imperfections of a PhC structurel® 7 (Figure 4). Hetrostructure
cavities in particular have been shown to produce some of the largest Q-factors,®! with reports in the literature of up to 11 million,
surpassing in Q/V even WGM devices, with typical modal volumes of the order of a cubic wavelength or less.[*”

One instructive example is the 2D PhC waveguide shown in Figure 4B. With the possibility of forbidding the propagation of light
inside PhCs, waveguides for light can be fabricated using PhCs to confine light to a channel inside a 2D slab. This is achieved by
nanopatterning a PhC either side of a channel of bulk material we wish light to travel through. For frequencies (and mode
polarisations) that lie within the designed PhC band-gap, the light is confined laterally to the channel by the PhC bandstructure
and by total internal reflection perpendicular to the plane of the slab. These waveguide modes that exist in the channel possess
their own dispersive characteristics, and can be used to drastically change the light-matter interactions to the benefit of sensing. In
particular, near the band-gap edge the group velocity of a waveguide mode can tend towards zero. This
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Figure 4. Example PhC resonators. (A) Microfabricated 2D hexagonal air hole array in a GaAsP membrane (220 nm thick) used for
a defect mode laser device which confines light to 2.5 cubic half-wavelengths, and possess a Q approaching 1500. Reproduced with
permission.l”! Copyright 1999, The American Association for the Advancement of Science. (B) Scanning electron micrographs of a
PhC hetrostructure waveguide. Subtle changes in lattice constant between the dotted lines in (i) allows the confinement of high-Q
modes up to 600,000. The electric field profile is also shown in (ii). Reproduced with permission.’”? Copyright 2005, Springer
Nature. (C) A PhC utilizing the intrinsic fabrication disorder evident in (i) to confine light to random cavities. In this experiment, a
was achieved by out coupling via a defect cavity show on (iv). These defect cavities themselves can also be efficient resonators.
Reproduced with permission.” Copyright 2007, American Physical Society. (D) An example of a PhC line-defect waveguide used
for the characterization of scattering loss from photonic crystal slabs, with the top view (i) and side profile achieved of the holes
(ii). Reproduced with permission.”” Copyright 2005, American Physical Society.

‘slow-light’ regime results in extremely long-lived and highly confined light-matter interactions. When this slow-light guided mode

is coupled with a cavity capable of confining light to a small modal volume, the resulting trapped light may consequently possess
extremely large Q-factors that have been reported as high as 10°.7°!
While three-dimensional PhCs have also been demonstrated,’ 7 74 their relatively tricky fabrication with current technology has
led to 1D and 2D slab PhCs being the most widely investigated. Since these lower-dimensional geometries are also the most applicable
to the future of chip-like biosensors, and so in this review we have restricted ourselves to advances in biosensor technologies
employing just these 1D or 2D designs.

With the appropriate PhC cavity and coupling mechanism, various biological analytes have been detected by PhC based sensors. By
measuring the spectral resonance shift due to the local change of refractive index in the presence of ensembles of different molecules,
PhC structures have been able to detect single-stranded DNA,"3) optically trapped bacteria,”® 7" ensembles of bovine serum albumin
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(BSA) protein,”® 798 8] hyman papillomavirus virus-like particles® ®! and multiple NCI-H358 lung cancer cell proteins in lysates.®

Analyte-specific stoichiometric studies and biomolecule micromanipulation has also been achieved with slotted waveguides,® ®! as

well as nanobeam cavities.”” 7% 83 %] Sub-attomolar detection of steptavidin protein has been reported for PhC nanoslot nanolasers.[*®
80, 87]

Despite PhCs impressive ability to detect biomolecules, single-molecule sensitivity has so far required the addition of a plasmonic
element to further concentrate light to a sub-wavelength scale. While novel PhC nanocavities combined with plasmonic
nanostructures have emerged as effective hybrid photonic-plasmonic biosensors,” #8! biodetection down to the single-molecule level
has been claimed to have been achieved so far using nanostructured materials comprising self-assembled silver nanoparticles on PhC
diatom biosilica,®! and has been demonstrated separately in a gold antenna-in-a-nanocavity.[® These two examples illustrate that
single molecule detection using optoplasmonics is possible, but their performance does not represent any fundamental limit of the
technology. The results of Laing et a//**) have demonstrated single-molecule level sensitivity by introducing a gold nanosphere inside
a 1D PhC waveguide (Figure 5). Using a 50nm gold nanosphere inside a 1D PhC waveguide, Laing et a//** were able to detect single
protein-DNA dynamics with and without the use of fluorescent labels. A key finding in this study showed that interaction between
single proteins and DNA was reduced due to electrostatic interactions with the fluorophore, suggesting that label based techniques
could be underestimating the rate of protein-DNA dynamics. In the near future, the top-down fabrication methods used in the
production of 1D and 2D PhCs should allow the incorporation of more complicated plasmonic resonators to be placed precisely
inside PhC resonators, opening the possibility for even higher sensitivities, label-free discrimination and even the determination of
the chirality or morphology of a single molecule.

Silicon waveguide
i |

2 E FITC labeled mismatched DNA F @
1

GFP labeled mismatched DNA |

Resonance (pm)

“ W | ks vl

37
Time (s)

Figure 5. (A) lllustration of the PhC sensor system, consisting of the silicon wafer and microfluidics for sample delivery. (B) Scanning
electron micrographs (SEMs) of the chip shows the multiplexed photonic crystal nanobeam cavities (zoomed inset) connected by
waveguiding components for external coupling. (C) SEM of the photonic crystal nanobeam cavity, with a single 50-nm-diameter
gold particle located in the central nanocavity, forming a plasmonic antenna coupled to the photonic resonator. (D) lllustration of
the functionalized gold nanoparticle. XPA proteins are immobilized to a self-assembled monolayer of 11-mercaptoundecanoic acid (11-
MUA) on gold and interact with a double-stranded DNA (dsDNA). (E and F) Real-time binding dynamics of the FITC-labeled
mismatched dsDNA and XPA under the standard binding buffer condition, measured from the resonance shifts of the antenna-in-a-
nanocavity. (H to ]) Real-time data for single GFP-labeled dsDNA and XPA protein in the standard buffer (D and E). (G and ]) The
solvent-accessible surface potentials (¢p = kBT/e) of a FITC-labeled mismatched dsDNA (G) and GFP-labeled mismatched dsDNA (J).
The DNA/dsDNA concentration in the microfluidic channels was 10 nM. Reproduced with permission.®! Copyright 2017, The
American Association for the Advancement of Science.

3. Single-molecule plasmon-enhanced label-free optical spectroscopy
Plasmonic resonances have been exploited in a variety of label-free optical spectroscopic techniques for detection and
characterization of molecules. In Raman spectroscopy, for example, the energy difference between the incident and scattered
photons, which corresponds to the difference in the quantized vibrational energy levels, yields a unique chemical fingerprint



characteristic of molecules present in terms of their Raman peak positions. Although Raman scattering is a relatively
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Figure 6. Single-molecule SERS and TERS detection. (A) (Top left) Near-field map of a gold nanoparticle on mirror. Inset: zoom-in
view of the picocavity showing subnanometer localization of optical field. (Top right) Low-temperature time-series SERS spectra
from a gold nanoparticle. Persistent (gray curve) and blinking (red curve) vibrational modes are indicated by black and red arrows.
(Bottom) Low-temperature time-series anti-Stokes and Stokes SERS spectra. None of the persistent Stokes modes are seen in the
anti-Stokes spectra (dashed lines), and fluctuating anti-Stokes modes appear always and only when the blinking Stokes modes are
present (arrows), which is a typical signature of single-molecule SERS. Reproduced with permission.® Copyright 2016, AAAS. (B)
(Top) Representative TERS spectra for a single tilted H,TBPP molecule adsorbed at the step edge (top, red) and a single flat-lying
molecule adsorbed on the terrace (bottom, blue) of Ag(111), both acquired on the molecular lobes marked with crosses shown in the
STM images on the right. Subnanometer-resolved STM topograph (bottom left) and TERS mapping (bottom right) for a single
H,TBPP molecule, indicating that the TERS spectral images can provide submolecular information. Reproduced with permission.*"
Copyright 2013, Springer Nature.



weak process, in surface-enhanced Raman spectroscopy (SERS) the extremely high field confinement and enhancement (so-called
hot spots) supported by plasmonic nanostructures/nanoparticles enables strong light-matter interactions between localized surface
plasmons (LSP) and molecular vibrations. This enhanced light-matter interaction allows for detection of photons emitted by even a
single molecule. First observation of single-molecule SERS (SM-SERS) had been reported by two independent groups in 1997.1%?
Most work to date on SM-SERS experiments mainly relies on rigorous statistical analysis methods, such as bi—ana]yte[%' 94]
isotopologuel® %! techniques, to unequivocally support the claim of SM-SERS detection sensitivity.?” 7! In this section, we highlight
recent advances in single-molecule plasmon-enhanced spontaneous and coherent Raman spectroscopies in which amplification of
the Raman scattering signals is achieved near plasmonic substrate surfaces or within metallic nanoparticle junctions,
with emphasis on different technical capabilities.

or

Plasmonic cavities allow for the subwavelength confinement of light and therefore are often used to enhance light-matter
interaction.”®) Benz et al. utilized a self-assembled monolayer (SAM) of biphenyl-4-thiol molecules to create a nanometer-thick gap
between a gold nanoparticle and a planar gold film.*®! Gold atoms protruding from the surface of the gold nanoparticle are
spontaneously formed and destroyed under laser illumination, thus creating plasmonic picocavities, which can be detected by carefully
monitoring the blinking of time-dependent SERS signals of the molecules within the picocavity (Figure 6A). Since these picocavities
are very unstable at room temperature, the authors conducted experiments at cryogenic temperatures. Remarkably such extreme
optical confinement enables selective excitation of specific molecular vibrations for different picocavities. The authors were capable
of quantifying the population of the excited vibrational states or phonons through the ratio of anti-Stokes to Stokes intensities and
extracting Raman localization volume, based on a recently developed quantum mechanical framework that treats SERS in analogy to
optomechanical systems.[% '°°
field and molecular vibrations is three to four orders magnitude greater than that of conventional optomechanical systems,' setting
the basis for developing nonlinear quantum optics on the single-molecule level.

| Experimental data clearly show that the optomechanical coupling strength between the picocavity

By combining the chemical specificity of tip-enhanced Raman spectroscopy (TERS) with the high spatial resolution of scanning
tunneling microscopy (STM) in ultrahigh vacuum and low temperature conditions, Zhang et al successfully developed a novel
molecular mapping technique with sub-nanometer resolution. This technique allowed for chemically resolving the inner structure
and surface configuration of a single meso-tetrakis(3,5-di-tertiarybutylphenyl)-porphyrin (H,TBPP) molecule that was located within
the plasmonic nanocavity formed with the gap between a silver STM tip and a planar silver surface.”"! This unprecedented spatial
resolution together with unambiguous chemical identification was achieved mainly by spectral matching of molecular vibronic
transitions to nanocavity plasmon resonance which can be tuned by modifying the tip status and changing the gap distance (tunneling
current). More importantly, with this technique, the authors were capable of exploring the influence of molecular orientations on
the vibrational spectral features (Figure 6B). The ability to chemically resolve the internal structure of a single molecule and determine
molecular orientation (adsorption configuration) demonstrated in this work has laid the groundwork for future super-resolution,
single-molecule chemical imaging studies.'!

A recent work by Zhang et al demonstrated a single-molecule detection Raman sensitivity through the combination of a Fano-
resonant plasmonic substrate and coherent anti-Stokes Raman scattering (CARS).'? The authors proposed a carefully designed
plasmonic substrate composed of a gold quadrumer (four disks) array onto a fused silica substrate (Figure 7A). The quadrumer
substrate was designed with an anti-bonding dark mode close to the pump wavelength to maximize energy coupling onto the
substrate, and broad bonding bright modes spectrally overlapping with the Stokes and anti-Stokes regions to maximize anti-Stokes
emission. Interference between the superradiant (bonding) mode, where the dipolar moments of all four disks oscillate in phase, and
the subradiant (anti-bonding) mode, where the dipolar moments of the left and right disks oscillate out of phase with that of the
top and bottom disks, induces a Fano resonance (sharp dip) in the superradiant continuum at the frequency of the subradiant mode.
Both superradiant modes act as optical antennas in this case. Plasmonic nanoantennas have been demonstrated to achieve directional
Raman scatterings from single molecules as well as providing enhanced light-matter interactions and controlled far-field radiation
patterns.®* 9 %% The maximum surface-enhanced CARS (SECARS) enhancement factor (SECARS EF = gp g2 g4s) was calculated
to be ~1.5x10° in the central gap of the quadrumer, as compared to the maximum SERS EF (SERS EF = g3 g2) of ~2.5x10% where g
is local electric field enhancement (g = |E(w)/E;jyc(w)]).* Experimentally, a Tisapphire (76 MHz) laser output was divided into
two paths. One path formed an 800-nm pump beam and the other generated a continuum Stokes beam through the use of the
nonlinear photonic crystal fiber. The Stokes beam path included a time-delay stage in order to overlap the pulses in time. These two
beams were then superimposed spatially using a dichroic mirror. The collinear pump- and Stokes-beams were focused onto an

individual gold
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Figure 7. Single-molecule SECARS and TR-SECARS detection. (A) (Top left) Measured (top) and simulated (bottom) scattering
spectra of a single quadrumer before (black curve) and after (red curve) the analyte absorption. Green dashed line and red/blue
shaded zone represent the pump beam and the Stokes/anti-Stokes scattering region, respectively. (Top center) Charge distributions
at pump and Stokes frequencies, corresponding to the subradiant (green) and superradiant (red) modes, respectively. (Bottom left)
FDTD-computed SECARS enhancement map (bottom left). Scale bar, 100 nm. (Right) SECARS spectra of two individual analytes
(red and green curves) and spectrum of both analytes (purple curve), depicting single molecule detection. Reproduced with
permission.l”?] Copyright 2014, Springer Nature. (B) (Top left) TR-CARS signal of bulk BPE (brown curve) and TR-CARS signal
retrieved by the windowed Fourier transform of the bulk Raman spectrum (grey curve). Inset shows Raman spectrum of bulk BPE
(pink curve) and transient SERS spectrum (blue curve) recorded on the dumbbell. (Middle left) Experimental (brown curve) and
simulated (grey curve) TR-SECARS signals of a single dumbbell structure showing distinct quantum beats. The grey curve is a
stimulated TR-SECARS response based on the green stick spectrum in the inset. (Bottom left) Simulated TR-SECARS signals for one
molecule (green curve) and two molecules (blue curve). (Right) Corresponding PDFs and first moments of the PDFs, showing a
single molecule behavior indicated by the first moment of ~0.5. Reproduced with permission.'”> Copyright 2014, Springer Nature.

quadrumer by a 50x/0.8NA objective, and SECARS signal was collected by a 60x/0.7NA objective in a transmitted direction and then
analyzed with a spectrograph. To verify single-molecule detection sensitivity, the authors conducted bi-analyte experiments using
para-mercaptoaniline (p-MA) and adenine, and performed their adsorption isotherm measurements to ensure that the difference in
the binding affinities of the two analytes didn’t affect the statistics.
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Using gold nano-dumbbells functionalized with adsorbed #rans-1,2-bis-(4-pyridyl) ethylene (BPE) and encapsulated in a silica shell
as SERS-active aggregates,"®® Yampolsky et al reported a new breakthrough in time-resolved SECARS (TR-SECARS). Their system
allowed for real-time observation of the vibrational motion of single molecules through tracking of coherent wave packets sustained
on single molecules."! The dumbbells were spin-cast from solution onto a silicon nitride membrane substrate, and examined by a
nonlinear optical microscope system. Experimentally, a tunable beam (500-750 nm, 170 fs, 80 MHz) from an optical parametric
oscillator (OPO) was split into a pump and a probe beam by a beam splitter, and a fixed 809-nm beam (150 fs, 80 MHz) was
employed as a Stokes beam in TR-SECARS measurements. The probe beam path included a time-delay stage, and the time-adjustable
probe beam was spatially overlapped with the collinear pump/Stokes pulse pair by a dichroic mirror. All three beams were collinearly
sent into the microscope system. Through tuning the wavelength of the pump/probe beam and the time delay between the
pump/Stokes pair and the probe pulse, the authors were able to show spectrally-resolved TR-SECARS of a single dumbbell acquired
under on-resonance and off-resonance conditions. They were also able to observe a signal that oscillated in time in both the forward
and backward scattering directions owing to quantum beats. The TR-CARS signal from bulk BPE rapidly dephases in time while the
TR-SECARS signal from a single gold dumbbell persists for the 10 ps duration of the measurement (Figure 7B), which means that
the vibrational coherence on a single nano-antenna is not strongly perturbed by near-field enhancement. This indicates the potential
of detection of the coherent wave packets at the single-molecule level. More importantly, the authors were able to show the
relationship between the oscillatory TR-SECARS trace and the number of molecules being probed as well as
the number of vibrational modes being excited, through the examination of the early-time probability distribution function (PDF) of
the signal.

The combination of plasmonic nanomaterials (metallic substrates/tips/nanoparticles) with the inherent chemical selectivity of Raman
spectroscopy has become a well-established technique for characterizing molecular interactions in nanoscale environments.
High chemical specificity with the capability of high-resolution imaging provided by this technique makes it a unique and effective
tool for investigating the dynamics of single-molecule chemical reactions on the nanometer scale. SM-SERS and SM-TERS works,
described in this section, were conducted in low temperature condition in order to maintain stable structures and suppress molecular
diffusion/desorption and thermal drift problems. The ability to produce robust, reproducible plasmonic nanostructures with
controlled placement of molecules directly within uniform and well-defined hot spots makes it possible to systematically investigate
single-molecule behaviors and surface-adsorbate interactions under ambient conditions. The coherent nature of ultrafast SECARS
and TR-SECARS can, in principle, offer higher sensitivity than spontaneous SERS because SECARS EF scales as g® while SERS EF

as g4— '[102, 104, 107]

scales Care should be taken to avoid sample degradation when wusing high irradiance beams

with extremely short pulses. Careful control of repetition rate, pump fluences and irradiation times is necessary to routinely acquire
spectra with pulsed excitation. Although both g* and g8 laws have been verified experimentally,®> 8! developing a solid
theoretical framework to explore the quantum mechanical nature of the coupling between plasmonic resonances and molecular
vibrations and applying the model to interpret observed single-molecule behaviours are required in future investigations of label-

free single-molecule vibrational sensing.

4. Quantum photonic sensing: Towards nonclassical fundamental limit in sensing

The coherent control over light-matter interactions at the single photon level has been a driving force as well as a puzzling challenge
at the same time for quantum information science and technology.l” Quantum optical sensing capitalizes on this challenge in
order to bring about a paradigm shift and take the sensing protocols to a nonclassical fundamental limit. Quantum sensing protocols
widely make use of the recent rapid advancements in the emerging fields of quantum communication, computing and metrology."™!
As mentioned in the introduction, the single molecular-level biosensing by means of quantum optical sensing schemes is still in its
infancy. But in order to highlight the promise of quantum photonic sensing and device integration to take the label free sensing to
unparalleled detection beyond the classical limits, we briefly outline some of the recent advancements!™ ™! and concepts that dictate
their underlying quantum principles in this section. We give a short glimpse on how the sensing scenario could be improved at its
fundamental limit by quantum photonic sensing by incorporating nonclassical light sources as well as quantum optical measurement
schemes for biochemical sensing in conjunction with nanophotonic and nanoplasmonic sensing techniques.
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Figure 8. (A) Schematic representation of a phase sensing experiment based on a Mach-Zehnder interferometer (MZI). E, is the
input optical field which is split into reference and signal arm as E.f and Eg respectively. 1) is the optical transmission of input port
beams splitter and  is the added differential phase. The detection of the output fields at the second output port beam splitter gives
the estimated phase shift. Reproduced with permission.” Copyright 2015 Elsevier B.V. (B) Graphical representations of sensitivity
limits of the interferometric phase measurement as a function of mean number of photons (1) used. Reproduced with permission.'
Copyright 2015, Elsevier B.V. (C)-(D) Schematic representation of a conceptual design of an integrated nonclassical source chip of
entangled photons and a molecular level sensing chip within the scheme of a MZI. Evanescent field sensing in one arm would enable
the interaction of the photons in one arm with the analyte molecules at the surface of the waveguide. Reproduced with permission.™!
Copyright 2018, The Royal Society of Chemistry.

Quantum photonic science and technology is envisaged to bring about unprecedented ultra-sensitive detection schemes to
overcome the standard quantum limit (SQL) by means of quantum correlated light sources and metrology.'” The SQL quantifies
the best precision achievable in measurement without the use of quantum correlations of photon flux especially for any optical phase
measurement.[" In the meantime, they also have scientific and technological challenges to overcome for them to be compatible with
the present day integrated nanophotonic/nanoplasmonic sensing platforms." 1n 1981, Caves proposed the quantum noise reduction
highlighting its importance in optical interferometry.™! In the recent past, nonclassical sources are getting more attention as
promising sources for quantum noise reduction. Two of the very important quantum states of nonclassical light highly preferred in
quantum photon sensing are “squeezed states” and “entangled states”. ™ The uncertainty principle imposes a fundamental
constraint on the product of amplitude and phase quadrature variances of the optical field." In view of this, squeezed states of light
are attained by the redistribution of the observable uncertainty, that is, by reducing the uncertainty in the variance of one quadrature
(amplitude or phase) and correspondingly increasing uncertainty in the other (amplitude or phase) resulting in precision enhanced
measurements of the desired observable.'” " Photon entanglement on the other hand ensures that the quantum state of a photon
generated in an entangled pair or in a group of photons cannot be described independently of the state of the other(s), and so are
said to be ‘entangled’.

For precision enhanced phase measurements which are mostly used in biological and chemical sensing, the maximally path entangled
N photon quantum states, the NOON state is widely used.™ For N entangled photons in an equal superposition of all being in one

1
of the two possible paths A and B the NOON state is expressed in general as,|N :: 0)4 5 = 5 (|N, 0)45 + 10, N)A’B).['Z' n, 14, 15]
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Figure 9. (A) Scanning electron micrograph of an on chip beam splitter operating on single photons from quasi-resonantly excited
InGaAs/GaAs quantum dots embedded in GaAs rib waveguides. Reproduced with permission."®) Copyright 2015 AIP Publishing LLC.
(B) Cross-correlation measurement of the QD emission between both detection arms. Reproduced with permission."®! Copyright
2015 AIP Publishing LLC. (C) CdSe/ZnS QD loaded in to plasmonic bowtie and their scattering spectra showing a transparency dip
due to Rabi splitting respectively for (from top to bottom) one, two and three QDs in the gap. Black lines are experimental data
whereas the fits to the coupled oscillator model are shown in coloured lines. Insets: SEM images of the bowties where the positions
of the QDs are marked by red arrows. Scale bars: 20 nm. Reproduced with permission."” Copyright 2016, Springer Nature. (D)
Schematic representation of an integrated optofluidic device for protein concentration measurement with entangled photons
generated in a BiBO nonlinear crystal by SPDC process. Inset: Fabricated device. Reproduced with permission"®! Copyright 2012
American Institute of Physics. (E) The measured normalized two photon coincidences for different concentrations of bovine serum
albumin in a buffer solution.!"8! Copyright 2012 American Institute of Physics. (F) Schematic of integrated optical coupling of diamond
single NV center to GaP single-mode waveguides. Scanning electron micrograph image of fabricated device in the inset."! Copyright
2016 American Physical Society. (G) Grating-collected spectra. Blue curve: Cavity tuned onto selected zero phonon line (ZPL) and
orange curve: Cavity detuned from ZPL. Photon autocorrelation while cavity is tuned onto ZPL is given in inset."™”) Copyright 2016
American Physical Society. (H)-(J) Single molecule on chip combing dibenzoterrylene organic molecule-based quantum emitters and
dielectric chips consisting of ridge waveguides/grating far-field couplers. (H) and (1) are respectively the camera image of coupled
molecules and the fluorescence confocal scan. Coincidence measurement of coupled nonclassical light showing the antibunching dip
relative to the confocal spot (i) and to the coupler area (ii)."®) Copyright 2017 American Chemical Society.

If we consider a Mach—Zehnder interferometer setup as shown in Figure 8A incorporating a phase shifter (sample or analyte in real

12]

experiments) in signal arm giving an additional phase of exp(id),!! it has been estimated that the measured phase for a classical

light source will be within the standard quantum limit (SQL) given by = 1/+/N.I ™ 1] Whereas, as shown in the comparative
analysis of sensitivity limits of the interferometric phase measurement as a function of mean number of photons in Figure 8B, the
precision phase measured for a path entangled NOON state nonclassical source would give rise to Heisenberg limit (HL) given by A
¢y = 1/N.2" 151 1n addition to the generation of path entangled photons, hyper-entangled photon pairs of single photons have

also been studied which possess correlations in multiple degrees of freedom. As such, they could exist entangled simultaneously in
polarization, spatial mode such as orbital angular momentum, and energy-time.[> " !
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For integrated sensing applications, the entangled photon pairs generated in nonlinear crystals by the spontaneous parametric
down conversion (SPDC) process as well as the single photons generated by quantum emitters such as quantum dots (QD) and
nitrogen vacancy (NV) centers for precision sensing applications have received high attention.'” 2/ Quantum dots are ubiquitous
quantum emitters comprised of a cluster of 10%2to 103 atoms and they have their typical size ranges from 1 to 20 nm.[*? They
possess the characteristic property of quantum confinement arising from their ultra-small dimensions.'** Correlation studies have
proven them to be one of the sought after quantum emitters as nonclassical sources which could be further integrated with
nanophotonic/nanoplasmonic platforms (Figure 9A-B) for integrated quantum photonic sensing for bio molecules.!”2* The photonic
environment can be highly influenced by the introduction of inhomogeneity and thereby the local density of optical states gets
altered.® " %3] This gives a great boost in the field of integrated quantum plasmonic sensing. One of the interesting fields of
investigations is quantum plasmonic sensing, where the sensing platform simultaneously takes advantage of both the quantum nature
of light and its electromagnetic field confinement performance by means of a plasmonic interferometer that can beat the standard
noise limit.?*] As elaborated in the beginning of this section, entangled photon pairs are anticipated to have a strong impact in the
phase measurement sensitivity enhancement in biochemical sensing."® ") One of the demonstrated integrated optofluidic devices
for protein concentration measurement with entangled photons generated in a BiBO nonlinear crystal by SPDC process is shown in

Figure 9D-E.

The luminescent individual point defects in solids such as nitrogen vacancy (NV) centers or color centers in diamonds are
atomic-sized quantum photonic nanoscale systems where in general the defect consists of a nitrogen atom replacing a carbon atom
and a neighboring lattice vacancy providing a photostable fluorescence in red and IR spectral range of about 100 nm.[**] As they are
considered to be solid-state sources of single photons, NV centers form yet another choice of nonclassical light sources for
miniaturized integrated quantum optical nanosensing applications. ! Integrated GaP-on-diamond disk resonators which
resonantly couple zero phonon line photons from single NV centers to single-mode waveguides has been demonstrated as shown in
Figure 9F.") The second order correlation measurement performed on the fabricated device showed dips with g < 0.4 indicating
that maximum number of the collected photons are from a single emitter (Figure 9G).") Recently Lombardi et al demonstrated a
photostable single molecule on chip device combing dibenzoterrylene organic molecule-based quantum emitters and dielectric chips
consisting of ridge waveguides/grating far-field couplers.'”®! The fabricated molecular nanodevice and the single photon analysis and
coincidence measurements are shown in Figure 9H-J. As shown in Figure 10A-D, the squeezed-light-enhanced mapping of spatial
structures within a cell (saccharomyces cerevisiae yeast cell) has been studied observing length scales down to 10 nm. The controlled
measurements in water confirmed that, nonclassical squeezed light provides 14% enhancement over the resolution possible with
classical coherent light source.™ ™ Following the investigations to overcome the quantum noise limit in dynamic biological
experiments by means of quantum correlation measurements,"* 3 recently Mauranyapin et al realized an evanescent single
biomolecule (bovine serum albumin and anti- Escherichia coli) label-free sensor based on an optical nanofibre operating at the
fundamental precision limit dictated by the quantization of light (Figure 10E-1).%3) The study enabled not only the fundamental
quantum noise-limited tracking of single biomolecule as small as ~3.5 nm, but also opened the frontier for monitoring the surface—
molecule interactions over extended time periods.

5. Outlook
Maturing technology areas such as plasmonics, micro- and nanophotonics, and quantum photonics have arrived at a crossroad. With
recent advances in micro/nano fabrication and optical materials, they can soon all be realised on single chip-scale devices. The merger
of the previously often disparate areas of technology can shatter the long-standing limits of detection. 1t was previously argued that
the established fields such as plasmonics have fully matured,®* prompting suggestions that it is now time to do away with metals
entirely and explore micro/nanostructures composed only of dielectrics.* Although this may be a good idea, we hope that our
review identifies another route to break new grounds, by combining the field of plasmonics with the field of dielectric optical
microcavities. In certain cases this optoplasmonic approach!™ can take advantage of the best of both fields, as demonstrated for
single-molecule sensors with unprecedented levels of detection sensitivity such as single ion sensing."! Applying quantum optical
measurement techniques to current sensing techniques might further enhance detection sensitivity as demonstrated by the
evanescent sensing of single molecules using a tapered optical fiber.'%3! Perhaps these and other hybrid sensors can advance much
beyond the current state of the art, to realise sensing and spectroscopy of single molecules on a single sensory platform, at room
temperature, and with high-throughput. These sensory platforms may be able to characterise Raman modes to discern correctly
folded from misfolded proteins in solution, they may identify post-translational modifications and their variations among proteins
from single-molecule Raman modes, they may sequence single DNA molecules and identify epigenetic marks on our DNA; ultimately
they may visualise the three-dimensional structure of macromolecules at atomic resolution and with a nanosecond time resolution.
Various challenges need to be overcome in the technology areas that we have reviewed for single-molecule micro- and nanosensors
in order to achieve these breakthroughs. A few key parameters for to aim for are: varied size range of molecules from single ions to
large proteins with sizes of hundreds of kDa, high time resolution, high throughput, specificity of detection in complex media and
parallelized detection with many sensors simultaneously. The sensitivity of detecting label-free single molecules using plasmonic
nanoparticles is currently limited to a LSPR shift of about 0.5 nm (approximately 1% of linewidth).!3) Hence, the shot noise limited
detection limit for single molecules is about 50kDa with just plasmonic nanostructures.”” Combing optical microcavities with
plasmonic sensors is one way to circumvent this issue, where sensitivities to detect single ions have been reported."! The maximum
size of a molecule detected with plasmonic and optoplasmonic sensors is also restricted due to the decreasing overlap of the molecule
and the near-field with increasing molecular size.") New nanoparticle structures have to be explored to tune the interaction length
to achieve increased enhancements. One advantage of using just plasmonic nanostructures is that they allow for a highly parallelized
detection.” A parallelized detection scheme has not yet been demonstrated for label-free single-molecule sensing using
optoplasmonic sensors. The technical challenges of fabricating a large array of microcavities on chip and combing them with
plasmonic structures has to be overcome. Planar micro/nanocavities based on PhCs which can be fabricated using standard cleanroom
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technologies might bridge this gap.® They might also enable easy integration with novel microfluidic systems to obtain integrated
lab-on-chip- devices.*) Alternatively, single-molecule sensing using bare micro/nanocavities reduce some complexity with assembling
optoplasmonic sensors. However, further improvements to the figure-of-merit Q/V have to be achieved.

One of the key advantages of these optical sensors is the high time resolution they offer. This high time resolution will enable
accessing the dynamic information of single molecules over varied timescales from nanoseconds to hours. Although most optical
label-free single molecule detection schemes so far have reported a time resolution in the millisecond range > 23, high speed
acquisition in the nanosecond timescale is achievable.'! The time resolution can be even pushed to picosecond scales with the trade-
off being one between the quality factor, Q, of the cavity and time resolution. From the definition of Q in Section 1.2, it can be seen
that a higher Q results in the light confined longer in the cavity resulting in longer waiting times for extracting the signal. However,
the loss in sensitivity for a higher time resolution could be compensated by combing microcavities with novel plasmonic structures.

The single molecule sensing technologies mentioned in this paper have to overcome the challenge of specificity in complex media to
be used in clinical and diagnostic applications. The specificity of detection can be improved by surface functionalizing of the sensors
with molecules such as antibodies or amine/thiol polymers which bind to their target partners with extremely high specificity.'?® 3!
Commonly, a biotin/streptavidin system is used for highly specific interactions. However, the large size of this complex might be
detrimental for sensing with the ultra-small detection volumes of these sensors as discussed previously. Aptamers are small DNA/RNA
molecules that can form secondary and tertiary structures capable of binding specifically to proteins and other biomolecules.™
Hence they are increasingly being used as specific tags for detection of biolmolecules. Alternatively, the single molecules can be
identified after attachment to the sensor surface using spectroscopy techniques. However, improvements to the spatial mapping
capabilities of the spectroscopy techniques have to be achieved to confirm the acquired single molecule spectra. Single-molecule
biosensing in complex media is still challenging. Since field enhancement is confined near the sensor surfaces, nonspecific adsorption
activity could impede the binding of target analytes to sensor surfaces and mask the signals from bound target analytes. Therefore,
the development of an optimized surface functionalization which can not only effectively resist nonspecific binding but also provides
abundant sites for the ligand immobilization is required for reliable single molecule detection.
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Figure 9. (A)-(D) Quantum correlated light-enhanced lipid granule nanoparticle tracking measurements within a living saccharomyces
cerevisiae yeast cell.® The particle tracking measurement here is based on an amplitude-squeezed local oscillator and an amplitude-
modulated probe. Measured particle motion in (A) is the x projection of the 3D motion given in the inset. (B) Mean-squared
displacement (MSD) with both squeezed light (dark red) and coherent light (gold). The diffusive parameter & carries the information
about the mechanical properties of the surrounding medium. (C) Impact of squeezing is shown by the normalized power spectral
density (PSD) plots. The squeezing suppresses the noise floor by 2.4 dB. (D) Correlations between sequential measurements of «
(x) for three sets of data to verify that the changes in o are spatial, where the estimated 7. is the characteristic time for the particle
to diffuse into uncorrelated regions. Reproduced with permission.®"! Copyright 2013, American Physical Society. (E)-(1) Evanescent
biosensor operating at the fundamental precision limit for quantum noise-limited sensing of single unlabelled biomolecule.!*! (E)
Schematic of the sensing region of nanofibre with dark-field heterodyne illumination. Nanoparticles (silica naospheres or gold
nanorods) in a droplet of ultrapure water are detected when entering the probe beam waist next to the nanofiber as shown in the
schematic. The nanofiber biosensor was also subsequently used for the label-free detection measurement of biomolecules as shown
(H)-(1). (F) The plots of power spectral density (PSD) of the electronic noise (in black) and optical background response (in orange)
of the system. (G) Averaged PSD over a 10 kHz bandwidth without probe light as a function of the local oscillator (LO) to confirm
that the LO field is quantum noise-limited and the electronic noise can be neglected at frequencies above a few hertz. (H)-(1) Label-
free detection of bovine serum albumin (BSA) biomolecule. Time trace of normalized amplitude for a typical detection event from
a solution containing BSA at 0.26 ng ml” is given in (H). The detection event is highlighted in shaded region. Mean of maximum
amplitude of detection events as a function of salt concentration (1), where the total number of observed trapping events at each
concentration were 12, 8, 9, 7, 10 and 1. The Stoke radius of BSA was 3.5 nm. Reproduced with permission.’3! Copyright 2017,
Springer Nature.

The label-free single molecule sensors presented in this review gain their sensitivity mostly due to high field localization into ultra-
small volumes. Hence, relatively large concentrations of analyte are required to get significant detection events in practical timescales
of a few minutes. This requirement introduces a constraint on the throughput of these sensors. Integrating these sensors with novel
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microfluidic technologies for targeted delivery of the biomolecules to the sensors surface could overcome this issue.ls] Finally,
overcoming the above mentioned challenges will lead to integrated sensors that can be deployed in a variety of application areas
such as environmental and health monitoring, smart manufacturing, space applications, security, astronomy, robotics, and precision
sensing applications.
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