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ABSTRACT: We experimentally demonstrate the interrogation of an individual
Escherichia coli cell using a nanoscale plasmonic V-groove waveguide. Several different
configurations were studied. The first involved the excitation of the cell in a liquid
environment because it flows on top of the waveguide nanocoupler, while the obtained
fluorescence is coupled into the waveguide and collected at the other nanocoupler. The
other two configurations involved the positioning of the bacterium within the nanoscale
waveguide and its excitation in a dry environment either directly from the top or
through waveguide modes. This is achieved by taking advantage of the waveguide
properties not only for light guiding but also as a mechanical tool for trapping the
bacteria within the V-grooves. The obtained results are supported by a set of numerical
simulations, shedding more light on the mechanism of excitation. This demonstration
paves the way for the construction of an efficient bioplasmonic chip for diverse cell-
based sensing applications.

KEYWORDS: Aluminum plasmonics, bio-plasmonic chips, fluorescent bacterial cells, bacterial biosensors,
nanoscale plasmonic V-groove waveguides, single-bacterium excitation

The field of on-chip photonic devices for biological and
chemical sensing applications is rapidly growing, present-

ing many powerful alternatives to conventional analytical
techniques for a variety of applications, ranging from “lab on
a chip”1−3 to environmental monitoring.4−6 One such
alternative is based on the use of genetically modified
microorganisms, such as Escherichia coli, engineered to generate
a dose-dependent optical signal (bioluminescent or fluorescent)
in the presence of the target compounds.7,8 A schematic
illustration of the process is presented in Figure 1a. Such
detection schemes have been shown to be useful in detecting
chemicals in real-time continuous flow systems9−11 and even in
an open-air environment.12 It was demonstrated that even a
single bacterial cell can produce a detectable and well-quantified
optical signal, which is proportional to the concentration of the
target compound.13,14 However, these sensing schemes rely
mainly on off-chip detection and require a cumbersome
apparatus, even when measuring only single cells.15,16 To
realize the potential of the lab-on-chip concept to its fullest, one
should look into schemes in which the optical delivery is
performed on-chip at the nanoscale, with the final goal of chip-
scale integration of all system components, including light
sources and detectors. Microscopic on-chip light detectors have
already made enormous leaps in recent years, even down to a
single-photon limit,17−19 and the field of on-chip light sources is
also rapidly developing.20,21 Another important building block
of such a detection scheme could be a nanoscale waveguide,

which would allow efficient coupling of optical biological
signals into a waveguide mode. Such waveguides would guide
light from the bioreporting organism into the detector as well
as provide efficient delivery of the optical pump required for
fluorescence excitation.
Nanoscale plasmonic V-groove waveguides supporting

channel plasmon polaritons (CPPs) have been receiving
growing attention in recent years.22−26 They allow high field
localization down to the nanoscale, simple top-down excitation,
and fast and scalable on-chip fabrication. In regards to lab-on-a-
chip devices, they also offer an open-channel structure, enabling
a bioreporter (e.g., live bacterial or human cell or antibody) to
interact simultaneously with both the external analyte and the
photonic and plasmonic detection scheme. Furthermore, the V-
groove waveguides can be used as a nanoscale mechanical filter,
localizing the analytes within the grooves and maximizing their
interaction with the excitation source. As such, V-groove
waveguides can be shown to be useful in circumventing the
limited signal-to-noise ratio obtained with many nanoscale
sensors. A schematic illustration of coupling and plasmonic
propagation in V-groove waveguide is depicted in Figure 1b.
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Herein, we demonstrate a hybrid bioplasmonic chip system
that allows the observation of fluorescence emitted from a
single bacterial cell and coupled into a nanoscale plasmonic V-
groove waveguide. For our purpose, and unlike the more
conventional choice of gold or silver a material of choice for
plasmonic waveguides, we have used aluminum-coated V-
groove waveguides that support plasmonic modes in the short
visible range, compatible with the optical regime of most
fluorescent proteins. Indeed, aluminum has recently become a
material of choice for short wavelength plasmonic applications,
mostly due to the absence of interband transitions at this
wavelength regime but also because of it being a stable and a
low-cost alternative to other metals.27−30The choice of a V-
groove waveguide configuration enables the efficient coupling
of the pump light into highly confined electromagnetic modes.
On top of their photonic properties, these waveguides offer a
high level of manufacturability and can also be used for
mechanical trapping of bacteria. The choice of plasmonic
guiding platform supports the prospect of integrating detectors
inside the waveguide.31−33Moreover, it was already shown that
placing a single quantum emitter inside a V-groove waveguide
enhances its fluorescence due to higher density of states
(DOS).34 This could be another important advantage of our
waveguide platform.
Figure 1c−e depicts the three methods of coupling used in

this work for the excitation of individual bacterial cells. This
includes (1) allowing the bacteria to flow in liquid environment
above the waveguide’s nanocoupler and coupling its fluo-
rescence via the nano coupler into the waveguide (Figure 1c),
(2) exciting a single bacterium positioned inside a waveguide
from above and coupling the fluorescence into guided modes
(Figure 1d), and (3) exciting a single cell positioned inside the
waveguide via an SPP mode propagating through the

waveguide (Figure 1e). Configuration 2 was implemented in
a dry environment.

Methods. Fabrication. An atypical scanning electron
microscope (SEM) image of our waveguide is shown in Figure
2a,b. Each waveguide has a curved, V-shaped profile, a standard
3 μm width at its top and waveguide length ranging from 10 to
30 μm. Key steps in the fabrication process are illustrated in
Figure 2c: UV photolithography followed by crystallographic
etch in a KOH bath define the V-groove and termination
mirrors simultaneously. A thermal oxidation step is performed
to modify the resulting V-groove profile to achieve a nanoscale
apex and more localized CPP modes, after which a thin layer of
the desired metal is evaporated on the surface. A detailed
description of the fabrication process was previously
published.22 To construct the flow cell, a thin film (5 μm) of
SU8 was deposited to serve as a buffer between the chip surface
and an upper cover slide, which is used to seal the cell. A
rectangular structure (6 by 12 mm) was lithographically defined
at the center of the SU8 layer and was successively removed to
form the flow cell cavity. Finally, a cover slide was attached to
the chip by epoxy resin, followed by generating inlet and outlet
holes (2 mm diameter) on both sides of the region of interest
using laser milling.

Bacterial Culture. A pair of types of fluorescent E. coli cells
were employed in the current study, in which fluorescence was
either constitutive or inducible; the latter served to demonstrate
the use of bacterial bioreporters as sensors of toxic chemicals.
For plasmonic waveguide coupling, an E. coli strain harboring

a plasmid (pBR-CP38::GFP) encoding for a constitutive
synthesis of a green fluorescent protein (GFPmut2, peak
excitation of 485 nm35 and emission of 510 nm) was used.11

The strain was grown overnight at 37 °C in lysogeny broth
(LB) supplemented with 100 μg/mL ampicillin to ensure
plasmid maintenance. Prior to the assay, the bacterial culture

Figure 1. (a) Schematic illustration of a bacterial biosensor. Chemical stimulation enters the bacteria and induce the production of green fluorescent
proteins (GFP). External excitation (light blue) produces fluorescence (light green) from the bacteria that can be detected by optical techniques. (b)
Sketch of the V-groove waveguide with laser coupling and plasmonic propagation. (c−e) sketches of three types of bacterial fluorescence coupling
into plasmonic waveguides: (c) suspended and floating bacterium excited by free space laser beam, (d) bacterium immobilized inside a waveguide
excited by a free space pump laser beam, and (e) bacterium immobilized inside a waveguide excited by a plasmonic mode.

Figure 2. (a,b) Cross-section and top-view SEM images of V-groove waveguide, respectively. (c) Key steps in the fabrication of the V-groove
waveguide. (d) Illustration of the key elements in the optical setup. Inset: illustration of the flow-cell device (not to scale).
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was diluted 1× or 2× in TGA medium, selected for its low
fluorescence background. TGA medium was composed of 10
g/L BactoTryptone, 5 g/L NaCl, 2 g/L D-(+) glucose, and 11.9
g/L HEPES (4-(2-ydroxyethyl)-1-piperazineethanesulfonic
acid, C8H18N2O4S) with pH = 7.0. Liquid TGA medium was
pumped into the flow-cell prior to the experiment, with the
exception of the measurement of in-waveguide fluorescence,
where liquid medium was deposited on a sample without a
flow-cell and was left to settle on the surface for 24 h.
For the demonstration of single-cell sensing of toxic

chemicals (i.e., measuring the optical reaction of a single
bacterium to toxic stimulation), a genotoxicity reporter E. coli
strain harboring a plasmid (pBR-recA::GFP) encoding for an
inducible synthesis of a green fluorescent protein (GFPmut2)
was used.11 This strain was engineered to produce measurable
fluorescence in the presence of DNA damaging agents such as
nalidixic acid (NA). The strain was grown overnight at 37 °C in
LB supplemented with 100 μg/mL ampicillin. Prior to the
assay, the culture was diluted 1:100 in fresh TGA medium and
was grown to an optical density at 600 nm of 0.2. Nalidixic acid
was added to half of the culture to a final concentration of 10
mg/L, while the second half served as the control. The cultures

were incubated with shaking at 37 °C for 2 h, after which the
fluorescence signal was measured.

Experimental Setup. A sketch of the experimental setup is
shown in Figure 2d.The fluorescent bacteria were excited by a
488 nm argon-ion laser (Reliant 150 Select, Laser Physics). The
laser beam was coupled into the optical path of an inverted
microscope and was focused onto the sample by a 100×
magnification microscope objective (0.6 numerical aperture,
26.5 mm working distance). The sample (i.e., chip with
waveguides and flow-cell system; schematic illustration depicted
in Figure 2d inset) was mounted on a XY micrometric
mechanical stage (Prior Scientific Proscan II H30XYZ). The
excitation beam was filtered out by a long-pass filter with cutoff
wavelength of 500 nm. The waveguide and bacterial
fluorescence were both imaged through a polarizer onto a
high-speed air-cooled sCMOS camera (Hamamatsu ORCA-
Flash4.0 V2). All measurements were taken in streaming mode,
without external illumination, aside from the laser.

Experimental Results and Simulations. First, the
fluorescence spectrum of the bacteria was measured by
excitation of suspended bacteria in a quartz cuvette with and
without the long-pass filter. This was done to verify the peak

Figure 3. (a) Fluorescence spectrum from bacteria with (dashed line) and without (solid line) 500 nm step filter. Peak fluorescence is at 510 nm,
and the filter fully attenuates the 488 nm pump. (b,c) Comparison between fluorescent emission of (b) a nonstimulated bacterium and (c) a
stimulated bacterium. The ratio between illuminations ranges between 1 and 2 orders of magnitude, depending on the measured element (average
intensity, peak intensity, intensity over time, etc.) and is well beyond that necessary for differentiating. (d) Illustration and snapshot of the coupling
between bacterial fluorescence and the plasmonic waveguide. The outline of the waveguide is imposed on the snapshot (yellow dotted line). (e)
Zoomed-in image of the out-coupling of the bacterial fluorescence on the far side of the waveguide (red dashed line).

Figure 4. (a) Illustration and snapshot excitation of bacterial fluorescence inside the waveguide via plasmonic pump and the coupling of the
fluorescence to the waveguide. The outline of the waveguide is imposed on the snapshot (yellow dotted line). For the sake of simplification, the
illustration only shows out-coupling from one nanocoupler, but it can be seen in the snapshot that both nanocouplers emit the fluorescence, with the
closer nanocoupler emitting more light than the far nanocoupler. (b) SEM image of bacteria deposited inside a V-groove waveguide. (c) Illustration
and snapshot of bacterial fluorescence excitation via free space beam and the coupling of the fluorescence to the waveguide. The two nanocouplers at
the end of the waveguide emit about the same intensity of light because they are roughly the same distance from the bacterium.
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fluorescence wavelength and to ensure maximal filtering of the
excitation, together with minimal loss of fluorescence signal.
The results of this measurement are presented in Figure 3a,
which shows the fluorescence peak at λ = 510 nm, and
demonstrate the ability to fully filter out the excitation.
Second, we have measured the difference in fluorescence

between NA-induced and non-induced single E. coli genotox-
icity bioreporters cells. Examples of the results are shown in
Figure 3b,c. Quantitative measurements over a large number of
individual bacterial cells showed that while non-stimulated
bacteria do emit some baseline fluorescence (Figure 3b) due to
traces of intracellular GFP molecules, the fluorescence emitted
by the stimulated bacteria (Figure 3c) is larger by up to 2
orders of magnitude.
Next, we measured the coupling of bacteria fluorescence into

the waveguide while suspended in liquid. The sample was
positioned so that the spot of the focused laser beam was
directed at one of the nanocouplers of a waveguide to excite
bacteria passing over the nanomirror, as depicted in Figure 1c.
The fluorescence emission is isotropic, and therefore, some of it
was emitted back toward the objective, while some of the
fluorescence was in-coupled into the waveguide through the
nanocoupler and was out-coupled back into free-space at the
other nanocoupler. A schematic illustration (left) and a
snapshot of an actual measurement (right) can be seen in
Figure 3d. An example of a full recording of the measurements
is provided in the Supporting Information. The measurements
were carried out for two orthogonal polarizations of the
collected light, P polarization (parallel to the waveguide’s main-
axis) and S polarization (perpendicular to the waveguide’s
main-axis). We observed different patterns of light at the out-
coupling for the different polarizations. This is probably
because of the different mode distributions of these two
polarizations. Interestingly, even for the same polarization, we
noticed a difference in the spatial distribution of the light at the
out-coupling mirror between different measurements. An
example of a typical P-polarized pattern is shown in Figure
3e. The variations between consecutive measurements are
probably due to a difference in coupling condition into the
multimode waveguide. Considering the fact that the illumina-
tion source is in fact a floating fluorescent bacterium, the
coupling conditions vary between events, giving rise to the
excitation of different mode content every time.

During the experiment, we also observed bacteria that were
trapped inside the waveguide and excited by the pump, which
propagated along the waveguide (see Figure 4a for illustration
and a snapshot of the measurement). This is in fact an
advantage of the nanoscale V-groove waveguide, which
provides both light confinement and as trapping mechanism
for analytes. Here, the emitted fluorescence was out-coupled
through both nanocouplers. The out-coupling light emanating
from the nanocoupler closer to the bacterium shows patterns
similar to the out-coupling patterns observed before, while the
out-coupling from the other mirror was too weak to discern a
distinct pattern.
Our next experiment, also involving the constitutive bacterial

strain, presents an alternative approach for the excitation of
fluorescent bacterial cells and involves the measurement of
fluorescence emitted from bacteria that are positioned inside a
V-groove waveguide in a dry environment. Figure 4b show a
SEM image of bacteria deposited inside a waveguide. As can be
seen, several E. coli cells can fit inside a V-groove waveguide.
Figure 4c presents a schematic illustration (left) and a snapshot
of the measurement (right). The sample was positioned so that
the laser beam was directed from the top toward the center of
the waveguide, where a single bacterium was deposited. Light
emitted from the bacterium is propagating from the bacterium
toward the nanocouplers, either in the form of guided modes or
in the form of leaky modes. After arriving at the nanocouplers,
the emitted light is being collected by the imaging system.
Indeed, one can clearly observe the strong fluorescence signal
emitted from both nanocouplers.
The above experimental results provide a clear indication of

our ability to excite bacteria in the within the waveguide or in
its vicinity using diverse configurations. We now discuss in
more detail the properties of the V-groove waveguide, including
its modal content and the coupling mechanism.
The properties of the modes supported by our V-groove

aluminum plasmonic waveguide were simulated with anEigen-
mode expansion method (MODE, Lumerical), while the
coupling of the bacterial fluorescence into and out of the
waveguide was explored by a 3D simulation using a finite-
difference-time-domain method (FDTD, Lumerical). Both of
the calculations were done at the free-space wavelength of λ0 =
510 nm, and the refractive index of constant of the dielectric
layer was taken for that of water (n = 1.338).

Figure 5. Simulations of seven different plasmonic modes supported by the waveguide. The normal amplitude of the total field is shown in yellow,
and the direction of the field in the cross-section plane is illustrated by the arrows. The modes vary in propagation length, field localization, and
polarization distribution. It is notable that the modes can be categorized into Ex-symmetric modes (I, II, IV, and VI) and Ey-symmetric modes (III,
V, and VII). Modes III, V and VII are the symmetrical conjugates of modes II, IV, and VI, respectively. Scale bar is 1 μm.
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Figure 5 shows seven plasmonic modes that our waveguide
supports with varying degree of localization and different
propagation lengths. The normal amplitude of the total field is
shown in yellow, while the direction of the field in the
transverse plane is illustrated by the arrows (suppressing the
longitudinal field component).
The simulations show that the dominant part of the

transverse E-field is indeed perpendicular to the metal−
dielectric interface, which is a generic property of plasmonic
modes.36 However, due to the nonplanar geometry of the
waveguide, the modes support electric field components in all
directions, and therefore, both S-polarized and P-polarized free-
space radiation can be coupled to the waveguide modes, albeit
with varying coupling efficiency. In a realistic scenario, the
output of the waveguide is expected to be a superposition of
those modes.
The modes can be categorized according to their symmetry:

modes I, II, IV, and VI are symmetric in their Ex field
component and are antisymmetric in their Ey component,
while modes III, V, and VII are symmetric in their Ey field
component and are anti-symmetric in their Ex component. It is
interesting to note that modes II, IV, and VI are the
“symmetrical conjugates” of modes III, V, and VII, accordingly.
The main difference in spatial distribution between the two sets
of modes is that the Ey-symmetric modes are localized only
around the side-walls and shoulders, while the Ex-symmetric
modes are also localized at the apex. At the apex of the
waveguide, the sidewall effectively creates a slab waveguide,
with the surface normal to the X axis. As mentioned above, the
dominant plasmonic E-fields is perpendicular to surface, and
therefore, only modes with a symmetric Ex component can be
supported at the apex.
Following the modal analysis, we now discuss the coupling

into the various modes based on the experimental configuration
of Figure 1c. Figure 6 shows a 3D FDTD simulation that
calculates the coupling of light emitted from a dipole source
(simulating a single bacterium) into plasmonic modes, through
the nanocoupler. The electric field components were recorded
by different simulation monitors (see Figure 6a for a top-view
schematic illustration of the source and monitors along the
waveguide). To best-characterize the bacterium-waveguide
interaction, we considered three different sources: a single
dipole aligned along the X axis (S-polarized), a single dipole
aligned along the Z axis (P-polarized), and a collection of 30
dipoles with random polarizations, phases, and locations,
confined to a 0.5 μm × 0.5 μm box around the same region
where the first two sources were placed. The first two sources
were used to gain better understanding of the modal excitation
with respect to incident polarization, while the third source is
probably a more realistic scenario for simulating bacterial
fluorescence, which is isotropic, stochastic, and emitted from
the entire bacterium containing many random dipoles.
Figure 6b is a cross-section along the waveguide’s

propagation axis of the electric field intensity (|E|2) fora single
dipole S-polarization excitation (located in the upper left corner
above the nanocoupler). It can be seen that a significant portion
of the excitation beam is coupled into SPP modes and
propagates along the waveguide. The plasmonic attenuation
due to Ohmic loss is also noticeable. It is also apparent that a
portion of the emitted light does not couple into plasmons but
is instead reflected from the nanocoupler as free-space
radiation.

To separate the reflections from the guided and the
nonguided modes, a second set of simulations were performed,
this time with an additional 2 μm fictitious section of gold at
the center of the waveguide (see figure. 6c). The purpose of
adding the gold patch is to terminate the effect of SPP
propagation, taking advantage of the very high ohmic losses of
gold in the short visible regime, primarily due to interband
transitions. Indeed, according to modal simulations, the
propagation lengths of plasmonic modes in the gold segments
are less that 300 nm (at the free space wavelength of λ = 510
nm). Therefore, while the gold section does not affect the in-
coupling into plasmonic modes and reflections from the
nanocouplers, it effectively quenches the plasmonic propaga-
tion, allowing it to separate from the nonguided modes that are
reflected from the nanocouplers (Figure 6d).
Figure 6e,f shows the simulated electric field intensity

recorded at a monitor along the short axis of the waveguide
(green dashed line, Figure 6a,b), for the cases of unperturbed-
case (no gold, Figure 6e) and the gold-added case (Figure 6f),
both excited with an S-polarized single dipole. Subtracting the
field obtained in Figure 6f from the field in Figure 6e yields, up
to a good approximation, the field distribution of the excited
SPP modes propagating in the waveguide (Epls = Etot − Eref).
The result of this procedure is presented in Figure 6g.
To characterize the propagating signal, one needs to calculate

the coupling efficiency of the source into the various modes
supported by our waveguide. In general, this is not a
straightforward task for two main reasons. First, the exact
nature of the bacterium as a collection of dipoles is unknown.

Figure 6. 3D FDTD simulations for the coupling and propagation of a
dipole source into and inside the waveguide. The dipole source is
located above the waveguide. (a) Schematic illustration of the
waveguide, source (green polygon, left end) and the different
simulation monitors (dotted and dashed lines). (b) Cross-section of
the simulation for S-polarized dipole source along the waveguide’s
propagation axis (red dashed line, panel a). The dipole source is
located on the upper left corner. It can be seen that while some light
reflects as free space radiation, a significant portion of it couples into
plasmonic modes (yellow strip at the bottom). (c) Schematic
illustration of the same waveguide with a gold patch inserted into
the waveguide. (d) Same as panel b for the waveguide with the
additional gold patch along the main axis (red dashed line, panel c).
(e) Cross-section of the electric field along the short axis of a
waveguide (green dotted line, panel a). (f) Same as for panel e for the
waveguide with a gold patch (green dotted line, panel c). It can be
seen that the gold patch effectively quenches the plasmonic modes and
allows only the nonguided modes to propagate. (g) The result of
subtracting panel f from panel e. This is effectively the electric field of
the plasmonic modes excited by the S-polarized dipole source.
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Additionally, there are mutual near field interactions between
the emitting dipoles and the modes. However, a reasonable
estimate can be obtained by calculating the overlap integral
between the field distribution and the modes of the waveguide.
Thus, we have calculated the overlap integral between the
plasmonic electric field recorded at the short cross-section for
different sources (Figure 6g) and the mode profiles from our
waveguide simulations (figure. 5) for both polarizations,
according to the following equation:

∬
∬ ∬

η =
| ⃗ · ⃗ × |

| ⃗ | × | ⃗ |

E x y E x y x y

E x y x y E x y x y

( , ) ( , ) d d

( , ) d d ( , ) d di,j
i j

2

i
2

j
2

(1)

Here, Ei is the field excited in the waveguide by either S or P
polarization, and Ej is the electrical field of mode j as presented
in Figure 5. The calculation results together with a detailed
analysis are presented in Figure S1. Briefly, the S-polarized
dipole excites Ex-symmetric modes (I, II, IV, and VI), while P-
polarized dipole excites Ey-symmetric modes. The randomly
polarized source excites the full set of modes with different ratio
for each of the modes, with preference to the Ex-symmetric
modes.
We now provide a visual comparison between the

experimentally recorded results and simulation of the out-
coupling of the supported modes. To do so, one needs to
calculate the field distribution at the output of the waveguide.
As discussed above, the experimental out-coupling from the
waveguide is likely to be a combination of several modes. Based
on the content of these modes we calculate the expected field
distribution of light coupled out of the nanocoupler. The results
are presented in Figures S2 and S3.
Figure 7presents a comparison between the calculated

electric field intensity for two specific mode combinations at
the out-coupling monitor, and the out-coupling patterns that
were repeatedly observed in the experimental measurements.
Figure 7a shows two choices of modal superposition. Those
modes were chosen to best resemble the experimental results.
Figure 7b shows the calculated intensity pattern at the output
facet as a result of mode content that were chosen in Figure 7a.
Figure 7c shows two typical sets of measured results for S and P
polarization. As was evident, we observed a similar pattern
between the calculated (Figure 7b) and the experimental results
(Figure 7c) for the combinations of modes II and VI (upper
row) and the combination of modes VI and VII (with mode VI
being dominant, lower row) for both S and P polarization. This
comparison shows that a dominant mode in the out-coupling
patterns is mode VI, which is Ex-symmetric, i.e., the mode that

was excited by an S-polarized source. This is in agreement with
previous studies,22,37 showing that in V-groove waveguides, S-
polarized sources couple into plasmonic modesmore efficiently
than P-polarized sources. A detailed analysis of the out-coupling
is provided in the Supporting Information.
We repeated the same procedure described above also for the

other experimental configuration, i.e., for the case described in
Figure 1d,e, where the bacteria are positioned within the
waveguide in dry environment. The results are presented in the
supplementary (Figure S4). Briefly, we observed numerically
that the excited field show good overlap with some of the
plasmonic modes, and that propagation length of few microns
is feasible.
One should note that we could not match the experimental

out-coupling (as presented in Figure 4c) to the simulated one.
This is attributed mainly to the current process of bacterial
deposition on the surface, which tends to increase the surface
roughness and also enhances the effect of leaky radiative modes
and reflections on the measured signal. However, advanced
methods of bacterial immobilization can ensure local adhesion
of bacteria to the waveguide without significantly altering its
properties and the propagating modes while also maintaining
the function of bacterial biosensing. This step will be important
in the implementation of commercial biosensing devices.
Furthermore, the immobilization of bacteria inside the
waveguide can enhance the light-collecting from the bacteria
due to the geometry of the waveguide and may also enhance
the fluorescence due to higher DOS.

Discussion. We have demonstrated an on-chip nanoscale
interaction of light with live fluorescent bacterial cells using V-
groove-shaped aluminum plasmonic waveguides. These wave-
guides not only serve the purpose of guiding light but also allow
for the mechanical trapping of the bacteria within the V-groove.
Using such a configuration, a strong signal from a single
bacterium can be easily observed. Furthermore, it was shown
that the demonstrated system works well in both wet
environments, where the bacteria are flowing on top of the
waveguide, and in dry conditions, where the bacteria are
trapped within the waveguide. Three different illumination
conditions were tested. First, we have measured the light
emitted from a bacterium flowing on top of the nanocoupler in
a liquid environment by allowing the fluorescence from the
bacterium to be coupled directly into the waveguide through
the nanocoupler. Next, a bacterium was mechanically trapped
within the V groove waveguide and was excited directly either
from the top or through the nanocoupler. In all cases,
significant fluorescence was collected from the output nano

Figure 7. Comparison between simulation results and the experimental measurements. (a) Illustration of modes that are combined with their
respective weighting factor. (b) The numerically calculate electric field intensity for different polarizations (S or P) at the out-coupling assuming the
mode content of panel A. (c) Experimental results showing the recording of reoccurring out-coupling patterns. As can be seen, the measured
patterns show high similarity to two combinations of modes.
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coupler into the detector. We believe that the results reported
in this manuscript provide a clear indication of the feasibility of
constructing a hybrid bioplasmonic system using live cells. It is
important to note that, unlike the more traditional plasmonic
waveguides consisting of either silver or gold, the choice of
aluminum was instrumental for being able to guide the
fluorescence light emitted from the bacteria all the way to the
output nanocoupler. Furthermore, the waveguide dimensions
allow for efficient mechanical trapping of the bacteria and the
multimode characteristics may become instrumental in
gathering more information, e.g., on the specific position and
orientation of the bacteria. Future work will include the
construction of waveguide network, allowing the use the
bacterial sensors for the detection of various biological or
chemical analytes. For this purpose, the development of a
suitable immobilization procedure of the cells will be essential.
Diverse methods for the immobilization of live bacteria have
been reported,38 some of them even offering the option of a
patterned deposition,39 which could be of much use for our
purpose. Another topic that will be investigated is the potential
photo bleaching effect that may be exerted on the GFP
molecules by exposure to the excitation light.40 While in the
current study no such effect was observed, it will be of interest
to quantify the resilience of single cells to the plasmonic
waveguide illumination. In a different approach, we will also
employ sensor bacteria the optical output signal of which is
bioluminescence rather than fluorescence, i.e., bacteria that use
chemical and biological energy to emit light in response to the
target compounds and thus do not require external excitation.
Finally, it should be noted that several other approaches dealing
with biochip and lab-on-a-chip sensors have been recently
demonstrated (see, e.g., refs 41 and 42), and future work
should be focused on the comparison between the various
approaches in realistic scenarios.
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(27) Geŕard, D.; Gray, S. K. Aluminium Plasmonics. J. Phys. D: Appl.
Phys. 2015, 48, 184001.
(28) Knight, M. W.; King, N. S.; Liu, L.; Everitt, H. O.; Nordlander,
P.; Halas, N. J. Aluminum for Plasmonics. ACS Nano 2014, 8, 834−
840.
(29) Mao, J.; Blair, S. Nanofocusing of UV Light in Aluminum V-
Grooves. J. Phys. D: Appl. Phys. 2015, 48, 184008.
(30) Martin, J.; Plain, J. Fabrication of Aluminium Nanostructures for
Plasmonics. J. Phys. D: Appl. Phys. 2015, 48, 184002.
(31) Goykhman, I.; Desiatov, B.; Khurgin, J.; Shappir, J.; Levy, U.
Locally Oxidized Silicon Surface-Plasmon Schottky Detector for
Telecom Regime. Nano Lett. 2011, 11, 2219−2224.
(32) Akbari, A.; Tait, R. N.; Berini, P. Surface Plasmon Waveguide
Schottky Detector. Opt. Express 2010, 18, 8505.
(33) Neutens, P.; Van Dorpe, P.; De Vlaminck, I.; Lagae, L.; Borghs,
G. Electrical Detection of Confined Gap Plasmons in Metal−
insulator−metal Waveguides. Nat. Photonics 2009, 3, 283−286.
(34) Bermud́ez-Ureña, E.; Gonzalez-Ballestero, C.; Geiselmann, M.;
Marty, R.; Radko, I. P.; Holmgaard, T.; Alaverdyan, Y.; Moreno, E.;
García-Vidal, F. J.; Bozhevolnyi, S. I.; et al. Coupling of Individual
Quantum Emitters to Channel Plasmons. Nat. Commun. 2015, 6,
7883.
(35) Cormack, B. P.; Valdivia, R. H.; Falkow, S. FACS-Optimized
Mutants of the Green Fluorescent Protein (GFP). Gene 1996, 173,
33−38.
(36) Maier, S. A. Plasmonics: Fundamentals and Applications;
Springer: Hoboken, NJ, 2007.
(37) Lotan, O.; Smith, C. L. C.; Bar-David, J.; Mortensen, N. A.;
Kristensen, A.; Levy, U. Propagation of Channel Plasmons at the
Visible Regime in Aluminum V-Groove Waveguides. ACS Photonics
2016, 3, 2150.
(38) Thev́enot, D. R.; Toth, K.; Durst, R. A.; Wilson, G. S.
Electrochemical Biosensors: Recommended Definitions and Classi-
fication1. Biosens. Bioelectron. 2001, 16, 121−131.
(39) Suo, Z.; Avci, R.; Yang, X.; Pascual, D. W. Efficient
Immobilization and Patterning of Live Bacterial Cells. Langmuir
2008, 24, 4161−4167.
(40) Bourgeois, D.; Regis-Faro, A.; Adam, V. Photoactivated
Structural Dynamics of Fluorescent Proteins. Biochem. Soc. Trans.
2012, 40, 531−538.
(41) Yavas, O.; Svedendahl, M.; Dobosz, P.; Sanz, V.; Quidant, R.
On-a-Chip Biosensing Based on All-Dielectric Nanoresonators. Nano
Lett. 2017, 17, 4421−4426.
(42) Gualda, E. J.; Pereira, H.; Martins, G. G.; Gardner, R.; Moreno,
N. Three-Dimensional Imaging Flow Cytometry through Light-Sheet
Fluorescence Microscopy. Cytometry, Part A 2017, 91, 144−151.

■ NOTE ADDED AFTER ASAP PUBLICATION
This paper published ASAP on 8/8/2017. The Acknowledg-
ment section was modified and the revised version was
reposted on 8/9/2017.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b02132
Nano Lett. 2017, 17, 5481−5488

5488

http://dx.doi.org/10.1021/acs.nanolett.7b02132

