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Abstract: Here we present a new design and FDTD simulations of light
delivery by a nanowire-based intracellular endoscope. Nanowires can be
used for minimally invasive and very local light delivery inside cells. One
of the main challenges is coupling of light into the nanowire. We propose a
new plasmonic coupler interface between cleaved optical fiber and a
nanowire, and optimize light coupling efficiency and contrast.
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1. Introduction

A single cell response to a stimulus can be quite different from an average response of a cell
colony [1]. This difference can be caused by variety of reasons including the phase of cell
division [2], stochasticity, or noise, in gene expression [3—5], ion concentrations [6] and many
others. Therefore, the analysis on a single cell level may provide much more complete picture
with important details normally missed when studying cell culture. Additionally, the data
obtained from a single cell study are required for better understanding of biochemical
processes inside the cell.

Over the time different methods for a single cell analysis have been developed [7]. Some
of the most commonly used techniques are flow cytometry (FC) [8], fluorescence-activated
cell sorting (FACS) [9, 10], automated (AM) and high-throughput microscopy (HTM) [11,
12]. However, recently new nanotechnology based approaches emerged and immediately
attracted a lot of attention because of unique capability to deliver exogenous payloads into
cells and perform high spatial resolution spectral study inside the cell. One of the main
advantages of these methods is use of nanoscale probes capable of safe penetration through
the cell membrane without causing death or apoptosis [13]. The methods currently being
developed include intracellular electrochemical measurements [14] and photocatalytic [15] or
mechanochemical [16, 17] payload delivery. Additionally, variety of nanomechanical tools
for payload delivery into the cell were introduced, including a nanoinjector based on a carbon
nanopipets [18] or carbon nanotubes being a part of multiwalled carbon nanotube (MWCNT)
attached to an atomic force microscope (AFM) tip [16], or just an AFM tip turned into a
nanoneedle using FIB [19]. Furthermore, the following innovative tools for optical probing of
the cells have been developed: nanowire-based endoscope [15], endoscope based on a
photonic crystal [20], and SERS-enabled endoscope [14, 21, 22]. In those devices light
propagating in the nanowire can trigger a photoactive process for payload delivery by cutting
off photocleavable linkers or can be used for high resolution intracellular spectroscopy.
Critical steps required for realization of such instruments are coupling of light into nanowires
[23-25] and sensing at the nanoscale [26-29]. Additionally, fluorescence combined with
nanowire-based endoscopy can be used not only to deliver light in the cell, but also to pick up
the signal from the locally excited quantum dots [15]. The advantages of the nanowire-based
design are very small excitation volume and less invasive penetration through the cell
membrane, allowing study of photosensitive processes inside of a living cell.

In order to make transition from the single use experimental tools demonstrating the
principle to more standard device configuration suitable for mass-production and application
in biomedical research labs, a much better understanding of the design principles at the
nanoscale is required. Specifically, for the nanoscale endoscopes, predictable and controllable
interface between the nanowire and the macroscopic world has to be developed. Ideally light
should be coupled from a regular optical fiber, so this requires creation of a structure that
would couple light from the optical mode propagating in the fiber into the optical mode that
propagates in the nanowire. Even though some complex structures requiring manual assembly
were developed [15], there is a need to make alternative design suitable for mass production.
The requirements would be to minimize manual assembly and use standard techniques of
Microelectromechanical systems (MEMS) fabrication together with traditional nanowire
growth procedures. Additional set of constraints comes from the need to couple light well into
the nanowire while minimizing the background exposure decreasing imaging contrast.
Therefore we propose a new design of the nanoscale endoscope suitable for mass production
as described in the next section. A FDTD simulation utilizing proposed design of light
propagation through the endoscope was carried out. The simulation is primarily concentrated
on the light delivery rather than on light measurement since there are number of applications
that only require light delivery through the endoscope, while light collection can be done
through the microscope objective [15, 30, 31].
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Ultra-high resolution imaging of the cell interior can be done by 3D-scanning the nano-
endoscope with very small step (20-40 nm are easily attainable by contemporary
micromanipulators). Camera designed for visible light and near IR light will not detect 1550
nm excitation light, while second harmonic generation or two photon imaging can be realized
detected using a camera attached to a microscope [32-36].

2. Design

The pioneering device demonstrated by Peydong Yang’s lab [15] was using nanowires
manually glued to the thinned fiber. For this configuration it is hard to predict efficiency of
coupling as well as other parameters of the endoscope such as mechanical robustness and
effects of diffraction of light at the tip of the fiber on the overall device performance. Here we
propose an alternative approach that would simplify the manufacturing process, at the same
time giving more broad control over the distribution of light intensity in the vicinity of the
nanoprobe tip. The suggested design does not require thinning of the fiber core, instead, a thin
metal ring can be patterned on the cleaved tip of the fiber for the selective coupling of the
light from the fiber core to the nanowire as shown in Fig. 1. Focused Ion Beam (FIB) can be
used to pattern a circular opening in thin metal layer deposited on the fiber tip. Just single use
of FIB is required, and then the design can be reproduced on many fibers using align-and-
shine photolithography process [37]. The nanowire can be directly grown in the opening
using one of many gas [38—40] and hydrothermal [41-43] nanowire growth techniques.
Overall proposed design significantly increases the reliability and ease of production, offering
unprecedented control over the light field.

Fig. 1. Schematics of the proposed design of the new nanowire-based single cell endoscope
(not to scale). First, thin film of metal is deposited on the cleaved fiber interface covering the
core of the fiber. Then, an opening is milled in the center of the fiber interface using FIB. The
purpose of the metal protection is to prevent light leakage and to optimize coupling of the light
into the nanowire. Finally, the nanowire is grown directly in the opening of the fiber.

Figure 2 demonstrates modes propagating in the optical fiber and the nanowire used in the
simulations. The two left images are the side view of the field distribution in the nanowire
(top) and the fiber (bottom). Right images show a cross section of the mode coupled in the
nanowire (top) and the fiber (bottom). It can be seen that the sizes of the modes are very
different and that for the nanowire large portion of energy is concentrated around the
nanowire.
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Fig. 2. Mode propagating in the nanowire (top) and the optical fiber (bottom). Side view (left)
and cross-section (right) are shown.

3. Simulation

Three-dimensional simulations were performed on commercial FDTD software. The design
parameters were: wavelength 1.5 pm, single mode optical fiber with refractive index 1.46 and
8 um core diameter, layer of metal on the tip of the fiber with thickness of 200nm. An
opening was located in the center of the metal film with the radius that was varied between
0.1 and 3.0 um. A nanowire made of ZnO with refractive index of 2, diameter of 200 nm and
length of 2um was placed in the center of the opening at the end of the fiber. Light was
propagating in the fiber and then coupled to the nanowire. The efficiency of coupling varied
depending on the radius of the opening in the metal.

4. Results

Distributions of electric field amplitude were measured in the plane that was parallel to the
initial polarization of the coupled mode and the optical axis of the fiber. To estimate the
contribution into field distribution introduced by the nanowire, initial simulations were
performed for a configuration that did not have nanowire (Fig. 3(a)) and then the nanowire
was added (Fig. 3(b)). Opening in the metal layer had radius § ranging from 0.2 pm to 2.8
pm. Afterwards, a direct difference of the field amplitudes were calculated to estimate the
contribution of the mode coupled into the nanowire into the total field distribution around the
nanowire (Fig. 4(a)). Division of the simulated field intensity of configuration containing
nanowire by the field intensity of configuration without nanowire were used to estimate the
effect of local field enhancement introduced by the nanowire (Fig. 4(b)). While division
provides information about relative intensity, difference describes absolute value that can be
relatively small for the openings with the smaller radius.

First of all, it can be noticed that in absence of the nanowire (Fig. 3(a)) there is a cut off
radius of the opening in the metal (~0.8 um) after which light does not escape the fiber,
exhibiting evanescent behavior. With larger openings a typical field distribution of diffraction
on an opening can be observed.
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Fig. 3. Simulation of the light propagation outside of the optical fiber through the metal
opening when the nanowire is absent (a) and present (b). Each section demonstrates light
intensity distribution in cross-section of the system demonstrated in Fig. 1. The left side of
each individual section corresponds to the light propagating in the core of optical fiber, thin
metal layer (not visible) with opening is located in the center of the section, while the right part
of the section corresponds to the light propagating through the opening out of the fiber core
with (b) or without (a) the nanowire.

Next, when the nanowire is added to the system the field distribution outside of the optical
fiber changes significantly (Fig. 3(b)). It can be observed that even for the openings in metal
with a radius smaller than cut off radius, light propagates by coupling into the nanowire.
When the radius of the opening is increased, it reaches the point when light couples into the
nanowire only partially, with some amount of the light propagating in the space around the
nanowire. This was investigated further in Fig. 4(a) showing difference in the field amplitude
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when nanowires were present and absent. Dark red corresponds to zero difference, while
brighter areas indicate that the field in the configuration with nanowire is higher than that in
the configuration without it, vice versa, darker areas indicate that the fields without nanowire
in that area is higher. Figure 4(b) illustrates the ratio of the corresponding intensities. It can be
observed that for the opening 0.2 pm extremely low light propagation is observed outside of
the optical fiber.

For the opening with 0.3 and 0.4 um radius there are two observations. First, light is
locally enhanced in the metal opening due to plasmonic effects. Abnormally high propagation
through sub-microne holes has been observed previously experimentally and theoretically
[44—46], which comes in good agreement with these simulations. Second, outside of the metal
opening light propagates along the nanowire in a uniform mode with the field concentrated
closely around the nanowire in a way similar to the mode supported by the nanowire shown in
Fig. 2.

For larger openings presence of the nanowire has changed propagation of the light outside
of the optical fiber. First of all, Fig. 4(a) showing the difference of the fields in
presence/absence of the nanowire demonstrates that the field around the nanowire is locally
enhanced. There are two possible mechanisms explaining this effect. One of them is coupling
of the light into nanowire and propagation it outside of the optical fiber. Second is a local
field enhancement purely related to the difference in refractive indices between air and ZnO.
The ratio of the influence of those two mechanisms can be extracted from comparison of the
subtraction and division of the fields with and without nanowires (Fig. 4(a) and (b)). It can be
noticed that for larger openings presence of the nanowire causes uniform field enhancement
along the nanowire (Fig. 4(b)), even when the field itself is not uniform (Fig. 3(a)). This
indicates domination of the local field enhancement, since the nanowire mode is much more
uniform along its length. There is a well defined region around the nanowire with field
enhanced two-times or more, which is in good agreement with results theoretically expected
based on refractive indices difference.

When the radius of the opening decreases below 0.8 um, the ratio of light intensity in the
area around the nanowire to the intensity without nanowire is getting higher with the decrease
of the opening (Fig. 4(b)). It can be explained by significantly less light escaping the fiber
through the opening in the metal film without coupling into nanowire, thus light propagation
by coupling into the nanowire starts playing more important role.

To finalize, in order to deliver light using this nanoscale single cell endoscope inside the
cell in close proximity to the organelles of interest light has to propagate along the nanowire.
To achieve high resolution scanning of the cell interior light has to be present in a small
excitation volume. There is trade-off between two different configurations. If high contrast is
extremely important, the best way is to create small opening in the metal layer. Light from the
whole area of the opening will be coupled into mode supported by the nanowire while non-
coupled light leakage around the nanowire will be minimized. It was shown that the coupling
is optimal, and the excitation volume is minimal with the radius of the metal opening 0.4 um.
If the background light is not too critical, but local intensity is the most important, then
openings between 0.4 and 0.8 um would provide enough light outside of the optical fiber than
would be locally enhanced by the nanowire. Openings larger than 0.8 pum just create
additional background increasing the level of noise.
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Fig. 4. (a) Calculated difference between field amplitude distribution with and without the
nanowire. (b) Normalized light intensity distribution. Light intensity of the configuration with
the nanowire was divided by the light intensity of the configuration without the nanowire. Top
two images show some calculation artifacts since for the areas far from the center the field
without nanowire is almost zero. Therefore, normalization relative to the almost zero fields
significantly magnifies very low differences. In areas around nanowires the field is always
present, therefore the normalization is not sensitive to artifact.

5. Conclusion

A new design and FDTD simulations for a nanowire-based intracellular endoscope are
presented based on a combination of an optical fiber and a nanowire. The fiber can be used as
is, freshly cleaved, without applying any thinning techniques. A thin film of a metal deposited
on the tip of the fiber and then milled aids better coupling of light into the nanowire and
focusing of light in the vicinity of the tip of the nanowire, effectively decreasing excitation
volume and increasing power density.
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Series of simulations were performed in three dimensions, the resulting distribution of
electric field was analyzed to determine the optimal conditions at which better coupling of
light from the fiber to the nanowire occurs. Also, the distribution of field amplitude and
intensity was analyzed in terms of local contrast vs. total light intensity in close proximity to
the nanowire. Conditions, optimal for two possible scenarios of measurement (maximized
contrast, maximized local intensity) were determined. It was observed, that with opening of
subwavelength size the light transmission through the opening was either low or negligible
depending on the size of the opening. Local field enhancement was observed inside the
opening in the metal due to plasmonic enhancement [44, 46]. With introduction of the
nanowire to the simulated configuration the light starts propagating through the nanowire,
providing high contrast in the vicinity of the tip of the nanowire. It was shown that the
coupling is optimal, and the excitation volume is minimal with the radius of the metal
opening to be 0.4 um.

To summarize, the proposed instrument platform gives a researcher a flexible tool for
future intracellular study, specifically for high spatial resolution intracellular spectroscopy
where high local contrast is required, and photo-activated payload delivery, where maximum
power delivered inside the cell is critical.
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