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ABSTRACT: Optical nanoprobes, designed to emit or
collect light in the close proximity of a sample, have been
extensively used to sense and image at nanometer
resolution. However, the available nanoprobes, constructed
from artificial materials, are incompatible and invasive
when interfacing with biological systems. In this work, we
report a fully biocompatible nanoprobe for subwavelength
probing of localized fluorescence from leukemia single-cells
in human blood. The bioprobe is built on a tapered fiber
tip apex by optical trapping of a yeast cell (1.4 ym radius)
and a chain of Lactobacillus acidophilus cells (2 pm length
and 200 nm radius), which act as a high-aspect-ratio nano-
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spear. Light propagating along the bionanospear can be focused into a spot with a full width at half-maximum (fwhm) of
190 nm on the surface of single cells. Fluorescence signals are detected in real time at subwavelength spatial resolution.
These noninvasive and biocompatible optical probes will find applications in imaging and manipulation of biospecimens.
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ment of near-field techniques that enables surpassing

of the diffraction limit, such as superlens,1 hyperlens,2
microsphere assisted imaging” and near-field scanning nano
probes.” Because of flexibility and miniaturization, nanoprobes
are regarded as a promising near-field nanotool for high-
resolution imaging and sensing, and they have been exten-
sively used in the fields of surface topography imaging,”~’
biosensing,”~'* nanospot-welding,'""'* nanoparticle character-
istics,"* nanolithography,14 optical trapping,ls_18 cellular endo-
scopy,' " and optogenetics.” State-of-the-art nanoprobes are
typically fabricated with lab-on-a-tip techniques, that is, by
integrating nanostructures on the tip of an optical fiber, such
as coating with a layer of metal nanofilm,” etching with
plasmonic nanoantennas,” or attaching with a single gold
nanorod,”* semiconductor nanowire,'” metal nanoparticle,25 or
photonic crystal nanocavity.”® On the basis of the optical reso-
nances of these nanostructures, the nanoprobes can concen-
trate the illumination light into a confined region, allowing us

T he past decade has witnessed an encouraging develop-
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to probe samples with a nanometer resolution. However, these
synthetic nanostructures are constructed with noble metal or
semiconductor materials, which intrinsically lack biocompati-
bility and easily rupture the specimens when interfacing with
cells. Moreover, to prepare these nanostructures, sophisticated
nanofabrication processes and electrochemical reactions are
often required. The quest for a biomaterial, which can be
directly acquired from nature, to assemble a biocompatible and
noninvasive nanoprobe is still open.

Fortunately, lessons from nature have shown that living cells
are native optical materials that possess an amazing ability to
manipulate light. For instance, algae cells are capable of
focusing sunlight to improve the efficiency of phototaxis and
photosynthesis, and so behave as microlenses.”” Additionally,
living cells in plant stems function as waveguides that can
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conduct certain wavelengths of light to the roots.”® Further-
more, Miiller cells in human eyes have the capacity to transmit
light from the retina surface to photoreceptors, acting as opti-
cal fibers.” These cellular optics in nature inspire us to directly use
biological cells as optical devices. Previous works have employed
diatom cells, red blood cells, yeast cells, embryonic kidney cells,
and Escherichia coli cells for integration into functionalized devices,
such as force probes,*q’o’31 optofluidic microlenses, > biological
lasers,”* and biophotonic waveguides.”

In this work, we propose a living nanoprobe for near-field
probing with subwavelength spatial resolution. We name this
nanoprobe a bionanospear, whose “handle” is made of a
tapered fiber and “head” is assembled with a yeast cell and a
chain of nanosized L. acidophilus cells. After three steps of
focusing by the tapered fiber, yeast, and L. acidophilus cells,
respectively, the bionanospear can concentrate illumination
light into a subwavelength region. Therefore, optical signals are
detected in real time for near-field probing at subwavelength
resolution. As a bionanophotonic application, localized
fluorescence from the surface of leukemia cells was probed
in human blood. The bionanospear is flexible and deformable
with less chance to puncture and damage the living specimens
under measurement, thus it can be used as a noninvasive tool
for near-field imaging and sensing of biosamples.

RESULTS

Figure 1 panels a to ¢ schematically show the experimental
process (see Supplementary Video). First, human blood
sample carrying leukemia cells was injected into a mixture of
yeast and L. acidophilus cells (Figure 1a). Then, a tapered fiber
(Figure 1d), which can be used to trap cells, guide light, and
collect optical signals, was inserted into the cell medium using
a tunable micromanipulator (Figure 1b, see experimental setup
in Figure S1). An 808 nm laser beam with an optical power of
15 mW, which exhibits low absorption by biological speci-
mens’® was launched into the taper fiber to create a stable
optical trap. By precisely moving the tapered fiber to approach
a yeast cell (Figure le), the yeast cell could be captured at the
tip of the tapered fiber by the optical gradient force. Benefiting
from the spherical shape of the yeast, the trapping laser beam
could be focused into a tiny region and exert a strong optical
force on a L. acidophilus cell (Figure 1f) that traps it behind the
yeast. The trapped L. acidophilus cell automatically aligned its
long axis along the optical axis as this was the stable orientation
(see simulated explanation in Figure S2). With this alignment, the
trapping laser beam could propagate through the L. acidophilus
cell and exert an optical force on other L. acidophilus cells, which
were orderly bound together by an optical binding effect,”””" and
finally formed the bionanospear. The optical forces F of the cells
in the bionanospear can be measured by F = kq (1), where
represents the trapping stiffness and q is the positional coordinate
of the cells. Therefore, determination of « is of importance to
the optical force measurement. The trapping stiffness k of the
bionanospear can be calculated by tracking the Brownian fluc-
tuations of the cells (at a trapping power of 15 mW) with high-
speed video microscopy.” As a result, the values of k for the
yeast cell and six L. acidophilus cells in the y direction were mea-
sured as 4.3, 9.5, 12.3, 11.5, 9.5, 8.4, and 7.8 X 107> pN/nm,
respectively (Figure S3). Alternatively, x can also be obtained
by using the backscattered light at 808 nm to perform a
frequency-domain analysis of the thermal fluctuations of the
cells. Here, we performed the analysis for the yeast cell as an
example (Figure S4). The result shows that k of the yeast cell is

4.1 X 107> pN/nm, which agrees with the value of 4.3 X
1072 pN/nm measured by the video tracking method. After the
determination of k, the optical force F can be obtained from
eq (1), which varies from the positional coordinates of the
cells. By means of the precise manipulation, the formed bion-
anospear can guide an input light to designated positions and
detect optical signals from biological cells, such as single
leukemia cells in human blood (Figure 1c). The bionanospear
is biocompatible and environmental friendly. After use, the
bionanospear can be left in biological systems without extra
processing, as the yeast and L. acidophilus cells natively exist in
human body to provide health benefits.

Figure 1g shows a formed bionanospear assembled with a
yeast and five L. acidophilus cells. The length of the bion-
anospear can be adjusted in real-time by trapping different
numbers of cells, enabling self-adapting to different biological
environments, while the length of conventional optical
nanoprobes is predesigned and unadjustable. In the trapping
process, two methods were applied to precisely control the
numbers of the cells. First, the cells could be orderly trapped
one by one through manipulation of the optical fiber probe at a
high precision (50 nm). Second, the number of the trapped
cells could be controlled by the microscopic observation with a
high-numerical-aperture objective, and by monitoring the
backscattering signal of the trapped cells with a fiber photo-
detector that was connected to the tapered fiber. The size of
the nanospear is mainly limited by the optical power of the
optical trapping laser. The maximum size of the nanospear was
approximately 120 um in length with the optical power of
200 mW launching into the spear. In our experiments, the
optical power was set to less than 200 mW because higher
optical powers will damage the trapped cells and induce the
thermal convection in the liquid medium. After assembly of the
bionanospear, the 808 nm trapping laser remained on, and then
a visible illumination light was launched into the bionanospear
by a fiber coupler. The illumination light propagating along the
tapered fiber was coupled into the yeast, then focused into the
L. acidophilus cells and transmitted along the cell chain, and
finally emitted a tiny light spot at the bionanospear tip
(Figure 1h—j). Here, the bionanospear can function as a wave-
guide because the refractive index of cells (n.y = 1.40)* is
larger than that of water (e = 1.33). The refractive index
contrast can be calculated as A = (ny® — fyue)/ 20’ =
4.9%. Additional simulations and calculations demonstrate that
the evanescent field of the propagating light through the
bionanospear is narrower than that of bare tapered fibers with
a subwavelength end-tip (see details in Figure SS). This is
mainly because the cell chain in the bionanospear has a
periodic refractive index distribution and hemispherical caps,
which can repeatedly focus the propagating light while
reducing the divergent light. Therefore, the evanescent field
outside the cell chain can be effectively suppressed, which
allows the subwavelength light confinement with a low index
contrast. Line intensity profiles (insets of Figure 1h—j) in the
vertical direction reveal the fwhm of the output light spots
were 345, 282, and 248 nm for the illumination wavelengths of
644, 532, and 473 nm, respectively. To further confirm the
light-guiding ability of the cell chain with the output light
spots, a controlled experiment and simulation was performed
to record the scatter spot of a single L. acidophilus cell, which
was located at the same position as the last cell of the cell chain
(Figure S6). The experiment and simulation show that the
optical intensity of the light spot from the cell chain is
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Figure 1. Optical assembly and light propagation of the bionanospear. (a—c) Schematic illustration shows the assembly process of the
bionanospear. (d) Scanning electron microscope (SEM) image of the tapered fiber with a diameter in the taper tip of 2.0 gm. (e) SEM image
showing yeast cells have smooth surfaces and spherical shapes with a radius of 1.0 + 0.4 gm. (f) SEM image of L. acidophilus cells that have
nanocapsule-like shapes with a radius of 200 + 10 nm and length of 2.0 + 0.7 pm. (g) Optical image of a bionanospear assembled with a
yeast and five L. acidophilus cells. (h—j) Dark-field images show a 644 nm red light (h), 532 nm green light (i), and 473 nm blue light
(j) propagating through the bionanospear and being focused into subwavelength light spots at the end of the bionanospear. Insets are the
line intensity profiles through the focuses of the light spots in the lateral direction for each image.

approximately three times higher than that of the single cell
without the cell chain, which is attributed to the light guiding
and focusing by the cell chain. Additional experiments and
simulations were performed to characterize how the spot size
changes with the number of L. acidophilus cells and the chain
length (see details in Figure S7). The experimental results
show that the light spot size of the illumination light at 532 nm
wavelength, for example, varies from 282 to 340 nm when the
number of L. acidophilus cells ranges from 1 to 13 (chain
length: 2 to 29 pum), which agrees with the simulation results.
It is worth noting that the monotonic trend in spot size is
resulted from the photonic nanojet-induced mode of the
propagating light in the cell chain. Previous works have verified
that the periodically focused and diverged effect of the
photonic nanojet-induced mode can cause a nonmonotonic
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trend in spot size from a microlens chain.*"** Similarly, this
effect also exists in the cell chain since each cell in the chain
can be regarded as a microlens. Because of this effect, the
minimum spot size of the cell chain will occur at the cells
located in the light focusing region (i.e., ~5 and 11 cells in the
nanospear). For the applications of single-cell probing and
imaging, the light spot size of the nanospear is important
because it determines the spatial resolution of the optical
signals. In terms of the light spot size, the optimized result is
five L. acidophilus cells, as indicated in Figure S7g. Therefore,
we used the nanospear with five L. acidophilus cells to detect a
fluorescence signal from nanoparticles and single cells in the
following experiments.

The resolution of the bionanospear was determined by
resolving the fluorescence spot from a polystyrene (PS)
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nanoparticle dimer. The nanoparticles with a diameter of
120 nm were stably assembled on a glass substrate via carbox-
ylate surface functionalization.”” The chemical binding force
between the nanoparticles and substrate was much stronger
than the optical force, so that the nanoparticles could not
be trapped by the nanospear. To excite the nanoparticles, a
diode laser with a wavelength of 390 nm was launched into the
bionanospear. The distance between the nanospear and the
dimer was controlled by monitoring the backscattering signal
of the 808 nm trapping laser and meanwhile looking at the
microscope image. The control procedure is as follows. First,
the nanospear was coarsely manipulated to approach the dimer
with large steps (500 nm per step) under the observation of
the microscope. Then, the position of the nanospear was finely
adjusted with smaller steps (S0 nm per step) until the back-
scattering signal reaches the predetermined threshold value,
where the position of the nanospear was set as the starting
point to scan. Finally, the bionanospear was scanned with
50 nm step across the nanoparticle dimer in the lateral direc-
tion. The fluorescence spots from the dimer at each scanning
pixel point were detected on a charge-coupled device (CCD)
through an objective lens, as schematically and experimentally
shown in Figure 2a,b. The intensity of fluorescence spots was
measured by performing three-dimensional color mapping
using MATLAB software. To reduce the influence of the
Brownian fluctuation on the bionanospear, the nanoparticle
dimer was repeatedly scanned three times in both the forward
and reverse directions. Then the average values and standard
deviations of the fluorescence intensity obtained from the three
repeated experiments were recorded versus the positions of the
bionanospear (indicated as black dots in Figure 2c). Insets of
Figure 2¢ show the images of the fluorescence spots when the
vertical distances between the bionanospear tip and the dimer
center are 110 nm (I), 0 nm (II), and —110 nm (III). The
intensity—distance profile can be fitted with bi-Gaussian model
(indicated as blue line in Figure 2c). The peak—valley ratio of
the bi-Gaussian fitting is 37%, which is larger than 20% defined
in the standard Rayleigh’s criterion for distinguishing two
adjacent spots in an image.** Moreover, the peak-to-peak dis-
tance indicates that the center-to-center distance of the nano-
particle dimer is 220 nm, which shows a resolution discrepancy
of 15 nm from the value (235 nm) obtained from the SEM
observation (Figure 2d). The fluorescence resolution could
change with the power of the trapping laser. For example, the
values of the fluorescence resolution were 262, 254, 218, 220,
and 248 nm when the trapping powers were set as S, 10, 12,
15, and 20 mW, respectively (Figure S8a). The corresponding
resolution discrepancies |AR| between the fluorescence
resolution Rg,, and actual resolution Rggy; (235 nm) obtained
by the SEM image were 27, 19, 17, 15, and 13 nm, respectively.
It can be seen that the resolution discrepancy |AR| was
reduced by increasing the trapping powers, because the
Brownian fluctuations of the optically bound L. acidophilus
cells can be suppressed with higher optical powers. By looking
at the illumination light scattered by the nanospear end with
the video tracking method, the optically bound particle motion
can be tracked in time. Then by fitting Gaussian models to the
positions  distributions of the real-time tracks, the lateral
Brownian fluctuations ¢ of the nanospear end can be recorded
as 13.6, 9.2, 8.1, 7.3, and 6.4 nm for the trapping powers of 5,
10, 12, 15, and 20 mW, respectively. From the comparison of
the Brownian fluctuations ¢ and the resolution discrepancies
IAR| (Figure S8b), it can be found that the values of 2o
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Figure 2. Optical resolution of the bionanospear. (a,b) Schematic
illustration (a) and dark-field image (b) showing the bionanospear
was scanned (50 nm per step) across the nanoparticle dimer and the
fluorescence spot from the dimer was recorded on a CCD through
an objective lens. (c) Intensity of the fluorescence spot versus the
position of the bionanospear with a bi-Gaussian fitting. The black
dots denote the experimental data, and blue line indicates the
bi-Gaussian fitting. The peak—valley ratio from the bi-Gaussian
fitting is 37% and the peak-to-peak distance is 220 nm. Insets
showing the images of the fluorescence spots when the vertical
distances between the bionanospear tip and the dimer center are
110 nm (I), 0 nm (II), and —110 nm (III). (d) SEM image showing
the diameter of the nanoparticles is 120 nm and the center-to-center
distance is 235 nm. (e) Fluorescence image of the nanoparticle
dimer with wide-field excitation of a conventional fluorescence
microscope. The inset shows the line intensity profile through the
center of the fluorescence spot from the nanoparticle dimer.

approximately equal to |ARI. Therefore, the measured fluores-
cence resolution Rg,, can be corrected by Ry, = Rggy + 20.
For comparison, when the nanoparticle dimer was imaged with
a conventional fluorescence microscope, the fluorescence spot
from the dimer was nearly overlapped and could not be
resolved at all (Figure 2e). This experiment indicates that the
bionanospear can be used for near-field scanning imaging with
a subwavelength spatial resolution. Compared with other near-
field imaging approaches, the spatial resolution of the
nanospear is higher than that of subwavelength metalenses
(450 nm),* and similar to that of nanoscale spherical lenses
(220 nm).*® When compared with far-field super-resolution
approaches, such as direct stochastic optical reconstruction
microscopy (dSTORM) and superoscillatory lenses with
spatial resolutions of 20 and 105 nm,*”** respectively, the
resolution of the nanospear is relatively low because of the
Brownian motion and small refractive index of the trapped
cells. However, the spatial resolution of the nanospear can be
further improved by trapping other cells with larger refractive
index, such as diatom cells, or using higher trapping power to
suppress the Brownian motion of the nanospear.

As a potential application, the bionanospear was used to
probe the localized fluorescence of leukemia cells in human
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Figure 3. Single-cell probing. (a) GFP transfection process. (b) Bright-field optical image of a mixture of human red blood cells and GFP leukemia
cells (labeled with a blue circle). (c) Corresponding fluorescence image shows the green fluorescent light of the leukemia cells.
(d—g) Excitation and detection of local fluorescence from a leukemia cell in human blood by manipulating the bionanospear to scan the cell.
Dark-field optical image of panel d shows the bionanospear separated with a 3-#m gap in the x direction from the leukemia cell. By moving the
bionanospear in the x (e), + y (f), and —y (g) directions to contact with the leukemia cell, different points on the surface of the leukemia cell were
excited and the green fluorescence was detected. (h,i) Flexibility testing by pushing the bionanospear against the cell membrane of a leukemia cell
(h), and then the bionanospear was bent with a bending angle 8 of 15° (i). (j—1) An optical fiber probe with a submicrometer tip was forced against
the leukemia cell (j), showing the fiber probe could puncture into the cell (k), and cause a hole in the cell membrane after pulling out the fiber (1).

blood. The leukemia cells were selectively stained with green
fluorescent protein (GFP) by adding plasmid-GFP vectors into
the cell culture medium that contained the leukemia cells and
red blood cells (Figure 3a). Therefore, the leukemia cells could
emit the fluorescence under the wide-field excitation with a
fluorescence microscope (Figure 3b,c). The fluorescent image
of the leukemia cell shows that the whole cell, including the
top and bottom surfaces, was excited owing to the large
excitation area of the fluorescence microscope. In this case,
out-of-focus fluorescence noise could enter the focal plane of
the objective lens and blurred the details of the in-focus
image.49 Moreover, this fluorescence image presents a rela-
tively low resolution. With assistance of the bionanospear, the
output light was closely confined in near field, offering a much
smaller excitation volume that could excite a subwavelength
spot on the cellular surface with much lower background noise
and higher resolution. Figure 3 panels d to g show the spot
excitation capability by manipulating the bionanospear to
approach the cell membrane. The dark-field image shows that
no fluorescence was detected when the bionanospear was
separated horizontally by 3 um from the surface of a leukemia
cell (Figure 3d). Once the bionanospear contacted closely with
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the cell membrane, a distinct fluorescent spot was observed
(Figure 3e). By precisely moving the bionanospear to scan the
cell surface, other locations on the cell surface were also excited
and the fluorescent spots were detected (Figure 3fg). It is
worth noting that the backscattering signal of the 808 nm
trapping laser was monitored in real time to avoid trapping
other cells and objects during the measurements. When other
cells and objects approach the nanospear, the intensity of the
backscattering signal will increase abruptly. To further inves-
tigate the scanning capabilities of the nanospear, we have
applied this scanning approach to a simulated blood capillary
system, which was composed of a polymer microcapillary
(inner diameter, 1S um; length, 1.0 cm) and a micropump
system (KDS LEGATO 270). The experimental result shows
that the nanospear can be used to scan and detect a single fluo-
rescent cancer cell in the microcapillary with a microfluidic flow
at speed of 35 um/s (see experimental details in Figure S9).
Although the detection of the transgenic fluorescent cells can
also be accomplished by other techniques, such as fluorescence
microscope, flow cytometer, and confocal microscopy, it
should be addressed that the nanospear has its superiority.
For example, the subwavelength spatial resolution enables the
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nanoprobe to acquire localized fluorescence from the trans-
genic fluorescent cells. In contrast, the fluorescence micro-
scope or flow cytometer were commonly applied to detect the
total fluorescence from the whole cells; thus, the localized
details were easily obscured in the background noise. The
resolution of the bionanospear is similar to that of confocal
microscopy. However, thanks to its compact and miniaturized
structure, the bionanospear can access some narrow environ-
ments such as biological capillaries, microfluidic channels, and
lab-on-a-chip devices that are inaccessible for the confocal
microscopy, functioning as a biocompatible and noninvasive
endoscopy for single-cell probing and imaging. Besides,
the additional uncertainty in localization of the nanospear can
be suppressed by increasing the optical trapping power, because
higher trapping power can exert larger optical forces and
trapping stiffness on the nanospear. Although the nanospear is
constructed with soft materials, it can remain stable during
measurements with a scanning speed of 20 ym/s. Therefore, it
is reasonable to implement measurements (e.g., fluorescence or
backscattering signals) on a conventional scanning probe
microscope with the biological nanoprobe. To demonstrate
this, a preliminary experiment demonstrates that the nanospear
can be applied for combining fluorescence with a morpho-
logical scanning (see details in Figure S10). By using the
nanospear to scan the sample (here, a fluorescent polystyrene
microbead was used), the localized fluorescence from the
surface of the sample was excited and detected at different
positions. Then the positional coordinates of the fluorescence
spots were orderly recorded as pixel points. Finally, a two-
dimensional surface morphology of the sample can be recon-
structed in postprocessing by superimposing all the pixel points
in an image. To demonstrate the manipulation ability of the
nanospear, a biospecimen (Staphylococcus aureus) dyed with
green fluorescent protein was first trapped at the tip of the
nanospear by the optical gradient force, and then manipulated
to a desired position by moving the nanospear with an average
speed of 26 ym/s in the x and y directions (Figure S11). This
preliminary experimental example indicates that the nanospear
assembled with soft materials can also find applications in the
manipulation of biospecimens.

An additional experiment verified that the bionanospears are
flexible and deformable when interacting with biospecimens.
As shown in Figure 3h,i, the bionanospear was forced against a
leukemia cell, then the bionanospear was bent to an angle 6 of
15° without puncture to the cell membrane. This occurred
because the bionanospear exerts a gentle optical force (scale of
107" N) instead of a mechanical force on the biosamples.
A certain degree of the deformability of the nanospear has no
obvious influence on the scanning capabilities. Simulation
results show that, even if the deformation angle of the nano-
spear increases from 15 to 45 deg, the incident light can still
effectively propagate along the nanospear and emit a sub-
wavelength light spot at the tip (see details in Figure S12). For
comparison, a fiber probe with a submicrometer tip, which is
commonly used in scanning probe microscopes, was also used
by pushing it against the leukemia cell (Figure 3j). As a result
of the relatively large dimension and rigid structure, the fiber
probe could easily insert into the cell (Figure 3k), and rupture
the cell membrane (Figure 31). For this reason, commercial
scanning probe microscopes require additional feedback con-
trol system to ensure a precise distance between the probe and
samples, especially for soft materials. One main concern about
the bionanospears is the photodamage to the cells by the input

lasers. To test the cell viability, a 0.4% trypan blue dye (Solarbio)
was injected into the cell suspension with a volume ratio of 1:9
after the experiments. The results showed that the cells were
not stained blue, which indicated that the cells were alive.
To further investigate the effect of light propagation through
the cells, an additional experiment was performed. In this
experiment, the nanospear was exposed to trapping light with
an optical power of 15 mW for about 3 h. During this process,
the L. acidophilus cells in the nanospear could keep on growing
and dividing. The average division time of the L. acidophilus
cells was measured as approximately 1 h, which was similar to
the division time of other cells out of the trap and away from
the light irradiation. This experiment indicates that light
propagation has no serious effect on the functional state of the
cells. Moreover, the reliability, durability and ease of the
technique are important for biological applications. For a static
liquid environment, as shown in the Supplemental Video,
the nanospear could be easily assembled by manipulating the
fiber probe to trap the cells, and on an average only one
attempt was needed to get it working. Besides, the nanospear
could remain stable when repeatedly imaging and measuring
the same structure for over 3 h with a trapping power of
15 mW and a scanning speed of 20 pm/s. The duration can be
further extended by increasing the optical power, because the
trapping stiffness was proportional to the power.”® While for a
microfluidic environment, such as a microcapillary with a flow,
more time (average 3 attempts) should be used to get the
nanospear working mainly because of the drag force induced
by the flow. However, the drag force can be easily offset by
increasing the optical trapping power. For example, with a
higher optical trapping power (30 mW), the nanospear could
be flexibly manipulated in a microfluid with a flow velocity of
35 um/s (Figure S9).

To investigate the light propagation and trapping stability of
the bionanospear, a theoretical model was built with a finite
element method using COMSOL Multiphysics (see Methods).
Figure 4a shows the simulated energy density distribution of
the 808 nm trapping laser beam output from a bare tapered
fiber. The laser beam was prefocused by the tapered fiber with
a distance of 3 ym in the x direction between the focus and the
tapered fiber. When a yeast was positioned at the tapered fiber
tip, a subwavelength focused beam was generated (Figure 4b),
which resulted from interferences between the field scattered
by the yeast cell and the large angular components of the
incident Gaussian beam passing aside the cell. Then the focus
spot was further enhanced and concentrated in the near-field
by horizontally placing a L. acidophilus cell behind the yeast
(Figure 4c). Line scans were performed through the focal
planes in Figure 4a—c in the y direction, and the results show
that the fwhm of the output light spots generated by the
tapered fiber, yeast, and L. acidophilus cell were 1.1 ym, 480 nm,
and 430 nm, respectively (Figure 4d). By connecting more
L. acidophilus cells, the input light could propagate along the
bionanospear, and emit a subwavelength light spot in the near-
field near the bionanospear tip (Figure 4e—g). The energy
density profiles (Figure 4h) show that the fwhm of the light
spots was calculated to be 200, 240, 280, 340, and 430 nm for
input wavelengths of 390, 473, 532, 644, and 808 nm, respec-
tively, which agreed with the experimental observations. The
optical force (F,) and trapping potential (U) exerted on the yeast
and L. acidophilus cells was calculated using the time-independent
Maxwell stress tensor (Figure S13 and Figure 4i). The results
show that the maximum F, exerted on the yeast and L. acidophilus
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Figure 4. Numerical simulation and calculation. (a) Energy density distribution output from a bare tapered fiber in the x-y plane. (b) The
808 nm laser is focused into a subwavelength light spot by positioning a spherical yeast cell at the end of the tapered fiber. (c) The light spot
is further concentrated with a L. acidophilus cell. (d) Normalized energy density profiles at the focal planes of the output light spots in panels
a to c in the y direction. (e—g) Energy density distributions of the 808 nm (e), 644 nm (f), and 532 nm (g) laser beam propagating along the
bionanospear with an L. acidophilus cell number N of 6 and emitting tiny light spots in the end. (h) Energy density profiles at the focal planes
of the output light spots of the bionanospear in the y direction with different input wavelengths for N = 6. (i) Simulated potential U of each
L. acidophilus cell in the bionanospear as a function of distance D,. The inset shows the potential depth AU as a function of the number N of

the attached L. acidophilus cells (first to sixth).

cells were 790 and 660 pN/W, respectively, and the potential
depth AU of the yeast and each L. acidophilus cell were
calculated as 23, 6.3, 6.8, 6.5, 6.2, 6.0, and 5.9 X 10* kzT/W,
respectively. The inset of Figure 4i depicts the tendency of the
potential depth AU as a function of the number N of the
attached L. acidophilus cells (first to sixth). It can be seen that
the value of AU reaches the maximum at N = 2, and then it
generally decreases when N > 2. This tendency results from the
competition between the light focusing and optical loss of the
L. acidophilus cell chain. Additional calculations demonstrate
that the optical intensity along the L. acidophilus cell chain
reaches the maximum at the second L. acidophilus cell and then
slightly reduces for the increasing cell number (Figure S14),
which agrees with the tendency of the potential depth. Addi-
tionally, Ashkin et al. have verified that a stable trap requires a
AU of about 10 kT to suppress the Brownian motion.”" For
the optical power of 15 mW used in our experiments, the
corresponding AU were calculated to be 345, 95, 102, 98, 93,
90, and 89 ki T, which were larger than 10 k3T, indicating that
the bionanospear was stable.

CONCLUSIONS

We developed a living nanoprobe, namely, a bionanospear by
trapping a yeast cell and a chain of L. acidophilus cells at the tip

of a tapered fiber probe. As a benefit of the light focusing
ability of the cells, the bionanospear can deliver excitation light
with a 190 nm spot size to biological samples. Optical signals
are detected in real time for near-field probing at subwavelength
resolution. The precise manipulation of the bionanospear allows
us to probe the localized fluorescence from the surface of single
leukemia cells in human blood. With the advantages of its high
resolution and biocompatibility, the developed nanospear is
envisioned to find relevant applications in the fields of bio-
sensing and imaging.

METHODS

Fabrication of the Tapered Fiber. The tapered fiber was
fabricated with a flame-heating technique from a multimode optical
fiber (Corning Inc.). The buffer and polymer jacket of the fiber were
stripped off by a fiber stripper to obtain a bare fiber of 2.5 cm in
length. Before being heated, the fiber was sheathed with a glass
capillary to ensure the stability of the fiber. The bare fiber outside the
capillary was heated by the outer flame of an alcohol lamp at
approximately 500 °C for 40 s until it reached its melting point. Then,
the fiber was drawn through a heating zone of approximately 4 mm at
a rate of ~3 mm/s, which then gradually tapered off, with its diameter
decreasing from 125 to 10 ym with a length of ~2.0 mm. Finally, the
drawing rate was increased up to ~15 mm/s until the fiber was
broken with a tapered tip.
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Preparation of the Mixture of the Yeast and L. acidophilus
Cells. The yeast (Saccharomyces cerevisiae) and L. acidophilus cells
(Shanghai Ruichu Biotech Co., Ltd.) were grown at room tem-
perature in lysogeny broth for 48 h. The yeast cells were selected at
the early growth stage before forming the bacterial spores, because in
this stage, the yeast cells have regular shapes. The yeast cells and
L. acidophilus cells were then washed and diluted with phosphate-
buffered saline to obtain a suitable concentration of approximately
6.0 X 10* cells per microliter. Finally, they were mixed together with a
volume ratio of ~1:10.

Preparation of the Mixture of the Human Blood and
Leukemia Cells. Human blood (1 mL) was extracted from the
fingertip of a healthy adult and then diluted with 4 mL of phosphate-
buffered saline (pH = 7.44), which contained 121.5 mM NaCl,
252 mM Na,HPO,, and 4.8 mM KH,PO,. The leukemia cells
(Zhong Qiao Xin Zhou Biotechnology Co., Ltd.) were grown in
DMEM supplemented with 10% fetal bovine serum and incubated at
37 °C in 5% CO, overnight to obtain a concentration of ~3.0 X
10* cells per microliter. The human blood and leukemia cells
suspension were mixed together with a volume ratio of ~1:S.

Transfection Process of GFP. First, lentiviral vectors (Zhong
Qiao Xin Zhou Biotechnology Co., Ltd.) were constructed by linking
GFP genes (10 pug) with plasmid DNA fragments (10 ug). Second,
2.5 ug of vectors and 0.5 uL of Lipofectamine 2000 reagent
(Invitrogen) were diluted in 125 uL of Opti-MEM medium and then
incubated for S min at room temperature. Third, the vectors-lipid
complex was added to the mixture of the human blood and leukemia
cells (final concentration: ~1pug vectors/1 X 10° cells). After
incubating for 48 h at 37 °C in 5% CO,, the vectors were transfected
into the leukemia cells and expressed the fluorescent proteins. The
transfected cells were visualized with a fluorescence microscope
(IX71, OLYMPUS).

Numerical Simulations and Calculations. The simulations
were performed by COMSOL Multiphysics 4.4 with the radio
frequency module (electromagnetic wave, frequency domain) and
perfectly matched layer boundary conditions. The lights directed into
the tapered fiber were set as unpolarized Gaussian beams. The yeast
and L. acidophilus cell were assumed to be a dielectric sphere (radius,
1.4 pm) and nanocapsule (length, 2.0 ym; radius, 200 nm) with
hemispherical caps, respectively. The mesh sizes of the regions of the
tapered fiber, L. acidophilus cells, yeast cell, and water were set as 60,
50, 30, and 80 nm, respectively, and the corresponding refractive
indices were set as 1.45, 1.40, 1.39, and 1.33, respectively.
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