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The analysis of single living cells, including intracellular delivery and extraction, is essential for monitoring
their dynamic biochemical processes and exploring intracellular heterogeneity. However, owing to the
2D view in bright-field microscopy and optical distortions caused by the cell shape and the variation in
the refractive index both inside and around the cells, achieving spatially undistorted imaging for high-
precision manipulation within a cell is challenging. Here, an accurate and visual system is developed for
single-cell spatial manipulation by correcting the aberration for simultaneous bright-field triple-view
imaging. Stereo information from the triple view enables higher spatial resolution that facilitates the

precise manipulation of single cells. In the bright field, we resolved the spatial locations of subcellular
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Accepted 29th January 2021 structures of a single cell suspended in a medium and measured the random spatial rotation angle of the
cell with a precision of +5°. Furthermore, we demonstrated the visual manipulation of a probe to an

DOI: 10.1039/d0sc05534d arbitrary spatial point of a cell with an accuracy of <1 pixel. This novel system is more accurate and less
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Introduction

The manipulation of single cells plays an important role in the
field of biomedicine and single-cell analysis,"” especially in
intracellular drug delivery and content extraction techniques
that use a tip such as in gene editing, ex vivo cell-based thera-
pies, organelle transplantation, and subcellular omics.*® Most
of these require that a micron-sized cell is accurately punctured
by a pipette at a specific spatial position or organelle without
affecting the cell viability. However, this is challenging.”*

By reducing the size of the pipette tip, the accuracy of
intracellular manipulation can be improved and cell damage
can be reduced in traditional micromanipulation.>'® However,
the difference in refractive index of the intracellular compo-
nents, the culture solution," and the round shape of the cell
may lead to a shift in the focal point and other optical distor-
tions.*” The precise control of the micropipette or other type of
microprobe inside a cell is difficult when using a normal
microscopic system, and is heavily dependent on the skill of the
operator,*® especially when the cell diameter is smaller than 25
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destructive for subcellular content extraction and drug delivery.

pum.**** Through the design of a microfluidic chip, the space of
its microchannel structure contains the single -cell,**"
improving the success rate of the puncture and enabling accu-
rate intracellular injection. However, the position of the punc-
ture cannot be controlled. Using fluorescence imaging for
reconstruction in three dimensions will improve the accuracy of
spatial manipulation.’®*® However, in the time needed for
fluorescence imaging, which includes image acquisition, the
processing time is usually larger than that needed for micro-
manipulation or other dynamic cellular processes, which limits
its use in micromanipulation.*® Xu et al. have proposed a new
type of stereo vision micromanipulation system. Unlike the
existing kinds of research that use on the micro- or nanoscale
that have been reported in recent years, their proposed system
can offer depth information more directly.”** However, it is
difficult for this system to achieve accurate manipulation of
micron-sized single cells in terms of imaging quality and
resolution.

Currently, the fluid force microscope is a powerful tool for
micromanipulation.”**** It can accurately determine whether to
penetrate the cell or the nucleus according to the change in the
membrane breaking force. However, the puncture process is not
visualized,*® which means that the accurate manipulation of
organelles other than the nucleus and cytoplasm may not be
possible.”® In addition, it is not suitable for the puncture of
a suspended single cell. Therefore, developing a faster way of
spatially locating organelles and being able to accurately locate
the microprobe visually inside either an adhered or
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a suspended cell is of great significance for studying single cells
and is still a grand challenge.

Multiple-view imaging can be used to expand the measurable
range of a system,* and obtain spatial information through the
use of more lenses for additional views.”””*° Simultaneous multi-
angle imaging has been implemented in fluorescence 3D
imaging;** however, the use of spatial imaging for the accurate
manipulation and location of a nanotip probe with regard to
a specific point within a cell, which may be dynamically
changing, has not been reported. For accurate probe operation
and single-cell manipulation, a delicately designed system that
has sufficient operating space for free movement of the probe
under a bright field and the capability of continuous 3D infor-
mation acquisition is needed.

In this work, we propose a single-cell spatial manipulation
system based on a simultaneous multi-angle imaging system for
the observation of a single cell or organelle. The system
possesses the capability of aberration-correction in the bright
field and allows the precise operation of a microprobe with
submicrometer resolution. Combining three long-working-
distance objectives (100x) with the aberration-corrected
sample chamber and angle-corrected illumination source, we
have constructed a simultaneous triple-view spatial resolution
micromanipulation (STSRM) system for multi-angle spatial
imaging under the bright field, allowing the fully functional
micromanipulation of a cell or probe with high accuracy. Simply
and quickly, the system can achieve spatial positioning of the
subcellular structure of a single suspended cell and obtain the
3D rotation angle of that cell. The system provides a universal
platform for the fast and accurate 3D manipulation of a single
cell, allowing precise operation of a probe that can greatly
enhance the performance of single-cell analysis. The device can
also be used in single-cell genome editing, ex vivo cell-based
therapies, and subcellular omics.

Results and discussion
Construction of the STSRM system

To achieve precise, visual spatial manipulation of a single cell,
simultaneous bright-field triple-view imaging can be adopted
for fast and label-free micromanipulation. The principle of the
system is shown in Fig. 1. The exact position of the micropipette
can be easily determined by images taken at three different
angles. Three are needed since two angles may not be enough
for obtaining the real position. In addition, using images from
three different angles (in the planes xy, In, and mn) allows the
exact coordinates of the pipette tip or other observation subject
to be determined (STSRM system positioning principlet). This
system setup avoids micromanipulation problems such as a low
success rate and high cell damage caused by a lack of effective
information about the spatial location of the tip, cell, and
organelles.*> Compared with traditional micromanipulation
(Fig. S1t), the positional accuracy can be improved greatly
because the optical distortions for each view angle can be cor-
rected using the images obtained from the other two angles.
Bright-field imaging with high magnification commonly
uses a vertical (traditional) or horizontal single view,**** which
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Fig. 1 Schematic diagram of the STSRM system for micromanipula-
tion. The spatial position of the organelle, pipette, and the cell can be
determined by their relative position from different views.

cannot provide enough steric information. The main challenge
for this system lies in the steric constraints from objectives,
illumination source, and the microprobe. For its versatility, our
system was set up on a traditional inverted microscope frame.
Two orthogonal and symmetric optical paths were arranged
above the sampling plate. Dry objectives with higher numerical
apertures (one at 100x, WD = 4.5 mm, NA = 0.8, and another at
100x, WD = 10 mm, NA = 0.6) were selected to reduce the steric
constraints between the objectives so that the illumination
sources could be properly arranged. An operating volume of
>6.8 cm® was reserved for the sample and probe placement,
which helped to prevent irremediable damage of the lens
surface caused by physical contact with the tip during manip-
ulation. For intense and uniform illumination, a surface-
mounted light-emitting diode was placed between the orthog-
onally installed objectives to serve as the light source for the
bottom view, and a rigid optical fiber was used to adjust the
transmission light of the two upper views. The focus of each
objective could be tuned independently (Fig. 2a).

To illustrate the applicability of the system for subjects that
have an irregular shape, a grain of silica gel was imaged at three
different angles (Fig. 2b), which implies that the triple-angle
system provides more morphological information. In partic-
ular, a tiny pellet attached to the particle (marked with a red
arrow) could only be seen clearly through objective 2, which
implies that some details may be lost even with a dual-angle
device. This result demonstrates the capability and necessity
of the triple-angle system for analyzing steric information.

For cell imaging, however, the situation can be more chal-
lenging. To image a cell in a medium, the medium has to be
spread over a supporting surface. When coaxial illumination
was applied, the image was mostly blurred under the inclined
view with the 100x objective lens (Fig. 2c). Based on the prin-
ciple of the optical path in geometrical optics, the sample in the
medium on the supporting surface cannot be perfectly imaged
by views 1 and 2 (Fig. S271). Here, the optical path difference can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The process of establishing the STSRM system. (a) Observation of samples in different media by inclined microscope objective. (b) Triple-
view image of silica gel particle in air. The number in the upper right corner of each picture represents the objective viewpoint: (1) from the upper
left; (2) from the upper right; and (3) from the bottom. (Scale bar: 10 pm.) (c) Image of the cell showing aberrations in the tilt view. (Scale bar: 10
um.) (d and e) Analog distribution of light passing through the air (d) and a 1 mm-thick liquid layer (e). (f and g) Point-spread function deter-
mination using 100 nm fluorescent beads in the sample chamber (Fig. S51): normalized 3D surface distribution, top view FWHM = (527 + 9 nm,
669 + 23 nm) (f), and bottom view FWHM = 542 + 14 nm (g) by Gaussian fitting. (h and i) Suspended A546 cell in the sample chamber, top view (h)
and bottom view (i). The red arrow represents two bacteria. (Scale bar: 5 pm.) (j) Schematic diagram of the proposed optical lighting system with

aberration correction.

be expressed as As = |[f(f, n4, n,, h)|, where 6 is the aperture
angle, n; and n, are the refractive index of medium 1 and
medium 2, respectively, and % is the height of medium 2. If the
aperture angle and the refractive index of the medium are
known, As is dependent on £, and the smaller the value of &, the
better the imaging. We simulated each imaging mode,
including the light distribution passing through air (Fig. 2d)
and a high liquid level (Fig. 2e). According to these simulation
results, the image in the inclined view cannot be perfect. Non-
symmetric light distribution in the meridional plane and the
sagittal plane (Fig. 2e) causes serious aberration (similar to
comatic aberration). To correct this, we designed a sample
chamber with a shape similar to a triangular prism (Fig. S31) to
make the optical axis perpendicular to the medium for cor-
recting serious aberration. The prism-like chamber ensures that
the light transmission is of a uniform distribution and is more
compatible with micromanipulation than that probed by
a cylindrical or cuboid chamber.*®*® For each imaging mode, we
compared the simulated light distribution, the modulation
transfer function, and experimental pictures (Fig. S41). The
imaging quality was improved by using a thin liquid layer or

© 2021 The Author(s). Published by the Royal Society of Chemistry

after aberration correction for both simulation and experi-
mental results. We also tested the point-spread function of the
fluorescent beads in the sample chamber to confirm the elim-
ination of similar comatic aberration and to calculate the full
width at half-maximum (FWHM) of the intensity curve (Fig. 2f
and g). The resolution of objective 3 only decreased by about
110 nm and that for objectives 1 and 2 was not affected when
the thickness of the glass was 100 um. Even when the sample
distance was 1 mm, the resolution obtained at objectives 1 and
2 decreased by only 140 nm. The image resolution could
approach the theoretical value (343 x 457 x 457 nm for view-
points 3, 2, and 1, respectively) if the thickness of the glass and
the volume of the chamber were reduced (Fig. S51). Further-
more, we designed a new, compact illuminating unit for
simultaneously imaging cells under the bright field, where the
angle between the illuminating light and the horizontal direc-
tion was 19.9° (Fig. 2j and S6T). Compared with the tilt view
without aberration correction (Fig. 2¢),?*>?*” the imaging quality
was significantly improved (Fig. 2h), and the 3D distribution of
bacteria (marked with a red arrow) could be clearly distin-
guished in different views (Fig. 2h and 1i).

Chem. Sci., 2021, 12, 4111-4118 | 4113
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Monitoring a single cell with irregular motion

Observing the spatial distribution and transformation of cell
nuclei is helpful for tracking the differentiation of single cells;
in addition, the known spatial distribution of the nuclei will
improve the precision of organelle biopsy and reduce cell
damage by eliminating the need for inaccurate subjective esti-
mations to be made by the microscope operator.*>*®* With the
STSRM system, the spatial distribution of multiple nuclei could
be determined and the random 3D rotation angle of a cell can
be tracked directly with high accuracy. After A549 cells had been
cultured for some time, it was observed that some had a multi-
nucleated giant cell morphology, shown by multiple nuclei and
an enlarged size. A549 cells are epithelial cells, and the fusion
between epithelial cells produces multinucleated giant cells.
Here, one of these multinucleated giant cells (Fig. S7at) in an
A549 cell suspension was used to examine the capability of the
proposed system together with simulations. Having only Z-slice
images (Fig. S7bf¥), it is impossible to obtain accurate spatial
information about the nuclei within any of the single views
because the measurement accuracy of the Z-axis could be up to
10 um.* With the STSRM system, however, the shape and
relative motion of these nuclei could be well estimated. In each
view, we selected the appropriate focus plane to see every
nucleus clearly and recorded images simultaneously. The
contour of the nucleus was fitted to a circle or ellipse (Fig. S7c¥).
The centroid coordinates of each nucleus in the three views
were extracted from the fitted shape so that the spatial positions
of the nuclei were determined (Fig. 3a). The spatial distribu-
tions and outlines of the nuclei in the triple view were simu-
lated, and the nuclei in each simulated view were obtained
(Fig. S7ct). Because of the confinement imposed by the cyto-
skeleton,*® the nuclei are bound within the cell, and the internal
structure of the cell should therefore remain stable after
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Fig. 3 Positioning of nuclei for a suspended cell. (a) The spatial
positions of the nuclei obtained by calculation (before disturbance). (b)
Experimental (upper) and simulated (lower) triple views of the cell after
the first disturbance. Magenta and red triangles represent the centroids
of the three nuclei in the experiment and simulation, respectively. (c)
The spatial rotation angles were determined by double disturbance to
a precision of 5°. (Scale bar: 5 um.)
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rotation. To verify the positioning accuracy, we disturbed the
liquid slightly, through the addition of 2 uL. DMEM, to make the
suspended cells roll by a small angle. The process was simu-
lated based on the center of the cells since A549 cells belong to
a spherical single-shell model.** When the red triangle
(connection of centroids) in the three simulations (as seen in
Fig. 3b) overlapped with the magenta triangle in the three
experiments, the simulated rotation was stopped, and after
repeated disturbances of the cells the experimental results were
highly consistent with the simulated data, showing a matching
angle accuracy of +5° (Fig. 3b and S7df). By comparing the
simulated and experimental results we were also able to calcu-
late the random spatial rotation angle of the cell (Fig. 3c and
Movie S1t), which is impossible when just any single view is
available. When the cell rotates to a certain angle, all nuclei can
be seen clearly by each objective (around the depth of field
(DOF)) at the same time (Fig. 3b), and so the spatial distribution
of the nuclei could be determined from just one group of
images captured simultaneously.

Accurately judging single-cell spatial puncture through
visualization

Accurate control of the movement of a microprobe (i.e. punc-
turing with an aspiration needle, optical fiber tip, etc.) is
essential for measuring or operating at a specific location in
a cell. An adequate DOF for the movement of the microprobe is
an essential requirement. In the STSRM system, the DOF of the
long-working-distance objectives used is approximately five
times larger than those with a high NA, e.g., 1.4, which can be
described as follows:**

Fe o )
2(NA)
where 7 is the refractive index in the object space, and 2 is the
wavelength of light.

In the proposed setup, the larger DOF ensures sufficient
resolution for the movement of the microprobe. The micro-
probe was carried by a high-precision 3D nanomanipulator,
which was controlled using the LabVIEW program based on its
spatial coordinates. The relationship between the 3D- and 2D-
coordinates in the plane of each view was determined through
coordinate transformation (Fig. S8t). First, the accurate move-
ment of the probe tip was demonstrated. If the probe tip posi-
tion is initially set at O (0, 0, 0), then the position of any point in
the space can be defined as A (x, y, z). For example, point A was
on the surface of the cell, between quadrants 2 and 4 (Fig. 4a
and b). If the microprobe moves in a straight line, it may cause
some damage to the cell. With the aid of 3D coordinates, the
path can be delicately designed to avoid damage.

The precision of the system is therefore important. If bend
and vibration can be avoided, the minimum displacement
accuracy of the probe is determined by the translation stage,
which is 1 nm. The observation precision is dependent on the
image resolution. The position of the microprobe tip was
deduced through the contour of the microprobe in the optical
image, and the exact shape of the microprobe near its tip was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Accurate manipulation of the microprobe through visualization. (a) The 3D coordinates of the two points on the cell and their 2D location
in the plane of each view by coordinate transformation, O (0, 0, 0) (point marked yellow, the initial probe tip position) and A (x, y, z) (points marked
in red). (b) Simulated position of the tip position at point A. (c) Images of the cell from different views, where the initial position of the probe tip is
marked in yellow; the sizes of three bright spots was measured based on their pixel intensity, and the FWHM values were 671, 683, and 789 nm (in
the red elliptical frame). (d) Location and coordinates of point A (marked red) in each view, where the red arrow represents the path of the tip
motion. (e) Point B (marked red) below the cell, on the edge of quadrants 7 and 8. (f) Point C (marked red) on the edge of quadrants 1 and 3 of the

cell. (Scale bar: 5 pm.)

confirmed by scanning electron microscopy (Fig. S91). The
diameter of the quartz tip was ~120 nm (internal diameter ~70
nm). Based on the results from multiple images, the position of
the tip could be determined with an accuracy of <1 pixel, which
represents 65 nm in this system. We defined the initial position
of the microprobe tip in each view as O (0, 0). When the cell was
fixed by the micropipette and the view was in focus (Fig. 4c), the
details of the cell with its variations in shape and size could be
seen, and the FWHM of the pixel intensity of the three adjacent
dots was 671, 683, and 789 nm (Fig. 4c).

The STSRM system can greatly assist judging the exact
position of the microprobe tip. When the tip reached point A
(8000, 6000, 4500 nm), typical images were taken at three
different views as shown in Fig. 4d. If just one or even two views
are used (with objectives 2 and 3), it is hard to judge if the tip is
at the correct position. The experimental results showed good
agreement with the simulations for the tip position relative to
the cell (Fig. 4b and Movie S2+t), which clearly demonstrates the
convenience of the proposed device. Different final positions of
the tip were then examined: point B (0, 6000, —8000 nm) below
the cell and on the edge of quadrants 7 and 8 (Fig. 4e); and point
C (—9000, 6000, 4500 nm) on the edge of quadrants 1 and 3
(Fig. 4f). By watching the location of the tip and the deformation
of the cell, we could judge whether or not the tip contacted the

© 2021 The Author(s). Published by the Royal Society of Chemistry

cell directly. When the tip was moved to quadrant 3 of the cell
(Fig. 5a and b), the tip and the cell were in the focal plane in all
three views. More visual information showed that the cell was
punctured. It could be seen that a deformation (yellow arrow)
was caused by the tip in the three images, and a shift in the focal
plane (red arrow) was caused by contact force in the images for
objectives 1, 2, and 3. Through image analysis, the plot profiles
in Fig. 5c (blue and green dashed lines in the images for
objective 1 of Fig. 4c and e, respectively) and Fig. 5d (in objective
3 images of Fig. 4c and e) show that the cell had almost no
displacement (<1 pixel), and that the tip did not touch the cell
using this resolution. The plot profile in Fig. 5e (blue and green
dashed lines in the images for objective 1 of Fig. 5a and b,
respectively) and Fig. 5f (in objective 3 images of Fig. 5a and b)
show a significant displacement (~1 pm and 500 nm) caused by
puncturing. When the displacement in the direction of the
puncture was ~390-520 nm (6-8 pixels), all cells were punc-
tured, as verified by fluorescence injection (n = 7) (Fig. 5f inset
and S107). These experiments have proved that it is not difficult
for the nanotip (~120 nm diameter) to penetrate the cell when
the cell is fixed. Through our studies on the location of the tip,
changes in the displacement, deformation of the cell, and
verification through fluorescence (Fig. 5 and S107), precise
spatial penetration can be achieved. The experimental results

Chem. Sci., 2021, 12, 4111-4118 | 4115
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Fig. 5 Single-cell puncture process and image analysis. (a) The tip is in
the front of the cell. (b) The tip is moved to quadrant 3 of the cell. It can
be seen that deformation (yellow arrow) of the cell was caused by the
tip, and the shift of the focal plane (red arrow) was caused by the
contact force in objectives 1, 2, and 3. Plot profiles (c) (blue and green
dashed line in the images of objective 1 of Fig. 4c and e) and (d)
(objective 3 images of Fig. 4c and e) show almost no cell displacement,
and the plot profiles (e) (blue and green dashed lines in the images of
objective 1 of a and b) and (f) (objective 3 images of (a) and (b)) show
significant displacement (~1 um and 500 nm). The penetration can be
verified by displacement and injection of a fluorescent solution into
the cell (f) (Fig. S107). (Scale bar: 5 um.)

have shown that, compared with a single-view setup, the spatial
puncture of a single cell in this triple-view system can provide
lots of different information.

Alternative puncture path to reduce physical cell damage

We have shown that the STSRM system is compatible with the
fluorescence mode. A combination of the cell contour in bright
field mode and with the organelles in fluorescence mode is
shown in Fig. 6a. Studying the spatial relationship between the
target point D (the centroid of an organelle) and the cell
contour, we can easily establish a movement path for the probe
that causes less damage to the cell whilst monitoring the
process in real time. We simulated the puncturing process by
targeting point D inside the cell with a nanotip (diameter
100 nm, cone angle 30°). Three paths (Fig. 6b-d) were demon-
strated by adjusting the tilt angle of the tip, and the volume of
the damage from the tip movement was evaluated by Boolean
calculation. Apparently, if a bottom view is used, we will not
realize that the puncture path will bring different degrees of cell
damage. Damage is more obvious in images from objective 2;
meanwhile, the volume (V) and surface area (S) values of path 3
are three times and twice those obtained using path 2,

4116 | Chem. Sci, 2021, 12, 41M-4118
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Fig. 6 Alternative puncture paths to reduce physical cell damage. (a)
The organelles were labeled with Hoechst 33342, the red circle
represents the cell contour, and the target was point D, the centroid of
the organelle. (b—d) The 3D volume (V) and surface area (S) of the
cytoplasmic damage (yellow box) are significantly different using
different puncture paths obtained by adjusting the tilt angle of the tip:
green tip, path 1 (b); blue tip, path 2 (c); and red tip, path 3 (d). (Scale
bar: 5 pm.)

respectively (Fig. 6¢ and d). In this case, path 1 is the best
(Fig. 6b) as it causes only 1/23.7 of the volume damage and 1/9
of the surface area damage of path 3. If the tip used had a larger
diameter or cone angle, the damage caused by the paths would
be more significant. The choice of path is therefore critical for
minimizing damage to the cytomembrane, ion dynamic equi-
librium, and intracellular actin.*® In addition, correct selection
of the probe tip and observation of its movement are necessary
for preventing damage to the tip itself, especially if a nanotip is
used. To verify cell viability, 15 cells were punctured and, after
24 hours, it was verified that the cells were still alive by trypan
blue staining (Fig. S11f). Based on these observations the
proposed system has great application potential.

Conclusions

The traditional optical microscope only provides 2D positioning
of an object, manipulation, and 2D verification of the rotation
angle.**** Our STSRM system can achieve the simple and rapid,
label-free spatial positioning of objects such as organelles in
a freely suspended single cell using a nanopipette. Irregular
spatial movement information can be obtained for single-cell
dynamics, and accurate spatial puncture of a suspended
single cell can be achieved for content extraction to reveal the
intracellular spatial heterogeneity of metabolism. For less
destructive manipulation of cells, the tip size used is typically
a concern.'”*® However, as the manufacture of ever-smaller tips
becomes increasingly difficult and the optical resolution that is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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achievable with smaller tip diameters is limited (to >30 nm),*
the pursuit of even smaller tips becomes ineffective. It is note-
worthy that damage to the cells could be reduced greatly by
choosing the best puncture path according to the known spatial
position of the target. By referring to nanopipette cone angles
given in the literature,™*® it can be calculated that the diameter
of the perforation is more than 1 pm when the puncture depth
is 5 um, which would cause severe damage to a cell. Therefore,
choosing the right path is absolutely necessary. Possible appli-
cations of the STSRM system also include drug delivery for
subcellular organelles, gene engineering, and combination with
nanoelectrochemistry for in situ single-cell analysis.*”

Compared with a phase-contrast microscope (PC) and
a differential interference contrast microscope (DIC), the
STSRM system has several advantages. Experiments have shown
that the success rate of microinjection in the bright field is
higher than with PC and DIC.* In addition, the PC is suitable
for thin samples and not for spherical cells. Although the
samples used for DIC can be slightly thicker, and a 3D view can
be produced that is useful for micromanipulation, DIC may be
limited by the DOF of suspended cells and it lacks spatial
location and some morphology information because it uses
a single objective. By contrast, the STSRM system can provide
accurate spatial positioning and additional morphology infor-
mation for constructing a stereo vision, which can be of great
value for single-cell analysis. Furthermore, the STSRM system
shows potential in the research in translational medicine and
precision cancer medicine.
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