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Laser-based techniques for
non-destructive surgery on

individual cells

Duncan Casey and Douglas Wylie

Combining tightly focused laser beams with surface-treated microtools
enables injection and surface biopsies on individual live cells, with min-
imal disruption to their normal function.

To diagnose and assess diseases such as cancer, physicians typ-
ically make decisions based on averaged measurements taken
from thousands of cells obtained in tissue biopsies. This ap-
proach works perfectly for some diseases, but when searching
for one ‘bad apple” amongst thousands of healthy neighbors, or
if a disease mutates and changes as it grows, vital information
can be lost. The resolution of biopsy techniques is a major ob-
stacle in many applications, such as when studying circulating

tumor cells in metastatic cancer?

or when attempting to identify
the correct cocktail of chemotherapeutics to treat a tumor that
shows signs of drug resistance.

To address these issues, a range of single-cell approaches has
been developed. These include tools that are designed to allow
the same kinds of procedures associated with clinical medicine
or whole-animal studies, but for targets with diameters of about
20um. The pioneers of this tactic were Gordon and Talansky,?
whose micro-injection methods eventually led to the develop-
ment of in vitro fertilization.> Although undoubtedly powerful,
these techniques require extreme skill on behalf of the experi-
menter, and are by definition limited to very low throughputs.
Worse still, these approaches present a substantial risk of dam-
aging the target cell, i.e., even the finest microneedle has a di-
ameter that is a substantial percentage of its target. Several alter-
native methodologies have since been developed. Microfluidic
platforms, for example, can be used to separate individual cells
of interest from their surrounding matrix and isolate them for
amalysis.4 Almost all these approaches, however, require that the
cell is taken to the instrument—stripping it from its neighbors
and their complex webs of connections and communications—

and thus carry an increased risk of inducing artifacts.

Figure 1. Phosphatase and tensin homolog protein being sampled from
human embryonic kidney (HEK) 293 cells using smart droplet micro-
tools (SDMs) formed from Triton-X-coated hexadecane. The protein,
which is only weakly and transiently associated with the membrane,
was labeled with green fluorescent protein to aid visualization. (Top) A
bright-field image showing three 20pum-diameter HEK 293 cells sur-
rounded by trapped 1pm-diameter SDMs. (Bottom) The same image
under fluorescence conditions. (Inset) A fluorescing SDM, indicating
a successful sampling event.
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In our work we have therefore set out to achieve the oppo-
site process, through the technique of ‘optical trapping.” In this
approach, we use precisely sculpted and focused light, along-
side specialized surfaces and microtools, to take the experiment
to the cell in its native culture. Optical trapping was developed
during the 1970s, when it was experimentally observed that laser
radiation pressure alone was enough to manipulate small objects
and overcome their Brownian motion in suspension.® By focus-
ing laser light through a lens that has a high numerical aperture,
micrometer-scale objects can be simply captured and controlled
in 3D. We can thus create a tool that has similar characteristics
to a miniature tractor beam.® The cross section of this focal vol-
ume is essentially diffraction-limited, which means that traps
with diameters of about half the wavelength of the incident light
(typically around 500m) can be created. By definition, however,
the optical trapping approach produces a small focal volume of
extremely intense illumination. Even a low-power (ImW) laser
pointer will reach an intensity of more than 107W/m?2 when it
is focused to a relatively large 5pm-diameter spot (equivalent to
the intensity at the Sun’s surface). This means that targets must
be transparent or extremely reflective at the laser wavelength
used so that they are not damaged.

It is possible to produce and control such traps one at a time,
but experimental procedures using this approach are extremely
slow and arduous. To minimize calculation times, we used a

Figure 2. Human colon tissue (HCT 116) cells grown on a 1pum-thick
layer of amorphous silicon. Cells in the 10x5um red box were irradi-
ated for 10 seconds at 960nm in the presence of a boron-dipyrromethene
(BODIPY)-derived fluorescent dye. (Top) Confocal fluorescence image
showing the cells immediately after irradiation. (Bottom) The same

cells three minutes later.
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spatial light modulator that was linked to a bespoke software
package in OpenGL and driven by a gaming graphics processing
unit to generate traps holographically.” In this way, we were able
to produce up to 24 individually addressable traps. We thus had
the tools to manipulate objects in 3D through a straightforward
point-and-click interface. We used these systems to grip our
smart droplet microtools (microparticles coated with mixtures
of synthetic surfactants) and were then able to remove material
from the cell membranes as the probe coating exchanged with
lipids in the target cell.® With this process, we enabled the sam-
pling of any membrane-bound molecule, including transiently-
associated proteins such as phosphatase and tensin homolog
(see Figure 1).

Cells are not obviously damaged during the procedure and
can be repeatedly sampled. This means we can start to gener-
ate time-lapse data that shows a cell’s changing response(s) to
stimuli. Furthermore, we can deposit sampled material onto a
second surface using a solid-supported lipid bilayer (a surface
treatment to trap the sampled material),? which offers the poten-
tial for coupling to single-molecule detection systems (e.g., to-
tal internal reflectance microscopy). This would provide a truly
quantitative read-out of cellular behavior.!?

Optical traps are also useful for injecting material. We found
that cells grown on amorphous silicon (as used in solar panels)
selectively and reversibly developed membrane nanopores un-
der illumination from IR lasers, to which they would typically be
’cransparen’c.11 We can therefore deliver materials (such as dyes,
nucleic acid, and proteins) to specific cells and even to specific
regions of a single cell, in a way that does not obviously dam-
age the cell’s ability to function (see Figure 2). Observations like
these have previously been made with different substrates,!? but
we were able to measure the pores” diameters using quantum
dots as sizing tools, and thus provide wholly new insights into
the pores” energetics and their effects on the target cell. These
findings have turned the pores from a scientific curiosity into a
practical tool for sub-cellular injection.

In summary, we have developed new tools based on opti-
cal trapping. These tools provide the fundamental platforms re-
quired to perform manipulations, surgery, and diagnostics at the
single-cell level. Although our approach is still at an early stage
of development, it should be easy to automate. We plan to pro-
gram the software to look for certain shapes (either cells or smart
droplet microtools) and perform experiments on them without
manually driving the process ourselves. We could therefore use
our optical trapping tools to sample and profile large numbers
of cells very quickly. This property is essential for their practical
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use in clinical medicine, and they may one day yield a platform
capable of providing genuinely personalized medicine in oncol-
ogy wards. Furthermore, the tools may provide the ideal method
of studying the true fundamentals of biology, e.g., to ‘tickle the
toes” of individual neurons, and thus analyze the behavior of
nervous systems at the subcellular level. As our understanding
of the techniques develop, we will use these tools to peer deeper
into the cell to identify what makes one cell become malignant
and its neighbors remain unaffected.

The authors thank the UK Engineering and Physical Sciences Research
Council for funding via grant EP/I017887/1, and the Centre for Doc-
toral Training Studentship grant EP/[500239/1 (through the Institute
of Chemical Biology, Imperial College London).

Author Information

Duncan Casey
Liverpool John Moores University
Liverpool, UK

Duncan Casey is a multidisciplinary researcher who specializes
in developing physical tools for the study and manipulation of
biological systems. His current research includes single-cell bio-
physics, biophotonics, and the development of patterned, artifi-
cial membranes for synthetic biology.

Douglas Wylie
Proxomics Group
Imperial College London
London, UK

10.1117/2.1201605.006474 Page 3/3

References

1. S. Nagrath, L. V. Sequist, S. Maheswaran, D. W. Bell, D. Irimia, L. Ulkus, M. R.
Smith, et al., Isolation of rare circulating tumour cells in cancer patients by microchip
technology, Nature 450, pp. 1235-1239, 2007.

2. J. W. Gordon and B. E. Talansky, Assisted fertilization by zona drilling: a mouse
model for correction of oligospermia, J. Experim. Zool. 239, pp. 347-354, 1986.

3. G. Palermo, H. Joris, P. Devroey, and A. C. Van Steirteghem, Pregnancies after
intracytoplasmic injection of single spermatozoon into an oocyte, Lancet 340, pp. 17-18,
1992.

4. G. T. Salazar, Y. Wang, G. Young, M. Bachman, C. E. Sims, G. P. Li, and N. L.
Allbritton, Micropallet arrays for the separation of single, adherent cells, Anal. Chem.
79, pp. 682687, 2007.

5. A. Ashkin, Acceleration and trapping of particles by radiation pressure, Phys. Rev.
Lett. 24, pp. 156-159, 1970. doi:10.1103 / PhysRevLett.24.156

6. D. Casey and ]. Dooley, Optical tools for single-cell manipulation and analysis, in
E-G. Tseng and T. S. Santra (eds.), Essentials of Single-Cell Analysis, pp. 131-157,
Springer, 2016. doi:10.1007/978-3-662-49118-8_5

7. P. M. P. Lanigan, I. Munro, E. J. Grace, D. R. Casey, J. Phillips, D. R. Klug, O.
Ces, and M. A. A. Neil, Dynamical hologram generation for high speed optical trapping
of smart droplet microtools, Biomed. Opt. Express 3, pp. 1609-1619, 2012.

8. P. M. P. Lanigan, K. Chan, T. Ninkovic, R. H. Templer, P. M. W. French, A. J. de
Mello, K. R. Willison, et al., Spatially selective sampling of single cells using optically
trapped fusogenic emulsion droplets: a new single-cell proteomic tool, J. R. Soc. Interface
5, pp. S161-5168, 2008.

9. A.Schrems, J. Phillips, D. Casey, D. Wylie, M. Novakova, U. B. Sleytr, D. R. Klug,
M. A. Neil, B. Schuster, and O. Ces, The grab-and-drop protocol: a novel strategy for
membrane protein isolation and reconstitution from single cells, Analyst 139, pp. 3296—
3304, 2014.

10. A. Salehi-Reyhani, J. Kaplinksky, E. Burgin, M. Novakova, A. J. deMello, R. H.
Templer, P. Parker, et al., A first step towards practical single cell proteomics: a microflu-
idic antibody capture chip with TIRF detection, Lab Chip 11, pp. 1256-1261, 2011.

11. D. Casey, D. Wylie, J. Gallo, M. Dent, A. Salehi-Reyhani, R. Wilson, N.
Brooks, et al., A novel, all-optical tool for controllable and non-destructive po-
ration of cells with single-micron resolution, Opt. Life Sci.,, p. BW1A.5, 2015.
doi:10.1364/BODA.2015.BW1A.5

12. L. Gu, V. Varadarajan, A. Koymen, and S. Mohanty, Photothermal po-
ration of cells using carbon nanoparticles, Biophys. J. 100, p. 623a, 2011.
doi:10.1016/j.bpj.2010.12.3584

© 2016 SPIE




