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Formation of Large Intracellular Actin Networks
Following Plasmonic Cell Fusion

Julia Belansky

Abstract— Following fusion between two or more individ-
ual cells, the resulting cellular entity must undergo exten-
sive restructuring of its plasma membrane and cytoskeleton
in order to maintain its mechanical and physiological func-
tion. In artificial cell fusion that is executed by external trig-
gering, such restructuring could be problematic due to the
absence of preconditioning biological signals. In this work
we study the reorganization of the actin filaments in adeno-
carcinoma cells that were fused using plasmonic triggering,
i.e. the irradiation by resonant femtosecond laser pulses of
cells specifically targeted by gold nanoparticles. Time-lapse
confocal microscopy of the fusing cells has revealed the for-
mation of large-scale actin networks that preserve the local
orientations of the original actin cytoskeletons. The results
confirm the local nature of the plasmonic interactions that
were confined to the cells’ plasma membranes and would
help studying the development and dynamics of actin net-
works by offering a relatively stable, living cellular environ-
ment that supports large-scale actin growth.

Index Terms— Actin filaments, cancer cells, femtosecond
pulses, gold nanoparticles.

|. INTRODUCTION

USION between two or more individual cells takes part

in a wide range of natural biological processes includ-
ing fertilization [1], muscle development [2], formation of
bone [3], [4] and placenta [5], generation of multinucleated
immune cells [6], and stem cell mediated tissue regenera-
tion [7], [8]. Cell fusion also plays a role in cancer tumori-
genesis [9], [10], metastasis [11], drug resistance and genetic
instability [9], [12] in tumors, and has been found to occur
spontaneously among malignant cells [13] and between malig-
nant and normal (stromal and epithelial) cells [14]. Following
fusion, the resulting hybrid cells may acquire new properties
and exhibit increased heterogeneity [15]-[17]. As a result,
polyploid giant cancer cells were found to be highly tumori-
genic and chemoresistant [18], and fusion of cancer cells
with macrophages have resulted with an increased metastatic
potential [10], [16]. Cancer stem cells [19] that result from
cell fusion may also take part in metastasis [20], and leukocyte
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and neoplastic hybrid cells circulating in cancer patients could
indicate the disease stage and predict survival rates [21].
Within tumors, approximately 6% of the cells were identified
as fused cells [15], and following chemotherapy fusion rates
have increased by up to 12% [15], [16].

Unlike natural cell fusion processes, which are regulated
by various biological signals [22], [23], artificial cell fusion
must be triggered by an external signal. Numerous studies on
cancer [24], embryonic development [25] and production of
monoclonal antibodies [26] often rely on disrupting the plasma
membrane between neighboring cells using electric fields [27],
culturing with polyethylene glycol medium [28], [29], irradia-
tion by a tightly focused laser beam [30], [31], and viral trans-
fection [32], [33]. Recently, our research group has demon-
strated specific cell fusion using selective attachment of gold
nanospheres to the cells’ membrane followed by illumination
by a series of intense ultrashort laser pulses tuned to the parti-
cles’ plasmonic resonance [34], [35]. The strong photothermal
and photoionization effects [36]—[38] around the particles gen-
erate multiple nanometric-scale cavitation bubbles that disrupt
the membranes, resulting in widespread membrane unification.
While the physical mechanisms that trigger the fusion are
extremely fast (order of femtoseconds [39]), the subsequent
cellular and intracellular dynamics is much slower, becoming
visible through the microscope only several minutes after
irradiation [35]. In some cases, membrane and nuclei dynamics
within the fused cells were visible even hours after irradiation.

In this work, we study the reorganization of the actin
networks within the giant cells that were formed by plasmonic
fusion [34], [35], [40] of breast cancer cells. We hypothesize
that in order to remain viable, the resulting cellular entities
must restructure and develop their cytoskeleton, in particular
their actin network [41], [42], under the specific physiolog-
ical and mechanical constraints exhibited by the cell. Using
time-lapse confocal microscopy of the fusing cells, we found
that the cells gradually develop an extensive actin network
with local fiber orientations that preserve those of the original
cells. This study may benefit our understanding of the cellular
processes that follow plasmonic cell fusion and would provide
a unique intracellular environment that supports actin network
development on large scales.

1. MATERIALS AND METHODS
A. Cell Transduction and Culture

MDA-MB-468 epithelial cells (American Type Culture Col-
lection) were transduced by a lentivirus for constant expres-
sion of fluorescent F-actin filaments and plasma membrane.
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For actin labelling only (single transduced cells), a vector
encoding Lifeact, a 17-amino-acids peptide, together with
mCherry fluorescent protein (exited at 558 nm) (A gift from
Prof. Johan de Rooij, Universitair Medisch Centrum Utrecht,
Holland) was used for transduction. Lifeact binds to filamen-
tous F-actin in eukaryotic cells and tissues [43]. Additional
membrane labelling (double transduced cells) was achieved
using the N-terminal 20 amino acids of neuromodulin, together
with green fluorescent protein AcGFP1 (exited at 475 nm) on
pAcGFP1-Mem vector (Clontech Laboratories). All cultures
were grown at 37 °C and 5% CO, in DMEM medium (Invit-
rogen). The medium was supplemented with 2 mM glutamine
and 5 mM sodium pyruvate in addition to 10% heat-inactivated
fetal bovine serum. Cell cultures were seeded in an eight-well
glass-bottom chamber slide.

B. Nanoparticle Preparation

Monodispersed gold suspension of nanospheres of 20 nm
diameter was prepared by reducing gold chloride with sodium
citrate in aqueous solution [44]. The particles were then
stabilized by OPSS-PEG2000-NHS (PEGWorks) which was
also used to covalently couple the anti-EGFR [46] monoclonal
antibodies (Thermo Scientific, clone designation EGFR.1) to
the particles [45].

C. Cell Targeting by Gold Nanoparticles

The MDA-MB-468 cells (2-3 x 10° cells/ml) were incu-
bated for 3 hours at 37 °C and 5% CO, with 7.5 x 1010
anti EGFR-coated gold nanospheres. Following incubation,
cells were washed off unbound nanoparticles (three medium
washes) prior to laser irradiation. Control experiments were
conducted in parallel to all experimental procedures, including
particle-targeted cells without irradiation and irradiation of
cells without nanoparticles.

D. Laser Irradiation

Our laser and microscope system was described in details
in Ref. [34]. Briefly, a beam from a Ti:sapphire oscillator
(Spitfire Pro XP and MaiTai, Newport Corp) was wavelength-
tuned to 550 nm for matching the plasmon resonance of
the gold nanospheres, using an optical parametric amplifier
(Topas-C, Spectra Physics). Pulse duration was 50 fs with
1 kHz repetition rate. Cells were irradiated within 8-well
chamber slides (Lab-Tek II, Thermo Scientific) which were
placed within a small microscope incubator (Okolab Inc.)
with controlled temperature and CO; concentration. Irradiation
pattern was a 30 x 30 array of 330 xm diameter irradiation
spots, covering a of total area of 1 cm?. Multiple pulse
irradiations per spot were achieved by scanning the gaussian
beam at lower rates, so that each point was irradiated by
several consequent overlapping spots at 1 kHz.

E. Phase-Contrast and Confocal Time-Lapse Imaging

Phase-contrast time-lapse imaging was conducted using an
inverted microscope (Nikon Ti-E, 10 x, 0.3 NA objective lens)

with a single frame capture every 5 minutes. Time lapse con-
focal imaging (Zeiss LSM700 scanning confocal microscope)
was conducted using a 40 x 1.4 NA oil-immersion objective
with a full volumetric scanning every 5-10 minutes, limited by
the imaging exposure time. Nuclear visualization was obtained
using DAPI (Sigma) staining. Actin fiber orientation was
mapped using time-lapse tiled confocal microscopy, allowing
imaging of large areas (up to 6 x 6 tiles, 1.92 x 1.92 mm? each
tile) before and after irradiation. A small mechanical scrape
in the cell culture was used for marking the field of view for
repeatable imaging.

F. Data Analysis

Initial processing of the time-lapse confocal images was
done using Imagel software, adjusting color, brightness, con-
trast and gamma. Actin filaments in each frame were selected
and their orientation was manually segmented using MAT-
LAB. Pearson correlation test was performed for statistical
analysis with a = 0.05.

I1l. RESULTS

Adenocarcinoma MDA-MB-468 cells (Fig. 1, top panels)
expressing fluorescent (mCherry) filamentous actin were incu-
bated with the anti-EGFR-coated gold nanospheres (20 nm
diameter) and irradiated by a series of 15 ultrashort pulses
(50 fs pulse duration, 29 mJ/cm? per pulse, 1 kHz repetition
rate) that were tuned to the plasmonic resonance of the
particles (550 nm wavelength). Cell fusion was first visible
15 minutes after irradiation, and gradually expanded across the
culture until 45 minutes after irradiation, were approximately
50% of the culture area was covered by giant multinuclear
cells (see supplementary Fig. 1). Control experiments without
nanoparticles or without laser irradiation did not reveal any
cell fusion.

Immediately after irradiation the average fluorescence from
the actin fibers dropped by approximately 45% in all irradiated
cultures (with or without nanoparticles), most likely due to
fluorescence quenching caused by the intense laser irradiation.
The fluorescence signal was gradually recovering over time,
reaching and often exceeding its initial levels several hours
after irradiation, most likely due to the continuous generation
of new F-actin in the fused cells. Additionally, some of the
cells (approximately 20%) that were initially dark had become
visible in the fluorescence image as fusion progressed (Fig. 1,
bottom panels) due to the spread of the fluorescent actin within
the resulting large cells.

In order to correlate between the reappearing actin filaments
and the actin cytoskeleton of the original cells, we have
identified individual cells and intercellular features in the
confocal images before and after irradiation (two white rec-
tangles in Fig. 1 represent selected regions of interest) and
measured the local fiber orientation at these locations. The
reappearing actin orientations were found to be well correlated
(r = 0.795, p = 0.0007) with those of the original cells,
suggesting that the new actin network was created based on
the original cytoskeletons, which were not entirely destroyed
by the plasmonic interactions.
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Before irradiation

After irradiation (2h)

Fig. 1.

Actin orientation before and after cell fusion. Middle panels: confocal microscopy of F-actin labelled adenocarcinoma MDA-MB-468 cells

targeted by anti-EGFR gold nanoparticles. The high magnification views in the left and right panels correspond to of the regions marked by the white
rectangles. The plots at the bottom-right of the panels represent the difference in filament angle between the top and bottom panels at the locations
marked by the double-headed arrows that are aligned with the local filament orientation.

The gradual formation of the cytoskeleton within the newly
formed giant cells was observed by time-lapse confocal
microscopy of the developing actin networks (Movie 1). The
first image (Fig. 2a), acquired 12 minutes after irradiation,
revealed the faint fluorescence from the remaining actin net-
works, in addition to small, bright fluorescent aggregates
(marked by white arrows) that may correspond to the dis-
integrating actin filaments. Small aggregates were still clearly
visible 40 minutes after irradiation across the entire field of
view, while recovering actin filaments were gradually becom-
ing more evident within the cells (Fig. 2b). Approximately
320 minutes after irradiation (Fig. 2c) the aggregates had
cleared out completely, and the actin filaments became clearly
visible across the cell. Using manual tracing of the local
orientation of the actin filaments between 15 and 387 minutes
after irradiation (see arrows in the lower panels in Fig. 2),
we have found that the fiber orientation was largely maintained
(r = 0948, p = 0.0011) across the giant cell, with local
angle changes smaller than 25° for all locations (Fig. 2d). The
almost flat tendency of the curves in Fig. 2d indicates that the
new actin network generally follows the local cytoskeletons
of the original cells, which were not significantly damaged by
the laser irradiation. Gradually, all local networks within the
new giant cell seemed to evolve into a long and continuous
net of filaments, resulting in a large-scale actin network that
spanned over the entire cell.

Simultaneous cytoskeleton and membrane labelling were
made possible using MDA-MB-468 cells that were modified
to express both actin (mCherry) and membrane (AcGFP1)
fluorescence, allowing visualization of the actin fibers in

the context of the rupturing and fusing membranes (Fig. 3).
Thirteen minutes after laser irradiation of the dual-label cells,
several gaps in the plasma membranes were visible across
the field of view (membrane gaps marked by arrows in the
top-right panel of Fig. 3). Over time, these gaps were gradu-
ally expanding until most of the original membranes between
the individual cells disappeared completely. The actin fila-
ments in these cells appeared to develop end evolve similar to
those within the actin-only labelled cells, forming large-scale
networks that preserve the local filament orientations of the
original cells.

During these experiments, however, we have found that
the cells with the dual viral transduction were considerably
more fusogenic compared to the cells without membrane
labelling, most likely due to the reduced mechanical con-
sistency of the plasma membranes in the presence of the
fluorescent molecules. Under similar experimental parameters,
the dual-transduction cells have formed giant multinucleated
fusion products that covered more than twice the area that was
covered by the non-transduced cells or by the cells with actin
labelling only (Fig. 4).

Using less intense irradiation pulses (25 mJ/cm? per pulse),
the high fusogenic potential of the dual labelled cells resulted
in nearly 100% fusion across the entire cell culture, form-
ing numerous giant multinuclear cells. The relatively long
(approximately 5 hours) period during which those cells have
remained viable allowed effective time-lapse imaging that
reveals the gradual development of the local actin fibers
into a giant filament network that spans over hundreds of
microns across the entire cell volume (Fig. 5a and Movie 2).
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Fig. 2. Actin reorganization within a giant fused cell imaged 12 minutes
(a), 40 minutes (b) and 320 minutes (c) after irradiation. Red and blue
fluorescence correspond to actin (mCherry) and nuclei (DAPI) labelling,
respectively. The bottom panels show the actin (mCherry) fluorescence
only, with colored arrows marking local filament orientation. d) The local
filament orientation angle remains mostly constant over time, with total
orientation changes smaller than 25°. Scale bar represents 10 um.

High magnification views 130 minutes and 270 minutes after
irradiation (Fig. 5b, c) show the actin filaments as they reorient
and align with their surrounding environment, as evident by
plotting the local filament angles at two nearby locations (red
and green arrows in 5b and 5c as a function of time (Fig. 5d).
Note that the reorientation of these fibers is not gradual over
time, but rather occurs relatively rapidly at approximately
220 minutes after irradiation, when the large-scale actin net-
work is established.

V. DISCUSSION

Plasmonic cell fusion in high-confluence nanoparticle-
labelled cell cultures [34], [35] often results in the formation
of giant, multinucleated living cells that support large-scale
actin filament growth. The process of plasmonic cell fusion,
schematically illustrated in Fig. 6, begins with the incubation
of the cells with the gold nanospheres that were coated by a
thin layer of PEG molecules and a few anti-EGFR molecules
having high affinity to the overexpressed membranal EGFR
(Fig. 6a-b). The violent, yet highly confined physical and
mechanical processes [38], [47]-[49] triggered by the resonant
femtosecond pulses, disrupt the plasma membranes of the
cells (Fig. 6¢) at multiple locations, leading to massive cell
fusion and gradual dissolution of the residual membranes
between the cells (see also Fig. 3). Evidently, despite the

13 min

Fig. 3. Membrane rapture and disintegration during plasmonic fusion.
The cells underwent double transfection for labelling both their mem-
branes (green) and actin (red). Confocal images (maximum intensity
projection of 3 optical sections) of the same field of view 13 minutes,
27 minutes and 70 minutes after irradiation reveal the local membrane
gaps (white arrows) as they spread and disintegrate over time, in parallel
to the gradual recovery of the red actin fluorescence within the new cell.
Scale bars represent 10 um.
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Fig. 4. Percentage of fusion area one hour after irradiation in cell cultures
without transduction (left bar), with F-actin labelling only (central bar), and
with both F-actin and membrane labelling (right bar).

widespread membrane disruption, the main actin network in
each individual cell is not entirely destroyed, and the fusing
cells seem to preserve their general actin orientation (Fig. 2d).

The resulting giant cells, which could be comprised of
several dozens of the original cells, remained viable for hours,
during which they develop networks that spans over thousands
of square microns (Fig. 6e). The continuous increase of the
fluorescent signal from the actin fibers indicates that the
Lifeact peptide is continuously generated in the cell’s nuclei
and contributes to the formation of the new network.
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Fig. 5.  Actin fiber reorganization in fused adenocarcinoma cells
expressing both actin and membrane fluorescence. a) Confocal image
captures 270 minutes after irradiation, showing a single giant cell.The
process of actin reorganization is visible by comparing two magnified
views 130 minutes (b) and 270 minutes (c) after irradiation. The green
and red arrows mark local filaments that are gradually unified to form
a continues structure. d) Angle of the actin filaments marked by the
colored arrows between 35 and 308 minutes after irradiation. Scale bar
represents 10 um.

These giant cells could be useful for studying actin dynam-
ics in an environment that, in many aspects, preserves the
physiology of an original living cells. Compared to other
in vitro environments [42] and artificial models used for
studying F-actin development [50], these giant cells would
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Fig. 6. Schematic illustration of plasmonic cell-cell fusion. Following the
attachment of anti-EGFR gold nanoparticles (a) to the cells’ membranes
(b) and subsequent laser irradiation, gaps in the cells’ plasma mem-
branes (c) lead to cell fusion (d) that preserves the actin cytoskeleton of
the original cells. Over time, a large-scale actin network is formed based
on the original actin filaments.

allow studying the cytoskeleton in a biological environment
under conditions that could be controlled and monitored over
time, for example by exerting local strains for studying actin
realignment and dynamics [51]. Such cells may also be useful
for studying other actin structures, including cortex actin,
transverse arcs and lamellipodia.

A main challenge in using plasmonic fusion for studying
actin development is maintaining these giant cells viable and
stable for long durations. In most of our experiments, actin
growth was interrupted after several hours as a result of
abrupt detachments of the giant cells from the glass substrate.
Factors that contribute to cell detachment may include the
high cell confluence in the original cultures, as well as excess
of reactive oxygen species that were generated by the laser
irradiation [40]. Additional experiments would be required for
studying and improving cell stability over time, for example by
using three- dimensional cell-supporting substrates [52]-[54]
that could provide better mechanical support and nutrient
supply to the cells. Additional experiments are also planned
for studying the motility of the fused cells for assessing the
function of their cytoskeletons, particularly in cells comprising
much smaller number of cells, which are expected to better
preserve cell function and viability.

Another challenge that should be addressed is the long
delays between the application of the fusion-triggering laser
pulses and the beginning of the time-lapse confocal imaging.
Unfortunately, the large laser system could not be integrated
into our confocal microscope, and the irradiated cultures had
to be transferred manually to the microscope for imaging. As a
result, we could not observe cell dynamics immediately after
irradiation, and hence could not confirm the results reported
by Gerisch et al. [41], for example, where the cortex actin in
Dictyostelium discoideum cells following electroporation was
found to polymerize for bridging the membrane gaps only
twelve seconds after applying the electric pulse.

Finally, studying the large cells resulting from plasmonic
fusion may benefit some potential therapeutic applications that
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utilize noble-metal nanoparticles and laser irradiation, includ-
ing photothermal therapy [55]-[57], plasmonic photoioniza-
tion [35], [39] and plasmonic cell transfection [58]-[60].
This is because the laser-particle interactions in all these
applications, in addition of causing the desired effect, may
also lead to occasional cell-cell fusion. For example, instead
of being terminated by the laser-particle interactions as
intended [55]-[57], neighboring cells may occasionally fuse
together, forming hybrid cells that may evade destruction [34]
and lead to undesired side effects.

V. CONCLUSION

We have utilized plasmonic cell fusion for creating giant
cells that support actin growth over thousands of square
microns. Our results suggest that the rapid local plasmonic
effect generated around the irradiated gold nanospheres does
not entirely eliminate the main body of the actin cytoskeleton
in the individual cells, allowing the formation of a new,
large-scale actin network whose orientation is based on the
cytoskeletons of the participating cells. The results may help to
better understand the net effect of plasmonic fusion on the cells
and could be employed to form new intracellular environments
for studying actin and cytoskeleton development.
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