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Abstract Femtosecond-pulsed laser irradiation was found to initiate giant plasma mem-
brane vesicle (GPMV) formation on individual cells. Laser-induced GPMV formation
resulted from intracellular cavitation and did not require the addition of chemical stressors
to the cellular environment. The viscosity, structure, and contents of laser-induced GPMVs
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were measured with fluorescence microscopy and single-particle tracking. These GPMVs
exhibit the following properties: (1) GPMVs grow fastest immediately after laser irradia-
tion; (2) GPMVs contain barriers to free diffusion of incorporated fluorescent beads; (3)
materials from both the cytoplasm and surrounding media flow into the growing GPMVs;
(4) the GPMVs are surrounded by phospholipids, including phosphatidylserine; (5) F-
actin is incorporated into the vesicles; and (6) caspase activity is not essential for GPMV
formation. The effective viscosity of 65 nm polystyrene nanoparticles within GPMVs
ranged from 32 to 434 cP. The nanoparticle diffusion was commonly affected by relatively
large, macromolecular structures within the bleb.

Keywords Giant plasma membrane vesicle (GPMV) - Single-particle tracking -
Membrane permeability - Micro-bubble - Viscosity - Bleb - Femtosecond laser pulse

1 Introduction

Giant plasma membrane vesicles (GPMVs), or blebs, are fluid-filled membrane-bound
protrusions from the extracellular surface of living cells. GPMVs result when the cortical
actin can no longer contain the intracellular pressure, resulting in a separation of the
plasma membrane from the cytoskeleton [1-8]. GPMVs are naturally created during cell
death, division, locomotion, signal transduction, or apoptosis. GPMV formation is generally
controlled by the cell through regulation of the cortical actin and plasma membrane by
complex cellular systems [9-11]. These natural GPMVs are reversible and triggered by
a protein-mediated, temporary, asymmetric loss of cortical actin integrity and are later
retracted back into the cell [4, 11-15]. In contrast, irreversible GPMVs may result from
a burn, blunt trauma, hypoxia, inflammation, poison, or infection when a sudden stress
induces cortical actin and plasma membrane separation [2, 57, 16-21]. These irreversible
GPMVs are an uncontrolled cellular response, are associated with necrosis, and are
occasionally called cell blisters [18, 19, 22]. Reversible blebbing has been well studied,
but little is known of the underlying biophysics of irreversible GPMVs. These irreversible,
stress-induced GPM Vs are the focus of this study.

Irreversible GPMVs are interesting in the context of understanding physiological
processes that result from necrosis, such as minimizing inflammation and scarring. Ir-
reversible GPMVs have also been used as a model system for the plasma membrane.
With GPMVs harvested from cell cultures, fundamental membrane properties can be more
easily examined. GPMVs previously have been used to better understand local variations
in membrane phase, tension, and curvature [16, 23, 24] in addition to the structure [25],
diffusion [26], and distribution of proteins on the plasma membrane [27, 28].

All studies that previously characterized irreversible blebs used bulk chemical or
physical treatments and affected all the cells within the culture. The ability to trigger
GPMV formation with pulsed lasers is distinct from previously reported bulk methods
because it allows controlled studies on a single cell in close proximity to unaffected control
cells. Additionally, laser irradiation allows for more specific control of the applied stress
parameters than bulk methods, including control of laser pulse duration, rate, intensity, and
focal spot location.

The intense electromagnetic fields of pulsed-laser systems provide advantages by in-
ducing multi-photon processes such as sub-diffraction limited ablation and enhanced light
absorption at the focal spot [29]. Irradiation-induced blebs present a unique opportunity to
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utilize a controlled, focused stimulus for the initiation and examination of specific cellular
processes. Towards this goal, we report on the capability of laser pulses to initiate GPMV
formation and the underlying properties of the blebs. We examine the GPMV pressure
gradients, internal viscosity, F-actin distribution, caspase activity, membrane permeability,
and phosphatidylserine (PS) externalization of the resulting GPMVs.

2 Materials and methods

Within this manuscript, many fluorophores, cell lines, and rheological techniques were
utilized. A brief description is given below and a detailed description is found in the
Electronic supplementary material. Additionally, figures labeled with an ‘S’ are in the
Electronic supplementary material.

Cell lines Ten different cell lines were examined to determine the generality of these
results, including continuous human epithelial lines (KB, FaDu, A431, MCF-7, MCA-
207, Jar, and Jeg-3), primary epithelial lines (UMSCC-22A), rat fibroblasts (Rat2), and
mouse red blood cells. MCF-7 cells are unique among this set because they are deficient
in caspase-3 activity [30]. MCA-207 cells were transfected with cytosolic green fluorescent
protein (GFP). All experiments were performed at 37°C and repeated on a minimum of 12
individually irradiated cells over a variety of cell passages.

Fluorophores Propidium iodide (PI), 10 kD anionic dextran-Alexa Fluor 488, 40 kD
anionic dextran-Alexa Fluor 488, Annexin V-Alexa Fluor 488, rhodamine 110-bis(L-
aspartic acid amide), (R110-AAA;), and phalloidin-Alexa Fluor 488 were obtained from
Invitrogen Corp. PI was added to the cell media at various times (spanning 2 h before to 2 h
after irradiation) and various concentrations (1-10 pg/mL) with identical staining pattern
in all vesicle forming cells. Dextran (25 mg/mL) was added to the cells at least 10 min
before irradiation. Annexin V in phosphate-buffered saline (PBS; 10 uL:2 mL) was added
to the cells at various times (spanning 40 min before to 40 min after irradiation). R110-
AAA; (60 uM) was added to the cells 45 min before irradiation. Phalloidin-Alexa Fluor
488 (210 nM) was added to the cells at various times (spanning 20 min to 40 min after
irradiation) and was occasionally rinsed after irradiation.

Caspase inhibition Two-hour incubation with 22 uM Z-Val-Ala-Asp(OCHj3)-
fluoromethylketone (Z-VAD-fmk, Biomol International L.P.) was used to reduce the
induction of caspase activity upon cellular stresses [13, 31].

Microscopy setup  Epifluorescent micrographs were captured for single-particle tracking
(SPT) at 15 frames per second for up to 40 s duration with a DP30 CCD camera on an [X81
inverted microscope with a 100x oil immersion, 1.35 NA UPlanAPO objective (Olympus
America, Inc.; Electronic supplementary material, Fig. S5). Fluorescent images were
processed with GIF Movie Gear (Gamani Productions), Photoshop CE (Adobe Systems,
Inc.), and Matlab (Mathworks, Inc.) to digitally zoom in, adjust contrast and brightness of
the entire image, and track the fluorescent beads.

Laser setup A solid-state pump laser (Verdi 532 nm, Coherent, Inc. at 5 W) and a passively

mode-locked Ti:sapphire laser (Femtosource Scientific, Femtolasers, Inc.) were used. Laser
pulses had a central wavelength of 790 & 10 nm with a full width at half-maximum of 115
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4 10 nm, repetition rate of 90 &= 5 MHz, compressed pulse duration of 9 £ 5 fs, 300 £+
60 mW time average power, and 3 £ 1 nJ/pulse. Laser pulses were transmitted through the
100x oil immersion inverted microscope objective and were expected to be 60 £ 10 fs in
duration after transmission through the objective [32]. Laser irradiation of cells occurred for
a duration of 0.1 s, which was generally sufficient to induce cavitation within the cytoplasm.

Fluorescent beads Fluorescent beads (Duke Scientific Corp.) were incubated with cells at
3.7 mg/mL for 3 to 5 h before irradiation. The beads were 65 nm diameter polystyrene,
carboxylic-acid-coated, and fluorescent at wavelengths similar to fluorescein (absorb at
490 nm, emit at 520 nm). Beads were internalized through natural, endocytotic uptake
mechanisms of the cell, as described previously [33].

Diffusion theory and terminology SPT was utilized here to determine the viscosity and
structure of GPMVs. The mean-square displacement (MSD) of the particle’s position x(¢)
is proportional to the time step, Az, such that:

MSD (A1) = (|x (1) — x (¢ + ADI?), = 2nDAt (1)

where D is the diffusion constant and # is the system dimensionality (e.g., 1D, 2D, or 3D).
The viscosity, i, of the surrounding media can also be calculated from tracking the diffusion
of a particle of known radius, r, according to:

ks T
= N 2
” 2anDr @
with Boltzmann’s constant kg, and temperature 7. The term “true viscosity” is reserved for
the viscosity measured by small particles (<5 nm diameter) that are affected only by the

viscosity of the solvent, while the term “effective viscosity” is used to represent the results
from larger particles which are affected both by the solvent and molecular crowding.

3 Results
3.1 Irradiation and vesicle formation

Femtosecond laser pulses were used to stimulate extracellular GPMV formation, or bleb-
bing, on individual living cells. The initial effect of laser irradiation was the creation of
short-lived gas-filled micro-bubbles (0.5 to 5 um diameter) within the cytoplasm of the cell
(15 to 30 um diameter). The micro-bubble formation, or cavitation, occurred within 0.1 s of
laser pulse exposure and lasted less than 3 s, similar to micro-bubbles observed previously
[34, 35]. Micro-bubble size was controlled with incident laser intensity, focus, and pulse
duration; greater incident power resulted in larger and/or numerous micro-bubbles.

With the laser properties used throughout these studies (3 nlJ/pulse, 90 MHz, 60-fs
duration), a 0.1 s exposure of the cells to the incident laser reliably produced a single micro-
bubble at the laser focus. The laser-induced blebs were preferentially formed on, but not
limited to the plasma membrane closest to the irradiation focus. Any modifications to
the setup that resulted in less light intensity at the focal spot reduced the probability
of cavitation. For example, slight misalignment of the laser, reduction of the incident
power, or elongation of the pulse duration reduced the probability of inducing cavitation.
Incident laser light of the same time-average power, but in a continuous rather than mode-
locked state, resulted in no cavitation or morphological changes by the cell. Mode-locked
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operation, with high peak intensity and multi-photon processes, was required for significant
absorption at the focal spot and micro-bubble formation.

Furthermore, the probability of cavitation varied with the location of laser focus on
the cells. The greatest probability of cavitation occurred when focused on the cytoplasm
of healthy cells. Focusing on the plasma membrane or nucleus reduced the probability of
cavitation. Interestingly, it was particularly difficult to cause cavitation in red blood cells,
and any cavitation that did occur was shorter lived (<1 s). The incident laser pulses used in
this study did not induce cavitation in water or cell growth media.

The smallest micro-bubbles (<1 um diameter) did not regularly initiate vesicle formation
within 10 min. Large micro-bubbles (>3 um diameter) resulted in large and numerous
GPMVs formed within 30 s of irradiation. Micro-bubble and vesicle formation were
observed on all nine different adherent cell lines examined (Fig. 1). Only mouse red blood
cells did not form GPM Vs upon irradiation. We hypothesize that this difference is due to the
substantially different spectrin-based cytoskeletal structure of red blood cells vs. the other
cell lines examined [36].

Large variation in GPMV size and number was found in similar irradiation events.
GPMV growth rates were fastest when the vesicle first started forming and decreased over
time. GPMVs continued to grow throughout the 500 min observation period and never
showed retraction (Fig. 2 and Electronic supplementary material, Fig. S1). This observation
of decreasing growth rate with time is interesting in light of a previous study in which a
constant growth rate of GPMV was observed during cell re-adhesion post-trypsinization
[1]. These variations highlight a difference between reversible and irreversible blebbing;
variations in the stimulus of GPMV formation (e.g. natural vs. stress-induced) can have a
profound effect upon vesicle growth rate, growth duration, and possible retraction.

The morphology of laser-induced GPMVs was compared to the GPMVs induced by
other common cell stressors: broad-spectrum UV light, hypotonic solutions, and physical
rupture. GPMVs from either the UV light or the physical rupture appeared morphologically
identical to the laser-induced vesicles; the vesicles were optically homogeneous, surrounded
by a PS containing membrane, and generally spherical. Cells exposed to a hypotonic
solution displayed stress and some vesicle formation; however, the vesicle morphologies
were considerably different. Cells in a hypotonic environment expanded uniformly and did
not tend to make localized, spherical vesicles on the plasma membrane.

3.2 Membrane permeability and GPMV contents

The flow of fluid into GPMVs from the cytoplasm and from the surrounding media was
observed via the flow of 10 kDa dextran, 40 kDa dextran, PI, and phalloidin. Before
irradiation, dextran did not interact with any particular cellular component, but was slowly
taken into the cytoplasm by pinocytosis [37]. Before irradiation, cells incorporated some
dextran, but the concentration of dextran in the surrounding media was greater than the
concentration in the cytoplasm, as determined by relative fluorescence intensity. Five
minutes after irradiation, the concentrations of dextran in the cytoplasm and bleb of the
irradiated cell were greater than the surrounding, unirradiated cells, but still less than the
surrounding solution (Fig. 3a—d). The surrounding solution was then replaced with fresh
PBS to demonstrate the bright fluorescence of the irradiated cell in comparison to the
background fluorescence and the unirradiated cells. This indicated that irradiation-induced
membrane permeability was sufficient for the flow of 10- and 40-kDa molecules from the
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<« Fig. 1 Pulsed-laser irradiation (790 nm, 62 fs, 3 nJ/pulse, 90 MHz) induces micro-bubble formation and
GPMV formation in both continuous and primary human cell lines and a rat fibroblast line. Each bright
field micrograph shows one irradiated cell (as indicated by the arrow) and vesicle formation on the plasma
membrane. Micrographs also include control cells within view for direct observation of the effects of
irradiation. The varieties of GPMVs shown here are also present in cells within a single cell line. The cellular
response to irradiation is not specific to any particular cell type, but rather seems to be a general response to
pulsed-laser irradiation by cells. An interesting exception is found for mouse red blood cells (RBCs) which,
although clearly damaged, do not form vesicles as a result of irradiation, as shown in the bottom right image

surrounding solution into the cytoplasm and the bleb and that dextran did not concentrate
within the cell.

PI is a small molecule that was used to test membrane integrity because it cannot enter
a cell with an intact plasma membrane. When PI enters a cell, it fluoresces brightly, binds
to nucleic acids, and accumulates within the cell. PI entered irradiated cells immediately
(<30 s) after irradiation and continued to enter cells for up to 2 h after irradiation (Fig. 3e—
f). The irradiated cells presumably never recovered their membrane integrity, as expected
for necrotic cells.

Flow of material from the cytoplasm to the GPMV was observed in GFP-expressing
cells (Fig. 3g-h). The GFP initially was distributed throughout the cytosol, not bound to
any particularly cellular protein. Upon blebbing, GFP entered the bleb immediately. This
shows that material flows from the cytoplasm to the GPMV. Over time, the intensity of the
GFP fluorescence signal from the entire irradiated cell decreased relative to the neighboring
control cells. This is consistent with the hypothesis that material escapes from the cytoplasm
into the surrounding media upon irradiation (Fig. 3h). GFP was never directly observed in
the extracellular media; however, dilution would make the fluorescence undetectable.

600 -~ .

GPMV Area (um?)

0 1 L) T
0 10 20 30 40 50 60 70
Time After Ablation (min)

Fig.2 GPMYV growth begins soon after irradiation, usually within the first 30 s. Generally, vesicles’ growth
rates decrease soon after they were initiated; however, they do not reach a final size within 60 min (for an
example over 500 min, see Electronic supplementary material, Fig. S1). The vesicle volume can be estimated
by assuming a spherical vesicle, in which case, these results do not change significantly. These data have a
10% uncertainty due to errors in visual vesicle edge determination and variation in microscope focal plane
height relative to the largest vesicle cross-sectional area
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Fig. 3 Material flows from the surrounding media into the irradiated cell, from surrounding media into
GPMVs, and from the cytoplasm into the GPMVs of irradiated cells. The irradiated cell in each bright
field micrograph is indicated by the arrow and is surrounded by control cells. The KB cells at 37°C were
surrounded by 40 kDa anionic dextran-AlexaFluor 488 (a, b), 10 kDa anionic dextran-Alexa Fluor 488 (c,
d), or propidium iodide (e, f). MCA-207-cytosolic GFP cells (g, h) were irradiated and emitted fluorescence
from both the cytoplasm as well as the GPMVs. The difference in fluorescence intensity from the irradiated
and control GFP-expressing cells indicates that cytoplasmic material is also released from the irradiated cell

The F-actin filaments in the cytoplasm and the vesicle were examined with phalloidin-
Alexa Fluor 488. Phalloidin bound strongly to F-actin and was observed throughout the
cytoplasm and the vesicle after irradiation (Fig. 4). Long filaments of F-actin were observed
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2.0 pm"

Fig.4 The GPMVs of irradiated cells incorporate F-actin without any filamentary structure at 37°C. Bright
field and fluorescence micrographs of two irradiated KB cells and approximately nine control cells in a PBS
solution containing phalloidin-Alexa Fluor 488 are shown. GPMV formation and strong fluorescence were
observed for both irradiated cells, as indicated by arrows. The phalloidin was presumed to be bound to F-actin
and to collect in the cell and GPMVs due to their increased brightness with respect to the surrounding media
before the excess phalloidin is rinsed off. The concentration of phalloidin in the cytoplasm is clearly higher
than that in the GPMV; however, carefully chosen brightness and contrast settings show both filamentary
structure through the cytoplasm and uniform fluorescence throughout the GPMYV significantly higher than
the background

throughout the cytoplasm; however, no filaments were observed in the GPMVs. This
confirms that material flows from the cytoplasm into the bleb. These experiments also show
that the bleb contains actin, however not in long filaments.

3.3 Caspase effects

The biochemical effects of laser irradiation were tested through fluorescent studies with
(R110-AAA;). R110-AAA; is only fluorescent after cleavage by caspase. The presence
of caspases indicates the biochemical cascade associated with apoptosis and eventual cell
death. Irradiated cells displayed strong R110-AAA,; fluorescence and thus caspase activity
(Fig. 5).

GPMV activity was also analyzed in MCF-7 cells, which lack caspase-3, to test the
contribution of caspase-3 in the cellular response to irradiation. Irradiated MCF-7 cells

Fig. 5 Irradiation activates the caspase cascade at 37°C. Bright field and fluorescence micrographs of a
single irradiated KB cell in the middle of each panel (as indicated by the arrow) surrounded by many control
cells are shown. The surrounding PBS solution contains rthodamine 110 bis(L-aspartic acid amide), (R110-
AAA7). R110-AAA,; is capable of entering all cells, but only fluoresces upon cleavage by caspase proteases.
Fluorescence is observed in both the cytoplasm and the vesicles of the irradiated cell
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displayed similar vesicle formation and R110-AAA; fluorescence as all other adherent cells
examined. This result indicates that caspase-3 was not essential for vesicle formation or
R110-AAA; cleavage and that other caspases were activated by irradiation.

Further, Z-VAD-fmk was used to inhibit the presence of all caspases in MCF-7 cells.
Cells that were incubated with both Z-VAD-fmk and R110-AAA, before irradiation
displayed the identical blebbing response as all adherent cells, but displayed no R110-AAA;
fluorescence. These results show that pulsed-laser initiation of GPMVs does not require the
caspase biochemical pathway.

3.4 PS externalization

The molecular composition of the vesicle wall was characterized with Annexin V-Alexa
Fluor 488 to assess the presence of PS lipid molecules. Annexin V is commonly used to
track PS, and Annexin V cannot enter cells with intact plasma membranes. Within 20 min
of irradiation, Annexin V bound to the plasma membrane of the main cell body and GPMV
wall (Fig. 6). This indicated that the bleb wall contained phospholipids and suggested that
irradiation induced PS externalization to the extracellular plasma membrane leaflet.

Due to the permeability of the membrane induced by irradiation, Annexin V was not
assumed to be on the outside of the cell. However, attempts to internalize Annexin V using
both electroporation and microinjection showed no intracellular signal from the plasma
membrane or organelles. This negative result is consistent with current understanding that
intracellular PS was bound to the cytoskeleton and not available for Annexin V binding.
Therefore, it is hypothesized that Annexin V was bound to PS on the extracellular side of
the plasma membrane and bleb membrane of irradiated cells.

3.5 Intra-vesicle SPT

The viscosity of beads within GPMVs was quantified with SPT of internalized 65 nm
fluorescent beads. During incubation of the beads with the cells before irradiation, five to 15
beads were internalized into each cell via natural uptake mechanisms [33]. After irradiation,
roughly 5% of the GPMVs incorporated a bead. Bead diffusion was imaged at 15 frames
per second and analyzed with a custom software routine to extract the bead location vs.
time. From this data, the MSD and the diffusion constant were calculated and obstacles

Fig. 6 Irradiated cells externalize PS lipids on all the exposed cell membranes. Bright field and fluorescent
micrographs of KB cells surrounded by Annexin V-Alexa Fluor 488 and binding buffer at 37°C are shown.
The single irradiated cell (as indicated by the arrow) is atop a group of about eight other cells also within view.
The control cells show no PS externalization. The irradiation focal spot shows brightest on the fluorescence
image
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to free diffusion were identified. These results were interpreted as an effective viscosity
of the vesicle contents since the bead’s motion was affected by the other contents of the
bleb. Some bead trajectories revealed obstacles within the vesicle that limited free diffusion
(Fig. 7). Identical SPT experiments were attempted on UV-light-induced vesicles. However,
such experiments were infeasible because ~0.05% of UV-induced vesicles incorporated a
fluorescent bead.

Examination of the bead’s free vs. restricted diffusion throughout the vesicle revealed
important information about the internal vesicle structure. A bead trajectory with free
diffusion throughout the vesicle is shown in Fig. 7a—c. Thirty percent of all beads in
blebs interacted with the outer vesicle wall and 40% interacted with some other optically
transparent structure within the vesicle (Fig. 7d—f). The MSD vs. At for two beads are
shown in the Electronic supplementary material, Fig. S2, where the freely diffusing bead
yields MSD proportional to At and the highly restricted bead displays MSD proportional to
(AH)* with o = 0.65.

The measured effective viscosities did not display a correlation between magnitude of
viscosity and amount of confinement within the vesicle; therefore, these measured viscosity
values represent the effective viscosity for a 65 nm bead within the vesicle. Seventy percent
of the beads in vesicles were unable to diffuse freely throughout the vesicle. Many of these
trajectories were unable to yield useful effective viscosity values due to their rapid obstacle
collision rate as compared to the image capture rate. Beads that were free to diffuse at least
300 nm in every dimension were suitable for determining the diffusion constant and the
effective viscosity of their surrounding media (Fig. 8). The observed vesicle viscosities

Fig. 7 The GPMVs of irradiated cells incorporate fluorescent beads, which can be tracked. a, d Before
irradiation; b, e post-irradiation; and ¢, f bead trajectory micrographs of KB cells at 37°C are shown. ¢, f
Magnifications of the rectangles in b, e, respectively. GPMV formation occurs on all non-adherent sections
of the plasma membrane, encompasses a large portion of the exterior cell surface, and occasionally shows
highly spherical shape. In ¢, the bead moves throughout the vesicle without significant interaction with an
interior vesicle structure; the effective viscosity within this vesicle is 220 cP. In f, the bead is constrained to a
small portion of the vesicle by some optically transparent inner vesicle structure. The collision rate between
the bead and the inner vesicle structure in f is too high to be determined by our experimental setup. The color
bar in ¢, f represents the time course of the bead’s trajectory. In ¢, green dots guide the eye around the vesicle
and orange dots indicate the vesicle-plasma membrane interface
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varied from 32 to 434 cP, with a mean of 160 & 110 cP and 8% random error on all
measurements.

The beads used in this study were 65 nm in diameter. Both larger (200, 390, 780 nm
diameter) and smaller (40 nm diameter) beads were tested, but did not allow for convenient
SPT within the vesicles. All beads were internalized into the cytoplasm during the pre-
irradiation incubation. However, the larger beads had a decreased likelihood of entering the
GPMYV, possibly due to restrictions in the cytoplasm preventing their flow into the GPMV.
Smaller beads did not emit enough fluorescence for adequate SPT in this experimental setup.
To accommodate these experimental requirements, the 65 nm beads were used exclusively
for the data presented throughout this paper.

4 Discussion
4.1 GPMYV formation processes

Laser irradiation resulted in a physical stimulus for blebbing. Via inducing micro-bubble
formation, multi-photon absorption of the pulsed laser irradiation generated intense pressure
and heat within the cytoplasm. Physical stimuli, such as applied hydrostatic pressure
gradients on the plasma membrane, previously have been shown sufficient to induce GPMV
formation [3, 5-7, 21, 38, 39]. We have identified two likely components to the physical
stimuli of irradiation resulting in vesicle formation: cortical actin rupture and osmotic
pressure gradients. The rupture component consists of micro-bubble formation causing a
large pressure increase within the cytoplasm that breaks the plasma membrane—cytoskeleton
interface. Because of cortical actin rupture, the plasma membrane loses its structural support
and GPMVs form when the cell’s natural pressure gradients are no longer counteracted
by the cytoskeleton. The osmotic pressure component may have originated from micro-
bubble formation inducing actin depolymerization and significant osmotic pressure increase
within the cell. The increased osmotic pressure gradient was relieved by the incorporation
of surrounding media into the cytoplasm. However, the influx of fluids into the cytoplasm

Fig. 8 Histogram of measured T T ¥ T g
effective viscosities in GPMVs.
Observed viscosities range from
32 to 434 cP and lower
viscosities were more common.
The average effective viscosity
of the 65 nm beads is 160 +

110 cP, a wide distribution of
observed viscosities. The
uncertainty of each viscosity
measurement is 8%, as
demonstrated in Electronic
supplementary material, Fig. S4

Number

150 300
Effective Viscosity (cP)
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resulted in an increase in hydrostatic pressure, which in turn was relieved through blebbing.
Since the micro-bubble condensed onto itself within seconds after irradiation, the micro-
bubble itself did not result in sustained hydrostatic pressure to promote vesicle growth.

Through analysis of other cellular stressors, rupture was identified as necessary for
GPMV formation. By exposing the cells to a hypotonic solution, the cells increased in
volume but did not commonly form distinct vesicles. This suggests that only when a
physical rupture event is able to cause asymmetry of the cortical actin does the plasma
membrane detach from the cytoplasm and form distinct blebs. Thus, an osmotic force alone
was not sufficient to induce GPMV formation.

4.2 GPMV morphology and structure

Individual blebs varied in size, shape, and abundance. Some blebs contacted the cell over a
relatively small portion of the cell surface and possessed a highly spherical shape. Other
blebs made contact with a significant portion (>15%) of the total cell surface and had
an irregular, non-spherical shape. These two types of blebs represent the range of blebs
observed. Blebs have been similarly categorized by Keller et al. [3] However, Keller et al.
distinguished vesicle types by cortical and cytoplasmic actin layers, whereas this research
utilized the vesicle shape and area of interaction with the cell surface. All vesicles in which
the effective viscosity was measured have been classified by vesicle type, as shown in the
Electronic supplementary material, Fig. S3. No significant trend between vesicle type and
effective viscosity was observed.

The highly spherical nature of some vesicles suggested that the vesicles were under
considerable surface tension and increased hydrostatic pressure as compared to the sur-
rounding media. The hydrostatic pressure that maintained the vesicle’s spherical shape and
counteracted the membrane surface tension would also have resisted the net flow of material
into the vesicle. However, individual concentration gradients may have facilitated the
flow of select species against this hydrostatic pressure gradient. To maintain non-spherical
shapes, other vesicles appeared to be under less hydrostatic pressure and/or have increased
cytoskeletal framework. Annexin V staining indicated that the membranes surrounding all
vesicles include PS lipid molecules. Phalloidin staining showed F-actin in all blebs, but
none with well-defined filaments in either vesicle type. Thus, these different types of blebs
did not clearly differ in surrounding membrane or internal actin.

4.3 Viscosity within GPMVs

The diffusion of small particles within GPMVs revealed fundamental characteristics of the
vesicle rheology. The effective viscosity within the bleb was determined to be 160 £ 110 cP.
This wide range of observed viscosities demonstrates the wide range of environments within
different GPMVs. Beads that were confined to regions less than 300 nm wide within a
bleb frequently collided with diffusion barriers and could not be analyzed with a 15-frame
per second imaging rate. However, a trend was observed between area of confinement and
measured effective viscosity, and all beads gave insight to the inner GPMV structure.

The observed viscosities in cells have been shown to vary greatly with the size of
the diffusing probe [40—43]. Here, we observe a range of viscosities of 65 nm diameter
beads, presumably due to varying amounts of molecular crowding between blebs. Thus,
the observed diffusion of the beads within GPMVs did not represent the true viscosity of
the surrounding solvent, but rather a combination of solvent viscosity and collisions with
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intra-bleb restrictions to free diffusion. The observed effective viscosity within the GPMV
was approximately 50-fold higher than previously determined true viscosity of the cytosol
[42, 44].

The diffusion of 65 nm diameter beads was measured in the cytosol before irradiation.
However, all beads within the cytoplasm appeared to be highly confined in each dimension,
never moving > 100 nm between image frames. This experimental setup was never capable
of measuring the viscosity of the cytosol due to the high collision rate of the beads
with optically transparent, cytoplasmic structure. This result demonstrates that GPMVs
contained significantly less obstructions to diffusion than the cytoplasm.

As purchased, beads were expected to be homogeneous. Within the cell, the carboxylic-
acid-coated beads may have changed size and surface properties. This is a common problem
with the incorporation of any well-characterized material into a biological system and has
been previously referred to as a “corona,” which adds to the uncertainty of these results [45].
However, such protein and membrane layers typically do not exceed ~10 nm thickness,
which is considerably smaller than the expected particle radius change needed to otherwise
explain the observed tenfold variation in diffusion rates.

4.4 GPMYV actin contents

Phalloidin was observed homogeneously throughout the GPMV without any filamentary
structure (Fig. 4). Phalloidin was an effective indicator of F-actin, reduced the rate of actin
filament depolymerization, and prevented conversion of F-actin to G-actin [46]. It is not
clear how the F-actin became distributed throughout the vesicle, since non-filamentary actin
is expected to be in the G form and unavailable for phalloidin binding. We hypothesize
the following progression: (1) the phalloidin enters the cytoplasm through the permeable
plasma membrane of the irradiated cell and binds to F-actin filaments, (2) the osmotic and
hydrostatic pressure imbalances that fuel the GPMV growth induce F-actin disassembly, and
(3) the short segments of F-actin bound to phalloidin are flushed into the growing vesicle
along with other cytoplasmic particles. This hypothesis accommodates both the common
understanding of phalloidin activity and our observation of both concentrated phalloidin
and non-filamentary actin within the vesicle.

At first glance, the fluorescent images presented in Fig. 4 do not clearly show that
the fluorescence signal within the vesicle was directly due to phalloidin vs. a reflec-
tion/refraction of fluorescence from the GPMV. However, in Fig. 4, the control cells, in
close proximity to the irradiated cells within the same micrograph, display none of this
reflection effect. These results demonstrate the power of the pulsed-laser irradiation method
utilizing control cells in very close proximity to stressed cells. Furthermore, transmission
electron micrographs of irreversible blebs caused by oxidative stress support the presence
of low-density cytoplasmic material throughout the vesicle [47].

5 Conclusions
Pulsed-laser irradiation was used for the generation of vesicles on individual cells in

vitro. These vesicles were analyzed with fluorescence and bright field microscopy for
quantification of GPMV properties and the overall cellular response to irradiation. The
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blebs resulting from laser irradiation were similar to membrane vesicles occasionally called
blisters, since they were created from injury, had no F-actin structure, and were irreversible.
The constancy of this observation among a variety of cell lines indicates that this is a
common cellular response to femtosecond laser irradiation in living animal cells. The
vesicles are described in terms of the source of the material that fills them, the biochemical
and physical mechanisms of their formation, and their structural properties. The use of
pulsed-lasers to initiate blebbing demonstrates a mechanism of inducing membrane vesicle
formation, which could be used in a variety of GPMYV studies. This characterization of the
blebbing process and the physiochemical properties of the resulting GPMVs provides the
foundation for such studies.
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