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Microfluidic guillotine reveals multiple
timescales and mechanical modes of
wound response in Stentor coeruleus
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Abstract

Background: Wound healing is one of the defining features of life and is seen not only in tissues but also within
individual cells. Understanding wound response at the single-cell level is critical for determining fundamental
cellular functions needed for cell repair and survival. This understanding could also enable the engineering of
single-cell wound repair strategies in emerging synthetic cell research. One approach is to examine and adapt self-
repair mechanisms from a living system that already demonstrates robust capacity to heal from large wounds.
Towards this end, Stentor coeruleus, a single-celled free-living ciliate protozoan, is a unique model because of its
robust wound healing capacity. This capacity allows one to perturb the wounding conditions and measure their
effect on the repair process without immediately causing cell death, thereby providing a robust platform for
probing the self-repair mechanism.

Results: Here we used a microfluidic guillotine and a fluorescence-based assay to probe the timescales of wound
repair and of mechanical modes of wound response in Stentor. We found that Stentor requires ~ 100-1000 s to
close bisection wounds, depending on the severity of the wound. This corresponds to a healing rate of ~ 8-

80 pm?/s, faster than most other single cells reported in the literature. Further, we characterized three distinct
mechanical modes of wound response in Stentor: contraction, cytoplasm retrieval, and twisting/pulling. Using
chemical perturbations, active cilia were found to be important for only the twisting/pulling mode. Contraction of
myonemes, a major contractile fiber in Stentor, was surprisingly not important for the contraction mode and was of
low importance for the others.

Conclusions: While events local to the wound site have been the focus of many single-cell wound repair studies,
our results suggest that large-scale mechanical behaviors may be of greater importance to single-cell wound repair
than previously thought. The work here advances our understanding of the wound response in Stentor and will lay
the foundation for further investigations into the underlying components and molecular mechanisms involved.
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Background

Wound repair is a fundamental property of life. It is an
essential biological process for maintaining homeostasis
and, ultimately, for survival. While wound repair is
known to occur at the tissue level, there is increasing
recognition that single cells also have a wound response.
Single-cell wound repair has been reported in fungi,
amoebae, budding yeast, and also the Metazoa [1-3].
Understanding wound repair at the single-cell level is
thus critical for elucidating important cellular functions
for homeostasis and survival across the kingdoms of life,
and ultimately for developing therapeutic approaches for
wound-induced diseases [1].

From a different angle, the ability to engineer single-
cell wound repair strategies can find use in emerging
synthetic cell research. Recent years have witnessed an
explosion in research on building synthetic cells [4-6],
not only as an experimental method to study the origins
and the rules of life, but also as a new approach to bio-
chemical engineering, in which molecules (e.g., enzymes)
are encapsulated in membranes to increase local concen-
trations and regulate substrate/product exchange, lead-
ing to significant increases in the yield and specificity of
reactions [7, 8]. Nevertheless, current synthetic cell re-
search has largely neglected one of the most fundamen-
tal properties of living matter—the ability to self-repair
following damages. If such self-repairing capability can
be introduced in synthetic cells, it could open new
realms of biochemical engineering by allowing the syn-
thetic cell systems to operate robustly under the poten-
tially harsh environment of industrial processes.

One approach to attaining self-repairing synthetic cells
is to adapt self-repair mechanisms from a living system
that already demonstrates robust capacity to heal from
large mechanical wounds within a single cell, and build
analogs of these mechanisms inside synthetic cells. One
of such systems is Stentor coeruleus, a single-celled free-
living ciliate protozoan. Our rationales for studying

Table 1 Summary of wound repair timescales in single cells
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wound healing in Stentor are as follows: (1) Its wound
healing capacity is more robust than most other cells
(see details in Table 1). Stentor possesses a highly poly-
ploid macronucleus such that even small cell fragments,
as small as 1/27" of original cell size, can contain
enough genomic copies to survive and regenerate in 24 h
[18, 19]. This unique wound healing property allows us
to perturb the wounding conditions and measure their
effect on the repair process without immediately causing
cell death, thereby providing a robust platform for prob-
ing the self-repair mechanism. (2) The ability to perform
high-throughput gene knockdown and wounding experi-
ments. We recently sequenced the Stentor genome [20]
and developed tools for molecular manipulation of Sten-
tor gene expression [21], thus paving the way to a mo-
lecular understanding of Stentor wound repair.

Previous studies of single-cell wound response in organ-
isms such as Xenopus oocytes and Drosophila embryos
have indicated that the healing of plasma membrane
wounds involves active cellular processes. At least two steps
are involved when the plasma membrane is disrupted: (1)
the influx of calcium ions through the membrane opening
triggers the sealing of the plasma membrane via active traf-
ficking of internal membranes to the wound site, and (2)
active remodeling of the cytoskeleton [1, 22—24]. In some
organisms, the latter process involves actin accumulation
around the wounds and the formation of a contractile purse
string, as well as the recruitment of Rho to the plasma
membrane and the subsequent active actin assembly at sites
of Rho activation [25-27].

Currently, it is unknown whether Stentor also employs
similar processes to heal wounds. As Stentor is a ciliate with
cellular structures that are distinct from the organisms that
have been studied previously for single-cell repair, it is pos-
sible that Stemtor utilizes different approaches to repair
wounds. Longitudinally cut Stentor (cut along the long axis
of the cell) have been reported to fold over themselves,
though it was not regarded as a general wound response

Cell type Wound diameter (um)  Cell diameter (um) Ratio of wound  Healing Approx. healing
diameter to cell time (s) rate (pmzls)
diameter

LHCN skeletal muscle (human) [9] 1 ~40 0.03 70 0.01

Hela [10] 2-3 30 0.07 200-300 0.01-0.03

373 fibroblast [11] 2 18 0.11 60-120 0.02-0.05

Dictyostelium [12] 0.5-2 15 0.03 5-10 0.02-0.6

Drosophila embryo [13] 12-20 150-500 0.08 100-200 0.6-3.1

Xenopus oocyte [14] ~200 1200 0.17 600 52

Sea urchin egg [15-17] 10-50 80 0.125-0.625 3-15 31-130

Stentor coeruleus ~100 ~200 0.5 100-1000 7.9-79

(approximate size of a
single large wound)

(for a cell fragment approx.
half the original cell size)
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[28]. In addition, cytoplasm spilled outside a wounded Sten-
tor has been observed to flow back into the cell body [29].
However, neither of these phenomena was further charac-
terized. Structurally, Stentor is covered in cilia for locomo-
tion. It consists of an oral apparatus with a dense
membranellar band of cilia around the anterior of the cell
for feeding. It possesses a holdfast, an anchoring structure,
at its posterior. The cell cortex is defined by the oral appar-
atus and the holdfast, together with ciliated stripes that run
parallel to the long axis of the organism. Electron micro-
graphs of Stentor revealed that the ciliated stripes consist of
rows of cortical fibers comprising two primary types of fila-
ments, the KM fibers and myonemes [30]. KM fibers are
made up of bundles of microtubules and are attached to
the cell membrane via basal bodies. Myonemes, located im-
mediately under the KM fibers, are contractile fibers re-
sponsible for the rapid contraction of the cell from an
extended trumpet shape to a sphere at rates up to 10-20
cm/s, usually in response to an external stimulus such as
poking with a glass needle [31, 32]. Immunostaining of
Stentor showed the localization of a protein that is im-
munologically related to centrin/caltractin, a class of EF-
hand calcium binding proteins that form contractile fila-
ments in a variety of organisms, in myonemes [33]. Further
details on the anatomy of Stentor can be found in previous
work [28].

In this paper, we aim to quantify the healing time and
characterize the wound response in Stentor inflicted with
mechanical wounds from a microfluidic “guillotine”. Pre-
viously, we have developed a microfluidic guillotine for
high throughput wounding and bisection of Stentor cells
in a continuous flow manner [34]. Changing the applied
flow velocity changes the local cutting dynamics and
leads to two regimes of cell bisection: Regime 1 at low
viscous stress where cells are cut cleanly with little cyto-
plasm spillage during the cut, membrane ruptures local-
ized to one side of the cell fragment, and high viability
(~97%), and Regime 2 at high viscous stress where cells
are torn with extensive membrane ruptures and de-
creased viability (~60-80%). See Additional File 1: Fig.
Sla-b for examples of cells cut in Regime 1 and 2. While
laser ablation allows more exact control of wound size
and location compared with our method, it requires im-
mobilizing Stentor which has been challenging since
Stentor tends to swim away or rapidly contract into a
sphere upon laser excitation (even without being
wounded). The continuous flow design of our guillotine
circumvents this issue while also allowing us to probe
the wound healing characteristics of a large number of
cells from seconds to hours after the cells are wounded.
Combined with a fluorescence-based assay to detect the
presence or absence of a wound, we show that Stentor
takes ~100-1000s to heal bisection wounds, and we
characterize three mechanical modes of wound response
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that occur in wounded Stentor. The prevalence of these
three mechanical modes of wound response in Stentor
suggests that mechanical behaviors such as cellular force
generation and motility could play a more important
role in the single-cell wound repair process than previ-
ously thought. This work is expected to lay the founda-
tion for further investigations on the molecular
mechanisms of wound repair in Stentor.

Results

Design of the wound repair assay using a parallelized
microfluidic guillotine device and Sytox Green staining
To study the wound repair process in Stentor coeruleus,
we designed our microfluidic device with 8 parallelized
guillotine channels arranged in a radial geometry con-
verging at a single outlet. This design reduced the dis-
tance each cell had to travel and the corresponding lag
time prior to assaying the cells. Figure 1A shows a sche-
matic diagram of our parallelized guillotine device. The
cell suspension was injected via a cell inlet (constant
flow rate of 8 and 36 mL/h corresponding to an average
velocity of 1.4 and 6.3 cm/s per guillotine for Regimes 1
and 2, respectively). A flushing inlet was used to inject
cell media (Pasteurized Spring Water, PSW) only and
was connected directly to the outlet to control the lag
time prior to assaying the cells (see details in the “Con-
trolling wound repair time prior to fixation and staining”
section). In the microfluidic guillotine, the long axis of
the cell was always aligned parallel to the flow and the
cell was always aligned either head-first or tail-first.
Therefore, the guillotine always bisected the cell longitu-
dinally parallel to the KM fibers.

Our wound repair assay involved 4 steps (Fig. 1B): (i)
injecting the cells into the guillotine and wounding them,
(ii) collecting the wounded cells via an outlet tubing, (iii)
fixing the cells, and (iv) staining the fixed cells with Sytox
Green followed by fluorescence imaging to determine if the
wound was open or closed. In the time #potwounda between
cell wounding at the guillotine and when the cells were
fixed (ie., the duration of step ii), wounded cells had the
opportunity to repair their wounds. By varying f,ost-wound
(see details in the “Controlling wound repair time prior to
fixation and staining” section), we expected to assess the
completeness of wound repair as a function of time. In this
work, we varied fposewound from 4s up to 150 min. The
lower limit was set by the minimum tubing length that
could be used practically in our experiment and the highest
flow rate we could apply without further wounding the
cells. Our results (Fig. 1IE-H) indicated that this timing
resolution was sufficient to capture the wound repair dy-
namics, which occurred over hundreds of seconds.

As no membrane dye to date has worked for staining
the plasma membrane of Stentor, we developed an indir-
ect assay to estimate the completion of wound repair by
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Fig. 1 Wound repair assay design and characterization of wound repair in Stentor coeruleus. A Parallelized guillotine device, with inlets (a) and (b) used
for injecting media and cells, respectively, and outlet (c). To parallelize cell cutting, 8 radially arranged guillotines converged in a well leading to outlet
(¢). B Schematic diagram of the wound repair assay. (@), (b), and (c) refer to the inlets/outlets. (i-iv) are steps in the assay (see Methods). C Cell
fluorescence for unwounded cells (controls) (N = 46 cells) and wounded cells (Regime 1, 4 s post-wounding) (N =41 cells), using the wound repair
assay. Data combined from 3 biological replicates per experimental group, with mean lines shown. Representative brightfield and fluorescence images
shown. The dashed line at cell fluorescence = 1200 AU indicates the hreshold Used to distinguish wounded from healed cells. D ROC (receiver
operating characteristic) curve for the wound repair assay. Representative images of cells wounded in E Regime 1 and F Regime 2: illustration of
typical wound locations (arrows) in a cut cell fragment (left panel), brightfield (top panels), and corresponding fluorescence images (bottom panels) of
wounded cells, fixed and stained with Sytox Green at different time points post-wounding. All fluorescence images were scaled equally (100-10,000
AU). Scale bars in C, E, and F are 200 um. G Fraction of cells healed, using the wound repair assay. Data shown as mean (stars) of N = 3 biological
replicates (dots) and fit to a one-phase exponential function using mean datapoints in addition to the 24-h (86,400 s) survival rate, to aid extrapolation.
The control line shows the mean fraction of unwounded control cells below /yeshoi, and the shaded region indicates standard deviation (SD) (3
biological replicates). Total N =31-65 cells per experimental condition. H Survival rate of cells wounded in Regimes 1 and 2, 24 h after wounding,
shown as mean (bar) of 3 biological replicates (dots) (N = 22-34 cells per replicate)

measuring the fluorescence intensity of a cell-
impermeable dye Sytox Green inside a wounded cell.
Sytox Green is commonly used to stain nucleic acids in
dead cells, which have permeabilized membranes [35—
37]. We found that on fixed Stentor cells, Sytox
Green stained wounded cells, likely due to the pres-
ence of nucleic acids (RNA) in the cytosol of Stentor,
but did not stain unwounded control cells. Figure 1C
shows that the mean fluorescence intensity of
wounded cells (4s after their wounding) was approxi-
mately 10 times higher than that of the unwounded
control cells. Sytox also sometimes brightly stained

the macronucleus (DNA) of highly wounded cells. Al-
though this indirect approach cannot give an absolute
measurement of the wound size, the presence or ab-
sence of fluorescence could still indicate the presence
or absence of a wound. It can thus be used for the
binary classification of cells that were unwounded or
completely repaired, versus those that were still
wounded and thus permeable to Sytox Green at the
time of the fixing step. Using a threshold intensity of
1200 (arbitrary units, AU), we were able to distin-
guish wounded cells from unwounded ones with
100% sensitivity and 94% specificity (Fig. 1D).
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Cells wounded in Regime 2 took longer to heal than
those wounded in Regime 1

Figure 1E, F show representative images of cells being
cut at the guillotine, along with fluorescence images of
Sytox staining in representative cell fragments at differ-
ent fyosewound i Regimes 1 and 2 respectively. To quan-
tify the wound healing results, we used the mean
fluorescence intensity threshold [in esnola Of 1200 (arbi-
trary units) for classifying healed cells vs. wounded cells
(Fig. 1C), and plotted the fraction of cells healed as a
function of t,ost-wound- Figure 1G shows that 50% of the
cells cut in Regimes 1 and 2 healed in about 100s and
1000 s, respectively. We report the mean percentage of
cells healed at each Zpost-wound from at least 3 independ-
ent biological replicates. The individual fluorescence in-
tensities of Sytox stained cells at different time points
are shown in Additional File 1: Fig. S2. In each regime,
the maximum percentage of cells healed as measured
using the wound repair assay (Fig. 1G) plateaued to a
value consistent with the survival rate of cells measured
at 24 h after wounding (Fig. 1H).

Immunofluorescence images of acetylated tubulin on cell
fragments revealed more details on the damage to the cyto-
skeleton of the wounded cells (Fig. 2b, ¢) compared with
unwounded cells (Fig. 2a). As the KM fibers, which are
microtubule structures arranged in cortical rows, are posi-
tioned directly under the cell membrane (within ~ 1 um
[30]), the absence of immunostaining of acetylated tubulin
(red arrowheads) could indicate a wound to both the mem-
brane and the cortex, though it has to be verified using
Sytox staining. The discontinuities or misalignment in the
cortical rows of microtubules indicate that the membrane
wound could be closed but the cortical rows had not been
reorganized to restore the normal orientation.

Overall, the tubulin staining images showed similar
trends as the Sytox staining images. For example, cells cut
in Regime 1 did not have any observable gaps in their
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cortical rows by f,ost-wounda = 10 min, consistent with the
lack of fluorescence in the Sytox staining at that time
point. The wounds at earlier time points appeared to be
localized to one distinct location. On the other hand, cells
cut in Regime 2 had multiple gaps in their cortical rows at
fpost-wound =4 and 100's, suggesting that there could be
multiple wound sites. In addition, the misalignment in the
cortical rows was more severe compared with those in Re-
gime 1. The oral apparatus of the cell, which was stained
very brightly by the immunofluorescence of acetylated
tubulin, was often observed in multiple pieces over the cell
or was completely absent (Additional File 1: Fig. S1). Add-
itional examples of wounded cells and tubulin staining are
shown in Additional File 1: Fig. S1.

Mechanical modes of wound response

Unlike most single-cell wound healing models studied
previously, Stentor use their motile cilia to achieve a high
degree of motility [28]. By observing cells after wound-
ing, we identified a range of cell motions, which could
be grouped into three mechanical modes of wound re-
sponse (see Additional Files 2, 3, 4 and 5: Movies Sla —
d). These modes of wound response were events and be-
haviors that occurred after a cell had been wounded and
may assist the cell in repairing large wounds.

Contraction

A contraction wound response was observed in cells
with a wound localized to one side of the cell. The cell
contracted or folded around the wound site to reduce
the wound size (Fig. 3a). Contraction often involved a
decrease in cell length, an increase in cell width, and/or a
curling of the cell towards the side containing the wound.
Due to the limited resolution of our imaging setup, we
considered contraction complete when the wound diam-
eter was reduced to ~20pum. Contraction typically
took ~100-250s. When complete, the cells appeared

-

A B

100s

Fig. 2 Immunostaining of acetylated tubulin. a Representative immunostaining image of KM fibers in an unwounded cell. b Representative
immunostaining images of KM fibers in cells wounded in Regime 1. Red lines outline the possible location of a wound. The dashed blue line in
the healed cell at 10 min indicates the possible location of folding, as seen by the discontinuity in the KM fibers on either side of this line (blue
arrows). € Representative immunostaining images of KM fibers in cells wounded in Regime 2. All fluorescence images were acquired on the
inverted confocal microscope. All scale bars 100 um
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Fig. 3 Mechanical modes of wound response. a Representative images of a cell wounded in Regime 1 undergoing contraction. The arrows point
to the location of the wound. b Representative images of a cell wounded in Regime 2 undergoing cytoplasm retrieval. The arrows point to the
retrieved cytoplasm that is part of the wound. ¢ Representative images of cells wounded in Regime 2 utilizing twisting/pulling. The short arrows
point to the location of the wound, while the curved arrow indicates the direction of twisting. To better visualize the response in four panels, we
did not include images at the beginning of cell twisting/pulling. All scale bars 200 um

folded. Additional File 1: Fig. S3 details the analysis
of the contraction mode. The contraction wound response
was distinct from the rapid contraction observed when
unwounded cells were poked with a glass needle.

The effects of the folding behavior observed during con-
traction could also be seen in the immunostaining of acety-
lated tubulin. The discontinuity in cortical rows (indicated
by the blue arrows and dashed line in Fig. 2b, fyost-wound =
10 min; additional images in Additional File 1: Fig. S1),
where the bottom set of cortical rows appeared perpendicu-
lar to the set at the top-right, is consistent with the cell
folding onto itself to close the wound. We found that con-
traction occurred in more than 80% of the cells observed in
Regime 1 (N =22/26 cells), as Regime 1 tended to generate
single, localized wounds. While less common in Regime 2,
contraction still occurred in ~ 20% of cells observed (N = 6/
31 cells), only when the wound was localized to one side of
the cell like in Regime 1. However, wounding was typically
more severe in Regime 2 than in Regime 1, with multiple
wounds observable to the eye and a larger amount of ex-
truded cytoplasm, which may have prevented the contrac-
tion mode from occurring.

Cytoplasm retrieval

We also observed cells retrieving extruded cytoplasm into
the cell (Fig. 3b). The retrieval of cytoplasm appeared to
follow a change in the shape of the cell. The retrieval
process took ~20-200s. In Regime 1, cytoplasm retrieval
occurred in about 50% of the cells observed (N =14/26
cells) and often occurred together with contraction (N =
11/26 cells). Cytoplasm retrieval often occurred prior to
or during the contraction response mode. Cytoplasm re-
trieval occurred in about 35% of the cells observed in Re-
gime 2 (N=11/31 cells). Regime 2 cells tended to have
more extruded cytoplasm than those in Regime 1 and typ-
ically did not retrieve all of the extruded cytoplasm like

they did in Regime 1. Instead, some cytoplasm separated
during the retrieval process and remained as debris.

Twisting/pulling

We found that Stentor also used twisting/pulling mo-
tions to facilitate wound closure. For cells with large
amounts of spilled cytoplasm (especially in Regime 2),
part of their extruded cytoplasm could become immobi-
lized on the substrate, and twisting and pulling motions
were often observed to detach the cell from its lost cyto-
plasm (Fig. 3c).

In the twisting mode, the less wounded part of the cell,
which still contained beating cilia, repeatedly rotated and
resulted in the twisting and eventual pinching of the wound
site, thereby freeing the cell from the extruded cytoplasm.
In the pulling mode, the more intact part of the cell was ob-
served to swim and pull away from the extruded cytoplasm
without twisting. The pulling motion formed a thin fiber at
the point of detachment. At times, these thin fibers were
seen to fold back over the rest of the cell.

Twisting/pulling response modes typically completed in
~20-100s. We rarely observed twisting/pulling response
modes in cells wounded in Regime 1 (N=1/26 cells). In
Regime 2 where cells had more extensive wounds, twist-
ing/pulling response modes became more common and
occurred in about 60% of the cells (N = 18/31 cells), occa-
sionally with either contraction or cytoplasm retrieval. In
cells that used the twisting/pulling mode, the pulling
mode (N =15/19 cells) occurred more often than twisting
(N =8/19 cells), with 4 cells utilizing both modes.

Among all the cells observed here, cells that had extruded
cytoplasm always utilized cytoplasm retrieval, twisting/pull-
ing, or both. Finally, we note that we did not observe any
cell utilizing all three modes during the wound response. ~
5% of cells in Regime 1 (N =1/26 cells) and 10% of cells in
Regime 2 (N=3/31 cells) were observed to not utilize any
mechanical modes in their wound response.
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Effect of chemical perturbations on wound response

To identify cellular components or factors contributing
to the mechanical modes of wound response, we investi-
gated the effects of two chemical agents, nickel chloride
(NiCl,) and potassium iodide (KI), which were previ-
ously reported to inhibit cilia motion in Tetrahymena
and Paramecium by inhibiting axonemal dynein [38, 39]
and myoneme contraction in Stentor [28] respectively.
NiSO,, another Ni** salt, was reported to have inhibitory
effects on Stentor cilia [28].

We measured the spatiotemporal coordination of the
cilia in the membranellar band to evaluate the effects of
our drug treatments and to test whether wounding af-
fected cilia beating. In unwounded and untreated control
cells, the beating cilia bundles on the membranellar
band (Fig. 4a) produced metachronal waves that ap-
peared in the 2D autocorrelations as parallel lines (Fig.
4a—c, Additional File 6: Movie S2a, see details in the
“Measurement of cilia activity” section). These lines cor-
responded to a mean wave propagation speed of ~
1.09 + 0.14 (standard deviation) mm/s and cilia beat fre-
quency of ~22.9+3.7Hz (N =6 cells). Upon wounding
in Regime 2, the membranellar band of untreated con-
trol cells continued to beat in a coordinated fashion at
similar speed and frequency as the unwounded case,
with a mean wave propagation speed of ~1.17 +0.32
mm/s and cilia beat frequency of ~21.3+7.0Hz (N =6
cells) (Fig. 4b, ¢, Additional File 7: Movie S2b). We
always measured cilia beating and coordination at the
membranellar band. Because the cells were always cut
head-first or tail-first, the membranellar band was always
broken during the cut. Our measurements of the mem-
branellar band cilia were, therefore, close to the wound
site, rather than far away from it (Additional File 7:
Movie S2b). We note that right at the wound site where
the cell membrane was lost, the cilia were also lost.

First, we tested the effect of NiCl, treatment. We veri-
fied that NiCl, treatment suppressed cilia beating in un-
wounded cells (N=6 cells) and that the suppression
persisted after wounding (N =6 cells), evidenced by a
lack of motion in the kymograph and the absence of a
clear wave pattern in the 2D autocorrelation (Fig. 4b, c,
Additional File 8-9: Movies S2c¢ — d). Accordingly, the
twisting/pulling mode of wound response was less fre-
quently observed in NiCl,-treated cells (~ 20% in Regime
2, N=6/29 cells) compared with untreated cells (~ 60%
in Regime 2, N =18/31 cells) (Fig. 4e). When a twisting/
pulling mode occurred in a NiCl,-treated cell, it took
significantly longer (~ 3 times longer) for the wounded
cell to detach itself from the extruded cytoplasm com-
pared to untreated cells (p=0.0006) (Fig. 4d). NiCl,
treatment had an insignificant effect on the other modes
of wound response, contraction (p=0.84), and cyto-
plasm retrieval (p =0.84). These results indicated that
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cilia. motion was primarily responsible for the twisting
and pulling motions. Compared to ~ 10% of Regime 2
untreated control cells, ~ 30% of Regime 2 NiCl,-treated
cells (N'=9/29 cells) did not appear to utilize a mechan-
ical mode of wound response. In Regime 2, while the
wound healing time as assessed by the wound repair
assay remained ~ 1000s (Fig. 4f), the average NiCl,-
treated cell survival rate was greatly reduced to 20% (Fig.
4g), compared to 70% for untreated cells (Fig. 1H). The
survival of unwounded NiCl,-treated cells was not af-
fected (100% survival) (Fig. 4g). The average NiCl,-
treated cell survival rate in Regime 1 was 67% compared
to 96% for untreated cells (Fig. 4g and 1H), which was a
lesser reduction in survival rate than seen in Regime 2.
Surprisingly, in Regime 1, the wound healing time for
NiCl,-treated cells, as assessed by the wound repair
assay, increased significantly from ~ 100 to ~ 1000 s (Fig.
4f), which may have been due to off-target effects or tox-
icity of Ni**. The individual fluorescence intensities of
Sytox stained cells at different time points are shown in
Additional File 1: Fig. S2. Overall, these results sup-
ported that cilia motion was a crucial component for the
wound repair process in Stentor.

To further investigate whether the twisting/pulling re-
sponse was a byproduct of the spilled cytoplasm binding
to the solid substrate, we collected wounded cells into an
aqueous droplet suspended on a fluorinated oil (with a
density of 1855 kg/m?). The spilled cytoplasm did not ad-
here to this liquid-liquid (L-L) interface formed between
water and oil (Additional File 1: Fig. S4a). We note that
typical surface treatments to block binding (e.g., coating
with BSA, Pluronic F-68) were not successful in blocking
the large amounts of spilled cytoplasm from adhering to
the glass and PDMS microfluidic device. In the L-L sys-
tem, we found that most untreated cells that had large
amounts of spilled cytoplasm were still able to complete
twisting/pulling response modes (N =16 out of 17 cells
that had large amounts of spilled cytoplasm), but took ap-
proximately 3 times longer than untreated cells in the
microfluidic device did (p = 0.0055) (Additional File 1: Fig.
S4b). The survival rates of untreated cells, wounded or un-
wounded, in the L-L system were similar to those in the
solid-liquid (S-L) system where the cells were collected in
a polystyrene petri dish (Additional File 1: Fig. S4c).

In NiCl,-treated cells, twisting/pulling was seen less
frequently when cells were collected in the L-L system
(N =1 out of 19 cells that had large amounts of spilled
cytoplasm) compared to cells in the microfluidic device
(Additional File 1: Fig. S4b). The survival of NiCl,-
treated, Regime 2 wounded cells was similar in S-L and
L-L systems (p =0.3403). However, the survival of
NiCl,-treated unwounded and Regime 1 wounded cells
were both lower in the L-L system than in the S-L sys-
tem. (Additional File 1: Fig. S4c).
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band. Scale bar 20 um. b Kymographs and ¢ 2-D autocorrelations of the kymographs for cells under control (no treatment), NiCl,, or Kl treatment,
before and after wounding in Regime 2. Analysis of representative cells shown (N =6 per experimental group). d Measured timescales of
mechanical modes of wound response in untreated control (PSW), NiCl,-treated, and Kl-treated cells, shown as box and whisker plots with a line
at the median. Data in each treatment condition combined from Regimes 1 and 2; individual cells shown as dots (control: N=16-21 cells per
mode; NiCly: N=6-22 cells per mode; KIl: N=8-19 cells per mode). Timescales were measured as described in the “Imaging of cell motion after
wounding” section. Significance values were obtained from multiple t tests for treated cells compared to untreated cells, a = 0.05. Only the NiCl,-
treated twisting/pulling timescale was significantly different from that of untreated cells (p = 0.0006). All other timescales were not significantly
different (NS, p > 0.05). e Relative occurrences of mechanical modes of wound response across wounding regime and treatment condition (Total
N=25-31 cells per experimental group). f Fraction of NiCl,-treated cells healed, using the wound repair assay. Data shown as mean (stars) of N =
3 biological replicates (dots) and fit to a one-phase exponential function using mean datapoints in addition to the 24-h (86,400 s) survival rate, to
aid extrapolation. Untreated (PSW) curves included for comparison. The control line shows the mean fraction of unwounded NiCl,-treated control
cells below lpreshold, and the shaded region indicates SD (3 biological replicates). Total N = 26-59 cells per experimental condition. Survival rate of

g NiCl,-treated cells and h Kl-treated cells. Data for unwounded control cells, 24 h after washing, and Regime 1 or 2 wounded cells, 24 h after
wounding, shown as mean (bar) of 3 biological replicates (dots) (N =15-47 cells per replicate)

Second, we tested the effect of KI treatment. Poking un-
treated and unwounded cells with a glass needle induced
rapid cell contraction within ~ 20 ms [28, 31, 32, 40]. We
verified that unwounded Kl-treated cells failed to contract
upon poking, suggesting that myoneme contraction was
successfully inhibited (Additional Files 10 and 11: Movies
S3a — b). The survival rate of Kl-treated cells was very
low—about 25% for unwounded control cells and 0% for
Regime 1 and 2 cells (Fig. 4h), which precluded the use of
our wound repair assay on Kl-treated cells (all cells were
washed following the KI treatment). The membranellar

band of unwounded KI-treated cells remained active and
beat with a mean wave propagation speed of ~ 0.91 + 0.20
mm/s and cilia beat frequency of ~21.0+52Hz (N =6
cells), which was not significantly reduced compared to
unwounded and untreated control cells (wave speed p =
0.105; beat frequency p =047). In Kl-treated cells
wounded in Regime 2, the membranellar band beat with a
mean wave propagation speed of ~1.18 + 0.60 mm/s and
cilia beat frequency of ~21.9+4.0 Hz (N =6 cells). Com-
pared with the smooth edges in the bands in the 2D auto-
correlation of untreated control cells indicating high
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coordination, the bands of Kl-treated cells had rough,
fuzzy edges and discontinuities, indicating a slight loss of
coordination (Fig. 4b, ¢, Additional Files 12 and 13:
Movies S2e — f). We observed that KI treatment intended
to inhibit the myonemes could also affect the membranel-
lar band. In about 45% of KI-treated cells, the membranel-
lar band would be inhibited and no beating was noticeable
by eye (3 biological replicates, N = 18-24 cells per repli-
cate). This inhibition could be due to the partial
anesthetization of the cilia by potassium ions [41]. Iodide
ions may also play a role in membranellar band inhibition,
as Nal has been previously reported to inhibit the mem-
branellar band in Stentor, although KI was not discussed
[41]. However, the body cilia of KI-treated cells remained
as active as untreated control cells qualitatively, compared
with the inactive body cilia of NiCl,-treated cells, in both
unwounded and wounded cells (N =6 cells for each con-
dition) (Additional File 14: Movie S2g, Additional File 15:
Movie S2h). These results verified that Kl-treated cells
retained actively beating and coordinated cilia.

Figure 4d shows that the timescales for all three modes of
response in Kl-treated cells were insignificantly different
from the untreated controls (contraction p = 0.86; retrieval
p =0.13; twisting/pulling p = 0.99). In both Regimes 1 and
2, KI-treated cells more often utilized contraction alone in
their wound response (Regime 1, N = 16/25 cells; Regime 2,
N =8/27 cells) compared to untreated control cells (Regime
1, N=10/26 cells; Regime 2, N =3/31 cells), while both the
cytoplasm retrieval and twisting/pulling modes occurred
less often (Fig. 4e). These results indicate that active myo-
nemes are not necessary for the contraction response
mode, but may play a role in the cytoplasm retrieval and
twisting/pulling modes. Finally, in all treatment cases, both
the beating of the membranellar band (measured by the 2D
autocorrelation) and the body cilia (qualitatively compared)
were not strongly affected by wounding.

Discussions

Timescale of wound healing

We have characterized the wound repair time in Stentor
subject to mechanical wounds. Comparison of the time-
scales to heal in Regimes 1 and 2 revealed that Stentor
took longer to heal when the wounding was more severe
(~100s vs. ~1000s, respectively). The timescale of each
of the three mechanical modes of wound response varied
from ~ 20 to ~ 250 s (Fig. 4d), much shorter than ~ 600 s
for ~90% of the cells to heal in Regime 1 (Fig. 1G). Be-
cause the wound responses characterized here may not
necessarily seal the wound, we attribute this difference
to the requirement of wound repair mechanisms to fully
close the wound, such as vesicle trafficking and fusion
with the membrane, and possibly actomyosin purse
string, which may be conserved in Stentor due to its use
in ciliate cell division [42—-44]. Ongoing work is being
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performed to investigate these wound repair mecha-
nisms but are outside the scope of this paper.

In addition, we note that the variation in the timescale
for cells to heal was relatively large even in Regime 1 (from
100 s where ~ 50% of the cells were healed, to 600 s where
~90% of the cells were healed). This variation could be due
to the variation in the initial cell size (Additional File 1: Fig.
S5) and the wound size created by our wounding method,
which relied on cell deformation and was thus sensitive to
initial cell size. In addition, while the long axis of the cell
was always aligned parallel to the flow and the guillotine al-
ways bisected the cell longitudinally, we could not control
the orientation of the cell and the exact location where the
cell was cut. This factor could lead to different types of
wounds even in Regime 1, and therefore the relatively large
variations in the wound healing time.

Mechanical modes of wound response

We have described and begun to characterize three dis-
tinct mechanical modes of wound response: contraction,
cytoplasm retrieval, and twisting/pulling (Fig. 5). Up to
95% of wounded cells utilized at least one of these mech-
anical modes, which suggests that the three mechanical
modes play an important role in the wound response.
While events local to the wound site have been the focus
of many single-cell wound repair studies [1], the mechan-
ical modes described here indicate that large-scale mech-
anical events such as cellular force generation and motility
may be of greater importance than previously considered.
Because we considered events in the seconds to minutes
scale only, we do not expect the regeneration of cellular
structures or organelles, which typically takes an hour or
longer in Stentor, to have affected the results here. Inter-
estingly, no cell was observed to use all three mechanical
modes. It is unknown if this is a consequence of the type
and the specific location of wounds the guillotine inflicts
upon the cells, or perhaps if one to two mechanical re-
sponse modes are generally sufficient in the wound repair
process. In untreated Regime 2 cells, ~ 90% of cells used
mechanical modes of wound response (N =28/31 cells)
while only ~ 70% survived (3 biological replicates, N = 22—
34 cells per replicate) on average. This suggests that the
mechanical modes of wound response may not be suffi-
cient for survival.

Tartar has previously reported cells folding on themselves
after being cut longitudinally [28] but no further investiga-
tion was performed. Such folding behavior was very similar
to the contraction mode we had observed here. The lack of
effect on the frequency and timescale of the contraction
wound response by NiCl, and KI treatment indicate that
the process was not mediated by cilia motion or myoneme
contraction. The milliseconds timescale of myoneme con-
traction [31, 32] is orders of magnitude shorter than the
timescale of the contraction wound response, which further
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Fig. 5 Overview of mechanical modes of wound response in
Stentor. Conceptual illustration of mechanical response modes in
Stentor described in this study. a An unwounded cell is bisected into
2 wounded cell fragments using our microfluidic guillotine platform.
After wounding, Stentor can potentially use a combination of 3
mechanical response modes to aid in its wound repair: b
contraction, in which the cell folds around the wound site, ¢
cytoplasm retrieval, in which extruded cytoplasm is pulled back into
the cell body, and d twisting/pulling, in which the cell uses a
twisting/pulling motion to detach from extruded cytoplasm. Further
work is needed to probe the mechanisms of these wound response
modes and to investigate the wound repair mechanisms in Stentor

supports that the contraction wound response is unlikely to
be driven by myoneme contraction. On the other hand, the
timescale of contraction wound response is similar to the
timescale over which cells elongate by microtubule sliding
(~ 1-2 min) after having undergone myoneme contraction.
It is thus possible that microtubule sliding may be involved
in the contraction wound response. It is difficult to infer
how contraction progresses based on the tubulin staining
images. Live Stentor rapidly takes a more spherical shape
upon exposure to harsh chemicals such as the fixatives used
in tubulin staining, so any apparent wound in the tubulin
images may not necessarily be the true shape of the wound
in the live cell. More work is necessary to investigate the
mechanism underlying such contraction behavior. Apart
from microtubules, we were unable to stain for actin or
other cortical structures using conventional stains. To iden-
tify whether wound recovery was actin or microtubule-
dependent, we had attempted using pharmacological drugs
but with limited success. These drugs are commonly used
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in mammalian systems, and their effects in ciliates and es-
pecially in Stentor are unknown. RNAI experiments could
help probe the roles of actin, microtubules, and myoneme
fibers, but these experiments are out of scope of the current
paper.

In the case where the cytoplasm was extruded outside of
the cell, we observed two different responses: cytoplasm
retrieval and twisting/pulling. Cytoplasm retrieval has
been previously reported in Stentor [29] and was accom-
panied by extensive cytoplasmic flow that is also observed
in unwounded cells. It is unknown whether this cytoplas-
mic flow is also driving the cytoplasm retrieval as observed
here. Alternatively, it is possible that the retrieval is similar
to the retraction of a bleb [45-47], where membrane and
cortex reform at the boundary of the extruded cytoplasm.
The contraction of the cortex then leads to the retraction
of the cytoplasm inside the cell. To further probe this
mechanism will require a better imaging method to verify
the presence of membrane and cortex.

When a large amount of extruded cytoplasm was
spilled, especially in Regime 2, the cells typically did not
retrieve all of the extruded cytoplasm and instead twist-
ing/pulling responses occurred more often. The twist-
ing/pulling response mode involved the “amputation” of
the extruded cytoplasm by cilia-mediated twisting/pull-
ing motions. Wounding did not increase the speed or
beating frequency of the membranellar band and did not
appear to affect the activity of the body cilia. Thus, the
twisting/pulling mode was likely a spontaneous re-
sponse, rather than a response that is activated from
wounding. Further, our results using the liquid-liquid
interface show that adhesion to a solid substrate (i.e,
where one end of the cell fragment is pinned) is not ne-
cessary for twisting/pulling motion, but the presence of
a solid substrate significantly reduces the time required
for the cell to detach from the spilled cytoplasm. Since
the survival of untreated cells was not significantly af-
fected by the liquid-liquid interface, the longer time
needed to complete twisting/pulling and detach from
the spilled cytoplasm in the absence of pinning was not
detrimental to the cell.

We note the remarkable similarity between the twisting
wound response and rotokinesis, where the rotation of one
half of the dividing cell severs the bridge connecting to the
other cell half [43]. Rotokinesis is required for the comple-
tion of Tetrahymena cell division [43] and has also been
seen in Stentor cell division. Without cilia motion in Tetra-
hymena, 60% of the mutant cells failed to complete cytokin-
esis [43]. Here, Stentor treated with NiCl, had suppressed
cilia motion and failed to detach from the extruded cyto-
plasm by twisting/pulling motions. The survival of NiCl,-
treated cells also plummeted in Regime 2 where twisting/
pulling was a dominant response to wounding. The survival
of NiCl,-treated Regime 2 wounded cells in the L-L system
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was similar to and as low as that in the S-L system. This re-
sult indicates that removal of the cell from the solid sub-
strate alone is insufficient for viability. Rather, the cell
needs to be detached from the spilled cytoplasm in order to
heal and survive (as seen by the higher survival of Regime 2
wounded cells in untreated vs. NiCl,-treated cells in either
S-L or L-L systems). This further implies that contraction
and/or cytoplasm retrieval was insufficient to recover the
cell when the spilled cytoplasm was large. We note that the
survival of NiCl,-treated unwounded cells and Regime 1
wounded cells were both decreased in the L-L system com-
pared with the S-L system. We speculate it was due to
interfacial tension at the water-oil interface which could
damage the cell, as NiCl,-treated cells were unable to swim
away from the interface.

The survival of NiCl,-treated cells in Regime 1 also
decreased, but not as sharply as in Regime 2. Further,
the typical wound repair time increased by an order of
magnitude to ~1000s. This was unusual considering
that the twisting/pulling response mode was rare in Re-
gime 1 and that the survival of the control NiCl,-treated
cells was 100%. A possible explanation is that Ni** ions
have other inhibitory effects. Ni** ions are known to in-
hibit axonemal dynein in Paramecium [39]. It is possible
that cytoplasmic dynein is also affected in Stentor, but it
is currently unclear what role cytoplasmic dynein plays
in the wound repair process in Stentor.

KI-treated cells utilized cytoplasm retrieval and twist-
ing/pulling less often than control cells, but the time-
scales of each mode were not significantly different from
untreated control cells, suggesting a relatively minor role
of myoneme contraction in these two modes. It is also
possible that more heavily injured Kl-treated cells (e.g.,
cells with spilled cytoplasm that would otherwise utilize
cytoplasm retrieval and/or twisting/pulling) were more
likely to die before a wound response could be observed,
and thus be excluded from the experimental results. Al-
though KI treatment had only a slight effect on the mech-
anical response modes, the survival of wounded KI-
treated cells and even the control KI-treated cells was very
low, ~0 and 25%, respectively. From these results, it is
likely that KI treatment is inhibiting additional cellular
processes beyond myoneme contraction, or that KI is gen-
erally cytotoxic to Stentor. Nevertheless, it was worthwhile
to test the effects of KI treatment on the immediate
wound response, as currently no suitable alternative is
known to robustly inhibit myoneme contraction without
significantly affecting cilia function, and the composition
of the myonemes is not yet fully identified [33, 41].

Comparison to other single-cell models

We estimated that both the wound repair rate and the
maximum wound size that can be repaired in Stentor were
among the largest in the single cells studied thus far (Table
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1). Many of the other cell types studied exist in vivo as part
of tissues, where a low wound repair capacity in individual
cells may not be detrimental as there are other approaches
to close the tissue-level wound such as cell migration and
proliferation [24]. As a free-living unicellular organism,
Stentor cannot rely on neighboring cells for assistance to
survive and repair wounds. In this regard, the ability of
Stentor to survive large open wounds for extended periods
of time is an enormous biological advantage, e.g., in surviv-
ing predator attacks, and a remarkable biophysical
phenomenon. Two features of Stentor that may contribute
to this ability are of notable interest. The first is the con-
tractile vacuole complex which periodically expels excess
fluid and ions from the cell [48], a function that may be
crucial in maintaining homeostasis in the presence of an
open wound. The second is the massive length scale of
Stentor cells. Because of their large size, Stentor may have
relatively larger amounts of material reserves available to
mount a wound response. Further, cell damage resulting
from diffusive loss of essential biomolecules and influx of
excess ions will occur on orders of magnitude slower time-
scales than in small cells only a few micrometers in size.

Conclusions

In summary, we have quantified the healing time and
characterized three mechanical modes of wound re-
sponse in Stentor inflicted with mechanical wounds from
a microfluidic guillotine. At least one mechanical mode
was observed in almost all injured cells, which highlights
the role of large-scale mechanical behaviors that may be
crucial to single-cell wound repair. Chemical perturba-
tions revealed the critical role of cilia-mediated twisting/
pulling motion in wound response, and that myoneme
contraction was marginally involved in the three mech-
anical modes observed. The modes of wound response
characterized here are behaviors that occur as part of
the cell’s response upon wounding and may facilitate the
overall wound repair process in Stentor. However, the
active mechanisms driving the closure of the plasma
membrane remain to be investigated.

Methods

Stentor cell culture

Stentor coeruleus were cultured in Pasteurized Spring
Water (PSW) (132458, Carolina Biological Supplies) in 400
mL Pyrex dishes in the dark at room temperature. In a
modification to standard Stentor culture [49], Stentor were
fed Chlamydomonas every 2days (see Additional File 1:
Note S1 for details). Prior to each experiment, healthy adult
cells (~ 400 pm in diameter and dark green in color) were
retrieved from culture by pipetting under a stereoscope into
a 4-mL glass vial. A cell suspension (density ~ 0.5 cells per
pL) was obtained by sucking cells from the glass vial into
tubing attached to a syringe filled with cell media (PSW).
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Cells were injected into the microfluidic guillotine for
wounding experiments.

Microfluidic guillotine design, fabrication, and wounding
experiments

The master mold of the microfluidic device was fabri-
cated in SU-8 on a silicon wafer using standard photo-
lithography. The height of the master was measured
with a profilometer to be 100 um. A second replica mold
of the master mold was made from Smoothcast 310
using a technique described previously [50]. Poly
(dimethylsiloxane) (PDMS) (SYLGARD-184", Dow
Corning) was then cured from either the original or sec-
ondary mold, following standard soft lithography proce-
dures, and bonded to a glass slide to form the final
device. The device was left overnight at 65 °C in an oven
prior to use in order to strengthen the adhesion between
PDMS and glass and to make the channel hydrophobic.
Prior to use, the channels were washed with a small
amount of ethanol in order to remove air bubbles from
the channel. Afterwards, at least 1 mL of cell media was
injected to clean the channels. Given the dimensions of
our channels, the use of less than 1 mL of cell media
could lead to improper cell cutting. Channels were
washed from the outlet with cell media between separate
experiments and discarded if cell debris or residues
could not be removed from the channel.

A syringe pump was used to inject the cell suspension
into the microfluidic guillotine (inlet (b), Fig. 1A, B) at
constant flow rates of 8 mL/h for Regime 1 and 36 mL/h
for Regime 2 respectively. These flow rates corresponded
to an average velocity of 1.4 cm/s and 6.3 cm/s respect-
ively at each guillotine. Cell media was injected via inlet
(a) (Fig. 1A, B) at various flow rates to control the
wound repair time (see the “Controlling wound repair
time prior to fixation and staining” section).

Controlling wound repair time prior to fixation and
staining

We controlled the duration between the time when cells
were wounded and when they were fixed (£y05t-wound)
using two methods.

* 1) fpost-wound < 30 s. We varied the length of the outlet
tubing (BB31695-PE/4, Scientific Commodities Inc.)
from 4 to 25 cm with a constant cross-section area of
0.454 mm?”.
o The cell suspension was injected into the device via
inlet (b) at the flow rates listed above. In Regime 1,
cell media was also simultaneously injected via inlet
(a) at 10 mL/h to increase the velocity of cells exiting
the outlet (c) to 18 mL/h total, so to decrease the lag
time before assaying the cells. Increasing the flow
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rate at the outlet also prevented cells from sticking to

the tubing, increasing the accuracy of fyost-wound-

o Additional File 1: Note S2 details how fpost-wound

was calculated.
* 2) 1 min < tpost-wound < 120 min. We varied the
incubation time of the cells inside the tubing. The
outlet tubing length was standardized (25 cm) and was
prefilled with cell media and went into an empty 2-mL
Eppendorf tube. A constant volume of cell suspension
(110 uL for Regime 1, and 70 uL for Regime 2) was
injected via inlet (b) into the microfluidic guillotine de-
vice at the flow rates listed above. Note that inlet (a)
was not used at this time, but was connected to a syr-
inge to prevent backflow into inlet (a).
o After the fixed volume of cell suspension was
injected, a timer was started immediately. The majority
of wounded cells were inside the outlet tubing, and
cells that remained in the device were not fixed or
stained.
o When the timer went off, corresponding to the
desired incubation time prior to fixation and staining,
we pumped 250 pL of cells into 1 mL of fixing solution
from the flushing inlet (inlet (a)) at 18 mL/h (for both
Regime 1 and 2 experiments). By flushing with inlet (a),
which went directly to the outlet, we omitted any cells
which were not already in the tubing after wounding.
Note that inlet (b) was not used at this time, but had a
syringe hooked up to it that prevented backflow into
inlet (b).
o Additional File 1: Note S2 details how fpos¢-wound Was
calculated.

Fixation protocol and wound repair assay

Extreme care was taken in all steps to minimize cell
wounding during handling and fixation. We used a fixing
solution of 1% formaldehyde (no methanol) (43368, Alfa
Aesar) and 0.025% Triton X-100 (X100-100ML, Sigma
Life Sciences) in PSW at room temperature. To fix the
cells, 250 pL. of wounded cells was ejected from the guillo-
tine device and the outlet tubing using a syringe pump
(see details above) into 1 mL of the fixing solution in a 2-
mL round-bottomed tube (111568, Globe Scientific) and
incubated for 10 min at room temperature. The round
bottom aided in the collection of cells while avoiding sig-
nificant clumping. The tubing was submerged in the fix-
ation solution and did not contact the bottom of the 2-mL
tube to avoid additional cell wounding.

To stain the wounded cells, we used Sytox Green
(§7020, Invitrogen) at a concentration of 2.5 pM in PSW
at room temperature. After fixation, we used a 200-pL
pipette tip with the end cut off at the 20 uL line to trans-
fer 50 uL of the cells from the bottom of the fixation
tube to a 500 pL solution of Sytox in a 4-mL glass vial
with a flat bottom (C4015-21, ThermoScientific). A flat
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bottom vial, rather than a rounded or conical bottom
vial, was used to ensure all cells were exposed evenly to
Sytox as cells did not pellet in the flat bottom vial. After
30 min of incubation in Sytox, we washed 50 pL of the
stained cells in 500 L of PSW in a second 4-mL glass
vial, and then transferred 50 pL of washed cells onto a
No. 1 glass slide using a 200 pL pipette tip with the end
cut off at the 20 pL line. If we could not capture all cells
in the 50 pL volume, additional 50 uL. volumes were put
onto separate glass slides to avoid wounding the cells
already on the slide and to avoid increasing the back-
ground signal due to additional media volume on the
slide. To minimize cell adhesion and damage due to
shear, tubing and pipette tips used to handle wounded
cells were treated with 3% Pluronic F-68 (J6608736, Alfa
Aesar) in deionized (DI) water for 3 h and then washed.

Cells were then imaged at x 15 magnification on an
EMCCD camera (Andor iXon 897, Oxford Instruments)
mounted on an epifluorescence microscope with 0.05-s
exposure time, a mercury lamp set to ND 1, and a FITC
excitation/emission filter set. To quantify the fluorescence
of cells stained with Sytox, we manually traced the cells in
Image] and measured the average pixel intensity of each
cell. See Additional File 1: Fig. S6, Note S3 for the
complete reagent list and for the details on the
optimization of the assay.

Immunostaining of acetylated tubulin to visualize KM fibers
To visualize KM fibers in wounded and unwounded
cells, we performed immunofluorescence for acetylated
tubulin. To begin, we fixed 250 pL of cells in 1000 pL of
ice-cold methanol in a 2-mL plastic tube (16466-060,
VWR). For wounded cells, the time post-wounding was
controlled following the methods above. Cells were incu-
bated in methanol at —20°C for 40 min. We removed
the supernatant and then added 500 pL of 1:1 methanol:
PBS and incubated for 10 min at room temperature. We
removed the supernatant and then added 500 uL of PBS
and incubated for 20 min at room temperature. We re-
moved the supernatant and then and added blocking
buffer consisting of 500 puL of 2% BSA + 0.1% Triton X-
100 in PBS and incubated for 2 h at room temperature
or overnight at 4°C. We removed the supernatant and
then added 500 pL of primary antibody (T7451-200UL,
Sigma Life Sciences) diluted 1:1000 in blocking buffer
and incubated for 2 h at room temperature or overnight
at 4°C. We removed the supernatant and then washed 3
times with 500 pL of PBS, allowing cells to settle at the
bottom of the tube between each wash. We removed the
supernatant and then added 500 pL of 488 nm excitation
fluorescent secondary antibody (SAB4600388-125UL,
Fluka Analytics) diluted 1:1000 in blocking buffer and
incubated for 2h at room temperature or overnight at
4°C. We removed the supernatant and then washed 3
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times with 500 uL of PBS, allowing cells to settle at the
bottom of the tube between each wash. We then imme-
diately imaged the cells by pipetting 50 uL onto a No. 1
glass slide.

We used two imaging setups for the KM fibers. We
obtained confocal images using an inverted laser scan-
ning confocal microscope (Zeiss, LSM 780). Cells were
imaged using a x 20 (NA = 0.8) objective at an excitation
wavelength of 488 nm, and a broad emission filter
matching the spectra of Alexa Fluor 488. We obtained
additional epifluorescence images using an EMCCD
camera (Andor iXon 897, Oxford Instruments) mounted
on an inverted microscope with a x 10 or x 20 objective.

Imaging of cell motion after wounding

We observed cell behavior in response to a wound using
a high-speed camera (Phantom v7.3 or Phantom v341)
operating between 20 and 100 fps mounted on an
inverted brightfield microscope using a x4, x5, or x 10
objective. Cell response behaviors were observed imme-
diately after cutting, either inside the device in the large
well before the outlet, or on top of the PDMS device
using No. 1.5 coverslips to create a well with a defined
height.

To measure the time for each mechanical mode to
complete, we determined the first and last frame the
mode could be seen manually. The contraction mode
was considered complete when the wound was smaller
than ~20pum, at which point it was difficult to see
consistently with our imaging setup. Although cells
could have multiple smaller wounds in addition to a
large wound across one side of the cell (especially in
Regime 2), we only considered the large wound in
evaluating the contraction response. The cytoplasm re-
trieval mode was considered complete when the cyto-
plasm did not form an apparent protrusion out of the cell.
The twisting/pulling mode was considered complete when
the cell completely detached itself from the extruded
cytoplasm.

To measure the timescale and frequency of occurrence
of different modes of wound response, we only consid-
ered cells and behaviors which met the following criteria:
(1) The location of wounding was visible with our im-
aging setup. For example, the wound location would
not be visible if it were obscured by the shadow from
the device sidewalls or the outlet tubing, or if the cell
left the field of view. If we lost visibility of the wound
location before the wound response was complete, we
would count behaviors that were observed prior to
the loss of visibility towards the frequency of occur-
rence, but would not quantify the timescale of their
response. (2) The cell did not swim back into the
narrow channels near the guillotine blade during its
wound response. Re-entry into these narrow channels
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would deform and compress the cells, possibly leading
to additional injury. If a cell entered the narrow chan-
nels before its wound response was complete, we
would count behaviors that were observed prior to
the contact towards the frequency of occurrence, but
would not quantify the timescale of their response.
(3) Unwounded cells (due to stopping of the pump
for observation) were not included. (4) The cell did
not die during observation (which typically occurred
in the first 5-10 min after wounding). For this experi-
ment, we considered cells dead if they ruptured and
lost complete membrane integrity. This type of cell
death was only observed for a few cases with KI
treatment.

The frequency of each behavior was then calculated
by considering cells which met all criteria for that be-
havior. Some cells used multiple modes, and thus, the
frequency of occurrence for the three modes can add
up to greater than 100%. For cases where the mech-
anical response modes were less common, the sum of
the frequencies of occurrence can be less than 100%,
indicating that not all wounded cells utilized a mech-
anical response mode.

Survival measurements
Cell survival after cutting was quantified using Eq. 1:

Ny

0h

Survival =

(1)

where Ny ;, is the number of cell fragments counted
at the channel outlet at £ =0h, immediately after the
cut, and N, 5 is the number of live cells 24 h after
the cut. Ny , was counted manually from videos of
the cutting process. The videos were obtained using
the high-speed camera at 100 fps (Regime 1) and at
450 fps (Regime 2) respectively. Immediately after
cutting, cell fragments were included in N, j, if they
were larger than 1/4 of a typical bisected cell cut in
Regime 1 and appeared to have a part of an intact
cell membrane. Ny, 5, was counted manually by exam-
ining the cells stored overnight in a 2” Petri dish
with ~5mL of cell media. At 24h after cutting, cells
were considered alive and included in N,; 5, if they
had beating cilia, were swimming, or were attached to
the surface in a trumpet-like shape [34].

Perturbations

Nickel chloride (NiCl,) treatment

Cilia beating was reversibly inhibited by NiCl, treatment.
We prepared a 100 mM stock solution of NiClyqg)
(N6136, Sigma) in DI water and gently heated it at 50 °C
until fully dissolved.
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Inhibiting cilia beating caused increased adhesion of
the cells to the tubing and the microfluidic device. To
minimize cell adhesion and damage due to shear, all tub-
ing and microfluidic devices used in the NiCl, experi-
ments were incubated with 3% Pluronic F68 in DI water
for 3 h and then washed.

To prepare NiCl,-treated cells, we loaded approxi-
mately 15 cells in a 25uM NiCl, solution in PSW
inside a 20-cm length of tubing using a syringe. The
tubing was then disconnected from the syringe (to
prevent cells from swimming into the syringe barrel
before the cilia were fully inhibited) and the cells
were incubated for 5h. Then, the tubing was re-
connected to a syringe and prepared device both
filled with cell media, taking care to eliminate any air
bubbles. From this point onwards, device operation,
cell fixing, and Sytox staining proceeded as before.
We found this treatment condition was the most ef-
fective in inhibiting cilia beating without compromis-
ing cell viability. Cilia motion was recovered within
24 h post-wash.

Potassium iodide (Kl) treatment

We incubated cells in a solution of 1% KI (60400,
Sigma-Aldrich) in PSW for 5min, followed by wash-
ing in PSW. Cells were used within 30 min after
washing. This method has been shown previously to
inhibit Stentor contraction [28]. To minimize cell ad-
hesion and damage due to shear, all tubing and
microfluidic devices used in the KI experiments were
incubated with 3% Pluronic F68 in DI water for 3h
and then washed.

Measurement of cilia activity

High-speed images of the cells were taken at 5000 fps
with a x 20 objective using the Phantom v341 camera
and analyzed following the method published by Wan
et al. [51]. Briefly, points along the membranellar
band were manually defined using Image] and used to
generate a parameterized curve that forms a 1D co-
ordinate system. For a set of equally spaced points
along this parameterized curve, a box centered
around each point and aligned normal to the curve
defined the region of interest. The mean pixel inten-
sity of each of these boxes was taken to convert the
region of interest into a 1D signal in space, which
was then used to compute 2D kymographs of image
intensity. Finally, we performed a 2D autocorrelation
of the 2D image intensity kymograph, which corre-
lates the kymograph with time- and space-shifted ver-
sions of itself. The normalized 2D autocorrelation
coefficient c(dz, dx) for a given shift (&t dx) is given
by Eq. 2.
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O (8, x) — f(£,%)] [f (¢ + 08, + 8x) — f(t + O, x + 5x)]
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c(8t,0x) = L

St 23 [fe) - Tt H T80 [f(e + 0t 8) - T+ ot +-00)] "}

where f{t, x) is the image intensity of the cilia at time ¢
and point x and f(t,x) is the mean of f{£, x) in the region
sampled. Physically, a high ¢ is interpreted to mean that
a specific configuration of cilia has reappeared at a time
Ot after the original and at a location dx away from the
original. This analysis measures how a specific configur-
ation of the cilia travels through time and space along
the membranellar band and is an indication of the spa-
tiotemporal coordination of the cilia.

Liquid-liquid interface experiments

To prevent cytoplasm adhesion to the PDMS and/or
glass substrate during the twisting/pulling mode of
wound response, we generated a liquid-liquid interface
using oil and water. Circular wells approximately 1 cm
in diameter were cut into a 1.5-cm-thick slab of PDMS
and then the slab was bonded to a glass slide. After
bonding, the wells were coated with Aquapel (PGW
Auto Glass) to render the PDMS and glass hydrophobic.
To generate the liquid-liquid interface, each well was
first filled with 250 puL of FC-40 oil (3 M). Then, 400 pL
of PSW was added on top of the denser and immiscible
oil to form a suspended droplet. Guillotine operation
remained the same as before. Cells were cut and col-
lected into a 25-cm-long piece of tubing. The tip of the
tubing was inserted into the suspended droplet and ap-
proximately 100 pL of the cut cells was pushed gently by
hand using the syringe attached to inlet (a) to avoid creat-
ing large disturbances in the suspended droplet. For the
24-h survival experiments using the liquid-liquid interface,
the wells were stored adjacent to reservoirs of oil and cov-
ered to slow down evaporation of the oil.

Experimental design and statistical analysis

Cells used for experiments were always used the second
day after feeding to ensure consistency (Additional File
1: Notes S1, S3). At least 3 biological replicates were
performed for each experimental group in the wound re-
pair assay experiments. For wound response observation
experiments, each independent experiment yielded 1-3
cells for observation, and a total of at least 25 cells were
observed for each experimental group. To assess differ-
ences in wound response mechanism timescales, we per-
formed statistical analysis using unpaired two-sample ¢
tests with Holm-Sidak correction for multiple compari-
sons. Values of p < 0.05 were considered statistically sig-
nificant. The sample size N in each experiment group is
provided in the figure captions. The same batch of re-
agents was used throughout all experiments to minimize
batch to batch variation.

(2)
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