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Abstract

Serious wounds, both chronic and acute (e.g. surgical) are among the most common,
expensive and difficult to treat health problems. Negative pressure wound therapy
(NPWT) is considered a mainstream procedure for treating both wound types. Soft
tissue deformation stimuli are the crux of NPWT, enhancing cell proliferation and
migration from peri-wound tissues which contributes to healing. We developed a
dynamic stretching device (DSD) contained in a miniature incubator for applying
controlled deformations to fibroblast wound assays. Prior to the stretching
experiments, fibroblasts were seeded in 6-well culture plates with elastic substrata and
let to reach confluency. Squashing damage was then induced at the culture centers and
the DSD was activated to deliver stretching regimes that represented common clinical
NPWT protocols at two peak strain levels, 0.5% and 3%. Analyses of the normalized
maximal migration rate (MMR) data for the collective cell movement revealed that
for the 3%-strain level, the normalized MMR of cultures subjected to a 0.1Hz stretch
frequency regime was ~1.4-times and statistically significantly greater (p<0.05) than
that of the cultures subjected to no-stretch (control) or to static stretch (2" control).
Correspondingly, analysis of the time to gap closure data indicated that the closure
time of the wound assays subjected to the 0.1Hz regime was ~30% shorter than that of
the cultures subjected to the control regimes (p<0.05). Other simulated NPWT
protocols did not emerge as superior to the controls. The present method and system
are a powerful platform for further revealing the mechanobiology of NPWT and for

improving this technology.




1. Introduction

Serious wounds, both chronic and acute, are among the most common, expensive
and difficult to treat health problems. A recent study evaluated that such wounds
impact nearly 15% of the US Medicare beneficiaries and are associated with a
conservative estimated expenditure of $32 billion, and up to $97 billion when
considering costs associated with infections (Nussbaum et al. 2018). The most
expensive treatment cost estimates were for surgical wounds, followed by diabetic

foot ulcers and pressure ulcers (Padula and Delarmente 2019).

During the proliferative phase of the normal wound healing cascade, dermal
fibroblasts proliferate and migrate into the wound bed to fill the gap, synthesize
growth factors and produce new extracellular matrix (ECM). This fibroblast migration
results in the expression of thick actin bundles that form scar tissue (Stroncek and
Reichert 2008; Singer and Clark 1999). As such, fibroblast migration into wounds is
vital for healing and therefore, in vitro "wound healing" assays typically focus on the
kinematics of migration of these cells, e.g. through transwell assays, stopper-based
assays and scratch assays (Rodriguez-Menocal et al. 2012; Lin et al. 2019; Fronza et
al. 2009; Walter et al. 2010). The cell migration behavior observed in monolayer
fibroblast culture models in vitro was found to be informative and useful with respect
to understanding in vivo cell migration, specifically with regards to factors that
accelerate or inhibit collective fibroblast migration, including mechanobiological
factors (Pijuan et al. 2018; Trepat et al. 2012; Liang et al. 2007; Monsuur et al. 2016;

Pinto et al. 2019).

Mechanical deformations and stresses are naturally applied to human wound

sites by bodyweight forces, physiological function (e.g. respiratory movements acting
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on a sternal wound after cardiac surgery) and application of treatment dressings. In
addition, in many cases, loads are delivered to the wound bed as part of a treatment
plan, via negative pressure wound therapy (NPWT). Use of NPWT grew
exponentially since the 1990’s and it is now considered a mainstream procedure for
treating both surgical and chronic wounds (Apelquist et al. 2017; Yadav et al. 2017;
Othman 2012). In NPWT, vacuum is locally applied to the wound site, inducing
drainage of the wound bed and thereby reduction of the edema concurrently with
micro- and macro-deformations of the wound and peri-wound tissues, which
mechanically stimulate cells to proliferate and migrate (Vikatmaa et al. 2008; Huang
et al. 2014; Apelqvist et al. 2017; Lalezari et al., 2017). The mechanisms of action of
NPWT are not completely understood to date, particularly with regards to the cell-
scale effects (Lalezari et al., 2017). This is manifested in a large variety of modes of
operation of the commercially available NPWT devices, the alternative NPWT
protocols, programed options and adjustable parameters that are set in practice,
primarily based on clinical judgement and experience. Cells in the soft tissues
subjected to NPWT may therefore be exposed to highly variable mechanical stimuli,
depending on the specifications of the device in use, the chosen device settings,
clinical protocols and the mechanical properties of the peri-wound/wound tissues of

the individual.

It is well known that micro- and macro-scale mechanical deformations applied
to cells influence fundamental cellular functions and biological processes, including
morphological features, the likelihood of proliferation, rate of differentiation,
adhesive interactions, apoptosis and in the context of the present work, the speed and
directionality of collective cell migration (Paluch et al. 2015; van Helvert et al. 2018).

Numerous experimental reports demonstrated that the mechanical stretching of cells
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triggers intracellular biochemical signaling which increases the expression of various
proteins e.g. fibronectin, alters gene expression and activates molecular pathways of
proliferation, differentiation or angiogenesis (Tokuyama et al. 2015; Huang et al.
2014; Pandit et al. 2015; Ao et al. 2015; Lalezari et al., 2017). Specifically, it has been
shown that fibroblasts (Marom et al. 2019), adipocytes (Shoham et al. 2012),
myoblasts (Nagai et al. 2012), vascular endothelial cells (Naruse et al. 1998),
chondrocytes (Hirano et al. 2008) and bronchial fibroblasts (Kato et al. 1998) respond
to stretching stimulations by modulating cell shapes and cytoplasmic organization
where typically, cytoskeleton fibers form, orient and resist the shape changes by the
mechanical forces (Chanet and Martin 2014; Undyala et al. 2008; Angelini et al.
2010). It is therefore not surprising that collective migration patterns and speeds are
affected by stretching of the cell substrata. Our group statically stretched scratch-
wound fibroblast assays to evaluate how stretching of the cultures influences
migration rates (Toume et al. 2017). We reported that exposing these scratch assays to
static 3% strain increased the normalized migration rates and reduced the gap closure
time relative to unstretched controls or exposure to a 6% strain level (Toume et al.
2017). Our other published work further indicated that exposure to 9% strain or higher
strain levels led to plasma membrane poration followed by apoptotic cell death
(Slomka and Gefen 2012).

Our published research (Toume et al. 2017) and the work of others clearly
indicated that micro-deformations of the wound bed and peri-wound tissues are
beneficial for wound healing in the specific aspect of accelerating fibroblast migration
(Wiegand and White 2013). Fibroblasts subjected to certain small strain regimes
migrate to longer distances (Chow et al. 2016) or faster (Toume et al. 2017), however,

the optimal strain values and cycle frequencies remain unknown. Accordingly, while
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NPWT systems clearly deliver good clinical outcomes, their design, programming and
adjustments are decided much like a shot in the dark, as no relevant
mechanobiological knowledge exists to guide industry work in this regard. Deeper
understanding of the mechanobiology of NPWT will pave the way for a better-
informed device design process and thereby, improved wound care technologies
which optimize the stimuli to the wound site for a faster tissue repair. This paper
describes a fundamental and vital step in this direction. First, a novel method and
system have been developed to determine the collective fibroblast migration
kinematics under dynamic stimuli used in NPWT. Second, the present work utilized
the above new experimental system for comparing common clinical NPWT protocols,
translated to the mechanobiological environment of cultured fibroblasts, in an effort to
identify a preferred cell stimulation regime that accelerates the collective migration of
these cells to their target.

2. Methods

We developed an apparatus - the miniature incubator for cell stretching (MICS) -
for applying controlled deformations to wound assays over periods of hours, days or
weeks. This apparatus is composed primarily of an incubation chamber and a

computer-controlled dynamic stretching device (DSD).

2.1 Cell culturing

NIH3T3 fibroblast cells were maintained in a culture medium composed of
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2mM L-glutamine, 0.1% penicillin/streptomycin (all components of the
culture medium were purchased from Biological Industries Co., Israel). Cells were
first thawed from liquid nitrogen storage and cultured in 75 cm? filter cap flasks for 3

days in an incubator at 37°C and 5% CO.. Cells were then passaged by washing the
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cultures twice with PBS, applying 1 ml trypsin (0.25%/0.25%) for 5 min, adding 5 mi
of culture medium, centrifuging and removing the supernatant. Cells were
continuously passaged every 3/4 days and then similarly cultured in 75 cm? filter cap
flasks. Prior to all cell stretching experiments, cells were seeded in six-well culture
plates with elastic, transparent and collagen-coated substrata (BioFlex®, Flexcell
International Corporations, Burlington, NC, USA), and were then cultured for 1-2

days until reaching 100% confluency.

2.2 The Miniature Incubator for Cell Stretching

We selected to load the fibroblasts in dynamic stretching modes representing
commonly accepted clinical NPWT treatment protocols. Our MICS system was built
accordingly, for applying dynamic equibiaxial and homogeneous tensile strains to the
cell culture substrata (Fig. 1). The current MICS design is based on a previously
reported static cell stretching device developed and used by our group in multiple
experimental mechanobiological studies (Levy et al. 2012; Shoham et al. 2012;
Leopold and Gefen 2013; Slomka and Gefen 2012; Toume et al. 2017), however, the
basic design has been substantially improved here, to facilitate the NPWT-like
dynamic stretches and the live imaging of the assays.

Specifically, our DSD apparatus contains a geared direct current (DC) step
motor (IDEA driver, Haydon kerk, AMETEK) that is placed on the superior bridge
and rotates a screw which elevates and lowers the inferior bridge. The inferior bridge
is connected to rods which press over the flexible bottoms of the culture plate, which
is mounted between the two frames of the apparatus. The descent of the superior
bridge lowers the plate bottoms over Teflon rings which are 20mm in diameter and

that are positioned underneath the culture plate. This thereby stretches the elastic
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substrata that make the bottoms of the culture plate (Fig. 1a,b). The Teflon rings are
hollow at their center, for two main reasons: (i) The light source of the microscopy
system is located inferior to the rings, so hollow rings facilitate illumination of the
cultures from below, which allows the digital time-series photography of gap closure
processes. (ii) It would have been extremely challenging, from a manufacturing
perspective, to produce solid posts which are ideally horizontal and smooth across
their entire contact surface with the elastic substrata, so that the strain field is not
interrupted by irregularities or bumps in the superior surfaces of such posts. We
further verified that the elastic substrata used for the cell culturing in the 6-well
BioFlex® culture plates (Flexcell® Int. Corp., Burlington NC, USA) and for the
further migration studies produce a homogeneous, equibiaxial strain field and also,
behave linearly-elastically. This has been accomplished by means of experimental and
finite element (FE) methods, as reported in detail in our previously published work
(Shoham et al. 2012; Katzengold et al., 2015). In brief, the equibiaxial strain field on
the substrata has been characterized using a speckle-tracking-based strain
measurement method (Shoham et al. 2012) and the negligibility of edge effects has
been demonstrated using FE analyses of the cell stretching system (Katzengold et al.,
2015). We further verified the linear-elasticity of the material of the substrata for cell
culturing using uniaxial tensile tests, where we have stretched three specimens of the
substrata (each being 14 cm long x 2 cm wide) at a rate of 5 mm/min (Instron 5544
model, High Wycombe, UK). The substrata demonstrated a linear-elastic behavior up
to a strain magnitude of 18%. Finally, as a safety measure, to avoid any potential edge
effects that may influence the equibiaxial strain fields in the culture wells, all the

micro-gaps in cultures were created at the approximate centers of the cultures.
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This DSD apparatus was carefully designed, in terms of its overall size and
material components, to allow it to function continuously in an incubator at 90%
humidity, 5% CO., and 37°C. The dimensions of the DSD apparatus were
13.5x16x13 cm. The bottom frame of the DSD was made of polycarbonate, and the
other parts were made of Stainless Steel 303. The whole apparatus is sterilizable using
70% ethanol (Bio-Lab Ltd., Jerusalem, Israel) before culturing.

We verified and characterized the homogeneous and biaxial strain state in the
substrata of the culture plates as follows. When the elastic substrata were in an
undeformed configuration, we acquired high-resolution (12.2 megapixel) photographs
of three dot-shaped dye marks that were carefully made on the substrata. Then, the top
frame was lowered to a defined distance (d) in the motor software and the marks
where photographed again in the deformed configuration. These images were
processed by a MATLAB code (MathWorks, Natick, MA, USA), and the three
Eulerian strain components (Ecc, Er, and Er) were calculated for each d using the
finite strain theory, as detailed in our previously published work (Geddes et al. 2001;
Be'ery-Lipperman and Gefen 2005; Lee et al. 1996). The two normal strain
components, E¢c and Ey, are the strains along the circumferential and radial axes,
respectively, whereas Er is the shear strain component. We calculated these stain
components for d in the range of 0.3-1.8 mm which is allowed by the apparatus. We
repeated this calibration experiment three times for each well and for three wells (i.e.
9 repetitions) and calculated the mean strains. For an ideal equibiaxial strain, Ecc = Eir
and Er= 0 (Lee et al. 1996) and hence, the mean tensile strain E was calculated as the
average of Ecc and Ex. We fitted the plot of E versus d with a linear function (with a
Pearson correlation coefficient= 0.969) (Fig. 2):

E = 69d/10000 )
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where d in the above equation is provided in units of millimeters. To fit the stretching
apparatus properly above the objective of the microscope, a custom-designed stage
was 3D-printed. In addition, the condenser was raised using 2 custom designed rods
and a condenser connecting plate, using the same screw connections of the original
microscopic stage.

Cell viability was maintained throughout the experiments using a custom-
made transparent incubation chamber made of Perspex, with wall thickness of 10 mm
which contained the entire microscope setup but allowed for manual refocusing of the
microscope if needed, during the experiments. The temperature within the incubation
chamber was maintained at 37° using a heater mat and rod (model 245-635, RS
Components Co., Corby, United Kingdom) and a thermocouple (621-2164, RS
Components Co., Corby, United Kingdom) which were connected to a temperature
controller PXR4 (Fuji, 539-5101 RS Components Co., Corby, United Kingdom). A
DC brushless fan (YM1208PTS1, Huaxia Hengtai, Longhua District, Shenzhen,
China) was included in the incubation chamber design for temperature homogeneity
and circulation, which prevent focus shifting of the microscope. The pH was further
kept nearly constant, at a level of 7.6, by adding 0.5% of HEPES to the culture media.
To maintain a steady CO: level in the incubation chamber, an Okolab Airpump and
CO. tank were connected to a CO2 - O2 manual gas mixer (2GFmixer, Okolab, NA,
Italy) and an outflow of 1 nl/min air and 0.05 ml/min CO2 was installed. A tent
structure build from a squared silicone mat (250x300mm) was squeezed around the
condenser of the microscope and further fixed around the microscopic stage to

maintain the CO> and humidification in the proximity of the cells (Fig. 1c).




2.3 Experimental design

To inflict cell damage, the confluent monolayers were mechanically squashed
using the sharp point of a needle which was centered by a custom 3D-printed cross
handle (Fig. 3a). Using the above needle, a quasi-static load was applied to create an
approximately circular ‘wound’ gap in the culture well of interest. After puncture,
cells were washed with 2 ml PBS to remove the debris of the dead cells prior to
investigation of the damaged culture. Next, 5 ml of culture medium were added and
the culture plate was placed in the MICS apparatus, which was subsequently placed
on the custom microscopy stage.

Damaged cultures were stretched using two peak strain levels, 0.5% and 3%,
which are equivalent to negative pressures of approximately 75 and 200 mmHg,
respectively (Katzengold et al. 2018). The experiments where a 0.5% peak strain level
was used included the following stretch protocols: (i) No stretch (which served as
controls), (ii) static stretch (‘ramp-and-hold’, as a second control group), (iii) 1 Hz
cycles (representing an intermittent NPWT wave form), (iv) 0.1 Hz cycles
(representing a slower intermittent wave form); and (v) cycles of 5 minutes of
continuous stretch followed by 2 minutes of a relaxation period (often referred to in
the wound care literature as a ‘2-5 protocol, which is another form of an intermittent
NPWT wave). The cyclic as well as the ‘2-5° NPWT protocols are commonly used in
clinical practice (Dastouri et al., 2011; Hong, 2013; Lee et al. 2015, Apelqvist et al.
2017). The experiments where a 3% peak strain has been set were conducted
similarly, using the above stretch protocol types, excluding the 1 Hz cycles which
were too rapid for the MICS hardware to adequately deliver the stretches from a

system control perspective (Fig. 3b).
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2.4 Time-lapse imaging

A digital inverted phase contrast microscope (Nikon Eclipse TS100) with a Nikon
CFI Achro DL objective using 10xmagnification, a working distance of 7 mm, and
numerical aperture of 0.25 acquired the culture images. Culture photographs were
taken every 5 minutes until the gap completely closed, by means of a Nikon DS-Fil
digital camera with resolution of 2560x1920 pixels. Before image data were analyzed
we have omitted the specific images taken while the gap was stretched, and only used
the images acquired at a relaxed substrate state, since the gap changes its size
cyclically during stretching, whereas we were interested in isolating the parameters of
gap closure by the collective cell migration.

2.5 Analysis of gap closure

In order to analyze the time-progression images of the gap closure and further
quantify the collective cell migration into the formed gaps, we used a MATLAB code
that was developed in our group for this purpose and employed widely in our
published work (Topman et al. 2012a,b & 2013a; Monsuur et al. 2016). Briefly, the
gap area is quantified automatically by applying a custom-made image processing
algorithm (Fig. 4a) which segments each analyzed micrograph (at each time point in
the acquired sequence) into two regions: a denuded region versus a cell-populated
(surrounding) region. This segmentation is done based on local image texture
properties: the denuded region is characterized by a more homogeneous image texture
(variability of pixel intensities in a region of interest) than the cell-populated region.
The above image processing algorithm was applied to each individual frame along the
time sequence, and for every experiment, to ultimately produce a gap area (A) over
time (t) plot, per each trial. These A-t plots were then fitted to a Gaussian function

and the maximal slope of the fitted curve has been reported here as the normalized
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MMR. The normalized root-mean-square error of the fit was always less than 5% and
typically (for 95% of data points) lower than 1%, which indicates an adequate and
robust fitting procedure.

2.6 Statistical testing

We conducted at least 5 repetitions for each experimental protocol used in our
0.5%-strain stretching studies, and also, at least 10 repetitions of the 3%-strain
studies. We then compared the mean of the kinematic parameters (e.g. the normalized
MMR and time for 90% ‘wound' closure) using one-way analysis of variance
(ANOVA), per each peak strain level, to determine whether the stretching protocol
caused a statistically significant difference in cell migration response to the infliction
of damage in the cultures. Since the 3%-strain data indicated significant differences,
we further conducted post-hoc pairwise Tukey-Kramer tests to identify the specific
differences between each pair of protocol types. A p-value lower than 0.05 was
considered statistically significant.

3. Results

Every A-t plot of all the wound assays always exhibited a sigmoidal behavior with
the steepest downward slope, i.e. the normalized MMR occurring within the 2" to 3"
quartiles of the total closure period, which was 5-14 hours for the pooled data from all
the stretching protocols (Fig. 4). Analyses of the normalized MMR data (Fig. 5a,b)
further revealed that for the 3%-strain level, the normalized MMR of fibroblast
cultures subjected to the 0.1 Hz regime was ~1.4-times and statistically significantly
greater (p<0.05) from that of cells subjected to no-stretch (control) or to static stretch
(2" control). Nonetheless, the 2-5 stretching protocol was statistically
indistinguishable from the two aforementioned controls (Fig. 5a). In addition and

correspondingly, analysis of the time to gap closure (coverage of 90% of the gap area)
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data (Fig. 5c,d) indicated that the closure time of the wound assays subjected to the
0.1 Hz regime was ~30% lower than that of the cultures subjected to the control
regimes (p<0.05). The same assays conducted at 0.5%-strain peaks resulted in similar
ranges of normalized MMR and closure time data with respect to the 3%-peak
datasets (normalized MMR: 19.8-27.9 %-area/hr; time to 90% gap closure: 5.2-8.6
hours) but the results of the 0.5%-strain dataset were statistically indistinguishable
across the different stretch protocols. This observation appeared to be associated with
an overall substantially greater variability in the kinematic data of the tested cultures
for the 0.5%-strain experiments with respect to the data from the 3%-strain cultures

(Fig. 5b,d).

4. Discussion

NPWT is one of the most important non-pharmaceutical platform technologies
developed and applied for tissue repair and wound healing. A key feature of NPWT is
that it maintains the environment of the wound-bed as a semi-isolated compartment,
which facilitates control over the applied biomechanical stimuli, leading to beneficial
cell-scale biological effects that macroscopically enhance the wound healing process
(Apelquist et al. 2017; Yadav et al. 2017; Othman 2012). Mechanical deformations of
the wound-bed and peri-wound tissues are the crux of NPWT. These mechanical
stimuli are considered to enhance tissue perfusion, vascular and lymphatic vessel
growth, migration and proliferation of immune and tissue-repairing cells, as well as
differentiation of epithelial cells (Lee et al. 2015; Huang et al. 2014; Pandit et al.
2015; Ghazanfari et al. 2009). All the above lead to epithelization of the wound-bed,
granulation, revascularization and eventually, to tissue repair and scar formation

(Singer and Clark 1999).
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We developed a novel experimental mechanobiological model system which
enables real-time, live-imaging of collective cell migration in response to inflicted
localized damage in the studied cultures. In the present work, we employed this model
system for experimentally evaluating the influence of specific and commonly used
deformation regimes on en mass migration of fibroblasts, towards development of
improved NPWT technologies and protocols for treating acute and chronic wounds.
The above model system builds up on a decade of mechanobiological work in our
research group in the field of wound healing, including the live-imaging and image
processing methods and algorithms employed here (Topman et al. 2012a,b & 2013a;
Monsuur et al., 2016). Our published contributions have revealed fundamental
kinematic characteristics of collective cell migration, including the sigmoidal nature
of the area-versus-time curves reported in the works of Topman et al. (2012a,b), a

phenomenon which is consistently demonstrated here again (Fig. 4a-e).

One NPWT protocol studied here, which is often used when treating chronic
wounds such as pressure ulcers/injuries and diabetic foot ulcers, is five minutes of
negative pressure followed by two minutes of relaxation (Lee et al. 2015; Apelgvist et
al. 2017). In our present study, we simulated the effect of this protocol on collective
migration in fibroblast cultures subjected to localized mechanical damage (by
cyclically applying 5 minutes of static stretch to the cultures with an induced gap, in a
ramp-and-hold manner, followed by two minutes of relief). Interestingly, we found
that this 2-5 regime was inferior, in terms of the resulting migration kinematics, with
respect to a more frequent, 0.1 Hz stimulus (having the same 3%-strain peak).
Specifically, the 0.1 Hz stimulus was associated with a 18%-greater normalized MMR
(Fig. 5a) and a 12%-lower coverage time (Fig. 5¢) compared with the 2-5 regime. In

fact, while the 2-5 regime data were statistically indistinguishable from the ‘no-
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stretch” and ‘static-stretch’ control experiments, the 0.1 Hz regime was statistically
significantly different with respect to both of these control types, with greater
migration speeds and shorter closure times as reported in the Results section. This is a
seminal discovery, as it is the first time in the literature where a laboratory
methodology has been developed in order to mechanobiologically evaluate and
compare between NPWT protocols. Moreover, the new MICS system was able to
identify a preferable NPWT protocol in the aspect of the collective cell migration

kinematics.

Another vital observation made in the present study is that the amplitude of the
stretching stimuli is a critically important parameter. For the 3%-strain levels we note
that the 0.1 Hz regime resulted in statistically significantly greater normalized MMRs
and shorter closure times than for the controls (and the 2-5 regime), however, these
kinematic results were substantially more variable and therefore non-significant for
the 0.5%-strain datasets. In this context, the literature indicates that collective
migration of gastric mucosal cells cyclically stretched to strains of 5-10% (i.e. larger
strains than those used in our work) was slower than that of non-stretched cultures,
likely due to disruptions to cytoskeletal structures and cell adhesions (Osada et al.
1999). Similar results were reported for exposure of airway epithelial cells to 20%-
strain peaks (Desai et al. 2010). In contrast, when studying lower-level dynamic
stretches, our group (Toume et al. 2016) demonstrated that a strain range of 3-6% did
not alter the cytoskeleton or increased the cell death rates. Here, we further showed
that 0.5%-strain peaks are a sub-optimal stimulus, and so, while not damaging the
cells (based on our previous work; Toume et al., 2016), they do not have a positive
effect on migration either. We therefore conclude that, not surprisingly, Goldilocks

principle applies in the context of the mechanobiology of NPWT: To enhance
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collective migration, peak strains delivered to cells and tissues need to be not too

little, nor too high.

The limitations of the present MICS system and the experiments reported here
primarily concern the study of monolayers of cells, which does not consider the
complex three-dimensional (3D) cell organization in tissue structures, as well as the
related interactions of cells with the extracellular matrix (ECM). While we have
studied cell migration in 3D tissue-engineered hydrogel-based constructs before
(Topman et al. 2013b), in our experience, the elegance of a monolayer system allows
for effective and robust extraction of the parameters of the migration kinematics; the
ECM structure and composition would add another layer of complexity, particularly
in the context of wounds where the ECM is partially or fully degraded. The presently
described method and system allow, in effect, for high-throughput studies of NPWT
protocols in interaction with other cell therapies such as pharmaceutical and natural
medications which are used or considered for use in wound healing (Topman et al.
2013a). This will be our next research goal. Another limitation which should be
considered here, is that we did not isolate effects of cell proliferation or non-specific
cell death and how these could potentially be influenced by the different stretching
protocols. Within the 14-hour timeframe of our experiments, migratory activity (and
not proliferation) was the paramount contributor to cell coverage of the gaps, as
evident from our present video analyses, as well as from our previously published
work (Topman et al., 2012b). With that said, in future work, we plan to add a new
image processing module for identifications of mitotic and non-specific cell death
events (the development of which is already underway in our group; Shkolyar et al.,
2015), which would then facilitate determination of the effects that each stretching

protocol has on mitosis and non-specific cell death.
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The edge of the needle in our setup for inflicting mechanical damage to the
studied cell cultures was approximately 250 micrometers in diameter, which
theoretically indicates that the damage area within cultures would be approximately
0.05mm?, however, in practice, deflection of the elastic substrate at the instance of
contact with the needle causes a larger damage area, up to 0.09mm? (examples of
initial gap sizes are provided in Figure 4, for the zero time points). This occurs
because cells are also irreversibly damaged around the tip of the needle (e.g. due to
shear), not just under its compressing edge. The damage area than typically continues
to grow, by up to 20% within the first hour post infliction of the mechanical damage
(Fig. 4). In our earlier published work, we have explained that this is likely due to
some short-term apoptosis, as well as that the cells located in proximity to the
boundaries of the damage area lose their adhesion to the surface, but not to their
neighboring cells. As the neighboring cells exert pulling forces, the cells at the
boundaries mildly retreat, which results in the transient increase of the gap area
(Topman et al., 2012a). Gap closure commences at approximately 0.5 to 1 hour
following the damage infliction, and progresses into full coverage within 5 to 14
hours for the above selected needle size. Importantly, the present damage infliction
method was aimed at simulations of deformation-induced death of a relatively small
group of cells in a microscopic, early stage of formation of a pressure ulcer or a
diabetic ulcer. This is the triggering, cell-scale damage event that may later evolve
into a clinically significant chronic wound, according to contemporary etiological
descriptions (Gefen, 2019a,b; Gefen et al., 2020). Since the spread area of a single
NIH3T3 fibroblast is ~600 um? (Rajagopalan et al., 2004; Topman et al., 2011), our
experimental data (Fig. 4) indicates that between ~50 and ~150 cells have died

directly due to the applied localized mechanical load at the time of the damage
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infliction event. These cell numbers were considered sufficient to represent groups of
cells dying instantaneously and together, in one location, in order to simulate the
microscopic onset of a chronic injury and in particular, the early ‘deformation-
inflicted” damage phase in the injury cascade which occurs at the microscale of tissues

(Gefen, 2019a,b; Gefen et al., 2020).

In summary, by means of our novel MICS setup, we demonstrated that a 0.1
Hz cyclic stretching regime with non-damaging 3%-strain peaks accelerated the
collective migration rates of fibroblasts, and more so than the common 2-5 NPWT
protocol, indicating that there is benefit in the shorter-cycle recurring mechanical
stimuli. The ability to obtain this important information using our MICS system
makes the present method and system a powerful platform for further revealing the
mechanobiology of NPWT and for improving this technology. In particular, the
mechanobiological data produced through our MICS experiments clearly inform the
development of better NPWT devices and protocols. This will optimize the delivered
cell-level stimuli for achieving faster tissue repair, possibly even adjusting these

stimuli to the individual physiology and healing capacity in the future.

To conclude, this is the first study ever to connect between clinical NPWT
protocols and quantitative (automated, standardized) analyses of experimental
collective cell migration performance data, which facilitates objective comparisons of
NPWT protocols in this central mechanobiological aspect. Our present work further
demonstrated, for the first time in the literature, that the amplitude and frequency of
delivering the dynamic strain loading have fundamental influence on the collective
migration behavior of cultured fibroblasts, which could explain why some clinically

used NPWT protocols may be more effective than others. Moreover, our work has
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demonstrated that a (fibroblast) cell sensitivity threshold of the amplitude of the peak
strain stimuli induced by NPWT systems exists. Hence, NPWT systems, NPWT
programming or pressure settings which deliver strains lower than that threshold to
any tissue regions (e.g. peri-wound tissues) would be ineffective at these tissue sites
from a cell migratory perspective. This paves the way for better computational
modelling (finite element) studies that map the decay of strain magnitudes from the
center of a wound through peri-wound tissues, for evaluating the efficacy of existing
or future NPWT systems, as conceptualized in our published work (Katzengold et al.,
2018). We have further described a novel method and system for live cell imaging of
collective cell migration during dynamic stretching of the studied cultures, which is
difficult to achieve from an experimental design perspective. Moreover, the present
version of our DSD system is versatile and can be used for testing existing and future
NPWT protocols for their impact on collective cell migration, including in interaction
with pharmaceutical agents that may affect cell proliferation or migration, or other,
biophysical methods which potentially accelerate directional cell migration such as

induction of electrical fields (Tai et al., 2018).
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Figure captions

Figure 1

The miniature incubator for cell stretching (MICS): (a) The dynamic
stretching device (a photo of the system is shown on the left-hand side
and a drawing is on the right), (b) a cross-sectional view of one culture
well in the dynamic stretching device and (c) the incubation chamber

occupying the dynamic stretching device, the tent structure is not shown.

Figure 2

A curve fit of mean Euleriam strains (E) versus plate displacement (d)
measured in the calibration experiments conducted for the dynamic cell

stretching device

Figure 3

Experimental design: (a) the custom 3D-printed cross handle used for
creation of the ‘'wound' gap in a 3D view with the needle inside located
on a Flexcell (BioFlex®, International Corporations, Burlington, NC,
USA) culture plate. (b) The five different ‘wound’ assay stretching
protocols that were applied.

Figure 4

An example of gap area versus time plots for each of the five different
stretching protocols: (a) static stretch, including several corresponding
frames of the temporal assay data which demonstrate the spatial gap
closure pattern. (b) No stretch. (c) Cyclic stretching at a frequency of 0.1
Hz. (d) A ‘2-5° stretching protocol (defined in the text). (e) Cyclic

stretching at a frequency of 1 Hz.

Figure 5

Kinematics of the gap closure by fibroblasts for the different stretch
protocols studied here where the peak stretch level was set to 3% (left
column) or 0.5% (right column). The normalized maximum migration
rates for these peak stretch levels are shown in panels (a) and (b),
respectively. The times for closure of 90% of the initial gap area for the
aforementioned two stretch levels are depicted in panels (c) and (d),

respectively. Asterisks mark statistically significant results (p<0.05).
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