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Abstract— The electromagnetically actuated MEMS g Hammer
was used to evaluate the effects of mechanical impact on the
membrane permeability, apoptotic induction, and proliferation of
human neural progenitor cells. The pHammer enabled applica-
tion of two strain magnitudes (¢ = 42% and 69%) for two strain
durations (10 gs and 100 ps) to individual cells at unprecedented
high strain rates (& ~ 200x 108 s~1) and high throughput
(up to 36,000 cells/min). This enables large numbers of cells to be
analyzed and the effects of strain magnitude and duration to be
decoupled. The magnitude of applied strain significantly affected
cell membrane permeability shortly after compression, whereas
the duration of strain significantly increased early apoptosis
in cells 24 hours after compression. Strain magnitude also
significantly affected cell quantity over a 70-hour period, despite
no significant difference in the cell doubling times. Understanding
the relationship between mechanical strain and cellular response
will ultimately lead to improved diagnostics and treatment of
high strain rate mechanical injury conditions such as Traumatic
Brain Injury. [2020-0171]

Index Terms— Cellular impact, cell compression, microfluidic
MEMS actuator, strain, traumatic brain injury.

I. INTRODUCTION

RAUMATIC Brain Injury (TBI) affiicts nearly 2.6 million
people in the United States each year, predominantly
children, young adults, and the elderly and is one of the leading
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causes of disability worldwide [1], [2]. TBI is segmented
into two injury categories: primary and secondary. Primary
injury consists of the immediate damage acquired during
the trauma, e.g. focal contusion and hemorrhage. Secondary
injury is linked to the resulting biomolecular cascade occur-
ring over minutes to weeks after the trauma and leading to
neurodegeneration. Long term effects of TBI include memory
loss, changes in behavior, and increased risk of developing
Alzheimer’s disease [3].

Previous in vive mechanical injury studies have provided
insight into the pathophysiology of the secondary injury,
identifying injury responses such as increased inflammation
and cell death [4], as well as indicators of neuroprotection
and even neurogenesis [5], [6]. However, these animal studies
involved injury to a heterogenous cell population, comprised
of neural and cardiovascular tissue, and systemic physio-
logic influences [7]. Therefore, the biomolecular effects of
mechanical loading could not be traced to individual cell
responses in these in vivo experiments. This lack of under-
standing of specific cell response to mechanical injury limits
the design of effective cell-targeted therapies for diseases
like TBL

Cell response to impact injury is not well understood,
in part due to limitations of existing in vifro methods and
a lack of in vivo measurement options. Tools used to measure
cell modulus (e.g. AFM and aspiration pipettes) apply low,
constant strains (typically ¢ < 10%) and are low throughput
(<100 cells/experiment) [8]. Use of microfluidic instruments
has increased the throughput for cell rheology studies, but
these devices are optimized for low strain magnitude and have
poor repeatability for strain injury [9]. Stretchable substrates
allow for variable strain magnitudes as high as ¢ = 130%
but can apply limited strain rates (¢ < 100 s—!). Moreover,
the strain is applied to a cell monolayer, not to individual
cells [10]-[12].

To address this need for improved tools, we developed the
pHammer, an electromagnetically actuated MEMS device that
is capable of applying mechanical strain to individual cells
in vitro at unprecedented high strain rates (¢ ~ 200 x 10°s71)
[13], [14]. The pxHammer combines microfluidics with time-
gated electro-magnetic actuation to achieve high-throughput
injury of up to 36,000 cells/minute, allowing both single cell
and population averages to be calculated. After compression,
cells can be recovered and returned to culture, allowing their
functions and properties to be monitored over time.
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Fig. 1. (a) Schematic of the yHammer chip, with magnetic system (red)
and impact system (green). Schematics of the impact face for two fabricated
pHammers, closed to gap sizes of (b) 7.5 ym and (c) 4.0 gm, with 10 gm
scale bars. These gap sizes provide strains to NPCs of ¢ = 42% and
£ = 69%, respectively. (d) Micrograph of a cell compressed by a 7.5 um
gap pHammer; cell is outlined by dashed white line. Scale bar is 10 um.
(e) Ilustration of yHammer cartridge that interfaces with Owl biomedical’s
MACSQuant® Tyto® cell sorter and is bonded to the gHammer chip.

Here we use the pHammer to investigate the effects of
compression on human Neural Progenitor Cells (NPCs, Mil-
lipore ReNcell VM cell line). By independently varying the
applied strain magnitude and strain duration, the effects of
these parameters on membrane permeability, early apoptosis,
and proliferation can be assessed, and decoupled, providing
insight into cell response to mechanical injury.

II. METHODS
A. The pHammer Device

As previously described by our group [13], [14], the
pHammer is a microchip device fabricated by Owl biomedical
(USA), consisting of a microfluidic channel (25-ym wide
by 50-xm deep), Ni-Fe magnetic system, and impact system
(Fig. 1a). The magnetic system, shown in red, comprises the
tapered Ni-Fe pole that interfaces with an external solenoid
and the Ni-Fe armature, while the impact system, shown in
green, includes the impact face and the S-curved spring.

For this work, we fabricated [14] two gHammer devices,
differing in the impact faces that set the minimum gap size
when actuated to either 7.5 gm (Fig. 1b) or 4.0 gm (Fig. 1c),
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In each device, the presence of pincers (Fig. 1c-e) dictates both
the final gap size under full actuation and bursts off-center
cells. A single cell captured in the 7.5 gm gap xHammer is
shown in Fig. 1b.

The pHammer chip is bonded to a sterilized cartridge
(Fig. 1c) that interfaces with the MACSQuant® Tyto®
(Miltenyi Biotech, Germany) which houses the external
solenoid, two lasers (405 nm and 488 nm), and two
photodetectors.

B. The pHammer Device Working Principles

Cells suspended in fluid are pressure driven (60 kPa)
through the microchip inlet via and the microfluidic channel
at an average velocity of 2.5 £+ 0.25 m/s. Two lasers spaced
50-pm apart are upstream of the impact face and as each cell
crosses through each laser beam, the resulting backscatter is
detected. From this, the cell velocity is determined and the
timing of actuation is adjusted to capture each cell on the
impact face as the gHammer face closes against the channel
wall.

The pgHammer is electromagnetically actuated: 5A of cur-
rent is supplied to the external solenoid creating a magnetic
field that saturates the tapered Ni-Fe pole at 1.6 T. The Ni-Fe
armature of the impact system is attracted to the pole, closing
the impact face at an average velocity of v =~ 2.6 m/s. The
pincers flanking the gHammer impact face maintain contact
with the channel wall, trapping each detected cell between the
impact face, pincers, and the wall until the actuation current is
released. Cell strain duration is thereby controlled by the time
interval of applied current, which is user-set to sustain desired
static cell compression up to 1,000 gs. Once the current is
released, the S-curved spring (stiffness, x>~ 224 N/m) retracts
the xHammer to its resting position and the cell passes to the
output chamber for collection and analysis.

C. Device Implementation With Neural Progenitor Cells

Human NPCs (ReNcell VM, Millipore, USA), an immor-
talized adherent cell line, were cultured according to the
manufacturer’s recommendations and passaged every 3 days.
The mean diameter of an NPC is 12.98 + 2.27 um, measured
via Beckman Coulter Multisizer 4e Coulter Counter, N =
1, 848 cells, similar across n = 3 replicates. Prior to injection
into the pHammer cartridge, the cells were resuspended in
Tyto Running Buffer™ (Miltenyi Biotech, Germany) at a
concentration of 300,000 cells / mL and strained with a
20-um mesh size Pre-Separation Filter (Miltenyi Biotech,
Germany). Cell solution, up to a maximum of 10 mL, was
injected into the input chamber of the cartridge and warmed
to 37°C. Physiological temperature was maintained throughout
all experiments.

Depending on the pHammer design used, the compressed
NPCs experienced either a moderate strain of 42.2% + 7.4%
or a high strain of 69.2% £ 12.1% for durations of 10 us
or 100 us. Equation (1) provides an estimate of the strain
magnitude using the final gap closure, Hgz,, (determined by
pincer height) and the measured mean cell diameter, d.

e =(d— Hg,y)/d x 100% (1)
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TABLE I
NPC EXPERIMENTAL CONDITIONS

Parameter Control ~ Sham Compressed
Strain Magnitude
£ (%) 0 0 42 42 69 69
Strain Duration 0 0 10 100 10 100
(1s)

Equation (2) provides an estimate of the strain rate from the
ratio of the gHammer actuation velocity, v, and mean cell
diameter. In all compression conditions, cells experienced
similar applied strain rates of & ~200x 103 s~14 36x10% s~1.

(2)

Two control populations were analyzed for each experiment.
In the sham condition, cells were flowed through the
pHammer device without electromagnetic actuation of the
pHammer impact face and subsequent cell compression.
In the control condition, cells were never injected into the
pHammer cartridge, but were instead cultured and analyzed
alongside the sham and compressed conditions. Table I lists
all experimental conditions compared in this report.

é:u/d

D. Plasma Membrane Permeability Assay

To investigate the immediate loss of membrane integrity
due to mechanical injury, the membrane impermeable fluo-
rescent marker Propidium lodide (PI, Sigma-Aldrich, USA)
(5% v/v) was added to each group upon retrieval from the
output chamber. Flow cytometry was used to detect fluores-
cence due to PI intake by cells in each sampled population
(populations > 50,000 cells/sample), where higher PI fluo-
rescence would indicate increased plasma membrane damage.
To assess membrane damage immediately after cell impact,
treatment groups were investigated within five minutes of
removal from the output chamber. For each condition, three
population replicates were analyzed per experiment, with the
experiment repeated in triplicate.

E. Apoptosis Assay

To investigate early apoptosis, cells from all groups were
seeded in 48-well plates and cultured for 1 hour, 4 hours,
or 24 hours. At each assessment time point, cells were enzy-
matically lifted by a brief incubation in diluted 1:10 Accumax
(eBioscience, USA); after 3 minutes, the reaction was
quenched by addition of media. Cells were centrifuged at
300g and washed with Annexin V Buffer (Invitrogen, USA).
Cells were stained with Annexin V-FITC (Miltenyi Biotech,
Germany) (10% v/v) in Annexin V Buffer for 15 minutes
at 21°C. The stained cells were diluted 1:5 with Annexin V
Buffer and PI was added (5% v/v). Flow cytometry was used
to detect fluorescence signals of both Annexin V-FITC and
PI in each population. For each experiment, n > 2 wells for
each time point and group were analyzed, with the experiment
repeated in triplicate.

E Proliferation Assay

To track the growth of cells after impact, all groups were
seeded in 96-well plates at 6,600 viable (PI™) cells/well and
cultured for 4 days. At least twice daily, the cell number
was quantified to track proliferation. For each time point,
cells from 3 wells per condition were enzymatically lifted
(1:10 Accumax, digestion for 3 minutes at 37°C, followed by
media quench). Cell density was measured using flow cytom-
etry by quantifying the average cell number harvested from
each well. Up to four experimental replicates were conducted.

Equation (3) was used to normalize the quantified cell
populations. For each time point, i, the ratio of the mean
cell number, N, for each treatment group, j, to the mean
cell number of the corresponding experiment control, Nj,, was
calculated as follows.

N /Ncontrol = Nji [Nj i 3)

Equations (4) and (5) were used to compare the proliferation
rate of each condition. The doubling time, fgouble, Of €ach
condition, j, was estimated by the exponential growth rate, r;,
determined using a linear regression of the natural log trans-
formed exponential phase. The exponential phases typically
initiate at 1 >~ 24 hours and end at f5,, =~ 75 hours after
seeding this cell line.

fdouble,j = 1n(2) /1
In (Njr) = In (Njy) +rjt

(C))
(&)

G. Statistics

Statistical comparisons between compressed, sham, and the
control groups were performed using One-way ANOVA and
post-hoc Dunnett’s test, a = 0.05. Differences within com-
pressed groups were also statistically evaluated to decouple the
effect of strain magnitude and strain duration, performed using
Two-way ANOVA, a = 0.05. All statistics were performed
using GraphPad Prism v 8.0.

III. RESULTS
A. Strain Magnitude Increases Membrane Permeability

The mechanical injury from gHammer compression
resulted in an immediate and significant increase in membrane
permeability for NPCs (Fig. 2a). Each strained condition had
increased population of the percentage of PI positive cells
(% PI*) compared to the control group. To rule out effects of
flow-induced shear stress, we compared the sham and control
conditions and found no statistical difference. We then exam-
ined the effect of strain magnitude and durations (Fig. 2b) on
membrane integrity. We found that the magnitude of applied
strain had a significant effect on % PIT population, with
increased damage at the higher strain magnitudes. By contrast,
there was no significant difference between the % PI* cells
for different strain durations at a fixed strain magnitude.

B. Strain Duration Initiates Early Apoptosis

One of the first distinguishing events of apoptosis (pro-
grammed death), is the translocation of the membrane-bound
phospholipid, phosphatidylserine (PS), from the inner to outer

Authonzed licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 29,2020 at 04:55:30 UTC from IEEE Xplore. Restrictions apply.



% PI"

80—

40—

20—

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Control

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS

80—
% %k ¥
N.S. %%% k%% kkk k%kx% 60— ]
e e 5
9
° ™ I:I; 40— — CHER T Strain
& ” T = - . ™ Duration
oso”e ® o®%e | -
o L0 . 3_:_! 20 2 .: l:.. 3:! S 10 s
of  ° » 1 °* ’ S 100ps
T T T T 0 T T
Sham  42%e 42%¢ 69%¢e 69%e 42% 69%
0pe 100ps 10ps  100ps (b) Strain Magnitude

(a)

Fig. 2. (a) The percent of PI positive (PIT) stained cells, with statistical comparison of each group to the control. Each point represents a sampled population
of at least 5 x 10* cells. Colored line depicts mean across 3 experimental replicates for each group (b) Comparing within compressed groups and showing
the sensitivity of response to strain magnitude, not duration. N.S. = no significant difference, *** =p < 0.01.
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(a) The percentage of cells detected as Annexin V/PI~ (early apoptotic) 24 hours after seeding, with statistical comparisons of each group to the

control. Each point represents a sampled population from an individual well. The colored line depicts mean across three experimental replicates for each
group. (b) Comparing within compressed groups at 24 hours to show the sensitivity of response to strain duration but not magnitude. N.S. = no significant

difference, * = p < 0.1,** = p < 0.05,*** =p < 0.01.

leaflet of the plasma membrane. This exposed PS can be mon-
itored by the binding of fluorescently conjugated Annexin V
protein. Here, cells were identified as positive for Annexin
V-FITC binding (Annexin V*), but with intact plasma mem-
branes (PI™), a state representative of early apoptosis.

Neither the 1-hour nor 4-hour time points showed a signifi-
cant change in the % Annexin V*/PI™ population compared to
the control condition, although all compressed groups showed
an increase in early-phase apoptosis after 4 hours of culture
compared to 1 hour of culture. After 24 hours of culture, all
compression conditions showed significantly increased early
apoptosis relative to the control (Fig. 3a). Interestingly, strain
duration had a significant effect on early apoptosis, while strain
magnitude had no effect (Fig. 3b). There was no significant
difference between the sham and the control populations,
indicating that flow-induced shear stress alone did not induce
apoptosis.

As cells continue to progress through additional stages of
apoptosis, the plasma membrane eventually breaks down. The
stage of late apoptosis was identified as a cell positive for both
Annexin V and PI. There was no significant difference in late
apoptosis (Annexin V+/PI*+) across all time points. There was
also no significant difference in necrosis (Annexin V—/PIT),

though this could be attributed to dead cells lost from
the sample populations during the low-speed centrifugation
step.

C. Strain Duration Reduces Cell Number, With No Effect on
Proliferation Rate

NPCs were cultured for four days, with cell growth quan-
tified at least twice daily. Representative results from one of
the four experimental replicates are shown in Fig. 4a, depicting
the average cell number over 70 hours of culture. The sham
condition most closely compares to the control at each time
point. The compressed groups have fewer cells than the control
and sham for all time points after seeding. Despite this,
across all experiments there is no significant difference in dou-
bling times between any compression group and the control
(Fig. 4a, inset). The control group doubling times range from
15 hours to 25 hours, demonstrating the experimental variabil-
ity which could obscure inter-group differences in proliferation
rate.

To attempt to reduce the effects of experimental variabil-
ity on cell growth, the cell number, N, for each treatment
group is normalized to its respective experimental control,
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N.S. = no significant difference, *** = p < 0.01.

Neontrol (Figure 4b). In this plot, each time point is depicted as
a point, the mean for each group a line. The treatment groups
all have mean N/Nconrot < 1. Moreover, compressed groups
had N/N_ontroi ratios significantly lower than the sham for two
conditions: ¢ = 42%-100 us, and ¢ = 69%-100 us. Thus,
in comparing within compressed groups, we found increas-
ing the strain duration significantly decreased N/N;ontrol
(Fig. 4c).

IV. DISCUSSION

The pHammer was used to investigate the effects
of mechanical strain injury when applied to individual
human-derived NPCs. Using magnetic actuation and microfiu-
idics, up to 36,000 cells were impacted each minute, enabling
the analysis of large populations of injured cells. Applying
consistent injury impact parameters allowed for statistically
robust analysis of changes in NPC membrane permeability,
early apoptosis, and proliferation.

Plasma membrane degradation is a typical precursor to
necrosis (cell death), although prior studies have shown
conflicting trends regarding effects of mechanical damage.
Previous studies report sustained loss of cell viability after
stretch injury [15], [16]. On the other hand, membrane repair

of neuronal cells has been shown to occur within 10 minutes of
stretch injury [17] and impermeable dye uptake has been found
to decrease over a 24-hour period after injury [18]. We find
that cell membrane permeability significantly increased imme-
diately after compression and higher applied strains corre-
sponded to a larger number of injured cells, assessed by
higher % PI'*. Since membrane damage was measured within
five minutes after compression, this observation suggests that
primary cellular injury, rather than a biomolecular cascade
related to secondary injury, was responsible for membrane
damage. These results are consistent with previous in vifro cell
stretch studies that showed strain magnitude governs cellular
uptake of impermeable dyes [15]-[18].

At 24 hours after injury, compressed NPCs demonstrated a
significant increase in early apoptosis compared to the control
group cells. This increase in apoptotic markers was signifi-
cantly correlated to strain duration. For ¢ = 42% increasing
strain duration from 10 us to 100 us resulted in a 1.8-fold
increase in mean early apoptosis. For ¢ = 69% there was a
1.3-fold increase with increased strain duration. To our knowl-
edge, no prior cell compression study has reported scaled
cellular response to a difference in injury duration on the order
of microseconds.
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The apoptotic pathway varies for different cell types and
stimuli [19]; therefore three timepoints were chosen over
24 hours to increase the chance of capturing the induction
of apoptosis. While previous stretch injury on neuronal
cells showed significantly increased early apoptosis by
four hours [20], cells compressed with the gHammer were
not significantly early apoptotic until the 24-hour timepoint.
While late apoptosis was not detected within the first 24 hours
after injury, future investigations will monitor apoptosis at
later time points to determine whether injured cells recover
from early apoptosis or progress into late apoptosis, and
correlate these to strain magnitude or duration.

After compression, the cells were also cultured for four
days and their number recorded over time. The normalized
cell number across all time points was significantly reduced
in cells strained for 100 s, whereas there was no significant
change in cells strained for 10 us. We suspect that the reduced
cell number is due to cell necrosis that occurred after seeding.
These necrotic cell populations were undetected in the early
apoptosis assay, likely due to removal of dead cells from the
measured population during the additional processing step of
the low-speed centrifugal wash, not included in the prolif-
eration assay. While there was a correlation between strain
duration and cell number during proliferation, the doubling
times of compressed cells were not significantly different when
compared to the control. The unaffected proliferation rate
despite fewer cells in the population suggests that the mitotic
capability of the non-necrotic cells was maintained after injury.
Future experiments will directly test these hypotheses.

V. CONCLUSION

The pyHammer MEMS device was used to investigate the
effects of mechanical strain on human NPCs by applying
strains of magnitude ¢ = 42% or ¢ = 69% for static periods
of 10 us or 100 us. The high throughput, single-cell nature
of the gHammer MEMS device enabled measurement of the
robust population statistics necessary for thorough investiga-
tion of cellular response to compressive injury. We report the
influences of strain magnitude and duration across several
biological injury assays. Strain magnitude was significantly
correlated to increased membrane permeability within five
minutes of cell compression, while strain duration was signif-
icantly correlated to longer timescale effects: early apoptosis
at 24 hours after compression and cell number over four days
of culture. Future work will continue to explore the transient
mechanisms of cellular injury to improve our understanding
of cellular damage and recovery.
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