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ABSTRACT: Tissue and cellular stiffening is associated with
pathologies including fibrosis and cancer. Healthy cells also
exhibit a wide range of membrane cortical tensions, which
have been studied in the field of mechanobiology. Here, we
quantify the mechanosensitivity of the lysis agent the di-
rhamnolipid (RHA), which is a bacterially produced
biosurfactant. RHA exhibited selective lysis correlated strongly
with cortical membrane tension in osteoblasts, smooth muscle
cells, fibroblasts, epithelial cells, and erythrocytes. Reducing
cortical membrane tension by cytoskeleton inhibitors
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(cytochalasin D and nocodazole) or osmotic regulators (sucrose, polyethylene glycol, and nonionic surfactants) attenuated
the RHA toxicity. The selective toxicity of RHA toward human chronic myeloid leukemia K562 cells over healthy blood cells
suggests a potential therapy for blood cancer. Targeted killing of myofibroblasts transformed from either fibroblasts or epithelial
cells indicates its antifibrotic effect. Combined, these studies showed the potential for specific targeting of cells with differential
mechanical properties rather than chemical or biological pathways.
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1. INTRODUCTION

Each tissue in the body has a characteristic stiffness and
tensional homeostasis varying from low values in blood to high
values in muscles and bones." To balance tissue homeostasis,
each cell has a unique optimal stiffness dominantly controlled
by the cytoskeleton.” For example, differentiated myocytes and
osteoblasts’ are several times stiffer than epithelial cells* and
10—100 times more rigid than blood cells including
monocytes, neutrophils, and erythrocytes.®

A drastic increase in tissue stiffness can be a hallmark of
pathological fibrosis and cancer, which are generally detected
by palpatinig the originally compliant tissue that has become a
rigid mass.” Pathological cells in these rigid tissues, such as
myofibroblasts in fibrotic tissues® or cancer cells in mammary
gland tumors,® also exhibit significantly enhanced stiffness.
Similarly, pathological cells in circulation systems, such as
leukemia cells,” parasite-infected red blood cells,® or sickle
cells,” are several-to hundred-fold stiffer than their correspond-
ing healthy cells.

Recently, targeting differential mechanical properties of cells
has been suggested to provide a potential therapeutic
advantage. For example, stiffening cell nuclei reduced the
metastatic potential of cancer cells."® The plasma membrane of
cells is the easiest to target, and reducing membrane stiffness
facilitates cell membrane resealing.u’12 Thus, we investigated if
increasing cell stiffness would exacerbate cell damage because
of membrane rupture.
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The biosurfactant di-rhamnolipids (RHAs), produced by
Pseudomonas aeruginosa, have already been accepted with
pharmaceutical functions including regulating the immune
system and"’ antibacterial'* and possible anticancer proper-
ties."> In this article, we find that RHA causes a dispropor-
tionate rupture of stiffer cells. This finding may help to develop
a novel and effective pharmaceutical application for treating
organ fibrosis or tumor by selectively killing high-tensioned
pathological cells.

2. MATERIALS AND METHODS

2.1. Cell Isolation and Culture. Human dermal fibroblasts were
isolated from normal human foreskin of patients undergoing
reconstructive surgery (approved by Zhejiang University, China) as
described.'® The fibroblasts were plated into T75 flasks for
attachment culture with 10 mL of high-glucose Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO) supple-
mented with 10% fetal bovine serum (FBS, Gibco, Invitrogen Co. Ltd,
Canada), 100 U/mL penicillin, and 100 pg/mL streptomycin.
Cultures between the third and fifth passages were used in all
experiments.

Human neutrophils and erythrocytes were freshly isolated from
whole blood drawn from healthy volunteers. Whole blood was layered
on the upper-density gradient of a dual-density Percoll gradient
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Figure 1. RHA toxicity for cells in suspension and attachment culture. (a) Cell viability represented by LDH leakage in attachment culture. *p <
0.05. (b) Calcein-AM/PI staining of live/dead cells in attachment culture. Scar bar: 20 um. (c) Cell viability represented by LDH leakage in
suspension culture. *p < 0.0S. (d) Cell morphology after RHA treatment at 30 mg/L for 3—4 h in suspension culture. Scale bar: § ym. Osteo =
Osteoblasts, SMC = smooth muscle cells, Fibro = fibroblasts, Epith = epithelial cells A549, and RBC = red blood cells.

created according to the manufacturer’s instructions (Sigma-Aldrich,
St. Louis, MO), and the solution was centrifuged at 2000 rpm for 30
min. The erythrocyte and neutrophil layers were sequentially
collected, pelleted, and resuspended. The neutrophils were then
incubated with sterile distilled water for 10 s to lyse red blood cell
contaminants. Lysis was terminated by diluting with DMEM, and red
blood cell ghosts were eliminated after centrifugation (Sigma-Aldrich,
St. Louis, MO).

Epithelial AS49 cells, osteoblast MC3T3-El cells, and a human
smooth muscle cell (SMC) line were obtained from American Type
Culture Collection (ATCC) and plated on T7S flasks for attachment
culture in high-glucose DMEM with 10% FBS. K562 and K562/G
cells were obtained from ATCC and suspended in Roswell Park
Memorial Institute (RPMI) 1640 medium with 10% FBS for
suspension culture in T7S flasks.

2.2. RHA Treatment and Cell Viability Assay. RHA is a gift
from Zijing Bio. Inc., Huzhou, China, with purity > 99%, as described
in Figure S1. The cells (AS49 cells, fibroblasts, osteoblasts, SMCs,
neutrophils, erythrocytes, and K562 cells) were individually
suspended for 6 h in DMEM containing 0.1% FBS and 0—50 mg/L
RHA at 2 X 10° cells/mL. The attached cells of A549 cells, fibroblasts,
osteoblasts, SMCs were similarly treated with 0—50 mg/L RHA for 6
h in the same DMEM with 0.1% FBS.

Cell viability was measured by the lactate dehydrogenase (LDH)
leakage assay.'” Briefly, the medium was sampled, and then the
residual medium was removed from cells, which was washed twice
with phosphate-buffered saline and lysed to release intracellular LDH
of live cells into the new supernatant. LDH activities in the medium
and cell lysate were determined using spectrophotometric methods
that monitored the reduction of pyruvate with LDH assay kits (Saike
Biotech. Inc, Ningbo, China). LDH leakage was calculated as the
percentage of LDH in the medium versus the sum of LDH in the
medium and in cells.

2.3. Assay on Cortical Membrane Tension. Cortical membrane
tension was measured using a microfluidic device. The device was
created using an SU-8 2050 photoresist film (Microchem, Newton,
MA) and standard photolithography techniques® (for design, see
Figure S2). Cortical membrane tension was detected in cells
resuspended in DMEM with 0.1% FBS, loaded into the inlet reservoir
of the device, and conducting experiments automatically as described

in Figure S2. The cell suspension is driven by gravity with an applied
pressure gradient (AP) equal to pgh, where p = 1 g/mL, g = the
coefficient of gravity (9.8 m/s?), and h = the difference in liquid
height between the inlet and outlet. The device was kept on a heating
plate set at 37 °C. Experimental data were video-recorded under a
microscope at 500 ms per frame.

2.4. Regulation of Cortical Membrane Tension. To reduce
cortical membrane tension, cells were incubated with 10 uM
cytochalasin D (Sigma-Aldrich, St. Louis, MO) and S M nocodazole
(Sigma-Aldrich, St. Louis, MO) for 1 h before treatment with 30 mg/
L RHA or treated with S0 mM sucrose, 1000 mg/L polyethylene
glycol (PEG), 500 mg/L Pluronic F127, or 200 mg/L TWEEN 80
together with 30 mg/L RHA. To increase cortical membrane tension,
fibroblasts and AS49 cells were first starved for 24 h by incubating in
FBS-free DMEM and then treated with 10 ng/mL TGF-j1
(Peprotech, Rocky Hill, NJ) in DMEM-0.1% FBS medium for 72 h.

2.5. Cell Tracking Assay. Fibroblasts and myofibroblasts were
labeled by CMFDA, green, and CM-Dil, red (both cell trackers from
Thermo Scientific, Waltham, MA). After labeling, both cells were
mixed 1:1 in DMEM containing 0.1% FBS. The cell mixture was
seeded on 24-well plate at 1 X 10° cells/well. After overnight
incubation, the culture medium was changed to DMEM with 0.1%
FBS and 0, 20, and 30 mg/L of RHA.

2.6. Statistical Analysis. All data were analyzed by means + SD
from three independent cell experiments. Data from multiple groups
were compared using ANOVA in SPSS, or results from two different
groups were compared with the unpaired Student t-test. P < 0.0S was
considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. RHAs Exhibit Specific Differential Cell Toxicities.
Osteoblasts (Osteo), SMCs, fibroblasts (Fibro), and epithelial
cells (Epith) were treated with RHA in the media for 6 h. RHA
treatment resulted in different necrotic responses (reflected by
LDH leakage), with consistent membrane disruption across
dosages Osteo > SMC > Fibro > Epith (Figure la,b and Table
S1).
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Figure 2. Relationship of cortical membrane tension to RHA toxicity of cells. (a) Sketch of an aspiration chamber to determine the stiffness of
single cells. R,;, Ry,: radii of cells aspirated into the micropipette. (b) RHA toxicity (IC,,) in suspension culture vs cortical membrane tension.

Note: the membrane tension of RBC was obtained from a previous report.
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Figure 3. Effects of regulating cortical membrane tension on RHA toxicity of cells in suspension culture. (a) Cortical membrane tension is
decreased by cytochalasin D (CD, 10 uM), nocodazole (Noc, 5 uM), PEG (0.1%), and sucrose (50 mM). (b) Toxicity of 40 mg/L RHA (R) is
reduced by CD, Noc, PEG, and sucrose. (c) Cortical membrane tension is decreased by Pluronic F127 (500 mg/L) and TWEEN 80 (200 mg/L).
(d) Toxicity of 40 mg/L RHA (R) is reduced by F127 and TWEEN 80. **&p < 0.05.

Cells grown in suspension were also considered to remove
variability of cell-substrate attachment and cell—cell con-
nectivity and for comparison with erythrocytes (also called red
blood cells, RBC). In this case, the response of LDH leakage
was Osteo > SMC > Fibro > Epith > RBC (Figure 1c). Higher
resolution imaging of cells treated for 3—4 h of incubation with
RHA at 30 mg/L showed that epithelial cells and fibroblasts
maintained membrane integrity, whereas SMCs showed
outward blebs and osteoblasts showed blebs and peripheral
disruptions (Figure 1d).

3.2. Differential Cell Rupture from RHA Were Closely
Correlated with Cortical Membrane Tension. As the
surfactants have been known to elicit the cell rupture and
necrosis via the interaction with cellular membranes,'” the
differential toxicity of RHA is possible to correlate with the
cortical membrane tension of the different cells. As such, we
measured effective cortical membrane tension of each cell in
suspension culture usingg a simple, low-cost, and high-
throughput technology'® applying a microfluidic device
(Figure 2a). To analyze the effective cortical membrane

tension, T, we determined the pressure at which the radius of
the aspiration length is approximately the radius of the pipette,
which is engineered to be 2.5 ym. We then calculated tension
from a modified version of the Laplace equation (Figure 2a),
wherein the material outside of the pipette is assumed to be an
infinite space because it contains both a membrane reservoir
and other mechanical elements that could bias the results (e.g.,
the nucleus and other organelles).'” A comparison of the T
using the outer radius and the infinite model is shown in
Figure S3.

When the cortical membrane tension of each cell is
correlated with its RHA toxicity in suspension culture
represented by IC,;, the two showed surprisingly good
linearity (R* = 0.949) (Figure 2b).

3.3. RHA Toxicity Was Affected by Regulation of
Cortical Membrane Tension. The cortical membrane
tension was first modulated by the cytoskeleton-disrupting
compounds of cytochalasin D and nocodazole or osmotic
regulators (sucrose and PEG) (Figure 3a). As expected, the
cortical membrane tension of osteoblasts, SMCs, and
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Figure 5. Selective toxicity of RHA on normal blood cells and blood cancer cells. (a) Cortical membrane tension of neutrophils and KS62 cells. (b)
RHA toxicity in neutrophils and KS62 cells. (c) Inhibition of KS62 proliferation by RHA at 20 mg/L after 48 h of exposure, while imatinib at 1 mg/
L was set as the control. (d) Cell apoptosis induced by RHA at 10 and 20 mg/L.

fibroblasts was reduced, with cytochalasin D showing the most
potent effect because of its ability to prevent the cell from
regulating cortical membrane tension and disassemble the
cortex from the plasma membrane.”' Similarly, all these
treatments significantly attenuated the damage of RHA toward
the three cell types, with cytochalasin D being the most
effective (Figure 3b). Comparison of Figure 3a,b shows that
reducing cortical membrane tension significantly improved cell
survival after the RHA treatment. Similarly, Pluronic F127 or
TWEEN 80, which apparently lowered cortical membrane

tension (Figure 3c), also attenuated RHA-induced cell damage
(Figure 3d), exhibiting protection aigainst cell death similar to
that of the surfactant Pluronic F68."

3.4. Potential Application of RHA for Treating
Fibrotic Diseases. Fibrotic diseases occur in many organs
such as liver, lung, and kidney, where myofibroblasts as
dominant pathological cells persist and excrete collagen,
replacing the functional parenchyma of the organ and
contributing to organ stiffening. The selective killing of
myofibroblasts with high cortical membrane tension offers a
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potential approach to developing robust and effective therapies
for treating fibrotic diseases. As shown in Figure 4a,b,
transforming fibroblasts or AS49 epithelial cells into myofi-
broblasts, respectively, increased membrane cortical tension
1.8- and 3.3-fold, accompanied by the increased expression of
a-smooth muscle actin.

As expected, more severe cell necrosis was observed in
myofibroblasts that showed higher cortical membrane tension
when treated with RHA (Figure 4c). This finding was
confirmed in a cell-tracking system where green fibroblasts
and red myofibroblasts transformed from fibroblasts were
mixed together. After treatment with 20 and 30 mg/L RHA,
the population of red myofibroblasts decreased more
dramatically than green fibroblasts (Figure 4d). This cell
selectivity was confirmed by quantifying the cell proliferation
that decreased greatly in myofibroblasts than in fibroblasts
(Figures 4e and S4).

As a common feature of fibrosis, myofibroblasts should
become important therapeutic targets, but their precise origins
are complex and differ in varying organs. For example,
myofibroblasts in kidney fibrosis arise via differentiation from
local resident fibroblasts (50%), bone marrow (35%),
endothelial-to-mesenchymal transition program (10%), and
epithelial-to-mesenchymal transition program (5%).”* Never-
theless, the current treatment strategy is mainly to block the
transformation of myofibroblasts from epithelial or endothelial
cells® using compounds such as simvastatin,”* IL-10,>* and
caffeine,”® which only suppress a small fraction of myofibro-
blasts. Hence, no specific treatments are yet available to
control fibrosis and preserve organ function. In contrast, RHA
may provide a robust and effective treatment by directly
targeting myofibroblasts with less toxicity to neighboring
normal cells. Our recent finding that the RHA showed effective
preventive function against the scar formation on rabbit ears”’
could provide a support in verifying the specific function of
RHA in potentially treating fibrotic organs.

3.5. Potential Application of RHA for Treatment of
Blood Cancer. The relationship between cell stiffness and
RHA toxicity was further examined in blood cancer cells of
human chronic myeloid leukemia KS562 cells. As shown in
Figure Sa, the cortical membrane tension of K562 and K562/G
(an imatinib-resistant strain) was measured to be over onefold
greater than that of neutrophils isolated from normal human
blood (see Materials and Methods). K562 and K562/G cells
showed greater sensitivity (more LDH leakage) to RHA
toxicity than neutrophils and erythrocytes (Figures Sb and 1c).
Culture of cells in the presence of 20 pg/mL RHA greatly
inhibited the proliferation of KS62 cells (Figure Sc).
Interestingly, the RHA at this level could effectively inhibit
the proliferation of K562 and K562/G to the levels of that of
the clinical treatment of imatinib. The greater sensitivity of
human myeloid leukemia K562 cells to RHA suggests its
function against blood cancer, whose cells are characterized by
greater cortical membrane tension” than healthy blood cells.
The specificity of RHA treatment could directly eliminate
pathological cancer cells in flow without requiring complicated
sorting devices.

The potential effects of RHA on solid tumors remain unclear
and should be confirmed by in vivo experiments. Currently
available solid tumor cell lines generally fail to retain their
original phenotype,”® particularly deviating from their bio-
logical behavior in traditional two-dimensional cultures by
losing integrins that are activated to generate tension force

when they encounter a mechanical rigid matrix or are exposed
to an exogenous force." Tumor cells, which naturally exhibit
greater cell stiffness than normal cells in situ, became much
softer immediately after isolation® and some of them after
many passages in vitro become even softer than normal cells.'
Thus, we strongly recommend that the possible anticancer
function of RHA should be explored in vivo or in well-
organized three-dimensional cultures where tumor cells
recapitulate the original tumor phenotype as much as possible.

4. CONCLUSIONS

In summary, the biosurfactant RHA selectively kills tensioned
cells in the order of decreasing toxicity with decreasing cortical
membrane tension: osteoblasts > SMCs > fibroblasts >
epithelial cells > erythrocytes. RHA toxicity was attenuated
by reducing cortical membrane tension, but enhanced by
increasing cortical membrane tension. These findings have a
potential therapeutic value for fibrosis and blood cancers.
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