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Mechanical oscillations enhance 
gene delivery into suspended cells
Z. L. Zhou1, X. X. Sun1, J. Ma3, C. H. Man2, A. S. T. Wong3, A. Y. Leung2 & A. H. W. Ngan1

Suspended cells are difficult to be transfected by common biochemical methods which require cell 
attachment to a substrate. Mechanical oscillations of suspended cells at certain frequencies are found 
to result in significant increase in membrane permeability and potency for delivery of nano-particles and 
genetic materials into the cells. Nanomaterials including siRNAs are found to penetrate into suspended 
cells after subjecting to short-time mechanical oscillations, which would otherwise not affect the 
viability of the cells. Theoretical analysis indicates significant deformation of the actin-filament network 
in the cytoskeleton cortex during mechanical oscillations at the experimental frequency, which is likely 
to rupture the soft phospholipid bilayer leading to increased membrane permeability. The results here 
indicate a new method for enhancing cell transfection.

Although a number of biochemical transfection methods, such as cationic liposomes1, cationic polymer2, calcium 
phosphate3 and virus based methods4, have been developed for drug or gene delivery, such methods are only 
effective for adherent cells since the substrate provides a stable environment to increase the chance of contact 
between the cells and reagents. When these methods are applied to non-adherent cells suspended in culture 
medium, they may not work, or the transfection efficiency is very low5,6,7. On the other hand, physical methods to 
mediate drug delivery have also been attempted. Transfection by microinjection8 and AFM manipulation9 have 
been reported during the past few decades, but these are essentially single-cell manipulation methods which are 
unsuitable for transfecting cells in batches. Pressure elevation or suction was found to mediate the insertion of 
naked DNA and oligonucleotide into neointimal, medial and adventitial cells of rabbit carotid arteries10, rat and 
human cardiovascular tissues11, and naked plasmid DNA and siRNAs into mice tissue cells 12, but like biochem-
ical means, such methods are not effective for suspended cell types for which pressure changes are not easy to be 
induced. Electroporation has also been used to deliver genetic materials into certain cell types which are hard to 
be transfected otherwise6,13,14, but the method normally jeopardizes viability and possibly results in ion imbalance 
that may lead to improper cell functions15.

Therefore, effective and convenient methods for transfecting non-adherent or trypsinized adherent cells in 
batch quantities are yet to be developed. In this study, we show that mechanical vibrations for short durations at 
suitable frequencies can lead to membrane disturbances, so that nanoparticles and oligonucleotides can be easily 
delivered into the cell, while the cell viability is not affected by the vibrations themselves. Specifically, flow cytom-
etry and Western Blot analyses were used to show that siRNAs can be efficiently transfected this way into K562 
leukemia cells and become functional in gene inhibition. The mechanism of membrane disturbances by mechan-
ical vibrations is also investigated by finite-element simulation of the cytoskeleton cortex. This study shows that 
mechanical oscillations can facilitate in vitro cell transfection, with the immense prospect of being applicable to a 
wide range of cell types in batch quantities.

Results
Determination of mechanical oscillation condition for nanoparticle transfection.  K562 myelog-
enous leukemia cells in their culture medium were placed inside EP tubes fixed onto the motion bar of a sine-
wave generator (see Figure S1 in Supplementary Material). Figure 1(a) shows the death rate of these cells after 
exposure to mechanical oscillations at different frequencies (0, 10, 100, 500 and 800 Hz) at 10 volt input amplitude 
for the generator, for different durations (1, 2, 4, 8, 12 and 16 mins). The death rates of K562 cells, measured by 
hemocytometry based on trypan blue staining, show a gradual increase at increasing oscillation duration for all 
four frequencies tested (10, 100, 500 and 800 Hz). The death rate of K562 cells oscillated at 100 Hz increases much 
more significantly for durations longer than ~10 mins, compared to other groups. Two tailed chi-square tests (two 
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populations) showed that the death rates of the K562 cells subjected to oscillations at 100 Hz are significantly 
different (p <  0.01) from the control group, namely, the group without oscillations (0 Hz), for all durations tested, 
and also different (p <  0.05) from the other three groups vibrated at 10 Hz, 500 Hz and 800 Hz, for durations 
longer than 8 mins. The death rate of the control group but nevertheless still fixed to the sine-wave generator in 
the same way as other groups, is not higher than 4.8%. The results show that cells subjected to prolonged  
(≥ 10 mins) oscillations at 100 Hz can receive more damage as has been reported before16, but this is not the case 
for short durations of oscillations. In order to test the invisible damage possibly induced by the mechanical oscil-
lations, the viability of K562 cells, which were exposed to oscillations at 100 Hz and 10 volt amplitude for 4 mins, 
and later cultured for 1, 3 and 7 days, was measured as shown in Fig. 1(b). At 100 Hz for 4 mins, Fig. 1(a) shows 
that the death rate is only slightly higher than that at other frequencies for the same duration, and Fig. 1(b) indi-
cates that very similar amounts of healthy cells could be cultured after 1, 3 and 7 days, between the group receiv-
ing no oscillation, and that oscillated at 100 Hz for 4 mins. Although the viability/number of cultured cells after 
exposure to 100 Hz oscillations was slightly lower than the control group, the difference is insignificant according 
to two tailed chi-square tests (two populations). The results therefore show that the present oscillations for a few 
minutes do not affect the viability of K562 cells.

In Fig. 2, the viability of K562 cells, which were mixed with different nano- and micro-particles (C60 mole-
cules, and polystyrene beads of diameter 57 nm, 120 nm, 220 nm, 390 nm and 500 nm), then oscillated at 100 Hz 
for 4 mins followed by culturing for 48 hours, was measured by the MTT assay. The results show that after 

Figure 1.  (a) Death rate of K562 cells exposed to mechanical oscillations at different frequencies (0, 10, 100, 
500 and 800 Hz) and 10 volt amplitude for 0, 1, 2, 4, 8, 12, 16 mins; (b) Death rate of K562 cells exposed to 
oscillations at 100 Hz and 10 volt amplitude for 4 mins following by culture for 1, 3 and 7 days, measured using 
hemocytometry.

Figure 2.  MTT measurements of K562 cells oscillated with nano-particles of different sizes, showing 
smaller particles producing higher cytotoxicity after oscillations at 100 Hz and 10 volt amplitude for 4 mins. 
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incubation for 48 hours with or without the vibration treatment, the cell viability decreases gradually from those 
mixed with larger particles to smaller ones. It can be seen that after 48 hours of culture, cells which were mixed 
with C60 particles or 57 nm diameter polystyrene beads and vibrated for 4 mins, exhibit lower viability/absorb-
ance than the cells mixed with the same types of particles but without receiving the vibration treatment, and also 
even lower viability than the cells mixed with the same particles and vibrated in the same way, but without the 
post-vibration culture. This indicates that C60 and the 57 nm diameter polystyrene beads inhibit cell proliferation 
after the cells were subjected to the mechanical oscillations. The results here suggest that, while these two types of 
nano-particles can penetrate through the K562 cell membrane to produce cytotoxicity and interfere cellular activ-
ity and viability17, their ability to do so is significantly enhanced by the vibration treatment. The morphologies of 
K562 cells mixed with different particles as observed under the Scanning Electron Microscope after dehydration 
treatment are shown in Figure S2 in the Supplementary Material.

Implementation and Evaluation of siRNAs Transfection.  To study how the transfection of K562 cells 
by siRNAs can be affected by mechanical oscillations, cells mixed with the actin-targeted FITC labelled siRNAs 
were exposed to mechanical oscillations at 100 Hz and 10 volt amplitude for 4 mins. Figure 3(a) shows the flow 
cytometry intersection graph (FITC vs PE), indicating the transfection efficiency (FITC) and death rate (PE) 
of the K562 cells with or without receiving the oscillations. By comparing the PE data between the 0 Hz and 
the 100 Hz groups, it can be seen that the death rate of the main population of K562 cells is not affected by the 
4-minute oscillations at 100 Hz and 10 volt amplitude, after 24-hour cell culture and recovering. However, the 
FITC data in Fig. 3(a,b) show that FITC labelled siRNAs were transfected into the K562 cells after the mechanical 
oscillations. Figure 3(c) shows that the transfection efficiency is up to 30%. It is expected that the transfection 
efficiency can be varied by the changing the oscillations especially their duration, but the death rate may also 
change as well. Figure 3(d) shows an optical image captured in a dim condition with the purpose to highlight the 
fluorescence of the FITC labelled siRNAs. It can be clearly seen that siRNAs were successfully transferred into the 
cells after the mechanical oscillations.

Western Blot analysis was used to examine the working effect of the actin siRNAs after transfection into K562 
cells under the assistance of mechanical oscillations. In Fig. 4(a), the primary antibody of the housekeeping gene 
GAPDH is used as the inner control. The similar amounts of GAPDH protein in the three groups indicate that 
the total amount of protein of the three loading samples was well quantified by the DC protein assay kit, imply-
ing that it is valid for the comparison of the targeted/tested groups. The protein expression in the actin siRNAs 
group (SiR-actin) is significantly lower than the control (K562 cells without exposed to mechanical oscillations) 

Figure 3.  Flow-cytometry results of actin-siRNAs transfection, showing that fluorescence labelled siRNAs 
penetrated into the cells after mechanical oscillations. (a) Flow cytometry graph of FITC-A vs PE-A, 
indicating the actin-siRNAs transfection efficiency and death rate of K562 cells with and without subjecting to 
mechanical oscillations; (b) Flow cytometry graph of the siRNAs transfection efficiency of K562 cells with and 
without subjecting to mechanical oscillations; (c) Histogram of actin-siRNAs transfection efficiency of K562 
cells with and without subjecting to mechanical oscillations; the error bars indicate standard deviations of three 
measurements; (d) Optical image showing FITC labelled actin-siRNAs transfected in the K562 cells.
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and the SiR-control (K562 cells mixed with the negative siRNAs sequence and exposed to the same mechanical 
oscillations), indicating that the actin siRNAs exhibit an obvious inhibition effect on the actin filament expression 
while the control and the SiR-control do not show such an inhibition effect. The fact that siRNA transfection 
inhibits actin filament expression was also confirmed by elastic-modulus measurement using pico-indentation 
by optical tweezers. Figure 4(b,c) show that the elastic moduli of K562 cells transfected with the negative siRNAs 
control was measured to be 71.5 Pa, which is similar to the modulus of 74.6 Pa of normal K562 cells without any 
transfection18, but is significantly higher than the measured value of 45.0 Pa of K562 cells transfected with actin 
siRNAs, indicating that the K562 cells transfected with actin siRNAs are obviously softer than those transfected 
with the negative siRNAs. Two-tailed Chi-square tests (two populations) showed that the elastic moduli of the 
two groups transfected with actin siRNAs and the negative control of siRNAs are significantly different (p <  0.01).

In addition to K562 cells, non-adherent leukemia cell lines THP-1 and OCI-AML3, and adherent cell line 
Hela, were also studied. Figure 5 shows that the transfection efficiency of these cell types with FITC labelled 
siRNAs as by flow cytometry is increased by mechanical oscillations. Hela cells are adherent cells but they were 
detached by trypsin into spherical, non-adherent cells before cell transfection, as shown in Fig. 5(a). The results in 
Fig. 5(b,c) show that mechanical oscillations can enhance the siRNAs efficiency of the different cell types includ-
ing adherent cell types.

Mechanism of nanoparticle delivery into cells in modeling.  The cell membrane is composed of a 
phospholipid bilayer supported by the cytoskeleton cortex, and so more insights need to be gained as to how 
exactly mechanical vibrations can disrupt the membrane. The leukemia cells studied in this work were of a spher-
ical shape, and unlike adherent cells the shape of which is determined principally by the focal adhesions with the 
extracellular matrix, the spherical shape of suspended cells is evidently supported by the cortex layer of the 
cytoskeleton underneath the plasma cellular membrane. The phospholipid bilayer of the cell membrane is known 

Figure 4.  (a) Western Blot results showing designed SiR-actin inhibits the β -actin protein expression 
significantly. Control: K562 cells without exposing to mechanical oscillations; SiR-control: K562 cells mixed 
with the negative siRNAs sequence and exposed to mechanical oscillations; SiR-Actin: K562 cells mixed with 
the actin-siRNAs sequence and exposed to mechanical oscillations; (b) Optical images of indentation by optical 
tweezers manipulation, captured at 488 nm excitation wavelength in a dim condition. The white arrows indicate 
the 2.5 μm polystyrene indenter beads trapped by laser; (c) Histogram showing the measured elastic moduli of 
K562 cells transfected with negative control of siRNAs and FITC labeled actin siRNAs. The error bars indicate 
standard deviations of 7 measurements.
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to be soft with bending stiffness of −~ J10 20 19 which contributes little to the bending stiffness of the membrane of 
K562 cells of = ×

−
−~K 7 10Et
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2
 J , where t ~ 0.2 μm is the thickness of the cell membrane, v is Poisson 

ratio (~1/3) and E =  74.62 Pa is the elastic modulus measured by optical tweezers indentation experiments18. 
Since the phospholipid bilayer contributes little to the rigidity of the membrane, if oscillatory motions of the cell 
are to result in enhancement of drug insertion, the more rigid cytoskeleton cortex will have to be mechanically 
deformed, which may then rupture the attaching plasma membrane to allow the penetration of the 

Figure 5.  Transfection efficiency of leukemia cell lines THP-1, OCI-AML3 and trypsinized adherent cell 
line Hela measured by flow cytometey. (a) Optical images of the three non-adherent and adherent cell types. 
Scale bars indicate 50 μm for all images. (b) Histogram of actin-siRNAs transfection efficiency of the three cell 
types with and without subjecting to mechanical oscillations; the error bars indicate standard deviations of three 
measurements. (c) Flow cytometry graph of the siRNAs transfection efficiency of the three cell types with and 
without subjecting to mechanical oscillations.
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nano-materials. To understand the vibration-induced penetration of nano-materials, the key is therefore an 
understanding on how the cytoskeleton cortex can be deformed by mechanical vibrations. To achieve this goal, a 
finite-element model for the cytoskeleton cortex was constructed (see Supplementary Material for details). The 
cortex layer of the cytoskeleton is modeled as a shell of strut-element network of thickness µ. m0 2 20 on the surface 
of a spherical cell of radius µm8 21. 11600 strut elements which represent the actin filaments are present in the 
cortex layer, and their average length is 0.3 μm . To simulate the mechanical vibrations of the cell, a nodal point on 
the outer surface of the cortex layer was given an oscillatory motion of amplitude 0.4 µm at 100 Hz frequency 
along a tangential direction. Inertia effects of the intracellular components and filament properties were chosen 
according to realistic conditions, as described in the Supplementary Material. Figure 6(a) compares the typical 
configurations of the cortex before and after 5 cycles of simulated vibration. Figure 6(b) illustrates the distribu-
tions of the pore areas on the cortex layer, the quantification of which is explained in the Supplementary Material. 
It can be seen that the oscillations cause the mean pore area to enlarge from the initial value of 0.056 μm2 to 
0.066 μm2, and the standard deviation also increases from initially 0.0702 µm2 to 0.0863 µm2. The simulations here 
show that during forced oscillation at 100 Hz, the cortex deforms significantly, and the pores on it become signif-
icantly larger due to the stretching of the actin network around them.

Discussion
The present results indicate clearly that mechanical oscillations can enhance the delivery of nanomaterials into the 
cell. The mechanism is likely that the vibrations disturb the cell membrane, thereby increasing the permeability of 
the membrane to enhance transfection. One question that needs to address is: how does the forced opening of the 
pores in the cytoskeleton cortex affect the phospholipid bilayer on top, which has to be ruptured in order to allow 
insertion of nanomaterials. As mentioned above, the lipid bilayer is 3 orders of magnitude less rigid than the 
cortex. Fischer22 studied the slipping of lipids within a lipid layer due to thermally induced fluctuations, by com-
paring the relaxation time of lateral pressure difference due to inter-lipid friction, with the experimentally 
observed decay time of membrane shape changes. According to his results, the estimated relaxation time for lat-
eral pressure gradients due to inter-lipid friction is 32 ns, 34 ns and 35 ns for the three lowest modes respectively, 
which are 9 orders of magnitude lower than the observed decay time of 2.6 s, 0.7 s, and 0.4 s respectively for 

Figure 6.  Finite-element simulation of the cytoskeleton cortex. (a) Typical simulated configurations of the 
cortex structure before (left) and after (right) 5 cycles of vibration. An attached movie shows the simulated 
oscillations. (b) Frequency plots of the pore areas on the cortex layer, and fitted Gaussian distributions, before 
and after 5 cycles of vibration.
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membrane shape changes22. This indicates that the lipids have enough time to slip during the fluctuations. 
However, when the connection of lipid layers with the cortex is taken into consideration, the coefficient of viscous 
friction will be increased tremendously. It has been reported that the 2-D viscosity for cytoskeleton attached 
membrane is about . −Nsm0 14 1 23, which is 8 orders of magnitude higher than the value for isolated lipid layers 
used in Fischer’s work. Multiplying the ratio of viscosities for attached and isolated lipid layer to Fischer’s esti-
mated relaxation time, the relaxation time will increase to 3.2 s, 3.4 s, and 3.5 s for the three lowest modes due to 
the increased friction from the attachment. Now the relaxation time is comparable to, and even longer than, the 
decay time for shape changes, indicating that during membrane shape changes the lipids can hardly slide against 
the cortex. All these amount to say that during vibrations, the lipid bilayer should be well attached to the cortex, 
although it is too soft to affect the mechanical deformation of the cortex, which is governed solely by the elasticity 
of the actin-filament network and the inertia effects of the intracellular components. Since the lipid bilayer is very 
soft, the deformation of the cortex layer during vibrations should simply rupture it locally, thus allowing enhanced 
insertion of nano-materials into the cell. The mean simulated pore sizes in the cortex of 0.056 μm2 initially and 
0.066 μm2 during vibrations (Fig. 6(b)) correspond to linear sizes of 236 nm and 257 nm respectively, which are 
within the size range of the nano-particles studied experimentally in this work. The results in Fig. 5 show that the 
original suspended Hela cells turn into a spherical shape after detachment by trypsin from the substrate, and the 
spherical shape suggests that the organization of the cortical cytoskeleton becomes similar to the suspended leu-
kemia cells. Thus, the proposed mechanism of transfection enhancement by mechanical oscillations should also 
be applicable to the trypsinized Hela cells.

As mentioned previously, physical methods for mediating the delivery of exogenous materials into cells and 
tissues tend to be simpler and more efficient in implementation, and can even produce more direct transfection 
outcomes24, than biochemical methods which normally need the assistance of certain cellular and subcellular 
activities such as endocytosis25, electrostatic interactions and fusion with the plasma membrane via the lipid 
moieties of the liposome26, as well as the process of host cells recognized and transfected by virus vectors in 
virus-mediated transfection27. Biochemical methods usually require more time for the transfection to succeed 
since the exogenous material delivery process requires the above-mentioned cellular and subcellular activities to 
take place. In addition, stricter transfection factors than physical methods, such as the nucleic acid/chemical ratio, 
solution pH and cell membrane conditions, are required for biochemical methods7. Using mechanical vibrations 
to enhance drug/gene delivery into mammal cells has the merit of not being limited by such constraints.

It has been known that cells after receiving bearable mechanical damages can repair themselves28, and punc-
tured cell membranes can recover due to their fluidity and dynamic structure29. In the present experiments, 
different oscillation frequencies were tested and an effective condition for cell transfection was identified to be 
100 Hz and 10 volt amplitude for 4 mins, since under such a condition, cell death is not significantly affected and 
the time allowed for transfection is reasonably long. The MTT results in Fig. 2 show that the mechanical oscilla-
tions increased the membrane permeability, so that small particles such as C60 molecules and polystyrene beads 
penetrated into the cells much easier than larger particles, thus producing higher cytotoxicity. The results also 
suggest that after subjecting to mechanical oscillations, small objects like oligonucleotides may penetrate through 
the cell membrane easily since most of the oligonucleotides are around 22 bp, which corresponds to 7.5 nm in 
length and 2 nm in diameter30–32. Besides, the results in Fig. 2 also indicate that larger particles can also penetrate 
through the cell membrane after oscillations at 100 Hz and 10 volt amplitude for 4 mins, albeit the penetration rate 
is lower than the smaller particles.

SiRNAs interference has been a widely used technique in gene silencing33 as a therapeutic strategy to tackle 
cancer and other diseases34. In the present work, a well-designed actin-targeted siRNAs sequence was employed 
to demonstrate the transfection effect of mechanical oscillations. Since there are many unknown components in 
the Fetal Bovine Serum (FBS) and some of these may interfere with the siRNAs, and also, antibiotics and antimy-
cotics can damage the cells after membrane opening35, in this work, the cell culture medium was replaced by an 
electroporation buffer (see materials and methods section) that can prevent siRNAs interference by the FBS and 
cellular damage after membrane opening36. The mechanical oscillations may also produce a mild heating effect, 
thus the cells were immediately cooled down by ice to avoid heat damage, and they were then immediately cul-
tured in the 1640 culture medium with 10% FBS without antibiotic and antimycotic components. Figure 3 clearly 
shows that the siRNAs can be transfected into the K562 cells by mechanical oscillations, and Fig. 4 indicates 
that they were functional in interfering the translation of the actin proteins, resulting in weakening of the actin 
cytoskeleton. From Fig. 3 we can see that the transfection efficiency is around 30%, which is dependent on the 
oscillation condition in particular the duration. A high transfection efficiency up to 100% can be achieved if the 
intensity or duration of the vibration increases, but unavoidably this may lead to increased cell death. This is sim-
ilar to electroporation, where a higher power and longer duration would result in higher transfection efficiency 
but also higher cell death rate37.

Concluding Remarks
Mechanical oscillations at appropriate frequencies and intensities can effectively induce gene-material transfection 
into suspended cells, without affecting their viability. This method can be used to deliver nano-materials into tar-
geted cells for biomedical research and for combating cancer and diseases. In addition to non-adherent cells, this 
method may also be applicable to adherent cells, since most of the adherent cells can be trypsinized into suspended 
cells. The application potential of this method for nano-material/oligonucleotide delivery is therefore high.

Materials and Methods
Cell culture and cell death determination.  Myelogenous leukemia cell line K562 was cultured with 
RPMI 1640 culture medium, supplemented with 10% fetal bovine serum and 1% antibiotic and antimycotic 
solution (Sigma, USA), in a cell incubator (Bionex, Model-VS-9160C, Korea) filled with 5% CO2 at 37 °C and 
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95% humidity. The culture medium was changed every 48 hours. Well cultured cells were filled into 1.5 ml EP 
tubes which were fixed onto the motion bar of a Sine Wave Generator (PASCO, USA) (see supplementary Figure 
S1), which oscillated the samples at frequencies 0, 10, 100, 500 and 800 Hz, within a 10 volt amplitude input, for 
different durations (1, 2, 4, 8, 12 and 16 mins). The oscillated cells were stained with Trypan Blue and measured 
using hemocytometry. A batch of cells vibrated for 4 mins was also cultured for 1, 3 and 7 days separately and the 
death rates were also measured by the same method.

Nanoparticles transfection and MTT assay measurement.  In order to measure the particle deliv-
ery effect under mechanical oscillations, C60 molecules (SES Research, USA) and nano- and micro-polystyrene 
beads (57 nm, 120 nm, 220 nm, 390 nm and 500 nm) (Bangs Laboratories, USA) were mixed separately with K562 
cells at 106 cells/ml in a final concentration of 20 μg/ml and oscillated at 100 Hz and 10 V amplitude for 4 mins. 
The oscillated particle-mixed cells were cultured for 0 and 48 hours in the 96-well microplates and measured 
using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The microplates were read 
in absorbance at 570 nm wavelength in an Asys UVM 340 microplate reader (Biochrom, UK).

SiRNAs Transfection.  Actin siRNAs (sequence: 5′-CCAGCACCAUGAAGAUCAA dTdT-3′) with FITC 
labelled (Thermofisher, USA) and negative control siRNAs (sequence: 5′-GGCTACGTCCAGGAGCGCA-3′)  
(GE Healthcare dharmacon, USA) were used to evaluate the transfection efficiency of the mechanical oscillations. 
The siRNAs were mixed with K562 cells in an electroporation transfection buffer (HEPES 21 mM, NaCl 137 mM, 
KCl 5 mM, Na2HPO4-7H2O 0.7 mM, Dextrose 6 mM), with the purpose to avoid interfering by the culture 
media, and the samples were allowed to settle for 5 mins before use. The final concentration of the actin siRNAs 
was 100 nM. The siRNAs mixed K562 cells were moved into EP tubes and oscillated by the PASCO Sine Wave 
Generator at 0 and 100 Hz and 10 V amplitude for 4 mins. After that, the EP tubes containing the siRNAs mixed 
cells were put on top of ice for 5 mins, and then the cells were immediately diluted 10-fold in a non-antibiotic and 
non-antimycotic containing culture medium, for culture in a 24-well plate for 24 hours.

Flowcytometry.  FITC labelled siRNAs transfected K562, THP-1, OCI-AML3 leukemia cells and trypsinized 
Hela cells were replenished with fresh, normal culture medium and stained with PI for half an hour; the stained 
cells were brought to the flowcytometry instrument for measurement (BD FACSAria SORP cell sorter, USA).

Western Blot.  K562 cells mixed respectively with actin siRNAs and the negative control siRNAs were 
exposed to mechanical oscillations at 100 Hz and 10 V amplitude for 4 mins. The cells were cultured in a 6-well 
plate for 24 hours, and then harvested in a SDS-protease inhibitor buffer (65 mM Tris-Cl pH 6.8, 10% glycerol, 
2% SDS, 1 mM sodium orthovanadate and 1 mM sodium fluoride, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml 
pepstatin A, 1 mM phenylmethyl sulfonyl) and quantified using a DC protein assay kit (Bio-Rad, USA). Same 
amounts of proteins were isolated by the SDS-polyacrylamide gels and transferred to a nitrocellulose membrane. 
The membrane was blocked overnight at 4 °C and incubated with the primary antibodies anti-β -actin (1:2000) 
(Sigma, USA) and anti-GAPDH (1:500) (Pierce, USA), respectively. The primary protein labelled membrane was 
then probed with peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies respectively (1:3000) 
(Bio-Rad, USA) for 1 h, and finally detected by an ECL chemiluminescence reagent (Perkin-ELMER, USA) and 
exposed onto X-ray films.

Optical Tweezers indentation.  K562 cells transfected respectively with actin siRNAs and the negative 
control siRNAs by mechanical oscillations were cultured in fibronetin protein pre-coated confocal dishes for 
24 hours. The dishes cultured with cells were brought to an Optical Tweezers system (MMI, Switzerland) for cell 
indentation. The cells were indented following the same protocol in our previous study18.

Statistical analysis.  The death proportions of K562 cells exposed to mechanical oscillations as measured by 
hemocytometry, MTT assay and flow cytometry were analyzed by two-tailed Chi-square tests.

Finite-element analysis.  Details are given in the Supplementary Material.
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