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Shock Wave Generation in Water 
for Biological Studies 

Dongkoo Kang, Jong Bong Nah, Michael Cho, and Shu Xiao, Senior Member, IEEE 

Abstract- We have used a pulsed power generator based on 
stacking MOSFET switches to create breakdown in water and 
generate shock waves. The pulses with an exponential decay 
have a maximum voltage of 4 kV. With the pulse application 
of approximately 50 /LS, the breakdown voltage is approximately 
3 kV. Postbreakdown events, such as shock wave emission and 
bubble expansion and collapse were recorded by a fast can1era. 
The shock speed was recorded as 1.5 km/s and the maximum 
bubble diameter is 2.3 mm. This shock wave generator can be 
used on the microscope and provides a means of studying the 
shock impact on biological cells. 

Index Terms- Biological studies, shock wave, stacking 
MOSFETs, water breakdown. 

l. INTRODUCTION 

SHOCK waves have been used in di smantling kidney stones 
(lithotripsy) [I] , tumor destruction [2] , and drug or gene 

delivery [3] , [4]. The high gradient of the pressure carried 
by shock waves causes complicate reflections and refrac­
tions when they impinge sonic impedance discontinuities . 
A rarefaction wave follows the compression wave and carries 
a negative pressure, causing the coex istence of compression 
and expansion. It is such compressive and tensile forces 
that cause most of the damages. In the liquid environment, 
such transition of positive to negati ve pressure could induce 
microbubbles and microstream force, which are responsible 
for the pore formation of ce lls (sonoporation) [5]. 

Generating a high gradient pressure front can be done 
by shock tubes or gas guns. They are also used in gen­
erating a long lasting blasting wave up to milliseconds or 
seconds. In the liquid environment, for example, under water, 
a piezoelectric transducer, or an arc di scharge can be used for 
repeatable use in a controllable condition [6]. For the purpose 
of studying the impact of pressure waves to biological cells, 
we have used the arc di scharge considering the fact that it is 
possible to construct a low-profile shock wave system on the 
microscope stage. This would be of an interest in studying 
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the response of biological cells to shock waves, in particular, 
cells cultured on a covers lip. Immediate effects can be studied 
by performing real-time measurement on the microscope and 
therefore such system will be useful in understanding the 
interaction of shock waves with biological cells. 

Shock waves generated by electric di scharges in the liquid 
were studied as a byproduct of high power switching using 
liquid as medium [7]-[9]. Numerous data have been generated 
and useful conclusions have been drawn. Most of the data 
were focused on hi gh voltages (above 10 kV) and high peak 
currents (up to kiloampere) [10]- [12]. We instead use lower 
vo ltages (4 kV) and low currents (< 50 A) to produce shock 
waves in a culture di sh. The pulsed power source was based 
on a capacitor discharge switched by four MOSFET switches 
stacking in series. Our aim was to establish a consistent, 
reliable shock wave source. Specifically, we have studied the 
temporal evolution of shock waves and bubble expansion 
through a high speed camera. The pressure change over 
distance, the bubble radius over distance, and their relation 
at the onset of the shock wave are examined. We estimate the 
shock pressure from the speed of the shock wave and bubble 
ex pansion. 

II. THEORETICAL CONSIDERATIONS 

Using pulsed power systems to generate shock waves 
in water relies on electric breakdown. One may also pro­
duce pressure waves when streamers are initi ated [ 13]. 
Higher pressure is, however, produced when electric break­
down occurs and the electric field can be as high as 
I MV/cm [14] , [15]. Rapid heating occurs when the current 
increases and the vo ltage across the electrode gap co llapses. 
Significant amount of electric energy deposits in the plasma 
channel in the form of heating and vaporizing the liquid 
by increasing the internal and kinetic energies. The rapid 
expansion of the plasma channel passes momentum to the 
surrounding water, compressing the water, and forming shock 
waves. During earlier time of the expansion of the plasma 
channel , the pressure behind the shock wave front is smaller 
than the pressure at the boundary of the plasma channel. As the 
shock waves detach from the plasma channel, they propagate at 
a supersoni c speed very near the electrodes but become sonic 
as the distance increases. Even at the sound speed, the wave 
could still carry a pressure greater than the ambient pressure. 
While the shock wave emission occurs much faster, the plasma 
channel or bubble left behind still has significant pressure and 
keeps growing in volume until it reaches its peak size before 
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collapsing. A second shock wave may be observed after the 
collapse of the gas bubble [ 10]-[ 16]. 

A. Bubble Dynamics and Pressure 

In the stage of bubble expansion , the volume grows from 
streamer channels, which is created in the prebreakdown 
phase. The energy balance equation is [ 17) 

f3 . I . 2 
--PcVc + --VcPc =I Rc (I) 
[3-l /3 - 1 

where Pc is the pressure of the plasma channel, f3 is the 
effective adiabatic exponent, and Rc is the measurable resis­
tance of the plasma channel and depends on time . A more 
complicated form of the plasma channel resistance including 
nonuniform density and temperature distribution can be found 
in [ 18] . Here, we will not consider such case. Rather, we 
obtain its expression from measurement. Vc is the volume of 
the spherical plasma Vc = 47C rl /3 . The largest heating occurs 
in the resistive phase of the plasma channel. 

The current allows the connection of the plasma channel 
resistance with the external circuit that provides the energy 

L1 + RI + ~ f I dr = Uo 
C lo (2) 

where R is the total resistance of the circuit, R = RR + Rc. 
RR is the resi stance placed in series with the gap and in our 
case is I 00 .0.. The plasma channel is called bubble in its later 
phase. The bubble motion started from rest is irrotational and 
the equation of continuity gives 

(3) 

where u is the velocity vector of the bubble. Once a velocity 
potential , ¢, is introduced: ii = V ¢, the continuity equation 
becomes Laplace 's equation 

(4) 

In general, with Green 's functions, we can solve this veloc­
ity potential at any point (f) inside the bubble using Green 's 
theorem, which allows the differential equation to be converted 
to an integral equation 

¢(f)= (l / 47C)fo.(Ga¢ ; an- ¢ ac ;an)dS. (5) 

The integral is performed over the boundary .0., provided the 
boundary conditions are known. They typically include rigid 
boundaries (no flow condition: V¢ · i1 = 0, ii is the boundary 
normal) and a free boundary on the bubble surface. Using 
the momentum equation, the free boundary. condition can be 
written 

8¢18t + I / 21V¢1 2 + (pg + pc) / p + gz =Pool p . (6) 

Equation (6) is al so called Bernoulli equation , which allows 
¢ to be determined at later time t + Jt , so the bubble solution 
through time can be obtained through iteration [ 19] . 

In this paper, we will not use this approach to solve the 
bubble dynamics, but the outlined process above points to an 
important conclusion relevant to our study. That is, in our 
experiment, we created discharges on the surface of a glass 
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Fig. I . Illustration of Green's functions for a free fi eld source and a source on 
top of a ri gid boundary. (a) In a spherical expansion, the sources on the bubble 
surface form a symmetry from the upper half-plane to the lower half-plane. 
(b) Bubble expansion on the surface of a boundary. (c) Effect of boundary can 
be considered by adding symmetrical images in the lower half-plane, which 
resembles (a). 

coverslip. The bubble dynamics share the same characteristi cs 
as that for the di scharges in free field. This is so because their 
Green 's functions are the same. 

For the bubble in the free field , the Green 's function for the 
source on the bubble surface is 

(7) 

where r' locates in the upper half-plane and ;." in the lower 
half-plane. For the bubble generated on the coverslip surface, 
the coverslip can be considered by the method of images [ 16] . 
The sources like ,v.' , and their images, like ;." with an equal 
strength create the same boundary condition as the rigid 
boundary (Fig . I). The corresponding Green 's function is 
identical to (7). Therefore, we can drop the integral over the 
rigid boundary, but integrate over a full sphere surface in the 
free field . Therefore , the solutions for both cases should be 
the same based on (5) and (7). Such conc lusion is also drawn 
in [20]. A more concise expression for a bubble growing in 
the free field (also applied in our case) is developed according 
to the square root of time [21] 

I 
rc(t) = at 1 . (8) 

In this simplified bubble expansion relation, we can estimate 
the coefficient a from the images of bubble expansion. We note 
that in (8) , as t = 0, the radius of the bubble becomes 
zero, which implies that the transition of streamer to arc 
is instantaneous. One can also solve a more complicated 
form of bubble radius [II] , [22] , which is a function of the 
enthalpy difference between the liquid at the bubble wall and 
at hydrostatic pressure. 

Assuming the decrease in resistance of the arc is due to the 
increase of conductivity and the expansion of the volume of 
the arc, (8) leads to the resistance of the plasma channel [23] 

(9) 

The constant b can be estimated from the resistance of 
the water arc by measuring the voltage and current across 
the electrodes . Equations (1) , (2) , (8) , and (9) determine the 
pressure development as the energy from the circuit deposits 
in the form of Joule heating. 

The initial conditions for the unknowns are given: I = 0, 
dl/ dt = Uo / L , Pc = 100 kPa, and Vc = 0. 
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In so lving the equations, the parameters need to be 
normalized 

- 1{5 - t - r;;:;/1- 2 
I = - - , t = rrr:; ' R = RvC/ L , P = P/ poc0 

Uo C vLC 

where po is the unperturbed water density and co is the sonic 
velocity in water. 

B. Shock Wa ve Pressure 

The pressure and particle velocity at the gas-water boundary 
are equal at all times [ 16] . Knowing the pressure of the 
expansion bubble, its radius and speed, one can obtain the 
shock pressure at a di stance r [II] 

p(r) = A[-
2
-+n - l(l+n+lc) i ] il!!r - B (10) 

n +I n +I rc6 

where G = Rb(H + U2 / 2) is a constant along a path or 
a characteristic as the pressure wave trave ls. H is the enthalpy 
and can be determined from the bubble wall 

H = {p (Rb) dp =-n-~ [(p(Rb) + B) ,~ , -I]. (II ) 
) Po P n- I PO A 

In the enthalpy expression , A = 0.3001 GPa, B = 0.3 GPa, 
n = 7, Po= 1000 kg/m3, and co= 1480 m/s. 

If we consider water is incompressible, the pressure field 
can also be given by the following simplified expression [24]: 

Rb Rb(r3 - R3) p0U2 
p(r)=po+-(Pc -Po)+ 

4 
b -- (12) 

r r 2 

where Pc is the bubble pressure at its radius Rb, r is the 
di stance from the bubble center, and U is the speed of the 
bubble when the bubble expands to RIJ . The kinetic energy 
carried by the pressure wave can be calculated by integrating 
the pressure pulse over the duration t ' at a given di stance rs 

2 / 1 

4~rr,,. 1 2 
Es = -- p(t) dt . 

poco o 
(13) 

C. Power Dependence 

In electrical di scharges, the energy delivered to the water 
spark is calculable from the measured voltage and current. 
The generation of shock wave mostly occurs in the current 
rise time during which the momentum of the expansion is 
the largest. At later time, the energy deposition in the plasma 
channel becomes much less, as the majority of the energy will 
be absorbed by the external resistance in the circuit. 

Rather than solving the differential equations, the peak 
pressure in the plasma channel can also be estimated by [ 12] 

t I 
p =S(P / 1) ~ (14) 

where P' is the rate of power deposition in the channel during 
the resistive phase of the di scharge and l is the spark length . 
The power relation is simply given by the product of voltage 
and current 

P(t) = I (t) V (t) . ( 15) 

High vott.ge 

L.owvoktg~ 

Ground 
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HV Charging Resistor 

Fig. 2. Pulsed power system and experimental setup. Two hi gh voltage 
capacitors ( I 11 F) are connected in series and switched by four MOSFET 
switches stacking in series . An exponential-decay pulse is applied to the 
electrodes, which are submerged in water. Shock wave emits as a res ult of 
the breakdown of water gap . 

Ill. EXPERIMENTAL SETUP 

The experimental setup is shown in Fig. 2. We used two 
needle electrodes arranged in V-shape and the tips were sep­
arated by 0.2 mm . The electrodes were mounted on a holder. 
The two electrodes were touching the bottom of a culture 
di sh, which was filled with tap water (resistivity: ~7 krl·cm) . 
The pulsed power system used in the experiment has two , 
1-,uF capacitors charged by a de voltage source (4 kV, 
Ultravolt, 4C series). The capacitors are discharged by four 
MOSFET switches (IXFB38N I OOQ2) stacking in series. The 
designing details of such stacking circuit can be found in [25] . 
In brief, the gate and source terminal s of the MOSFET 
switches are held at the same potential before closing. As soon 
as the bottom switch is turned ON by a noninverted MOSFET 
driver (TC4422), the second switch closes as the gate is pos­
itively biased through di scharging the capacitor that connects 
to the gate. In a similar fashion , the third and fourth switches 
turn ON sequentially. Because the rated current of each 
MOSFET is 20 A (average rating, the peak current is higher 
as shown later), several resistors connecting in series with the 
needle electrodes were used to limit the current. Four resistors 
with a total resistance of I 00 n were used. The voltage 
across the electrodes was measured by a high voltage probe 
(Tektronix P60 15) and the current was measured by a Pearson 
coi I (Pearson, 5046). A separate current viewing resistor 
( 1.1 Q) was also used to measure the current and was 
connected in series with the water gap. The oscilloscope was 
Tektronix TDS640A . 

The laser shadowgraphy was used to capture the shock 
waves and bubble expansions after the breakdown of water 
gap. A He- Ne laser was used to illuminate the electrode 
region and a fast camera (4Picos, Stanford) was used to 
record the images in a time-reso lved fashion. The camera was 
triggered by the oscilloscope in response to the current pulse 
rise through the water gap. To shield the electric interference 
from the water breakdown , the pulsed power system and water 
gap were placed in a Faraday cage, leaving the camera and 
oscilloscope outside. 
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Fig. 3. Voltage measured across the wa ter gap and the resulting current. The 
peak voltage is approximately -3.5 kV. The water gap breaks down after 
48 11s at -2.8 kV at 0 ps causing the increase of current. The decay of the 
current is given by the RC time constant, 50 ps. 

0 

~ -1000 
Ol s -2000 
0 
> -3000 

0 10 20 30 

Time (ns) 

40 50 

0 

-5 

-30 

-35 

Fig. 4. Voltage and current in a shorter time scale. The current rise time is 
approximately I 0 ns. 

IV. R ES ULTS 

A. Voltage and Current 

The voltage across the water gap after the MOSFETs are 
turned ON is governed by the capacitor di scharge through 
the resistor ( 1.28 ki1) . The peak voltage is approximately 
3.5 kV (Fig. 3) but decreases according to the time constant 
(640 ps and RC = 1.28 kn x 0.5 pF). After approximately 
50 p s, the water gap breaks down so the current starts 
flowing and it decreases exponentially at a new time constant 
(50 JtS and RC = I 00 n x 0.5 JtF). This is a statistical event 
and the breakdown voltage is approximately 2.8 ± 0.5 kV 
with a delay time of 40 ± 10 p s. 

Fig. 4 shows a voltage and current waveform in shmter time 
scale. In general, the current increases from 0 to I 0 ns as the 
voltage drops . The voltage and current waveform allows us 
to calculate the resistance of the water gap and the power 
deposition. In Fig. 5, the water gap resistance drops from 
>2 kn to approximately 900 n , which occurs in less than 
2 ns (Phase 1). The second phase (Phase II) of the resi stance 
drop occurs from - 1.4 to 4 ns, during which the resistance 
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Fig. 5. Resistance of the water gap and the corresponding power deposited 
in the gap. The data were calculated from the voltage and current in Fig. 4. 
The dashed line is the resistance fitted as the inverse square root of time. The 
two dotted lines mark the phase transitions. 

becomes the same value of the current-limiting resistan ::e 
(100 0). After that, i.e. , in Phase III, the resistance further 
decreases to a negligible value until > 10 ns. Such three­
stage development of water gap resistance agrees with t e 
resistance drop reported in [23]. It is in the second phase 
that the largest amount of power deposite.d in the water gap 
(0-4 ns), which according to Fig. 5, has a peak power 30 kW_ 
We note that in the current and voltage wa-veforms (Fig. 4), be 
phase boundaries are not so clear. EspeciaJly, the current lags 
the voltage by approximately 2 ns, which suggests the water 
gap is somewhat inductive. Otherwise, a pure resistive g:tp 
shou ld have exhibited synchronous voltage and current. The 
inaccuracy caused by the inductive element can therefore be 
estimated as 2 ns . In other words, the temporal error of Phase I 
transitioning to Phase II is approximately 2 ns. ln Fig. 5, the 
boundaries become clearer indicated by the slope change of 
the power deposition from phase to phase. 

In (9), the resistance develops according to the inverse of 
square root of time. We fitted this relation in Fig. 5 and drew 
it as the dashed line 

I 
Rc(t) = 100/ t !(Q). (16) 

The time t is expressed in nanoseconds. This relation works 
well in the second and third phases. Clearly, the resistance 
becomes infinitely large as time approaches zero . However, 
because the expansion of water arc mainly occurs in the second 
phase, we will ignore the process prior to 0 ns, in which on ly 
small power is deposited in the water gap as the resistance 
is still large compared with the current-limiting resistance 
(100 n ). For our calculation of (1 ), (2) , (8), and (9), the 
starting time is 0. 1 ns, at which, the resistance of the wa:er 
gap is 316 n (16). This value is c lose to the mean value of the 
measured values 300 ± 45 n at this particu lar instant (0.1 ns). 

B. Temporal Development of Shock Wave and Bubble 

The temporal development of the postbreakdown in shadow 
graphs is shown in Fig. 6. Two events, shock wave emission 
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Fig. E. Laser shndowgraphs cf the water gnp nfler b~enkdown. The lime 
showr. is the delay from the breJkdown. 
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and bubble expansion are observed. The · hock wave expands 
in the spherical shape, which lasts from 2SO ns to 4 .5 JI.S. 
Withn this time, tfuere is still current flow in the water gap 
betv.een the electrodes (Fig. 3). The radius o:' the shock wave 
is shown in Fig. 7 . The speed of the shock '-''ave is 1.5 km/s, 
mea;ured by the slope of the radius. 

With the disappearance of shock wave in the imaging 
window, the bubble grows and reaches its mc.ximum radius at 
"" 150 p s. It then shrinks and collapses into smaller bubbles. 
The radi us of the bubble is shown in Fig. 8. In the growing 
pha5e, the radius in the expansion phase ( < 150 JI.S , Fig. 8) 
can be fitted as r = at(i using a graphic tool (Sigma Plot, 

3235 

2.5 

'E 
)' i -r / 'L I 

E 
(/) 

I 
\ 

::::J I i 15 
~ 1.5 \ 

\ 
Ql 
:c t .0 
::::J 
co 

I 

I 

0.5 
50 100 150 200 250 300 

Time (J.IS) 

Fig. 8. Bubble radius lnken from !he images in Fig. 6. AI each dnln point, 
N = 5 images were included and 1he rad ius is shown as s1nndnrd error bar. 

regression wizard) . The resulted a is 0.2 and d is 0 .5 

r = 0.21°·5 . ( 17) 

The unit of r is millimeter and t is microseconds. Alterna­
tively, r can be in meter and t in seconds. The time depen­
dence t0·5 is consistent with the experimental observation and 
similarity analysis [22]. 

The time interval Tc between the bubble inception and 
maximum diameter is given by [26] 

l'max = Tc/0.9 15(po/ (Poo - Pv))0
·
5 ( 18) 

where Pv is the vapor pressure inside the bubble (2330 Pa at 
20 °C). In Fig. 8, Tc is 150 ps, which leads to l'max = 1.6 mm . 
This radius is close to 2.2 mm, measured in the experiment 
(Fig. 8). 

C. Temporal Development of Water Gap Pressure 

The results shown in Fig. 6 summarize the postbreakdown 
phenomena in the water gap, but the pressure buildup in 
the bubble (or plasma channel) occurs earlier. The largest 
power deposition occurs in the breakdown phase (Phase II), 
as shown in Fig. 5. Equations ( I ), (2), (8), and (9) allow us 
to calculate the pressure in the water gap during this phase. 
Fig . 9 shows the pressure profile within 80 ns starting from t = 
0.1 ns. The pressure increases to a peak pressure I GPa within 
5 ns. This is consistent with Fig. 5, in which the major power 
is deposited in the first 5 ns. The pressure, however, drops 
rather rapidly as the water gap resistance becomes negligible 
compared with the current limiting resistance, causing less 
power deposition in the gap. The accuracy of the pressure 
calculat ion is corroborated by the close agreement of the 
calculated current with the measured current (Fig. 9). 

The peak pressure of the water gap can also be estimated 
from ( 14). As shown in Fig. 5, the peak power deposited in 
the water gap is 30 kW, which occurs in approxi mately 2 ns. 
Considering the length of the water gap, which is 0.2 mm , the 
peak pressure was calculated as 2.2 GPa. This value is rather 
close to the I GPa obtained by solving the energy conservation 
equations (I) , (2) , (8) , and (9). 
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D. Shock Pressure 

The shock pressure generated from the expansion of bubble 
can be calculated from (I 0) and (II ) or separately from ( 12). 
We used the pressure profile of the bubble wall from Fig. 9. 
The speed of the bubble wall was calculated from (17). 

To compare the results of these two approaches, we calcu­
lated the pressure wave generated when the bubble pressure 
reaches the maximum (t = 5.2 ns and P = I GPa in 
Fig. 9) . Fig. I 0 shows the pressure field outside the bubble 
extending to a di stance of 7 mm. The pressure drops from 
1.1 GPa to 4 MPa at 7 mm, whereas the incompressible 
approximation yields a pressure 2.5 MPa. Both results are very 
close, suggesting a simpler expression in (12) can replace the 
more lengthy expression in ( I 0) and ( II ). 

Since Fig. 9 shows the development of the pressure in the 
bubble, it allows us to calculate the pressure in the time 
domain , rather than single time point shown in Fig. I 0. 
We used ( 12) and read the bubble pressure from Fig. 9, 
the pressure temporal profile outside the bubble at different 
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di stances can be calculated in Fig. II. We note that the 
pressure is for an observer at different di stances observing the 
arrival of the pressure wave and the propagation delay is not 
included. In general , the pressure drops 70% within 400 ns. 
The trend of pressure decrease over distance approximately 
foll ows the inverse of the di stance. For example, at I mm 
(870 ns), the pressure is 7 MPa, but it drops to I MPa at the 
di stance of 6 mm . 

The energy carried by the pressure wave was estimated 
from ( 13). At the distance of 6 mm, the energy integrated 
in the time frame ( < 870 ns in Fig. II ) is 1 mJ, which is the 
same as that calculated at the di stance of I mm. 

V. DIS CUSS ION 

The radius of the bubble expansion is well described by 
the power rel ation (17). The durati on frc m the expansion 
to shrinkage can also be predicted by a well-established 
rel ation ( 18). Accordingly, the resistance of the water gap can 
be described by the inverse square root relation (16). Such 
dependence is consistent with the observation in other liquids. 

The pressure increase in the bubble coincides with the 
increase of current, or more directly, with the increase of 
power deposition in the water arc, which o.::curs in less than 
I 0 ns. That points to the importance of using a low-impedance 
circuit. However, due to the restriction of rated current of 
MOSFET switches, such low-impedance circuit wi ll have to 
rely on higher current switches, such as spark gap switches. 
In our circuit, the time constant before breakdown from the 
circuit is 640 ps, yet the pressure decreases 70% within the 
400 ns . Moreover, the energy carried by the pressure wave is 
only I mJ, which is much less than the total energy stored in 
the capaci tor 4 J. Therefore, we may decrease the capacitance 
value and reduce the size of the pulse generator. 

In estimating the shock pressure, we have used two 
approaches . One is to calculate from the method of character­
istics ( I 0), and the other is to calcul ate from ~he approx imation 
of incompressible liquid (12). The drop of the pressure wave 
over di stance is rather close using these two approaches, 
suggesting a strong dependence on the inverse of di stance. 
On the other hand , the peak pressure in the bubble, calculated 
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by (I) , (2) , (8), and (9), is I GPa, in the same range as that 
calculated by a pressure-power relation (14) , which is 2.2 GPa. 

Our motivation of this paper is to produce shock waves 
on the coverslip. We have used electric discharges and it 
takes finite length of time to generate discharge, approximately 
50 JI.S , as shown in Fig. 3. The cells near the electrodes experi­
ence not only shock waves, but also pulsed electric fields. Side 
effects such as electroporation could be present in addition to 
the biological effects induced by shock waves . We therefore 
have calculated the electric field dependence over distance 
(the dotted line in Fig. I 0) for a maximum applied voltage 
of 4 kV. The electric field drops rather rapidly over distance . 
At a di stance of 2 mm, the electric field already drops to 
I kV/cm . However, the threshold for electroporation, as shown 
by [27], is greater than I k V /em for 50-JI. S pulses. We therefore 
rule out electroporation for cells situated beyond 2 mm. For 
other biological effects considered less in severity, such as 
action potential activation , a separate control experiment can 
be performed. In this case, the water gap can be enlarged 
slightly so that no breakdown occurs. Cells will be only 
exposed to electric fields so the effective range of shock wave 
impact can be determined . 

Finally, we point out one caveat of using (I) , (2) , (8), and (9) 
to calculate the pressure. The fitted resistance of the water 
gap (16) only works well in the second phase (0- 6 ns), as 
shown in Fig. 5. Beyond that, the actual resistance drops much 
faster than predicted by (16). Thus, the power deposited in 
the water gap should be smaller, which suggest the calculated 
bubble pressure should drop faster. Therefore, the duration of 
the pressure (70%) can be shorter than 400 ns. 

VI. CONCLUS ION 

We have used a compact pulsed power generator, which 
consists of four 1-kV MOSFET switches, to produce shock 
waves in biological media for biomedical research . Such 
shock wave system allows cells to expose to shock waves 
on the microscope, therefore providing a means of real-time 
measurement of cells response. The pressure increase occurs 
in the rising time of the current and therefore the circuit 
impedance needs to be minimized. In general , pressure waves 
in the range 1- 10 MPa with a duration of submicroseconds can 
be generated by this device. We also would like to point out the 
predicted pressure needs to be confirmed by measurements. 

REFERENC ES 

[I] R. 0. Cleveland and J. A. McAteer, "Physics of shock-wave lithotripsy," 
in Smith 's Textbook on Endourology, A. D. Smith et a/., Eds. Hamilton, 
ON, Canada: BC Decker, 2007, ch. 38, pp. 3 17- 332. 

[2] P. Lukes eta/. , "Focused tandem shock waves in water and their potential 
appli cation in cancer treatment," in Pmc. 28tlt Int. Symp. Shock Wa ves, 
201 2, pp. 839- 845. 

[3] Y. Menezes, K. Takaya ma, A. Gjani , and S. H. R. Hosseini , ''Shock wave 
dri ven micropanicles for pharmaceuti cal applications," Shock Waves, 
vol. 18, no. 5, pp. 393-400, 2008. 

[4] D. Magaiia-Ortfz, N. Coconi-Linares, E. Orti z-Vazquez, F. Fern andez, 
A. M. Loske, and M. A. G6mez-Lim, "A novel and highly effi cient 
method for genetic transformation of fungi employing shock waves," 
Fungal Genetics Bioi. , vol. 56, pp. 9-16, Jul. 201 3. 

[5] S. M. Nejad, S. H. R. Hosseini , H. Akiyama, and K. Tachibana, 
"Optical observation of cell sonoporation with low intensity ultrasound," 
Biochem. Biophys. Res. Commun. , vol. 41 3, no. 2, pp. 2 18- 223, 2011. 

3237 

[6] H. Bluhm, Pulsed Power Systems, Principles and Applicatiom . 
New York , NY, USA: Springer-Verlag, 2006. 

[7] J. P. VanDevender, ''The res istive phase of a high-voltage water spark ," 
J. Appl. Phys., vol. 49, no. 5, pp. 2616--2620, 1978. 

[8] S. Xiao et a/., "High power water switches: Postbreakdown phenomena 
and dielectric recovery," IEEE Trans. Dielectr: E/ec/1: lnsul., vol. II , 
no. 4, pp. 604-6 12, Aug. 2004. 

[9] J. R. Woodworth, D. Chalenski , G. S. Sarkisov, and J . R. Blickem, 
" 170-kV laser-triggered water switch ex periments," IEEE Trans. Plasma 
Sci. , vol. 33, no. 6, pp. 205 1- 2059, Dec. 2005 . 

[10] D. Oshita eta/. , ' 'Time-resolved high-speed vi sualization and analysis 
of underwater shock wave focu sing generated by a magnetic pulse com­
press ion unit," IEEE Trans. Plasma Sci. , vol. 40, no . 10, pp. 2395- 2400, 
Oct. 2012. 

[II] X. Lu , Y. Pan, K. Liu , M. Liu , and H. Zhang, "Spark model of pulsed 
discharge in water," J. Appl. Phys., vol. 91 , no. I, p. 24, 2002. 

[ 12] P. Sunka, Y. Babick)l, M. Clupek, and C. Stuka, "New discharge circuit 
for effi cient shock wave generati on," in Sltock Waves in Condensed 
Matter and Heterogeneous Media , R. Brun and L. Z . Dumitrescu, Eds. 
Berlin , Germany: Springer-Verlag, 1995, pp. 455-458. 

[13] S. Katsuki , K. Tanaka , T. Fudamoto, T. Namihira, H. Akiyama, and 
H. Bluhm, "Shock wave due to pulsed streamer discharges in water," in 
Proc. Conf Rec. 26th Int. Power Modulator Symp., 2004. 

[14] K. Schoenbach, J. Kolb, S. Xiao, S. Katsuki , Y. Minamitani , and 
R. Joshi , "Electrical breakdown of water in microgaps," Plasma Sources 
Sci. Tee/mol., vol. 17, no. 2, p. 024010, 2008. 

[15] J. F. Kolb, R. P. Joshi , S. Xiao, and K. H. Schoenbach , "Streamers in 
water and other di elecu-ic liquids," J. Phys. D, App/. Phys. , vol. 41 , 
no. 23, p. 234007, 2008. 

[16] R. H. Cole, Underwater Explosions. Princeton, NJ , USA: 
Princeton Univ. Press , 1948. 

[1 7] N. M. Beskaravainyi, V. G . Kova lev, and E. V. Krivitskii , "Scaling 
variables for hi gh- voltage electrical discharges in gas-liquid mi xtures," 
Tech. Pltys. , vol. 39, no. 2, pp. 224--225, 1994. 

[ 18] L. K. Warne, R. E. Jorgenson, and J. M. Lehr, "Resistance of a 
water spark," Sandia National Laboratories , Albuquerque, NM, USA, 
Tech. Rep. SAND2005- 6994, Nov. 2005 . 

[19] M. C. Hooton, J. R. Blake, and W. K. Soh, "Behaviour of an underwater 
ex plos ion bubble near a ri gid boundary: Theory and experiment ," 
in Bubble Dynamic.\· and lmerface Phenomena. Norwell, MA, US A: 
Klu wer, 1994, pp. 421 -428. 

[20] I. G . Cullis, " Blast waves and how they interact with structures," J. Roy. 
Army Mal. Corps , vol. 147 , no. I, pp. 16--26, 2001. 

[21] R. Courant and K. 0 . Friedrichs, Supersonic Flow and Shock Waves. 
New York, NY, USA: lnterscience, 1948, ch . 6 . 

[22] V. Y. Ushakov, Impulse Breakdown of Liquids. New York , NY, USA: 
Springer-Verl ag, 2007 . 

[23] J. Fuhr and W. F. Schmidt, "Spark breakdown of liquid hydrocarbons. 
II . Temporal development of the electric spark resistance in n-pentane, 
n-hexane, 2,2 dimethylbutane, and n-decane," J. Appl. Phys., vol. 59, 
no. II , pp. 3702- 3708, 1986. 

[24] F. R. Gilmore, ' 'The growth or collapse of a sphercial bubble in a vi scous 
compressible liquid," Office of Naval Research , Arlington, VA, USA, 
Tech. Rep. 26-4, Apr. 1952. 

[25] R. J. Baker and B. P. Johnson, "Stacking power MOSFETs for use 
in hi gh speed instrumentation," Rev. Sci. lnstrum., vol. 63, no. 12, 
pp. 5799- 580 I, 1992. 

[26] A. Vogel, S. Busch, and U. Parlit z, "Shock wave emission and cavitation 
bubble generation by picosecond and nanosecond optical breakdown in 
water," J. Acoust. Soc. Ame1:, vol. 100, no. I, pp. 148-165, 1996. 

[27] G. Sauli s and R. Saule, "Compari son of electroporation threshold for 
di fferent cell lines in vitro," ACTA Phys. Po/onica A , vol. 115, no. 6, 
pp. I 056- 1 058, 2009. 

\• .. ·~ .. ~· ~:~ 

Dongkoo Kang Seoul , Korea, in 
He received the M.E. and Ph.D. degrees from 

Kumamoto University, Kumamoto, Japan, in 20 I 0 
and 201 3, respectively. 

He is a Post-Doctoral Research Associate with the 
Frank Reidy Research Center for Bioelectrics, Old 
Dominion University, Norfolk , VA, USA. 



3238 

Jong Bong Nab, photograph and biography not available at the time of 
publication. 

Michael Cho is currently a Professor of 
Bioengineering wi th the University of Illinois 
at Chicago, Chicago, fL, USA . To facilitate the 
research goals , the Laboratory for Biomolecular 
Imaging, University of Illinois at Chicago, has been 
established and features five instruments to measure 
and characterize the biological, mechanical , and 
optical properties of engineered ti ssue constructs. 
He has supervised numerous Ph.D. students, two 
M.D./Ph.D. students, and many undergraduate 
students have gained their research experi ence in 

hi s laboratory. He has published a new journal Physics and Chemistty of 
Stem Cells , which he serves on as an Editor-in-Chief. His current research 
interests include regenerative tissue engineering, cellular biomechanics, and 
multimodal imaging. 

Prof. Cho was a recipient of the Uni versity Scholar and Facu lty of the 
Year Awards in 20 14. He is a fellow of the American Insti tute for Medical 
and Biological Engineering, Washington, DC, USA. His research programs 
have been funded by several federal agencies, including the Department of 
Defense, the National Institutes of Health and Department of Energy, and 
the Whitaker Foundation. 

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 42, NO. IO, OCTOBER 20 I4 

Shu Xiao (M'04-SM ' 12) received the Ph.D. 
degree in electrical engineering from Old Dominion 
University, Norfolk , VA, USA, in 2004. 

He was in the Ph.D./master's joint program with 
the University of Electroni c Sciences and Tech­
nology of China, Chengdu, China, from 1996 to 
200 I. He is currently an Assistant Professor with the 
Department of Electrical and Computer Engineering, 
Old Domi nion University. Hi s current research inter­
ests include power electronics, pulse power, electri ­
cal discharges in liquid and gas, and manipulation 

of biological cell s with intense electrical pulses. 



j ourna l of Biomechanics 47 (2014) 3650-3656 

Contents lists available at ScienceDirect 

journal of Biomechanics 

ELSEVIER 
journal homepage: www.elsevier.com/locate/jbiomech 

www.JBiomech.com 

Impact of oxidative stress on cellular biomechanics and rho signaling 
in C2C12 myoblasts 

Crossllf..ark 

Shan Sun a. Singwan Wong b, Arthur Mak b, Michael Cho a.* 

'Department of Bioengineering. University of Illinois at Chicago. Chicago. IL 60607, USA 
b Division of Biomedical Engineering, The Chinese Uni versity of Hong Kong. Shatin, Hong Kong 

ARTICLE INFO ABSTRACT 

Article history: 
Accepted 29 September 2014 

Keywords: 
Oxidative stress 
Cytoskeleton 
Rho signaling pathway 
ERM I inker proteins 
Cell stiffness 
AFM 
Superoxide 

Although cells often can tolerate oxidative environments, abnormal oxidative stress has been identified 
in inflammation, cardiovascular and neurodegenerative diseases, and aging. The impact of oxidative 
stress on the cellular biomechanics is poorly understood, however. In this study, we used C2C12 
myoblasts to investigate the effect of oxidative stress. mimicked by hydrogen peroxide (H20 2 ) , on the cell 
elasticity (i.e., Young's modulus ), viability, and production of intracellular reactive oxygen species (ROS). 
To better understand the mechanisms underlying the impact of H20 2 , we examined various effectors of 
the Rho signa ling pathway, which has been shown to play a key role in the control of cell mechani:s. 
H20 2 decreased the cell stiffness in a dose-dependent manner, caused cell death, and reduced the Rh·JA 
expression that was accompanied by down-regulation of a-actin, cytoskeleton-membrane lin~er 

proteins (ezrin- radixin- moesion proteins), and focal adhesion. Modulating the Rho signaling by usi:Jg 
a Rho activator partially restored the cell stiffness, enhanced the ce ll viability, and decreased t:Je 
intracellular ROS level, suggesting a potential intervention strategy to maintain the cellular biomecta­
nical homeostasis and rescue cell damage in the threat of oxidative stresses. 

1. Introduction 

Cells are subject to oxidative stress in many situations. Nonnal 
metabolic activities commonly involve redox processes (Burhans 
and Heintz, 2009; Gutteridge and Halliwell, 2010), and thus, cells 
need to cope with potential oxidative stress regularly. Pathological 
situations arise when the oxidative stress in the cells and their 
microenvironments exceed the coping capacity, making the in situ 
cells susceptible to oxidative damages. Oxidative stress has been 
associated with inflammation (Tidball, 2005), cardiovascular and 
neurodegenerative diseases (Hebbel et al., 1990; Halliwell, 2000; 
Coyle and Pattfarcken, 1993), and aging (Sohal et al.. 2002). Other 
examples of high oxidative stress involve post-ischemic reperfusion, 
such as in the case of neural tissues immediately after ischemic 
stroke (Aronowski et al., 1997), cardiac tissues after open-heart 
surgery (Starkopf et al., 1995), or subcutaneous tissues at risk of 
pressure ulcers after prolonged excessive epidermal loading that 
compromises tissue microcirculation (Mal< et al., 2010). 

Cells in oxidative environments often need to continue to 
sustain mechanical loading. Tendon fibroblasts with tendonitis 
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continue to be stretched repeatedly under inflammatory condi­
tions. Cardiomyocytes need to resume pumping blood immedi­
ately following an open-heart surgery. In the cascade of events 
leading to deep tissue injury and pressure ulcer under epidermal 
loading, the skin fibroblasts and keratinocytes as well as t1e 
underlying adipocytes and skeletal myocytes may likely Je 
reloaded in a reperfusion-induced oxidative environment, if t1e 
repeated loading is applied soon after the release of the precedi:-~g 
load-induced ischemia. Most studies on the cell mechanics have 
typically been conducted with the aim of examining the norrr al 
cell mechanics. Although pathological cell mechanics have been 
reported for blood cells (Finch et al., 1973; Wang et al., 2002; Lam 
et al., 2007) and cancer cells (Cross et al., 2007; Li et al. , 2003), 
literature on how oxidative stress may affect cell mechanics and in 
particular the load-carrying capacity of cells is scant. The RhoA, 
among others, is regulated by redox agents (Aghajanian et .; 1., 

2009; Nimnual et al., 2003 ), and this mechanotransduction patJ­
way is expected to influence the cellular biomechanics. We there­
fore undertook this study to elucidate how an increase in oxidati·1e 
stress introduced by adding hydrogen peroxide to the culture 
media could affect the cellular mechanics, cell viability, and 
production of reactive oxygen species (ROS) in mouse myoblasr.s. 
Mechanistically, the Rho signaling is known to play a key role in 
the control of cell mechanics. However, the role of various 
effectors of the Rho signaling pathway, including actin, vinculin, 
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ezrin-radixin-moesion (ERM) linker proteins, remains to be elu­
cidated. In addition, we further examined whether the upstream 
regulator (e.g., RhoA) modulated these effectors and correlated 
with cell death and, thus, suggesting a potential application of 
biomechanically strengthening the cells under the threats of 
oxidative challenges. 

2. Materials and method 

2.1. Cell culture and H2 0 2 tream1ent 

Mouse-derived C2C1 2 myoblas ts (kindly provided to us by Prof. T-C He) were 
cul tured in complete med ia consisting of Dulbecco's modified eagle's medium 
supplemented with 10% fetal bovine serum, 1% antibioticsfantimycotics (final 
concentration; penicillin 100 units/mi . streptomycin 100 f! gfml, and amphotericin 
B 0.25 f!gfml ), in a humidified atmosphere with 5% C0 2 at 37 oc, with media 
changed twice per week. Passages between 3 to 9 were used for a ll ex periments. 
For dose-dependent treatment of oxidative stress, C2C12 cell s were treated for 24 h 
with prepared dilutions of H20 2 in a cell cul ture medium resulting in the fin al 
concentration range from 0 to 2 mM. These dosages were based on the DNA 
fragmentation associated with apoptotic cell death as previously reported (Siu 
et al.. 2009). 

2.2. Measurement on cell stiffness using AFM 

An atomic force microscope (AFM; Novasca n Technologies, Ames, lA) was used to 
measure the biomechanical properties of individual mouse myoblasts. Full experi­
mental details have been provided elsewhere (Titushkin and Cho, 2007; Titushkin 
and Cho, 2011 : Titushkin et al. , 2013; Sun et al.. 2013 ). Briefly, to obtain a force­
distance curve, an AFM cantilever (0.1 2 N/m) with a 5-f!m radius microindentor 
descended toward the cell at- 2 mm/s to minimize hysteresis and until a trigger 
force of 3 nN was reached. The force-distance curves were then analyzed according 
to the Hertz model (Radmacher, 2002). The average Young's modulus for each 
experimental condition was calculated and subjected tot-test at the level of a= 0.05. 

2.3. Cell viability 

C2C1 2 cells were placed in a 96-well plate to yield a density of 1 x 105 cells/ml 
and incubated overnight. The original medium was then replaced by fres h mediu m 
containing various concentra tion of H20 2 (0- 2 mM) with or without Rho ac tivator 
II (Cytoskeleton, Denver, CO). Cell survival rate was determined using the Cell 
Counting Kit 8 (CCK-8, Sigma-Aldrich, St. Louis, MO), which provides a higher 
detection sensi tivity than, for example, tetrazolium salts, such as MTI or MTS. A 10-f!l 
CCK-8 solution was added to the cells 24 h post-treatment and incubated for 4 h at 
37 oc. Absorbance of each well was quantified at 450 nm usi ng a plate reader 
(BioTek Instruments Inc., Winooski, VT). The cell survival was represented by the 
optical absorbance under each experimental condition. 

2.4. Superoxide labeling 

Mitosox (Life Technologies, Grand Island, NY) was used to label superoxid e 
inside the cells. This novel, membrane-permeable fluorophore preferentially 
targets mitochondria. Upon oxidation by superox ide, the dye flu oresces with the 
emission maximum at 580 nm. Myoblasts were treated with H20 2 or Rho activator 
II and then incubated with 1 f! M Mitosox for 30 min at 37 ' C. Cells were extensively 
washed and immediately mounted on the microscope stage for imaging. 

3. Results 

Schematically shown in Fig. 1 A, individual cell stiffness was 
quantitatively measured using AFM-based microindentation. A 
typical force-deformation curve (Fig. 1 B) demonstrates that as 
the AFM probe slowly indents a surface, hard substrate quickly 
deflects the tip and causes a sharp rise in the force- deformation 
curve. In contrast, a gradual rise in the curve is representative of 
relatively soft substrate, such as the cell. Microindentation results 
showed that the stiffness of normal C2C12 cells i s ~ 3 kPa. The cell 
stiffness was found to decrease in response to the H20 2 treatment 
for 24 h in a concentration-dependent manner (Fig. 1C). At the 
H20 2 concentration as low as 0.2 mM, the ce ll stiffness was only 
slightly reduced but not statistically significant. The cells became 

mechanically softer (p < 0.05 ) after the H20 2 concentrations were 
increased to > 0.5 mM, presumably due to cytoskeletal reorgani­
zation. We also observed that at the highest H20 2 concentration 
(2 mM ) used in our experiments, cells were either broken into 
debris or shrunk into much smaller spherical cells that were too 
easily detached. In such a case, no AFM measurements could be 
properly interpreted (data not shown). 

Although actins are primarily responsible for maintaining the cell 
stiffness, focal adhesion can also contribute to the cellular biome­
chanics. We therefore fluorescently visualized actin and vinculin, a 
key protein found in the focal adhesion, and nuclei in response to the 
H20 2 treatment. In a control experiment, a.:t in stress fibers were 
noticeably present, as expected. In addition, multiple focal adhesions 
were visualized in the control cells and preferentially located at the 
ends of actin stress fibers (Fig. 2A). Consistent with the cell stiffness 
measurement shown in Fig. 1 C, the treatment of mouse myoblasts 
with 0.2 mM H20 2 did not show discernible changes in the actin 
organization or focal adhesions (Fig. 28). At 0.5 mM H20 2, the actin 
fibers appeared slightly weaker in fluorescence intensity and shorter 
in length (Fig. 2C). However, as the H20 2 concentration increased to 
1 mM, the actin stress fibers were no longer clearly delineated, and 
the focal adhesions as assessed by the vixulin punctates were 
diminished in numbers as well as fluorescence intensity (Fig. 20 ). 
At the 2- mM concentration, cells could no longer maintain the 
proper morphology, became smaller in size, and readily detached 
from the substrate (Fig. 2E). A quantitative assay indicates a sig­
nificant reduction in the vinculin expressio:1 as a function of the 
increasing H20 2 concentration (Fig. 2F). These findings suggest that 
oxidative damage mimicked by H20 2 disorganizes the actin stress 
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Fig. 1. Measurement of Young's modulus. (A) Schema tic drawing showing an AFM 
probe descending on the cell. (B) A typical force-deformation curve is obtained 
from each AFM measurement. (C) Mean ± SEM Young's moduli of 60 to 80 C2C12 
cells 24 h post-treatment of varying H20 2 concentrati-Jns from 3 to 4 independent 
experiments. 
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Fig. 2. Three-color imaging ofC2C12 ce.ls. l'.ctin (red), vinCJiin (green). ard nucleus (blue) were fluorescently visualized n control cells (A) and in response to 0.2 (B ), 0.5 (C), 
I (D), and 2 mM (E) H20 2 treatment fe r 24 h. Images were acquired usiilg a 60 x objective. A quantitative assay was applied to measure the ·;inculin expression and to 
represent the focal adhesions (F). 

fibers and focal adhesions in myoblasts in a concmtration-de~endent 
manner, and that these subcellular changes are <Jccurately reflected 
by AFM-based microindentation measurement cf the cell stffness. 

As a-actin is expressed in skeletal musclE, we meas·Jred its 
expression in C2C12 myoblasts using Western blot. The a-actin 
expression decreased as a function of the H20 2 conc~ntrat:on , and 
its bands became almost invisible in responsE to the 1 or 2 mM 
H20 2 (Fig. 3A) and appear to correlate with fle ce.l stiffi1ess. To 
further examine the mechanisms underlying the H20 T :nduced 
oxidative stress, we measured the expressior: of RhoA, and the 
family of phosphorylated linker proteins (p-ERM). Simila ~ to the 
changes in the a-actin expre~sion, both the RhoA and p-ERM 
expressions also decreased in a concentration-dependent manner. 
At the H20 2 concentration > 1.0 mM, these mechanos~nsitive 

molecules were barely detectable. Such decreases ir. the j:roteins' 
expressions may be due to cell detachmert and sub;equent 
death. We therefore repeated Western blot experiments using 
the cells remaining attached to the substrate only. Altho·Jgh not 
as pronounced, both the RhoA and the a-actin exp~essions 

demonstrated a similar trend of down-regularion il response to 

the H20 2 treatment (F g. 38 ). Using the Rho activator II in 
increasing concentratiors (1-2 jJg/ml ), it is apparent that the 
expressions of RhoA ami a -actin were restored in the presence 
of oxidative stress (Fig. ~C) . 

Hydrogen peroxide W3S found to decreasE the cell viability in a 
concentration-dependen: manner. The cell viability was reduced 
by approximately 2-fold when myoblasts were exposed to 1 mM 
H20 2, and only an insignificant fraction of eeLs was found viable in 
response to 2 mM H20 2 (Fig. 4A). We next tested the role of RhoA 
involved in the regulaticn of cell viability. A decrease in the cell 
viability in response to the H20 2 treatment was found to be 
partially reversible by the Rho activation, which suggests that 
RhoA activation counter;;cts the effect of the H20 2 oxidative stress 
(Fig. 4A). At as high as 1 mM H20 2 concentration, the Rho 
activation appeared to provide some protective measures and 
statistically improved thE cell viability. At the 2-mM concentration, 
virtually all cells were detached from the substrate and no 
interpretable data were obtained, indicating that increased Rho 
activity was not sufficien : to rescue the cells from severe oxidative 
stress. The rescue of cells from oxidative damage by Rho activation 
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Fig. 3. Western blot analysis of RhoA, p-ERM proteins, and a-actin. (A) Treatment 
of cells with various H20 2 concentrations down-regulated the RhoA. p-ERM, and 
a-actin in a dose-dependent manner. (B) The protein's expressions were measured 
using the cells remaining attached to the substrate only following the H20 2 

treatment. (C) Upregulation of RhoA and a-actin using the Rho activator II at 
1 ( + ) and 2 ( + + ) ~g/ml in the presence of 1 mM H20 2. 

would be expected to correlate with restoration of the cellular 
biomechanical properties. Consistent with the role of RhoA as a 
mechanotransducer, the Rho activation caused the cells to become 
stiffer and, in response to the oxidative stress, Young's modulus 
resembled that found in control cells (Fig. 48). From a mechanical 
point of view, the Rho activation restored the biomechanical 
properties of C2C12 cells in the presence of oxidative stress. 

We have recently reported the family of linker proteins (ERM 
proteins) that physically couple the cytoskeleton to plasma mem­
brane are involved in the regulation of cellular biomechanics (see 
Titushkin et al., 2010b for review). To test the role of the ERM 
proteins in myoblasts, siRNA ERM was applied and their expressions 
were transiently suppressed ( > 90% transfection efficiency). Incuba­
tion ofC2C12 cells with H20 2 for 24 h could not be carried out when 
the ERM proteins were knocked down. Cells typically became 
detached from the substrate and a maximum of only 5 h incubation 
was experimental feasible, suggesting that the cytoskeleton-mem­
brane coupling mediated by the ERM proteins regulates cell adhesion 
and likely cellular biomechanics. As expected, the ERM knockdown 
alone decreased the cell stiffness by ~ 35% (Fig. 5). To be consistent, 
scrambled siRNA was used as control for 5 h incubation with 1 mM 
H202. When siRNA ERM was applied prior to exposure to the 1 mM 
H202 treatment, no further decrease in the cell stiffness was 
observed, implying that the H20 r induced cytoskeletal reorganiza­
tion (e.g., cell softening) may be preceded by decoupling the 
cytoskeleton and plasma membrane. 

One of the likely signaling pathways that mediate the effect of 
H202 may be ROS-induced ROS release (RIRR). The mitochondrial 
membrane potential could become unstable, and redox transition can 
occur in response to external insults that typically lead to adverse 
consequences for mitochondrial potential and cell viability. To validate 
such mechanism in myoblasts, we treated the cells first with oxidative 
damage and then visualized the production of superoxide using a dye 
(Mitosox) that fluoresces upon oxidation. In control cells, the super­
oxides typically formed small clusters around the nucleus (Figs. GA 

and D). In response to the 1.0- mM H20 2 treatment, the expression of 
superoxide was increased, and the dye was capable of penetrating 
into the nucleus (Figs. 68 and E), providing evidence for RIRR. When 
cells were treated with 1.0 mM H202 and Rho activator II, the 
superoxide expression and distribution were partially restored and 
resembled those observed in the control cells (Figs. 6C and F). 

4. Discussion 

In this study, we investigated the role of Rho signaling in 
response to oxidative stress using H20 2 tre <. tment and determined 
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Fig. 4. Cell viability and stiffness. (A) Control cells we:e treated with varying H20 2 

concentrations but without Rho activation (open bars). The Rho activator II 
together with various H20 2 concentrations were applied to the cells (black bars). 
At the 2-mM H20 2 concentration, the cell viability could not be reversed by the Rho 
activation. (B) Changes in the cell stiffness appear to correlate with the cell viability. 
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Fig. 5. Modulated biomechanics of C2C12 cells by ERr-.1 proteins. Treatment o.f cells 
with scrambled siRNA did not significa ntly change tlil~ cells stiffness, as expected. 
However, siRNA ERM treatment decreased Young's modulus by 35% even w1thou t 
applying H20 2 (open bars). Beca use treatments with both H20 2 and siRNA ERM for 
24 h could not keep the cells attached, the incubatio:-t time was decreased to 5 h 
only (solid bars). With scrambled siRNA applied, the cell stiffness in response to a 
shorter H20 2 incubation time decreased by- 20%. No further decrease was 
observed following both siRNA ERM treatment and a 5-h H20 2 incubation. Data 
represent mean ± SEM of 60 to 80 C2C12 cells from 3 to 4 independent 
experiments. 
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Fig. 6. Production of intracellular superoxide. Mitosox (1 ~·M ) was used to visualize intracellular superoxide in control cells (A, D) and in cells treated Nith 1 mM '-1 20 2 alone 
(B. E) and in the combination of 1 miV H20 2 and 1 ~g/ml Rho a.:tivator II (C. F). 

changes in the cellular bimnec:1anics and cell viability. In addition 
to actin disassembly in C2C12 myoblasts, we also found that 
oxidative stress could disrupt focal adhesion and cytoskeleton­
membrc_ne association in a dose-dependent manner, and produce 
ROS (e.fi:., superoxide). These mechanical events all conbbute to 
the altered cellular biomechanics. Moreover, the viability ofC2C12 
myobla~ts was protected by the Rho activity c. nd correlated 
with reo:overy in the cellular mechanics following an oxidative 
damage 

H20 2 is an oxidant that can induce cellular damage in a 
concentration-dependent rna .ner. It may ·:ause apoptosis in 
C2C12 cells (Siu et at.. 2009), induce fragmentatio1 of the mito­
chondria reticulum of C2C12 cells (Fan et at.. 2010), c_nd produce ER 
stress (Pierre et at.. 2014 ). RIRR is now accepted as a common 
mechan .sm for ROS generation that is regulated by the cell's 
scavenger system to maintain the ROS homeosta~is (for review. 
see Zinkevich and Gutterman, 2010). Biomechanically, it is interest­
ing to note that atheroprotective flow decreases intracellular ROS 
level, while atheroprone flow ir:duces the opposite (Dai et at. . 2007 ). 
As the P.OS generation appears to follow an altered! biomechanics. 
its intra:ellular level may be modulated by changes in the cellular 
biomechanics. In our study, all the effects attributed to H20 2 are 
regulated by or depend on the Rho signaling, and the effect of 
H202 treatment on the three mechanotransducers (RhoA, ERM 
proteins, and a-actin) should correlate in a concerted manner (see 
Fig. 3 ). 

As RhoA is a member of the GTPase family that has been shown 
to control actin stress fibers and focal adhesions :Titushkin and 
Cho, 2C11; Titushkin et at., 2010a, 2010b ), its activation may 
stabilizE actins and form stress fibers and subsequently regulate 
cellular cytoskeleton and morphology. The important role of 
cytoskeleton has been repeatedly demonstrated, particularly for 
the loa.j-bearing cell types, such as muscle cells. It is likely 

involved in the regulation of intracellular s goaling to respond 
dynamically to a changing extracellular enviror.ment. Tt-is cytos­
keleton function has often been attributed, arromg many others, to 
the Rho family. Although complex interactions between the Rho 
GTPases and downstrea 11 target molecules hc_ve been extensively 
studied, the current study sheds light on the· role of '<hoA on 
several structural prote:ns (vincluin, ERM proteins. and a-actin). 
These mechanosensitive proteins likely coordinc_te their r:>sponses 
through the Rho signali g pathway when challEnged by •Jxidative 
stress, and alter the cellular biomechanics. 

The cell membrane not only conforms closely to the cytoske­
leton. but it also is physically associated with the underlying 
cytoskeletal structures (Titushkin and Cho, 2009 ). EvidelCe indi­
cates that interactions between the cytoskele :on and the li pid 
bilayer, mediated by specific linkers (i.e ., ERI\.1 proteins ), are a 
major factor determining the mechanical properties of the cell 
membrane, such as me:TJbrane tension. The three closely related 
ERM proteins serve as general crosslinkers between the cell 
membrane and actin filaments and organize the cytosk:>leton in 
many cell types (Fehon and Mactatchey, 201C; '-leisch ar:d Fehon, 
2011 ; Arpin et at.. 2011 ). Both RhoA-deperdent anj R oA­
independent ERM acti'.ation mechanisms have been suggested. 
Interestingly, energy depletion of cells cause~ nembrane separa­
tion from cytoskeleton and bleb formation :T tush kin md Cho, 
2009 ), which is also tho Jght be mediated by inhibition of the ERM 
linker proteins. Changes in the cellular bic·rrechanics through 
interfering with the fun·:tion of ERM proteins hcve been observed. 
For example, our labora:ory reported that transient knockdown of 
ERM proteins can inhiJit or promote stem c :>ll differentiation. 
Osteogenesis can be si5nificantly delayed o ~ _ven inh:bited by 
down-regulation of EKM proteins (Titushk .n and ChJ, 2011 ), 
whereas adipogenesis appears to be facilitatec (Titushl·in et at., 
2013 ). 
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Fig. 7. Schematic for biomechanical changes by oxidative stress. (A) Endogenous RhoA activity maintains proper biomechanical homeostasis in C2C12 cells. (B) External 
factors, such as H20 2 , adversely affect the RhoA activity, which, in turn, reorganizes actin stress fibers, disassembl es focal adhesions, decouples the cytoskeleton from the cell 
membrane by inhibiting the ERM proteins, and increases the intracellular ROS production. All of the processes contribute to the overall cellular biomechanics a nd corre late 
with the cell viability. Activation of the Rho molecules is postula ted to compete against these effects, including a decrease in the intracellular ROS level, and partially restores 
the cellular biomechanics and enhances cell viability. 

Based on our collective findings, we propose a working model 
as illustrated in Fig. 7. Although this model is not intended to 
represent a complete list of possible multiple pathways that are 
influenced by hydrogen peroxide-induced oxidative stress, the cell 
viability and altered biomechanical properties of C2C12 cells may 
be regulated through the Rho molecules, the focal adhesions, and 
the linker ERM proteins. The cell viability is reflected by and 
correlated with the altered cellular biomechanics. In addition to 
actin stress fibers, the overall cellular biomechanics is determined 
by focal adhesions and association between the cytoskeleton 
and the plasma membrane that is mediated by the ERM proteins. 
Hydrogen peroxide could directly affect the focal adhesion 
and ERM proteins, or indirectly affect them through RhoA. 
Although this study is not designed to delineate them, it is clear 
that the cellular biomechanics can be altered by one or, more 
likely, a combination of effectors impacting the focal adhesion 
and ERM proteins. which contribute to regulate the biomechanical 
homeostasis in response to oxidative stress. Finally, the production 
of intracellular ROS through the RIRR mechanism may be 
partially reversed by activating the Rho pathways. It is therefore 
envisioned that treatments targeting the Rho signaling pathway 
could potentially be applied to diseases caused by oxidative stress. 
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Characterization of Subcellular Responses Induced 
by Exposure of Microbubbles to Astrocytes 

Shan Sun ~ Johnwesly Kanagaraj~ Lindsey Cho,2 Dongkoo Kang ,3 Shu Xiao,3 and Michael Cho1 

Abstract 

Blast traumatic brain injury (bTBI) has now been identified to assoc iate with adverse health consequences among combat 
veterans. Post-traumatic stress disorder linked with explosive blasts, for example, may result from such brai n injury. The 
fundamental questions about the nature, diagnosis, and long-term consequences of bTBI and causati ve relationship to 
post-traumatic stress di sorder remain elusive, however. A better understanding of brain tissue injury requires elucidation 
of potential mechani sms. One such mechani sm may be generation of microcavitation bubbles in the brain after an 
explosive blast and their subsequent interaction with brain cells. Using a controlled electrical di scharge system, we have 
successfull y generated shock waves ( ~ 10 MPa) and microbubbles (20-30 J.lm ) in the cell culture of mouse astrocytes. 
Detachment of astrocytes from the substrate after exposure to microbubbles was observed, and it depended on repetitive 
exposures. Of the cell s that survived the initial assault, several subcellular changes were monitored and determined using 
fluorescent microscopy, including cell viability, cytoskeletal reorganization, changes in focal adhesion, membrane per­
meability, and potential onset of apoptosis. While the astrocytes impacted by the shock wave only demonstrated essen­
tially unaltered cellular behavior, the astrocytes exposed to microbubbles exhibited significantly different responses, 
including production of reactive oxygen species by collapse of microbubbles. In the present study, we characterized and 
report for the first time the altered biophysical and subcellular properties in astrocytes in response to exposure to the 
combination of shock waves and microbubbles. 

Key words: astrocytes; atomic force microscope; flu orescent microscopy; microbubbles; principle of symmetry; shock 
waves 

Introduction 

A ccoRDI NG TO the Centers fo r Di sease Contro l and Prevention, 
approx imate ly 1.7 milli on Americans sustained traumatic 

brain injury (TBI) between 2002 and 2006. Mild TBI, which ac­
counts for 75% of annual TBI cases, 1.2 has been linked to pro­
gressive neurodegeneration and neurosomatic damage leading to 
cogni ti ve defi cits. Blast-induced mild TBI now represents a serious 
challenge to military combat troops.3 One recent estimate suggests 
that approximately 320,000 troops suffered mild TBI (e.g. , con­
cussion) in Iraq and Afghani stan by 2008.4 Definiti ve diagnosis of 
mild TBT is difficult, because symptoms can often be confused with 
other medical conditions2

•
3 Primary TBI diagnosis includes qual­

itati ve assessment of the cranium and the use of the Glasgow Coma 
Scale (GCS) scoring system that relies on the c linician' s observa­
tion of verbal and motor skill s. 

Intracranial pressure, CT scan, and MRI are also used to assess 
brai n trauma. 5 Surpri singly, CT imaging and MRI may not detect 

mild TBT-related damage. 2 For example, CT scans are abnormal in 
fewer than 10% of mild TBI cases, and the diagnostic capabilities 
of conventional MRI are also limited. It is recently noted that di f­
fusion tensor imaging may be able to better quantify and aid in 
diagnosis of axonal injury or shearing trauma. In addition, func­
tional MRT can help to identi fy physiological and biochemical 
parameters associated with mild TBT. While imagi ng diagnostics 
continues to improve, a c learer understanding of the impact of blast 
TBI at the cell and ti ssue level would be crucial for the development 
of validated and unambiguous diagnosis and subsequent treatment 
strategies. 

Bi ological responses related to and induced by explosive blasts 
can manifest themselves in brain ti ssue injury. Energy from shock 
waves caused by explosion (e.g., improv ised explosive devices) is 
believed to transfer to the brain through severa l modes.6 Com­
pression of the skull plates is possible, but other modes, such as 
pressurization of intravascular blood and stress from rapid severe 
head movement, cannot be ruled out. Blast may push the blood into 

1Department of Bioengineering, University of Illinois at Chicago, Chicago, Illinois. 
2Department of Kinesiology and Communi ty Health, Universi ty of Illinois at Urbana-Champaign, Urbana, Illinois. 
3Department of Electrical and Computer Engineering, Old Dominion Uni versity, Norfolk, Virginia. 
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closed cranial vaults and canals and increase local pressures. 
Radi ofrequency and infrared energies may also result from ex­
plosion, and the e lectromagnetic rad iation may interact with highly 
electrica lly acti ve organs such as the brain7

-
9 Accelerated head 

movement is interesting in that sheari ng may be produced and lead 
to axonal injury . 

More likely, energy transfer to the brain is expected to be me­
diated by a combination of the above modes and those that are yet to 
be discovered. A recent report by Goeller and associates9 showed 
that in a polycarbonate ellipsoid brain model, bl ast overpressure 
ranging up to 170 kPa produced cavitation at the contrecoup. 
Moreover, it has been suggested that the blast-induced effects on 
the skull may generate microcavitat ion bubbles that subsequently 
co llapse with high pressure.9

•
1° Collapse of highly pressuri zed 

bubbles can generate penetrating water jet (e.g, microjet) that is 
capable of causing ti ssue injury. Detection of these microbubbles 
and potentia l impact on the neural ti ssues remain virtually un­
known, however. 

While no blast-induced microbubbles have been directly ob­
served in the brain, cavitation of water has been clearly demon­
strated. The pressure assoc iated with co ll apse of the microbubble 
can range from 0.1 to 20 MPa, 11 suggesting microcavitation col­
lapse may potentially be responsible for ti ssue damage. Several 
head injury models 12

-
15 also indicate that format ion of micro­

cavitation bubbles in response to blunt force to the brain is indeed 
feasible in experimental and computational studies. Elucidation of 
potential coupling mechani sm at the cell level has been lacking, 
however. To this end, we have successfully engineered an electrical 
discharge system that can generate shock waves and microbubbles 
of di fferent sizes and be mounted on a microscope stage for im­
aging. This unique and novel system allows us to quantitati vely 
examine subcellular responses using biophysical and molecular 
techniques. We characterized and now report for the first time 
changes in the biophysical and biomechanical properties of astro­
cytes (major glial cell type). 

Methods 

Cell cultures 

Mouse astrocytes were purchased from the Ame1ican Type Cul­
ture Collection (ATCC, Manassas, VA). Cell were maintained in a­
modified Eagle medi um (a-MEM), 10% feta l bovine serum (FBS; 
Atlanta Biologicals, Lawrenceville GA), I% penicillin/streptomycin 
(Invitrogen, Grand Island, NY). Astrocytes were plated onto glass 
covers lips and cultured overnight before experiment. 

Fluorescence staining 

Cell viability was determined usi ng LIVE/DEAD viability kits 
(Life Technologies) that combine fluorophores to yield two-color 
di scrimination of the live (green) and dead (red) ce ll population. As 
a marker for focal adhesion, vinculin was visualized using anti­
bodies. Briefly, cells were seeded on the top or bottom of the 
chamber, exposed to shock waves and/or microbubbles, fi xed with 
3.7% formaldehyde, rinsed with phosphate buffered saline. Non­
specific binding si tes were blocked using a 5% bovine serum al­
bumin solution for I h at room temperature, and then cell s were 
treated with mouse monoclonal antibodies aga inst vincu lin at I: 100 
di lu tion. After incubation overnight at 4°C, ce lls were further in­
cubated with FITC-conj ugated goat anti -mouse lgG at room tem­
perature fo r I h. To visualize F-actin, cells were fixed in 3.7% 
formaldehyde and permeabilized in cold (-20°C) acetone for 3 min, 
and sta ined with rhodamine phalloidin ( I: I 00 dilution, In vitrogen) 
for 30 min at room temperature. 
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Atomic force microscopy 

The cell ' s e lasti c ity (i.e ., Young modulus or sometimes referred 
to as stiffness) was measured using an atomic force microscope 
(AFM, Novascan Technologies, Ames, lA) mounted on an inverted 
Nikon microscope.16 To minimi ze the effec t of glass substrate on 
the cell elasticity measurements, we used an indentation depth up to 
500 nm (- I 0% of the average cell height) for data analysis. About 
I 00 force-di stance curves were generated using >30 cell s under 
each experimental conditi on. The force-distance curves were col­
lected and analyzed according to Hertz model, 17

-
19 which relates 

the loading force (F) with the indentation depth (£5) : 

where v is the Poisson ratio, R is the radius of the spherical indenter 
( -5 Jlln), E is the local Young elastic modulus. Tlhe cellular Poisson 
ratio was assumed to be 0.5, which treats the cell as an incom­
pressible materi al. Fitting the Hertz model to the experimental 
force curve with a standard least squares minimi zation algorithm 
yie lded the local apparent elastic modulus E. 

Membrane permeability and caspase signaling 

The FAM-FLICA ® kit from Immunochemistry (Bloomington, 
MN) was used to detect the membrane permeabijty and acti vity of 
the caspase signaling in vitro. Thi s kit detects multiple caspases 
inciJding caspase-1, 2, 317, 6, 9, and I 0. Propidium iodide (PI) was 
used to test the membrane permeability. After exposure to shock 
waves and/or microbubbles, both detached and adherent cells were 
collected and washed with the given buffer provided in the kit. 
Cel ls were stained with the FAM-FLICA caspase inhibitor reagent , 
PI, and Hoechst 33342. After incubation at 37cc for 30 min, the 
samples were analyzed using a Synergy HT pl ate reader (BioTek, 
Winooski , VT) to measure the FAM-FLICA, PI, and Hoechst 
33342 signals. Three independent tests were repeated for each 
condition. 

Superoxide labeling 

Mitosox (Life Technologies) was used to label superox ide inside 
the ::ells. This novel, membrane permeable fluorophore preferen­
tiall y targets mitochondria. On oxidation by superoxide, the dye 
fluoresces (emission maximum 580 nm) and is designed to visu­
al ize the production of superoxide using fluorescent microscopy. 
Astrocytes were exposed to the combination of shock waves and 
microbubbles and then incubated with I mM Mitosox for 30 min at 
37°C. Cell s were ex tensively washed and mounted on the micro­
scope stage for imaging. 

Exposure chamber 

The custom-designed exposure apparatus is sh::lwn in Figure I A. 
Two needle e lectrodes were separated by 0.7 mm. The pulsed power 
system used in the experiment is two, IJtF capacitors charged by a 
DC voltage source (4 kV, 800 msec pulses). The capacitors are dis­
charged by four MOSFET switches (IXFB38N i OOQ2) stacking in 
series. Because the rated current of each MOSFET is 20A, several 
resistors (a total resistance of I OOQ) connecting in series with the 
needle electrodes were used to limit the current. The voltage across 
the electrodes was measured by a high voltage probe (Tektronix 
P60 15), and the current was measured by a Pea:son coil (Pearson 
Electronics, Palo Alto, CA). Detai ls of the electrica l di scharge sys­
tem have been reported elsewhere.20 

The volume of the chamber is 2.5 mL and was intentionally 
designed to minimize temperature rise within the chamber to < I oc 
(Fig. I B). The principle of sy mmetry was exploi.ted by placing the 
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FIG. 1. Schematics of the experimental chamber. (A) Photo of the chamber pl aced on an upright Ni kon microscope. (B) Side view of 
the chamber with specific dimensions (not drawn to scale). Experiments were performed usi ng mouse astrocytes (squares) seeded at the 
top or the bottom of the chamber. 

two elec trodes the middle of the chamber and plating ce ll s either 
4.7 mm above or below the electrodes. The rationale is that the 
e lectri c fi e ld of short duration produced by e lectrical discharge 
pulses and shock waves should propagate equally in the two op­
posing di rections to the top and bottom of the chamber where cells 
are seeded. One important di fference is that the mi crobubbles 
should rise to the top of the chamber only. While the cells seeded at 
the top and the bottom do experience electric fi eld (estimated to be 
negligible, - 0. 28 kV/cm but onl y for <200 psec) and shock wave 
pressure (estimated I 0 MPa), the cell s seeded at the top only would 
be exposed to further interaction wi th the microbubbles. The 
membrane potential was monitored in real time to ensure that the 
short duration of electric field exposure did not modi fy the cellul ar 
responses (data ava ilable but not shown). 

Statistical analysis 

Statistical analysis was performed at an alpha level of 0.05. The 
stati stical significance of data was evaluated using analysis of vari­
ance. All reported values represent mean ± standard en-or of the mean. 
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Results 

Characterization of microbubbles 

Microbubbles generated by the e lectrical discharge system were 
visualized by differential interference contract (DJC) microscopy 
and analyzed by a custom-designed algorithm . Some microbubbles 
were visualized as early as 40 msec after the electrical pulses were 
applied, suggesting these initial bubbles traversed at an average 
speed of - I 00 mrn/sec. The maximum number of microbubbles 
reaching the plane of seeded cells, however, was observed between 
I and 2 sec after the stimulation. 

We developed a simple image analysis a lg01ithm to identify, 
count , and characteri ze the number and size of the microbubbles at 
the focal plane (Fig. 2A). A hi stogram was constructed to di spl ay 
the distribution of the number of microbubbles and their size (Fig. 
2B). ln triplica te experiments, the dens ity of microbubbl es was 
observed to increase from I 0.8/mm2 ( I pulse) to 18.6/mm2 (5 
pulses). Most of the microbubbles observed were less than 30 11m 
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li5-Pulse 
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FIG. 2. Characteri zation of microbubbles. (A) Differenti al interference contrast image of microbubbles captured at the foca l plane 
where cells were seeded. A custom-designed software was developed to identi fy , count , and analyze the microbubbles. (B) A histogram 
was constructed to demonstrate di stribution of microbubble number and size. Between 148 and 254 microbubbles were captured in 
tiiplicate and analyzed for the three di fferent experimental conditions. (C) Because the microbubble size is not normally distributed, the 
Tukey method was applied to calcul ate statistical significance. Data represent mean± standard error of the mean from three independent 
experiments. 
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FIG. 3. Cell detachment and viability. Astrocytes seeded at the top (A, C, E) or bottom (B, D, F) of the chamber were exposed to one 
(A, B), three (C, D), or five (E, F) shock waves. Ce ll detachment was noticeably visible under some experimenta l conditions (e.g. , E; 
fi ve shock waves at the top of the chamber). The area ol cell detachment (mean ± standard error of the mean) was measured from three 
to seven independent experiments. Although there was no indication of cell detachment in the control experiments, the areas of dark 
regions were nonetheless identified, and the larges t dark region was assumed t·J represent cell detachment. A lower magnification 
objective (20x, NA/0.5) was used to capture large area~; of astrocytes. Color image is avail able online at www.liebertpub .com/ne~ 

radius. Average radii of the microbubbles depended on the number 
of the electrical pul ses applied (Fig. 2C). 

Cell detachment 

As expected, astrocy tes that were exposed to shock waves and 
microbubbles became detached from the substrate, and such ce ll 
detachment was found to depend on the number of e lectrical dis­
charge pul ses. Cell s remaining attached to the substrate were 
identified and visua lized using a fluorescent cell viabi lity assay that 
fluoresces li ve cell s in green and dead cells in red. The cell s ex­
posed to one single pul se did not show any noticeab'le detachment 
from the substrate whether cells were pl ated at the top or bottom of 
the chamber, and the cell viabil ity remained unchanged (Fig. 3A, 
3B). In contrast, a sequence of three or fi ve pulses exhibited an 
increasing extent of cell detachment and in the number of dead cell s 
(Fig. 3C-3F). 

It is evident that the cell detachment and the decrease in ce ll 
viability appeared to be correlated. This is perhaps best e>.emplified 
when astrocytes were exposed to fi ve pulses (Fig . 3E, 3F). A large 
area of cell detachment was noticeably visible at :he top of the 
chamber (Fig. 3E), and the number of dead cells also inc:eased. At 
the bottom of the chamber where microbubbles were prevented to 
reach, more dead cells were found (Fig. 3F). One signi ficant dif­
ference, however, is that cell s at the bottom of the ch 3mber es­
sentially maintained adherence to the substrate, and no apparent 
cell detachment was observed. The area of cell detachment was 
analyzed using ImageJ and determined ~32,000 pm2

. In control 

experiments, the same image analys is showed virtually no area of 
cell detachmont. 

Cell adhesion and biomechanics 

Cell detac hment and viability are strongly dependent on cell 
adhesion to the substrate. To examine a ltered cell adhesion in re­
sponse to shock wave and microbubble, focal adhesions were vi­
sualized by fluorescently labeling vinculin. and F-actin was 
identified using phalloidin. Typical focal adhesions are known to 
form punctates that were clearly observed in control cell s (Fig. 4A) . 
After fi ve pul se stimulation, ce lls seeded at the bottom of the 
chamber (i.e , no microbubbles) still maintained si milar organiza­
tion of foca l adhesion (Fig. 4B). In contrast, ce lls seeded at the top 
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FIG. 4. Altered focal adhesion. Fluorescent images of vinculin 
in astrocytes seeded at the top but without any stimulation (con­
tm l; A) or at the bottom (B) or at the top (C) of the chamber and 
exposed five pulse simulation. Image analys is showed that the 
vinculin express ion in ce lls in the panel (C) was reduced by 
64. 1 ± 8.5%. Data represent mean± standard error of the mean of 
t ree independent experiments. 
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FIG. 5. F-actin organization and e lastic modulus of a;;troctyes. F-acti n was fluorescently labded in the control cells (A), in the cells 
seeded at the bottom (B) or top (C) of the chamber (tar=20 mm). A schematic illustrates t~e principle of atomic force microscope 
(AFM)-based microindentation (D). Microindentation up to 500 nm depth is induced by an I .FM tip and the cantilever deflection is 
measured by laser interference pattern. Young modulus of as trocyte seeded at the bottom of the : hamber showed no statically significant 
changes, whi le the cells seeded at the top of the chamber became mechanica lly compromi sed (D). 

of the chamber demonstrated no distinctive pJnctu ~ tes , but vinculin 
appeared to have been down-regulated and redi stlibuted (Fig. 4C) . 
Quantitative analysis indicHes that the vinculin exp~es~ i on in the 
cells seeded at the top decreased by 65%. Th:s finding suggests that 
microbubbles caused astrocytes to reorgani :<.e foc~l c.dhesions and 
therefore diminished cell at~achment to the substrate . 

To visuali ze the microfilament organization, F-ac:in was flu or­
escently labeled (Fig. 5A-5C). While astrccytes and other brain 
cells are not expected to demonstrate th ick microfilament stress 
fibers, the F-actin organizati·Jn in e ither control ce ll s or cell s seeded 
at the bottom of the chamber exhibited F-actin stress fibers, 
whereas in the cells seeded at the top of t~.e chcmber, the stress 
fibers appear to have been oiimini shed. Loo>ely c rgc.ni zed micro­
filament structure is consistent with mecha:1 icall:; softened cells. 
The cell ' s mechanical property was therefore measured using 
AFM. The cells were microindented -0.5 pm by an AFM tip, 16

-
19 

and Young moduli were de:ermined (Fig. 5). In control cells, the 
elastic modulus was about 0.62 kPa, approxi~ate l :; fi ·•e-fold softer 
than, for example, human mesenchymal stem cell ;; (3.2 1:Pa 16

) but 
similar to other brain cell types ( -0.5 kPa2

\ 

Exposure of cells to the shock wave only (e.g., .at the bottom of 
the chamber) did not s ignifi ~a ntl y alter the biome: hanic3.l proper­
ti es, whereas the microbubbles impacting the cells >eeded at the top 
of the chamber caused astrocytes to become mec:hanically softer 
(p < 0.05), suggesting the cellular biomechanic2l i:Jtegrity may 
have been compromised. 

PI uptake and activation of caspase signalinr; 

Changes in the cellular biomechanics rna~· be aJ indication that 
the cell membrane permea.Jility could have been IillO ified and 
activation of the apoptotic signaling pathway ;; initi 3. ted. To test this 
hypothesis, we measured and quantified the numJer of cells that 
were permeable to Pl. Bec2use PI is membrane =mperneant and 

excluded by viable cell s, uptake of PI is indicative of structural 
a lteration in the cell membrane. As shown in Figure 6A, on ly the 
cell s seeded at the top bul not at the bottom of the chamber dem­
onstrated an increase in th e PI uptake in response to microbubbles. 
Thi s finding is consistent with an assay that identifies activation 
of the caspase signaling p~thways (Fig. 6B), a marker for ce llular 
damage leading to apoptosis. It is interesting to note that cellular 
interaction with a lesser r umber of and larger size microbubbles 
(e.g. , one pul se stimul ati Jn) does not appear to induce signifi­
cant changes ei ther in the PI uptake or activation of the caspase 
signaling. 

Production of superoxioe 

Apoptotic signaling ccn be induced by oxidative stress. To 
measure the expression of superox ide in astl·ocytes using fluores­
cent microscopy, cells were plated at the top of the chamber and 
exposed to a five-pul se stimulati on, and immediately incubated 
with Mitosox ( I mM). Pu[octates of superoxide c luste rs around the 
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FIG. 6. Membrane permeabi lity and apoptosis. (A) Uptake of 
propidum iodide (PI) and (B) activation of the caspase signaling 
pathways were quantitatively determined. Data represent 
mean± standard error of the mean from three independent ex­
periments. *Indicates p < (•.05 . 
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FIG. 7. Production of intracellular superoxide. Mitosox (I mM) 
was used to visualize intracellul ar superox ide in control cells (A) 
and in ce ll s seeded at the bottom (B) or top (C) of the chamber 
using a 20x, NA/0.5 objecti ve. A higher magni fication objecti ve 
(60x, NA/ 1.4) was used to provide evidence for apparent accu­
mulation of the Mitosox dye in the nuclei of astrocytes that were 
exposed to microbubbles (D). 

nucleus were observed in control cell s (Fig. 7 A). Similarl y, the 
Mitosox expression in astrocytes plated at the bottom of the 
chamber showed no discernable di fferences when compared with 
the control cell s (Fig. 7B). In contrast, the ce ll s exposed to mi­
crobubbles not only exhibited a higher level of superox ide but also 
showed that perhaps Mitosox dye penetrated into the nucleus (Fig. 
7C) . For better illustration, a higher magni ficati on objecti ve was 
used to enlarge astrocytes in which evidence of the dye accumu­
lation inside the nucleus was demonstrated (Fig. 70 ). Because the 
dye is highly fluorescent on binding to nucleic acid, it is perhaps 
indicati ve of compromised nuclear envelope that can alter the nu­
clear tra ffi cking of macromolecul es. 

Discussion 

A potential cause of brain injury has been hypothesized and 
attributed to cerebrospinal flui d (CSF) cavitation. 13

•
22 While the 

CSF can act as a bu ffer to provide protecti on for the brain, the brain 
and/or meninges separate from the sku ll on force impact, and re­
gional negati ve pressures overcome the tensil e strength of brain 
ti ssue. Thi s can create vacuum cavity (i.e., microcavitation bub­
bles) , and collapse of such caviti es adversely affects the neural 
ti ssues23 It is still controversial, however, whether CSF cavitation 
occurs during explosive blast. Other postulates and speculati ons 
have also been proposed, including blast-caused sudden accelera­
tion of the head movement that decreases cerebral intrav· scular and 
intracrani al pressure sufficiently to produce microcavitation bub­
bles that collapse and may generate secondary shock waves. 10 

While no blast- induced microbubbles have been directl ·1 observed 
in the brain, cavitati on in water 11 or in a surrogate hun:an model9 

has been clearl y demonstrated. 
The goal of the current study was therefore to elucidate the role 

of microcavitation at the cell level using in vitro astrocyte culture 
models. 

Because the microbubble ge neration system used in thi s study 
does produce large but short-li ved electric fi elds and shock waves, 
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we modified the exposure chamber (Fig. I B) to rule out bioeffects 
caused by something other than microbubbles. First, the energy 
input needed to produce shock waves may have ra ised the tem­
perature inside the chamber. Simple calculatior.s suggest that the 
worst scenario (800 psec pul se) in which no heat diffusion is al­
lowed would raise the chamber temperature <I 0 C. After a five­
pulse stimul ation, the temperature of the buffer i:J the chamber was 
measured within 3 sec and found to be no di ffe rent than ambient 
temperature. 

Further, we transfec ted astrocytes with green fluorescence pro­
te ins (GFPs). Because GFPs are sensitive to temperature, they have 
been used to calibrate the intrace llular temperature.24

•
25 We ob­

served no changes in the GFP signals in response to any stimula­
tions we applied (data available but not shown), indicating 
temperature ri se in the chamber and inside the cells is negligible. 

Second, the results shown in thi s article were obtained using 
astrocytes that were seeded 4.7 mm verticall y away from the 
electrodes. Numerical simulation results indica te that at thi s ver­
tical di stance, the electric field strength was estimated as not in­
significant but only lasts <200 psec. To experimenta lly rule out a 
potential effect from the electric fie ld , we appl ied a fast reacting 
membrane potential dye (Di-4-ANEPPS)26 and monitored its 
fluorescent intensity. If there were a high electric fie ld present for a 
considerable period, the cell membrane should be depolari zed and 
the fluorescent intensity would be expected to decrease. We ob­
served no such changes in the membrane potenti al (data not 
shown), suggesting that the effects associated with a short-li ved 
electric fi e ld can be ignored. 

Third, the shock wave pressure where the cell s were seeded was 
estimated at I 0 MPa.20 If the shock waves were suffic ient to cause 
cell detachment , such an effect should have been observed both at 
the top and the bottom of the chamber. The reason is that we 
intentionally designed the exposure chamber to exploit the princi­
ple of symmeu·y. Shock waves produced at the middle of the 
chamber should propagate equall y to the top as well as to the 
bottom of the chamber. However, cells exposed up to fi ve shock 
waves only do not show evidence of cell detachment, altered focal 
adhesion, changes in the biomechanical properties, PI uptake, or 
acti vation of the caspase signaling pathways (Fig. 3F, 4B, 5B, and 
6, respecti ve ly) . A logical conclusion may be drawn that transient 
shock wave pressure on the order of - I 0 MPa does not modulate 
the astrocytes' behavior or response. 

One advantage of the chamber modification is to force micro­
bubbles to ri se to the top only and therefore delineate the bioeffects 
that can be attributed to the microbubbles. While it is experimen­
tally difficult to determine the li fe time of mi-:robubbles, move­
ments of a few microbubbles were captured using high frame rates 
of video imaging. Image analysis suggests that the microbubbles 
can move as rapidly as I 00 mm/sec. At thi s velocity, the unimpeded 
microbubble movement would require at least 0.05 sec to ri se to the 
top of the chamber (- 5 mm). Because we observed the maximum 
bubble density between I to 2 sec after stimullation, we can ap­
proximate the lifetime of the microbubbles between fractions of a 
second to <2 sec. 

Such an estimate is actually consistent with the theory developed 
by Fen·ari and coworkers2 7 The effects observ ~d at the top of the 
chamber are significantly different. Unlike the cells seeded at the 
bottom of the chamber, the cellul ar and subcellular effects observed 
in astrocytes seeded at the top include noticeable ce ll detachment 
from the substrate, changes in foca l adhesion and biomechanics, 
and an increase in the Pl uptake and acti vation of the caspase 
signaling. 
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Three possible explanations may be offered. First, we noted that 
the density of microbubbles increased by 70% with the number of 
pulses applied to generate them (Fig. 28), and more adverse 
bioeffects were observed with more microbubbles. It suggests that 
astrocytes exposed to more microbubbles are prone to adverse 
cellular damage. Second, an alternative explanation may be due to 
the smaller size of microbubbl e in response to using multiple pulses 
(Fig. 2C). It is interesting to note here that the co ll apse of micro­
bubbles near cells is expected to produce secondary and loca lized 
shock waves 28

-
30 The interior pressure of microbubbles increases 

with smaller radii and has been calculated using the Young-Laplace 
equation, 31 ·32 (LlP = 2 s/r) where s is the surface tension and r is the 
radius. For example, the pressure of I 11m microbubbles in water 
can be at least an order of magnitude greater that the pressure in 
I 0 Jim microbubbles. 

Third, the collapse time of microbubbles also depends on the 
size. As demonstrated by Takahashi and colleagues,30 40 11m mi­
crobubbles are predicted to collapse within a few seconds, whereas 
I 0 pm microbubbles could have a collapse time > I 00 sec, provid­
ing a longer lifetime dUJing which the smaller microbubbles may 
affect the cells. Collectively, it is feasible to postulate that the 
combination of a greater microbubble density and smaller micro­
bubble size with a longer collapse time and higher interior pressure 
is respons ible for the adverse changes in astrocytes documented in 
this article. 

Finally, we postulate here an alternate mechanism that collapse 
of microbubbles produces hydroxy l radicals33·34 The temperature 
inside the collapsing microbubble may be significantly elevated for 
a short time, causing pyrolytic decomposition and producing re­
active oxygen species such as hydroxyl radicals.35 This potentia l 
thermochemical reaction near the cell s may generate oxidative 
stress and adversely affect the cell ular integrity and function. If 
validated, the implication would be, in addition to the physical 
assault induced by microbubbles, collapse of microbubbl es may 
alter the local chemical microenvironment that further exacerbates 
adverse subcellular effects, including altered nuclear transport.36 

Estimating the potential shear stress associated with the collapse 
of microbubbles remains a daunting challenge. If a microjet is 
produced by collapsing microbubbles, the magnitude of induced 
shear stress can be estimated by r = Jt(v/h) where Jt is dynamic 
viscosity of the medium (water: 0.89 x I o-4 Pa · s) and vj is the jet 
speed, and h is the typical cross-section dimension of the jet.37 

In our experiments, most bubbles were measured in the range of 
20-30 11m, comparable to the cel l size. The velocity of the microjets 
in our experiment is not available; however, for similar bubble 
sizes, it was measured to be ~ I 0 m/sec.38 If the jet diameter is 
taken 1/10 of the bubble size, one can estimate the shear stress is 
350 Pa. As a point of comparison, the critical shear stress for cell 
detachment was reported to be 0.1 kPa39 and 1-3 kPa for membrane 
rupture.27 Further, the recent estimate of collapse of bubbles is 
predicted to be as high as 20 MPa9 These estimates remain to be 
experimentally validated. 

Several experiments are under way to fabricate microposts of 
known mechanical properties. It is anticipated that, on collapse of 
microbubbles, a shear stress wi II be generated that can bend the 
microposts. Deflection of the fluorescent bead-containing micro­
posts can be monitored , and therefore the shear stress can be di ­
rectly measured. 

The unique and novel exposure system we developed and 
characterized for the current study a llows us to quantitatively 
examine biological responses. Us ing cell cultures of astrocytes 
(major gli a l cell type), we have observed and quantified several 
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important cel lul ar responses that are critica l for maintaining the 
cell viabi lity and functiona lity. Astrocytes occupy between 20% 
and 50% of brain volume and exceed the number of neurpns by 
- IO-fold 40•41 These g li al cells are also known to regulate the 
c learance of neurotransmitters and thereby prevent ex­
c itotoxicity42 Results from our experiments usi ng such an im­
portant brain cell type might lead to a better understanding of the 
effect of bl ast- induced microbubbles . 

Additional studies are under way to engineer physiologically 
relevant three-dimensional (3D) co ll agen hydrogel s of co-culture 
models using neurons and astrocytes. A recently developed co­
culture model has been applied to study the common motor neuron 
diseases such as amyotrophic lateral sclerosis43 Our research ap­
proaches that use state-of-the-art molecular and biomechanical 
techniques will be applied to test and va lidate/refute the hypothesis 
that potential bioeffects in the 3D microenvironment arise also 
from localized membrane damage, cytoskeleton collapse, necrotic 
cell death , and activation of apoptosis. Unlike other prev ious 
studies using animal models, our shockwave and microcavitation 
generating system is capable of repetitive exposure to the neural 
cell s and ti ssues. A spatially and temporally integrated model may 
be formulated in which complex seties of molecular interactions in 
response to bl ast-induced TBI may be better explai ned by the 
presence of microbubbles. 
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Bubbles induced by blast waves or shocks are speculated to be the major cause of damages in 
biological cells in mild traumatic brain injuries. Microbubble collapse was found to induce noticeable 
cell detachment from the cell substrate, changes in foca l adhesion and biomechanics. To better 
understand the bubble mechanism, we would like to construct a system, which allows us to clearly 
differentiate the impact of bubbles from that of shocks. Such a generator needs to be low profile 
in order to place under a microscope. A piezoelectric transducer system was designed to meet 
the need. The system uses either a flat or a spherica l foc using piezoelectric transducer to produce 
microbubbles in a cuvette loaded with cell-culture medium. The transducer is placed on the side of 
the cuvette with its axis lining horizontally. A cover slip is placed on the top of the cuvette. The 
impact of the waves to the cells is minimized as the cover slip is parallel to the direction of the wave. 
Only bubbles from the medium reach the cover slip and interact with cells. The effect of bubbles 
therefore can be separated that of pressure waves. The bubbles collected on a cover slip range in 
size from I 00 Jlm to I 0 Jlm in radius , but the dominant size is 20-30 Jlm. © 2015 AlP Publishing 
LLC. [http ://dx.doi.org/ I 0 .1 063/ 1.4936555] 

I. INTRODUCTION 

Soldiers who experience the repeated impact of blast 
waves may develop mild traumatic brain injuries (TBis) , for 
example, in the form of a concussion. 1 While the cause of 
TBI is sti ll not well understood, a leading theory is that 
microbubbles are generated due to the pressure impacts, 
which subsequently collapse, causing microstreams.2 The 
force created by the microstreams cou ld reach a level sufficient 
to disrupt cell-cell connections and even create membrane 
pores .3•4 This theory has been proved in astrocytes,5 which 
provides insights for 3-D tissue cu lture or animal studies . In a 
tissue subjected to pulsed high-intensity focused ultrasound 
(pHIFU) , acoustic cavitation threshold varies broadly and 
depends on the tissue composition .6 Experimental shock 
and blast systems that can be repeatedly applied include 
electrically driven spark gaps, focused laser, shock tubes, 
and piezotransducers. Each approach has merits and disadvan­
tages. For example, a laser focused in water can create a single 
shock and bubble precisely on the micrometer scale, therefore 
becoming highly useful for studying biological responses of 
a single cell. In the scenario of multiple bubbles, however, 
several lasers are needed and therefore increase the complexity 
of the system.3 Shock tubes can easily reproduce the blast 
waves that mimic the actua l blast waves in a bombshel l 
detonation , but due to the large scale, their use on an in vitro 
microscope study becomes impossible. Spark gaps are easy 

a)This research was performed while W. Zhu was visiting the Frank Reidy 
Research Center for Bioelectrics, Old Dominion University, Norfolk, Vir­
ginia 23508, USA. 

bl Author to whom correspondence should be addressed. Electronic mail : 
sxiao@odu .edu. 

to construct, especially in water to produce bubbles. In the 
system reported in our previous work,5•7 the impact of bubbles 
on astrocytes was clearly demonstrated and shock alone was 
shown to be ineffective to induce cell damage. However, one 
caveat for that system is the presence of an electric field before 
the breakdown of the spark gap, which can be a source of 
artifacts and may contami nate the biological results . Although 
we have not observed the effect directly caused by the electric 
fie lds in astrocytes, some other sensitive cell lines may be more 
susceptible to activation by the electric fields in addition to 
the bubble effect, making the interpretation of results difficult. 
It would be necessary to have a cleaner system in wh ich the 
bubbles are the only stimuli to the cells. In this paper, we report 
such a system with the use of piezotransducers immersed 
in water to produce microbubbles. The piezotransducers are 
driven by RF signals with ultra-low voltages (peak voltage 
- 40 V ) and the electric fields are no longer a concern. In the 
liquid environment, the negative pressure in the tensile phase 
allows bubble creation and growth. Because the transducer 
is placed on the side of the cuvette and the cover slip on 
the top of the cuvette, the pressure wave's impact with the 
cell s is minimized. All that interacts with the cells are the 
bubbles rising to the cover slip on which biological cell s are 
seeded. The biological response to the bubbles can therefore 
be observed provided that the microscope is focused on the 
cover slip. 

II. MICROBUBBLE GENERATOR 

A. The electrical circuit 

We adopted a commonly used ultrasonic water atomizer 
circuit to drive the piezotransducer at a resonance frequency 
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FIG. I. A schematic diagram of the electrical circuit of the microbubble gen­
erator. A tank circuit (Ll, L3 , and C3) determines the oscillation frequency. A 
power BJT Ql allows the replenishment of the energy stored in the inductors 
(Ll and L3) and sustains the oscillation. 

of ~2 . 1 MHz. A schematic diagram of the driving circuit is 
shown in Fig. I. The critical component is a power BJT Ql. 
Two inductors in series (LI and L3) and a capacitor (C3) 
in parallel constitute the tank circuit, which determines the 
frequency of the oscillation. When Q I turns on as a result of 
the switching-on of Q2 and charging of C3, L3 and L I become 
charged. The voltage at Ll feeds back through C4 to the base 
of Q I , calling for more current for a fast charging of L I . The 
oscillation rises from the discharging and charging between 
C3 and Ll , which in turn switches Q I on and off. In short, 
Ll , L3, and C3 form the oscillation and C5 and C6 provide 
an AC short path to the transducer. Meanwhile, the energy is 
replenished by the turning-on of Q I. 

The standard household voltage ( 120 Vrms) is stepped 
down to ~28 Vrms to serve as the power source of the circuit. 
We note that higher voltages, for example, 100 Vrms, can 
cause visible electrolysis and are therefore not suitable for 
generating vibrations . A relay (Tyco CNS-35-72) is connected 
to the primary side of the transformer to control the "on­
time" of the circuit, thereby controlling the on-time of the 
mechanical vibration of the piezotransducer. The on-time in 
this study was limited to ~2 s. 

B. Microbubble chamber design 

Rev. Sci. lnstrum. 86, 124901 (2015) 

minimal impact from the mechanical vibration generated by 
the piezotransducer. 

Acrylic sheet was initially considered as the material 
for the chamber since they are easy to machine. However, 
considerable heat damage to the acrylic sheet on the air 
side at the line-of-sight of the piezotransducer was observed 
after repeated operation. This is due to a mismatch between 
the acoustic impedance of acrylic and the air interface: The 
acoustic impedance of acrylic is 3.26 x I o-6 kg s- 1 m- 2 8 while 
that of air is 400 kg s- 1 m-2• Therefore, the transition of the low 
impedance to high impedance causes an increased magnitude 
of the mechanical wave at the interface a:-~d excessive heat, 
leading to the damage of the acrylic sheet (melting point: 
~ 160 °C). 

We therefore chose glass (melting temperature 1400 oq 
as the material to construct the main body of the chamber. The 
piezotransducer was arranged at 90° to the cover slip to avoid 
the direct transfer of vibration to the cover slip. A separate 
compartment for the piezotransducer was constructed with a 
circular opening (<D = 1.50 em) to the primary chamber. Edge 
steps were constructed along the top of the chamber walls 
to support a transparent top cover, where a stepped hole was 
drilled for the placement of the cover slip. A thin trench of 
~2 mm in width connecting to the stepped hole was made 
for easy mounting and dismounting of the cover slips with 
tweezers. The pre-seeded cells on the coverslip face the water 
bulk in the water so the risen bubbles interac: with them as soon 
as they make contact. Fig. 2(a) shows a schematic diagram 
of the chamber design with primary dimensions annotated. 
Fig. 2(b) shows a picture of the chamber placed on the stage 
of an upright microscope. 

An added benefit of an all-glass chamber is that one can 
observe and photograph the generation of microbubbles from 
the side of the chamber while illuminating the chamber with 
a strong light source. During our experiments, tap water was 
used to fill the chamber up to the cover slip. No specific 
degassing procedure was carried out. It should also be noted 
that bubbles generated in previous cycles sometimes attached 
to the surface of the piezotransducer. Ult::asound energy in 
the following cycle is absorbed by these bubbles, preventing 
further microbubble formation in water. One can either extend 
the duration of the operation, i.e., use the ultrasonic vibration 
of the piezotranducer to "shake off" the attached bubbles, 
or to clean the surface of the piezotransducer before each 
cycle. 

C. Piezotransducers 

The size of the microbubbles is typically between single- Two kinds of piezotransducer (STEM iNC) were used in 
digit micrometers to hundreds of micrometers. When they are this study. The spherical transducer has a diameter of 20 mm 
resting on a glass surface, a conventional upright microscope and a focal point at 30 mm from the transducer surface. It 
is sufficient to observe these bubbles. However, in order to is operated at the resonant frequency of 2 .. 1 MHz. The idea 
incorporate the chamber under a microscope for biological was to generate bubbles preferably at the focal plane of the 
studies, a few criteria have to be met: (I) there has to be a transducer so that the maximum amount of bubbles rises to 
light pathway so that the cover slip can be illuminated; (2) the cover slip. The flat transducer has a diameter of 19 mm 
the overall chamber size (in particular its height) should be and a thickness of I mm, which has a resonant frequency of 
small enough so that it can be placed on the microscope stage; 2.07 ± 0.05 MHz. Both transducers were made with similar 
(3) there should be a fairly easy way to place and remove the materials and operate in the thickness vibration mode with the 
cover slips; and (4) microbubbles can reach the cover slip with electro-mechanical coupling coefficient, kp ""0.59. 
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(a) -~ 

FIG. 2. A schematic diagram of the microbubble generator chamber (a) and 
a picture of the chamber under the microscope (b). The electrical wires that 
connect to the piezotransducer are omitted here. A cover slip that has cell s 
pre-seeded is placed in the top cover, leaving the side with cell s facing the 
chamber water. The bubbles risen from the glass chamber interact wi th the 
cells as soon as they reach the cover sli p. 

Ill. CHARACTERIZATION 

A. Current and voltage characterization 

The voltage supplied to the piezotransducer was moni­
tored via two voltage probes (Tek P6139A). The current 
behavior was monitored through a Pearson current monitor 
(Model : 2877). Signals were processed through a d igital 
oscilloscope (Tektron ix TDS3054C). 

Fig. 3 shows a typical voltage waveform meas ured across 
the piezotransducer, as well as the current through the circuit. 
The peak-to-peak voltage is measured to be about 70 V with 
the magnitude of the negative polarity slightly higher than that 
of the positive. The peak-to-peak current is roughl y 5 A, with 
the positive current s lightly higher than that of the negative. 
Although the driver circuit is of LC resonance in nature, but 
the phase difference of current and voltage is not 90° due 
to extra stray components of the transducer and connection 
leads. The electrical power depos ition onto the transducer was 
evaluated to be about 17 W. Considering the electromechanical 
coupling coefficient of0.59, only about I 0 W is channeled into 
the mechanical vibration of the piezotransducer. 

B. Pressure analysis 

Rev. Sci. lnstrum. 86, 124901 (2015) 
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FIG. 3. Current and vo ltage waveforms of the circuit. The current is not in 
the same phase as the voltage. The phase relationsh ip is neither as that in a 
resistive circuit nor a typica l resonant circuit. 

690) in an upright position, where the piezotransducer was ar­
ranged vertically in water (at about 6 em below water surface) 
and the fiber tip (<D = 150 ,urn) was placed directly above its 
surface at various di stances. The signal from the hydrophone 
controller was processed through the digital oscilloscope. 

A pressure waveform measured by the fiber optic 
hydrophone at a di stance of 30 mm from the surface of the 
spherical piezotransducer is shown in Fig. 4. The positive 
pressure reaches about 9.5 MPa while the negative pressure is 
about -4 MPa. 

The pressure of the acoustic wave in water at various 
distances from the piezotransducer was monitored for both 
the spherical focusing transducer and the fl at transducer. The 
results are shown in Fig. 4(b) . The spherical piezotransducer 
was found to have a focal di stance at 30 mm, which agrees 
with the data sheet prov ided by the manufacturer. The pressure 
ranges from ~2 MPa to~ I 0 MPa between a fiber-to-transducer 
distance of 20 mm and 40 mm. The pressure produced 
by the flat piezotransducer is, however, considerably lower: 
~ 1.0 MPa at all distances measured (8-40 mm). Nevertheless, 
both piezotransducers were able to generate microbubbles in 
water effectively. 

C. Imaging 

Images of the bubbles inside the chamber were captured 
via a digital SLR camera (Nikon D300S) with a macro lens 
coupled with a 2x teleconverter (Nikon TC-20EIII) . The CCD 
of the camera has a pixel reso lution of 181 pixels/mm. With 
the 2x lens, the camera should in principle be able to capture 
microbubbles of a diameter of roughly 3 ,um ( I pixel) . Bubbles 
grown large enough to rise to the surface of the cover slip due 
to buoyancy were photographed by a CCD camera (Olympus 
DP70) through an upright microscope (Olympus BX51 ) with 
a I Ox magnification. The size of the bubbles in the photos was 
analyzed using ImageJ.9 

IV. BUBBLE GENERATION 

A. Bubbles in water 

The acoustic pressure generated in water was monitored in Microbubbles nucleate in the presence of impurities or 
a separate chamber by a fiber optic hydrophone (ONDA HFO- pre-ex isting bubbles in water and osci llate in phase with the 
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80 90 100 

(b) 

FIG. 6. A superimposed image of 17 images taken at the same location of 
the cover slip (a) and the histogram of a total of 237 bubbles (b). The bubbles 
whose radii distribute between 10 and 30 J1111 appear with t~e highest percent 
frequencies. 

with time and can be described with a 3rd order polynomial 
function. 

It is interesting to note that the smaller the bubble gets, 
the faster it collapses on the cover slip . Fig. 9 plots the radial 
collapsing speed versus the radii of the bubbles. The radial 

FIG. 7. Photo montage of two similar bubbles collapsing on the cover slip. 
The initial radius of bubble I (14 Jlm) is bigger than th at of bubble 2 
( 12 .5 Jlm). 
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FIG. 8. The time dependence of the cross-sectional area of the bubbles in 
Fig. 7 (a) and the time dependence of the radius of the cross-sectional circle 
(b). These results suggest bubbles of similar sizes collapse at different speeds 
on the cover slip. 

collapsing speed of bubble I is similar to that of bubble 2 
within its detected radius range (8-14 Jim) , while bubble 2 
collapses faster with the decrease of the bubble size. 

This phenomenon has been consistently observed on 
many bubbles captured on the cover slip. We generally 
summarize our observations as follows: (I) All bubbles 
collapse on the cover slip given enough time. The smaller 
the bubble is, the faster it collapses. Bubbles with a radius of 
> 12 Jim take more than 60 s to collapse on the cover slip. (2) 
Bubbles with parting walls tend to coalesce and form bigger 
bubbles, which in turn collapse at their own pace. (3) Smaller 
bubbles may exist within larger bubbles given that they arrive 
at the cover slip first. 

Furthermore, not all bubbles have the same wall thickness. 
Some larger bubbles with thick walls seem to have smaller 
bubbles embedded in or attached to their walls (shown as 
voids on the dark walls of bubbles in Fig. I 0). These bright 
spots are not all in perfect circular shape, which mean that they 
could also be the results of the collapse of smaller bubbles on 
the wall of bigger bubbles. 

V. DISCUSSION 

A continuous sinusoidal ultrasonic wave was used in our 
system. In general, pre-existing gaseous impurities serve as 
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FIG. 9. Radial collapsing speed versus the radius of the cross-sectional 
circle. As the bubble becomes smaller, the faster it collapses. 

the nuclei of bubble formation. During the negative portion 
of the pressure wave, water is pulled apart at the sites of 
impurity, forming acoustic microbubbles. During the positive 
portion of the pressure wave, these bubbles are compressed, 
albeit not completely. This process repeats in the following 
acoustic cycles, and the bubbles formed grow until reaching 
a critical size known as resonance size. Beyond this size, the 
bubbles either become unstable and collapse violently in a 
few cycles or oscillate near the resonance size for many more 
cycles. Bubbles may also become fragmented and reduce their 
sizes, which then serve as nuclei of new cavitation cycles . The 
relationship of the resonance radius of the bubble with the 
frequency f is given by Young 10 as 

(I) 

where y is the specific heat ratio of the gas inside the bubble, 
which in our case is 1.33 for steam (water). 11 Poo is the ambient 
liquid pressure, which is approximately considered as I atm. 
pis the liquid density, which is 999.97 kg/m3 for water and 
w is the angular frequency of ultrasound, which in our case is 

100pm 
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2rr f = 1.32 x I 07 Hz. The resonance radius is then evaluated 
to be about I .52 Jlm . The resulting diameter of the bubbles 
is - 3 Jlm, which is beyond the detection range of our CCD 
camera. 

However, two pathways may lead to further growth of 
these small bubbles beyond the resonance radius R,. , namely, 
rectified diffusion and bubble coalescence. Rectified diffusion 
involves an unequal mass transfer across the bubble interface 
in the rarefaction and compression phases of the ultrasound 
wave. Eller and Flynn 12 suggested that gas diffusion into/out 
of a bubble depends on the surface area of the bubble. A 
bubble has a larger surface area during its expansion than its 
compression, therefore leading to more gas diffused into than 
out of the bubble. They also suggested that the wall of bubble 
thins during its expansion, making it easier for gas to diffuse 
in. Bubble coalescence involves multiple bubbles coming into 
contact with each other and forming wall partitions. The 
parting walls rupture when they become sufficiently thin, 
leading to the formation of bigger bubbles. 13 

Since our configuration has a glass wall directly facing 
the ultrasonic wave produced by the piezotransducer on the 
far end of the chamber, reflected wave interfere with incoming 
waves, leading to nodes and antinodes of standing waves. 
Microbubbles formed at the antinodes that grow to a radius 
>R,. will be pushed toward the nodes by primary Bjerknes 
forces (acoustic radiation forces on gas bubbles) 14 and become 
" inactive bubbles" (bubbles that do not implode violently 
within the liquid near the site of creation). These bubbles 
eventually become large enough and rise to the surface of 
the cover slip due to buoyancy once the acoustic wave is 
interrupted. A more comprehensive discu >sion of bubbles in 
an acoustic field can be found in the overview by Ashokkumar 
and co-workers. 13 

The radius of the bubbles that arrive at the cover slip is 
distributed between 5 and 92 Jlm , and >50% of the bubbles 
have a radius between I 0 and 30 Jlm. These bubbles gradually 
collapse on the cover slip or merge to form larger bubbles. 
The smaller the bubble is, the faster the collapse is. We believe 
these bubbles are of similar properties as those produced by 
the electrical discharges in water as reported in Refs. 5 and 7 . 
The collapsing time of bubbles with initial radius of - 12 Jlm 

is about 60 s. This long collapse time may be favored for 
biological studies where the observation of time evolution is 
of essence. 

We purposely designed the chamber in such a way that 
the direction of the mechanical wave is perpendicular to the 
cover slip, so as to separate the effect of the pressure wave 
and the collapsing of bubbles on the cover slip during future 
biological experiments. The all-transparent chamber allows 
easy access to imaging of the microbubbles in water through 
the side walls or observation of the ever.t on the cover slip 
under the microscope. On a cover-slip that has only mono­
layer cells, the dynamics of microbubble may differ from the 
tissue which has different surface properties. Thus , the findings 
of the results may not be directly translatable to tissues, and 
therefore, our setup may not be applied to tissue. But one can 
use 3-D artificial matrices to produce phy~iologically relevant 

FIG. 10. A phOiogram of bubbles captured on the cover sl ip with different multicellular structures on the cover slip and allow studies to 
bubble wall thicknesses and voids inside the bubbles . be conducted closer towards actual tissues. 
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Finally, 2.1 MHz was chosen as the driving frequency 
of the piezotransducer in our experiments for three reasons: 
(I ) ultrasound freq uency at ~20 kHz is known to generate 
large bubbles for mechanical shearing applications such 
as emulsification; 15 (2) frequencies between I 00 kHz and 
I MHz are used to generate smaller bubbles for sonochemica l 
purposes; 16 and (3) ultrasound with a frequency above 
I MHz has weaker cavitation effects but is commonly 
used for medical and imaging purposes. 17 By choosing a 
frequency of 2.1 MHz, we safely stay away from "power 
ultrasound," yet still produce microbubbles for biological 
studies. 

VI. CONCLUSIONS 

An all -transparent chamber was designed to house a 
vertically arranged piezotransducer, which was driven by a RF 
voltage at 2. 1 MHz directly in water to produce microbubbles 
for biological studies under a microscope. Bubbles of radius 
between 5 and 92 11m were observed on the cover slip with 
the highest percent frequency between I 0 and 30 J1m . These 
bubbles collapse with time: The smaller the bubble is, the 
faster it collapses. Bubbles of around 12 11m in radius take 
about 60 s to collapse. The fact that these bubbles take 
longer to collapse may be beneficial to biological studies as 
the mechanical waves are clearly separated in time from the 
impact of microbubbles, allowing easy analysis. 
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PuRPosE. Discomfort from light exposure leads to photophobia , glare, and poor vision in ?1 
patients w ith congenita l or trauma-induced iris damage. Commercial artificial iris lenses are 
static in nature to provide aesthetics w ithout restoring the natur'.t l iris's dynamic response to 
light . A new photo-responsive artificial iris was therefore developed using a photochromic 
material w ith self-adap tive light transmission properties and encased in a transpare nt 
biocompatible polymer matrix. 

Citation: Shareef F; Sun S, Kotecha M, 
Kassem I , Azar D, Cho M. Engineering 
a light-attenuating arti fic ial iris. In vest 
Opbtbalmol Vis Sci . 20 16;57:X:XX­
X:XX. DOI:10.11 67/ iovs. l 5- 173 10 

METHoos. The implantable artificia l iris was designed and engineered using Photopia, a class 
of p hoto-responsive materials (termed naphthopyr'.tns) embedded in polyethylene . Photopia 
was reshaped into annular disks that were spin-coated w ith polydin1ethylsiloxane (PDMS) to 
form our artificial iris lens of controlled thickness. ?2 

REsULTS. Activated by UV and blue light in approximately 5 seconds with complete reversa l in 
less than I minute , the artificial iris demonstrates graded attenuation of up to 40% of visible 
and 60% of UV light. There optical characteristics are suitable to reversibly regula te the 
incident light inte nsity. In vitro cell culture experiments showed up to 60% cell death within 
I 0 days of exposure to Photopia, but no significant cell death observed w hen cultured w ith 
the artificial iris with protective encapsulat ion . Nuclear magnetic resonance spectroscopy 
confirmed these results as there was no apparent leakage of potentially toxic photochromic 
material from the ophthalmic device. 

CoNCLUSIONS. Our artificial iris lens mimics the functionality of the nanw.t l iris by attenuating 
light intensity entering the eye w ith its rapid reversible change in opacity and thus potentially ?3 
providing an improved treatment option for patients with ir is damage. ?4 

Keywords: artificial iris, iris functionali ty, photo-response mate rials, UV activation, polymer 
NMR spectroscopy 

T he human iris p rovides eye color and facial symmetry w hile 
serving a central role in maintaining visual input to the 

retina . Using the sphincter and di lator muscles, the nattlr'.t l iris 
quickly and dynamically alters the size of the pupil , allowing for 
a 30-fo ld change in light tr'.tnsmission to the retina. 1•

2 Excessive 
light exposure associated with diminished pupil constriction 
can lead to damage of retinal photoreceptot cells causing a 
decline in vision over time. 3 Congenital iris defects, such as 
aniridia or iris coloboma, as well as tr'.tuma-induced iris defects, 
are the two main contributors to reduced functionality of the 
iris.4.5 Albin ism, in w hich patie nts lack the melanin pigment 
that provides opacity to the nan tral iris, can also create a larger 
area through which excessive light can enter the eye.r. The 
reduced adaptive response of the iris to light may result in 
photophobia, glare and haloes, double vision, and decreased 
visual acuity7 

Treatment options to alleviate the adverse effects of iris 
damage are limited to wearing sunglasses, colored contact 
lenses, or artificial iris intraocular implants. Although not 
approved by the Food and Drug Administration (FDA), Morcher 
GmbH (City, State , Country), Ophtec BV (City, State, Country), 
and HumanOptics AG (City, State , Country) fixed-dian1eter 
artificial iris implants have been used sparingly in the United 
States unde r the FDA's compassionate care clause.H Morcher's 

iovs.arvojoumals .org I JSSN: I 552·578 3 

and Ophtec 's in1plants for partial or complete aniridia use a 
fixed colored disc composed of polymethylmethac rylate 
(PMMA), a mechanically stiff polymer, w hich solely blocks 
peripheral light enteri ng the eye.9- ll In contr'dSt to the hard 
polymers used by Morcher and Ophtec, HumanOptics ' art.ificial 
iris lens is made of a fl exible silicone polymer that allows for a 
smaller incision site . 12 Including an image of a natural iris 
allows the HumanOptics implant to be used as a cosmetic 
option to restore or change iris color. However, its fixed pupil 
size and thus invariable light tr'.tnsmittance fa ils to dynamically 
reduce bright light entering the eye. 13· 14 

Morcher, Ophtec, and HumanOptics' artificial iris implants 
have been shown to decrease glare and photophobia as well as 
increase visual acuity, but postsurgical complications include 
decentr'.t lization due to migration of the implant, inflammation 
caused by repeated contact w ith peripheral tissues, and 
anterior uveitis . I S- 17 Additional undesimble effects include 
secondary glaucoma, myopic shift , and a ghosting phenomenon 
causing double vision. 1 R. l 9 Furthermore, despite their success 
in reconstructing the shape and color of the natural ir is, all 
three implants have a set pupil diameter and amount of light 
tr'.tnsmitted, thus lacking the ability to adapt to changes in 
incident light. One important criterion for improving the 

This w ork is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Internat ional License . taql~~ 
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Engineering a Light-Attenuating Artificial Iris 

current treatment options would be to p rovide the fl exibility to 
attenuate the incident light dynamically. 

The development of photo-responsive artificial iris implant 
sho uld mimic the functionality of the natural iris w hile 
restoring iris color and shape. A well-designed artificial iris 
lens would continuously monitor and reversibly decrease the 
t ransmission of light based on the incident light intensity. For 
example, an increased intensity of ambient light would result 
in increased activation of the photosensitive component, 
w hich should absorb and block transmission of a higher 
percentage of the bright light, thereby protec ting the sensitive 
photorecep tor cells of the re tina. To overcome a major 
limitation of current iris defect treatment options, rapid 
activation and reversal times of less than I minute would be 
preferred as well as the synthetic and biocompatible lens 
materials. 

Photochromlc or photo-responsive materials are activated 
by light to undergo a change in molecular conformation . This 
change switches between a colorless more trdnsparent state 
and colored opaque state associated with decreased light 
transmission 2 0 Photochromic materials have trad itionally been 
used for nonmedical applications, including memory storage 
systems, semiconductors, and light-based electric switches. In 
addition, these materials have been proven safe and effective as 
ex ternal ophthalmic devices such as Transitio n lenses. 
Incorporating a photo-responsive material encased within a 
biocompatible inert polymer w ithout leakage p rovides an 
improved means of fulfilHng the design criteria . In this study, 
we present a novel artificial iris that combines photochromic 
and polymer components to create an ophthalmic device that 
partially mimics the naturd l iris and can have long-term in1plant 
stability in the eye, which is a major advance over current 
commercial artificial irises . 

MATERIALS AND METHODS 

Manufacturing the Artificial Iris 

The artificial iris implant was fa bricated using a photo· 
responsive material encased within a polymer matrix. Pellets 
of Photopia, whic h contain the photod1romic material (5% w t/ 
vol naphthop yran) in polyethylene (Matsui International, 
Tokyo, Japan) were melted and reshaped using a hot plate 
and glass press to create annular disks w ith the following 
dimensions: 11-mm outer diameter, 4-mm inner diameter, and 
150-J.lm thickness (Fig. 1A). Encasement w ithin a polymer 
matrix of biocompatible polydimethylsiloxane (PDMS; Sigma­
Aldrich, St. Louis, MO, USA) involved spin-coating and curing a 
1 00-J.lm layer on each side of the Photopia disk to form the 
artificial iris (Fig. 1 B). Spin-coated thickness was reproducible 
w ithin 5% e rro r. Po lydimethylsiloxane is proven to be 
biocompatible and has been w idely used in tissue engineering. 
An image of the complete artificial iris construct in its photo­
activated and inactive states shows the distribution of Photopia 
within PDMS (Fig. 2). Selection and use of Photopia, w hich has 
a distinctive color change from clear to magenta, induces 
activation and subsequent light attenuation . 

Optical Characterization 

The optica l functionali ty of the artificial iris in attenuating 
incident light was determined w ith a UV/Vis Spectrophotom­
eter (Beckman Coulter, City, State, Country). The percentage of 
light transmitted through the artificial iris w ith and without 
activation by UV light was measured over a range o f 
wavelengths. Setting the wavelength scan to 300 to 750 nm 
provided attenuation properties for the two primar y regions of 
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A B 

Photopia Pellets 

FIGURE 1. The light-resp onsi ve artificial iris was fabricated in two 
steps: (A) p ho tochromic Photopia pellets were heated on a hot plate 
and reshaped into annular rings using a glass press and cutter, and (B) a 
1 00-~m layer of PDMS was spin-coated o n each side o f fh e artificial iris 
to create a disk·shaped construct of 13·mm diameter and 350-J.lm 
thickness. 

interest: the UV (300-400 nm) and visible light sp·~Ctrum (400-
700 nm). To quantify the response of the art ificial iris to 
changes in incident light intensity, neutml optical density filters 
(optical density = 0, 0.3, and 0.6) were placed between the 
light source and sample in the spectrophotometer. The 
wavelength of maximal light attenuation was also determined 
using these scans. Furthermore, kinetic scans at that wave­
length (approximately 360 nm) led to quantification of the 
activation and reversal tin1es fo r the artificial iris by measuring 
the time-dependent percent transmission changes. Image 
quality after incorpomtion of the artificial iris into the path 
of light entering the eye was then assessed . A glass slide e tched 

A B 
Inactive - Low Intensity Light Active - UV Light Present 

FIGURE 2. (A) Design schematic of art ificial iris: the annular dispersion 
of the photochromic material, Photopia, is shown in gray. TI1e lfght 
and da rk gray represent the change in colo r and increased opacity of 
Photopia on light activation. (B) Images of the artificial iris p laced on 
top of the UIC logo show that visual transparency is miintained w ith 
and wi thout activat ion. 
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Engineering a Light-Attenuating Artificial Iris 

with uniformly spaced lines and a X10 microscope objective 
were used to represent the object and lens in a classic image 
fomution. Broadening for the thickness of the lines (e.g. , 
blurring) after placement of the artificial iris between the glass 
slide and objective then served as a measure to quantify the 
light scattering expected after implantation . 

In Vitro Toxicity Testing 

Primary human corneal fibroblasts (HCFs), passage 14 to 16, 
were cultured in Dulbecco's modified Eagle's medium (Sigma­
Aldrich) supplemented with 10% fetal bovine serum (Atlanta 
Biologicals, City, State, Country) and 1% antibiotic-antimycotic 
solution (Sigma-Aldrich). Human corneal fibroblasts were 
seeded on 22 X 22-mm coverslips at a cell density of 20,000 
cells per coverslip. Indirect cytotoxicity experiments in which 
HCFs were exposed to media containing the engineered 
devices were conducted. In these tests, a glass coverslip 
seeded with HCFs was placed on top of a Photopia disk 
without encasement or the artificial iris in a Petri dish filled 
with media . A live-dead cell viability assay (Invitrogen, City, 
State, Country) was used to stain cells at days 1, 5, and 10. 
Experiments consisted of two samples each of control , 
Photopia, and the artificial iris. Three fluorescent images were 
taken of each sample using a confocal microscope. Cell count 
was obtained using Image) software (http://imagej.nih.gov/ij/; 
provided in the public domain by the National Institutes of 
Health , Bethesda, MD, USA). 

Structural and Chemical Characterization Using 
13c NMR 

The 13C nuclear magnetic resonance (NMR) experiments were 
performed to elucidate the chemical composition and stability 
of Photopia and the artificial iris in aqueous solution. 
Specifically, we aimed to identify the reactive , and potentially 
toxic, side chains of Photopia in solution. Photopia and 
artificial iris samples immersed in PBS for 3 days were 
evaluated using ' 3C NMR along with samples of supernatant 
PBS exposed for 1 month to Photopia and the artificial iris to 
determine potential leaching of substances in solution . The 
NMR measurements were performed using 1H decoupled 13C 
NMR pulse program (Bruker - zgpg; City, State, Country) at 
room tempemture on an 8.5-T (1H frequency = 360.13 MHz 
and 13C frequency = 90.55 MHz) Bmker Advance spectrometer 
equipped with a quadruple nucleus probe capable of 
multinuclear NMR measurements. A capillary filled with 0 20 
was placed in the NMR mbe to achieve magnetic field 
homogeneity over the sample volume by locking the deuteri· 
um signal. The solid Photopia and artificial iris samples in PBS 
were placed on top of a dory aurum plug (14 mm) to keep the 
samples at the center of the rddiofreq uency coil. The 90° pulse 
width was 8.75 f.lS for the monomer solutions and was used as 
is for polymer samples. The relaxation delay was set to 2 
seconds and the number of scans to 1024 . The experimental 
parameters for supernatant samples were the following: 90° 
pulse width = 13.5 f.lS , relaxation delay = 2 seconds, and 
number of scans = 3072. The dimethyl sulfoxide (DMSO) 
carbon peak at 39.5 ppm was used for chemical shift reference. 

RESULTS 

Characterization of Artiftcial Iris 

Activation of Photopia and attenuation of incident light were 
fi rst established through observation of the distinct color 
change from clear to magenta in response to lN exposure (see 
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Fig. 2B). Subsequent optical testing to quantify the flmction­
ality of the artificial iris demonstr.rted mpid but not instanta­
neous activation using lN and blue light with maxin1al 
activation achieved in less than 30 seconds (images not 
shown). Similarly, the artificial iris demonstrated gr.rdual 
reversal that began immediately after removal of the light 
stimulus with a remrn to its original state within I minute. 
Wavelength scans of the artificial iris showed maximal 
attenuation at 390 nm with more than 60% of incident lN 
light (300-400 nm) and 50% to 65% of visible light ( 400-700 
nm) blocked (Fig. 3A). It was also noted that the artificial iris 
attenuated a larger percentage of visible light in the green to 
orange (450-650 nm) range when preactivated by lN light 
exposure for 30 seconds (Fig. 3A, lN-activated artificial iris). 
The maximum attenuation (i.e., maximum absorbance) was 
found to occur at 390 nm. This coincides with the required 
energy to reversibly break a carbon-oxygen bond in Photopia 
and thus allowing optical modulation of transmitted light. 
Characterization of the artificial iris's response to changes in 
incident light intensity was achieved using neutml density 
filters of optical density 0, 0.3 , and 0.6 to modulate the 
intensity of incident light by 0%, 50%, and 75%, respectively. It 
was designed to create varying ambient light intensity 
environments. The percentage of light blocked by the artificial 
iris at a given intensity was calculated by taking the difference 
between the incident light on the artificial iris after traversing 
the neutral density filter and the percent of that light 
transmitted through the artificial iris. As the optical density 
of the filters increases (i.e ., the intensity of the light on the 
artificial iris decreases), the percentage of that incident light 
blocked by the artificial iris also decreases from 60% to I 0% 
(Fig. 3B). In other words , as the incident light becomes 
dimmer, the artificial iris transmits more light, thereby 
attenuating high-intensity light while ensuring enough light 
enters the eye in the low light intensity environment. 

Experiments to assess postimplant image quality were 
conducted using a glass slide etched with uniformly spaced 
lines 100 >tm apart and a XJO microscope objective to 
represent an object-lens-image visual system. The control 
in1age of the glass slide was acquired using differential 
interference contr.tst microscopy (Fig. 4A). Placement of the 
annular photochromic region of the artificial iris between the 
glass slide and the objective resulted in a darkened image 
(overall pixel intensity was reduced as seen by a gr.ty 
background compared with the control image) with blurred 
lines (Fig. 4B). The degradation of image quality is perhaps best 
chamcterized by estimating the full width half maximum 
(FWHM) values. For example, the FWHM was calculated 5 f.lm 
in the control experiment without introducing the artificial iris 
in the optical pathway. This value can be used to represent the 
resolution and appears to be independent of the wavelength 
range in this stttdy. Insertion of the artificial iris increased the 
FWHM by approximately 10-fold to 50 f.lm . An adjustment of 
the focal length by approximately 150 f.lm seemed to reverse 
the blurring effect (FWHM = 8 f.lm) , resulting in an image of 
sharply refocused lines with decreased over.tll pixel intensity 
(Fig. 4C). The change in resolution of the lines in the three 
images and the corresponding pixel intensity modulation along 
a horizontal line are shown in Figure 40 . 

In Vitro Response 

Human corneal fibroblasts with indirect contact to the artificial 
iris or Photopia over a 10-day period were stained with green 
calcein AM (fluorescence green) to identify live cells and 
ethidium homodimer to highlight the dead cells (red fluoresces 
red) . The resulting images indicate that the viability and 
proliferation of cells exposed to the artificial iris were 

l //lilan/produclion/ifiovsflivejobsfiovs-57/iovs-57-03/iovs-57-03-57~ayou ls/iovs-57-03-57.3d a 29 March 2016 a 8:07am a Allen Press, Inc. a Customer #IOVS-15-17310 Page 2 I 



Q) 
(.) 
c:: 
Q) 

·o 
(/) 

(ij 
::J 
en 
> 
~ 
>­
Ol 
0 
0 
E 
ctS 

..c:: -..c:: 
0. 
0 
~ 
~ 
Ol 

:;:: 
en 
~ c:: 

Engineering a Light-Attenuating Artificia l Iris /OVS I Month 2016 I Vol. 57 I No. 0 I 4 

75 

70 A ---uv Activated AI .-.. 
~ 
~ 65 --Artific ial Iris (AI) 

c 
0 60 
~ 
g. .. 55 0 

"' .:::. 
< 50 
j;j 
.':!' 45 
.J 

40 
300 350 400 450 500 550 600 650 700 750 

~······~ .............. .... 10 •••• " ••••••••••• 

0 ~------------------------------------------------~ 
300 350 400 450 500 550 600 650 700 750 

Wavelength (nm) 

FIGURE 3. (A) Light transmittance of the artificial iris in the ultraviolet (300-400 nm) and visibl e (400-700 nm) spectrum. Freactivation by 
exposure to 365-nm light for 30 seconds (UV activated) results in reduced transmission in the green to orJnge (450-650 nm) range, thus 
highlighting the additional light blocked by the artificial iris when outdoors or in the presence of UV light. (B) The p ercentage of incident light 
absorbed by the artificial iris increases from I 2% to 60% as the intensity of the incident light on the constrttct is increased . Thus, the artificial iris has 
higher light attenuation in bright light than it does in dim light settings. 

compardble to those of the control sample (Fig. 5A). However, 
cells exposed to Photopia alone versus the control sample 
showed decreased live cells after 5 and IO days. Quantification 
of live HCFs from these fluorescent images confirmed no 
significant difference in the number of live cells between the 
artificial iris and control samples at day I through 10 (Fig. 5B). 
In contr&st, on days 5 and 10, the averdge live cell count was 
40% less for HCFs exposed to Photopia compared with the 
control. 

Structural and Ch emical Characterization Using 
13C NMR 

Following our in vitro experiments, NMR spectroscopy was 
used to determine Photopia 's chemical structure and poten­
tially reactive side groups and to validate the stability of the 
artificial iris in solution. The t 3c NMR spectra of Photopia and 
the artific ial iris immersed in PBS for 3 days (Fig. 6A) identified 
the mobile molecular groups in the samples. The assignments 
are given in the Table. The common peaks seen in these scans 
belong to Photopia. It was noted that on coating with PDMS, 
an additional strong peak related to CH3 of PDMS appea rs in 
the artificial iris spectra and the peaks related to Pho topia are 
shifted upfield . A second set of NMR experiments (Fig. 6B) was 
conducted on PBS exposed to either the artificial iris or 
Photopia over I month to ascertain which molecules if any 
leached out of the samples over tinle. For these samples, NMR 
of the supernatant liquid alone was tested . In the case of no 
leaching, NMR peaks should not be seen, as there are no 
carbon-based substances in PBS. However, both the artificial 

iris and Photopia had CH-0 residual monomer peaks, perhaps 
coming from the main polymer anchor (e.g., CH2 of 
polyethylene). However, the Photopia sample alone showed 
an additional peak at 124 ppm possibly coming from the 
aromatic carbon group in the naphthopyran (Fig. 6C), which 
might be responsible for the cell death in Photopia (see Fig. 
5A). This potential leaching is effectively blocked in the 
artificial iris, likely due to PDMS coating and therefore 
improving the overall cell survival. 

D ISCUSSION 

The light-responsive artificial trtS was designed as a biocom­
patible ophthalmic implant with self-adjusting jght tmnsmis­
sion properties to partially mimic the functionality of the 
natuml iris. Dynamic light attenuation was achieved through 
incorpomtion of a photo-responsive material (Photopia, 5% 
naphthopyran) that undergoes a reversible molecular confor­
mational change induced by UV or blue light2 1 Photochemical 
cleavage of the ca rbon-oxygen bond within the pymn ring by 
incident light converts a naphthopyran to its colored opaque 
ring-open state, while reversal to its original tr<~nsparent ring­
closed form occurs spontaneously with removal of the UV light 
stimulus22 This class of photochromic materials is particularly 
suited for ophthalmologic applications due co its efficient 
photo-response, large light absorbance when activated , mpid 
reversal , and fatigue resistance2 3 

Encasing an annular disk of Photopia within PDMS (Figs . I , 
2) to form the artificial iris in1plant met our design objectives 
by restoring iris shape and providing significan t light artenu-
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FtGURE 4. (A) Control. Image of glass slide with black lines. (B) Artificial iris. Image through peripheral photochromic region of arti11cial iris (AI): 
light scattering (increased thickness of blurred black lines) and decreased overall light transmission (g ray backgmund). (C) Artificial iris refocused. 
Image through peripheral artificial iris after focal length increased by approximately ISO ~tm : visual acuity restored . (D) Pixel intensity versus 
position along pwple fin es in (A) to (C). Image resolution denoted by the full width half maximum of control (A) and artificial iris refocused (C) is 
greater than image formed through artificial iris alone (B). Reduced light transmission (decreased baseline intensity) for images through AI (Band C) 
compared with control (A) was also noted . 

arion while maintaining visual acuity through the clear center 
where light passes unimpeded for sight. Through selection of a 
photo-responsive material with activation and reversal times in 
less than 1 minute , we have overcome the primary limitation of 
other iris defect treatment options such as Transition lenses, 
which have prolonged reversal times in excess of 10 minutes 
when indoors . Similarly, the use of this particular self-adaptive 
light-sensitive material resulted in a Jess bulky alternative to the 
circuits found in electric artificial irises24 and in1proved on 
current commercial artificial irises, such as HumanOptics AG 
through its light-attenuating profile.25 Encasing Photopia in 
hydrophobic PDMS was central to preventing cell migration 

and surface attachment, which could affect light transmission 
thro ugh our artificial iris . 

The human eye relies on the pupillary light reflex , the 
constriction and recovery of the iris in response to Hght 
stimulus, to modulate the Hght flux into the eye26 Along with 
controlling retinal illumination , a Hght-responsive pupil can 
change the depth of focus and, with a smaller pupil size, 
reduce optical aberrations, Hght diffraction , and visual effects 
such as glare27·28 Our goal in engineering a new artificial iris 
was to restore these natttral iris properties to patients with 
congenital or trauma-induced iris defects . By blocking up to 
60% of incident light across the UV and visible light spectra, 

Doy 1 Days Doy 10 

FtGURE 5. Human come;tl fibroblasts were cultured with either the annular Photopia disks or the complete artificial iris for up to I 0 days. (A) Cell 
viability staining (live cells = green , dead cells = red) show similar morphology and proliferation rate between control and anificial iris-exposed 
HCFs, whereas cell death and detachment (black areas represem cell-free regions) was noted for HCFs cultured wi1h Photopia. For all images, scale 
bar= 200 ~1m as seen in bottom rlgbt Image. (B) Quantification of live cells elucidated that Photopia counteracts cell proliferation as live cell count 
did not significantly change from day I 10 I 0 . Control, blue; Photopia, red ; artific ial iris, g r een. bars. 
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FoGURE 6. (A) o; c NMR spectra of Photopia and artificial iris samples immersed in PBS. The visible peaks are from mobile fractions of polymers in 
aqueous solution . (B) 03C NMR spectra of supernatant PBS exposed to Photopia and artificial iris for I month. The 124-ppm peak seen in Photopia 
supernatant is effectively blocked and not visible in the artificial iris supernatant sample. (C) Chemical st ructure of polyethylene , naphthopyran , and 
PDMS. The reversible and photoactive C-0 bond in naphthopyran is indicated by a dcosbed line. 

our artificial iris approaches such a design goal (Fig. 3A, 
artificial iris). Furthermore , when activated by lN light , the 
artificial iris blocks an additional 10% of green to ordnge light 
(450-650 nm), thereby enhancing its light sensitivity when 
outdoors or in the presence of harmful lN radiation (Fig. 3A, 
IN-activated artificial iris). 

As the naphthopyrdn side groups largely determine its light­
trdnsmission properties, Photopia 's unique chemical strucntre 
allows for the increased attenuation of visible light in the active 
state _22 In addition to diminishing the amount of light entering 
the eye based on wavelength, our artificial iris has gmded light 
tmnsmission depending on the intensity of the incident Hght. 
Applying neutml-density filters with optical density of 0, 0.3 , 
and 0.6 to alter intensity across the light spectrum showed that 
as the ambient light brightens, a larger percentage of that light 
is absorbed (Fig. 3B). Thus, similar to the natural iris, our 
implantable artificial iris has the sensitivity to inhibit high­
intensity light while allowing enough Hght to enter the eye in 
dim settings to maintain vision. 

Although the artificial iris retains visual acuity through its 
clear pupillary region , it was hypothesized that the image 
through the photochromic region may have decreased clarity 
due to the molecular structure of Photopia. The classic optics 
model of an object-(artificial iris)-lens-image system was used to 
characterize the change in visual acuity through the peripherdl 
artificial iris. We found an approximately 25% decrease in the 
baseline intensity (Fig. 4), which corrobomtes the results of 
previous optical testing and confirmed the artificial iris's ability 
to attenuate incident bright light. We also noted a quantifiable 
degree of light scattering (Fig. 40) as indicated by the 
increased FWHM estimates. However, further testing indicated 
that adjusting the focal length by 150 ~tm at which the image 

through the peripherdl artificial iris was taken could counter 
and minimize this light scattering (Fig. 4C) while providing the 
expected light attenuation . The grdph of pixel imensity verses 
position along a preselected line (Figs. 4A-C) more clearly 
demonstmtes that changing the focal length can restore image 
resolution (Fig. 40). For this grdph, the image resolution is 
depicted by the change in pixel intensity between the white 
background and the black lines as seen in the control in1age. ln 
comparison, the artificial iris curve has decreased baseline 
pixel intensity and a more grddual change in the slope 
representing the light diffraction of the lines imaged through 
the peripheral artificial iris. However, the similarity in 
steepness of the pixel intensity curves for the control and 

TAHO£. o; c NMR Chemical Shift and Assignments 

Peak Number Chemical Shift, ppm Assignments 

Artificial iris 

Photopia 

Artificial iris 

Photopia 

I ' 

2 

3 
4 
5 

2 

3 
4 

5 

I ' 
2 ' 

1.02 CH3 (PDMS) 
12.13 CH, (PE) 
20.9 CH2 (PE) 
29 .5 CH2 (PE) 
36 CH2 (PE) 
57.3 CH-0 (NTHP) 
14.29 CH3 (PE) 
23. 10 CH1 (PE) 

3 1.28 CH2 (PE) 
37.86 
60.32 CH-0 (NTHP) 
53.04 CH-0 (NTHP) 

53.04 CH-0 (NTHP) 
124 C (NTHP) 
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Engineering a Light-Attenuating Artificial Iris 

artificial iris refocused images signifies that the image 
degr&dation can be reversed and corrected with a change in 
focal length. 

Collectively, the visual acuity data indicated that images 
taken through the periphery of the artificial iris would have 
reduced pixel intensity but diminished resolution compared 
with images through the clear PDMS center, unless the focal 
length was adjusted. Fortunately, sinntlating a change in focal 
length (i.e. , optical power) to maintain focus on objects as 
their distance varies is an inherent process of the human lens , 
termed accommodation 29 Given that the optica l power of the 
human lens is measured in diopters, calculated as the inverse 
of focal length, the 150->tm change in focal length required for 
visual clarity is equal to a change in optical power by 0.55 
diopters. As the optical power of the human lens can vary up 
to 10 diopters or more until age 40, it appears the natuml lens 
could accommodate the light diffr.tction through the periph­
eml artificial iris postimplant. Thus, individuals with our 
artificial iris could maintain visual acuity when light passes 
through both the clear center and the light-responsive 
peripheml region of the implant.3° 

Once it was determined that our artificial iris met the 
optical design criteria, we pursued cell culture experiments to 
ascertain the biocompatibility of the artificial iris in vitro. 
Human corneal fibroblasts were indirectly exposed to samples 
of the artificial iris and Photopia alone for up to 10 days. Cell 
viability was established when normal morphology and 
proliferation mtes were observed for HCFs exposed to the 
artificial iris compared with control samples (Fig. 5A). The 
biocompatibility of the artificial iris was then validated when 
subsequent analysis indicated no significant change in live cell 
count (Fig. 58) for artificial iris and control samples at all study 
tin1e points. In contr.tst, tl1e decreased number of HCFs in the 
Photopia samples highlighted the potential adverse effects of 
exposure to Photopia alone. As the artificial iris consists of 
Photopia encased in PDMS, a polymer whose biocompatibility 
has been well established,31 ·3 2 the in vitro data suggested that 
the design of the artificial iris inhibited cell death despite the 
possible toxicity of Photopia. We postulate that intemction of 
ionic media with reactive surface naphthopyran molecules in 
Photopia might have caused the cell death observed with the 
Photopia samples. 

Based on the in vitro data , we endeavored to determine the 
molecular structure of Photopia and any potentially reactive 
side chains that could cause toxicity in solution. In addition, 
we aimed to ascertain the stability of the artificial iris implant 
over time. Commonly used to determine the stmcture and 
morphology of inorganic materials, NMR spectroscopy detects 
the chemical environment of atomic nuclei based on the 
differences in electromagnetic mdiation they emit in the 
presence of a high magnetic field _33 The mobile molecular 
groups in both samples were identified using 13C NMR scans of 
Photopia and the artificial iris in PBS and are shown in the 
Table. Common peaks between the scans (Fig. 6A) were used 
to identify the molecular components of Photopia. The upfield 
shift of the Photopia-related peaks in the artificial iris spectr.t 
and the presence of the strong CH3 peak associated with the 
PDMS coating indicated that PDMS served as an effective 
barrier in preventing the intemction of Photopia with the ions 
in aqueous solution. Another set of NMR experin1ents (Fig. 68) 
on PBS exposed to the artificial iris or Photopia for I month 
was conducted to ascertain if molecular leaching would occur 
over time . Nuclear magnetic resonance testing of the 
supernatant liquid alone showed a peak at 124 ppm in the 
Photopia sample not seen in the artificial iris scan that could 
have arisen from the aromatic carbon group in the naphtho­
pyr&n (Fig. 6C). This additional molecular species in solution 
may explain the cell death seen in images of Photopia at day 10 
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(see Fig. 5A). Furthermore, it confirms that the PDMS coating 
in the artificial iris effectively prevents leaching of aromatic 
carbon group while ensuring in vitro cell survival and stability 
of the implant over time. 

CONCLUSIONS 

Our light-activated artificial iris is a biocompatible implant that 
partially mimics the functionality of the natural iris while 
restoring iris aesthetics. Incorpor&tion of a photo-responsive 
material encased in a PDMS matrix to engineer our device 
provides for a new artificial iris design. The dynamic light 
attenuation based on the ambient light intensity and wave­
length (UV or visible light) characteristic of our artificial iris 
improves on the properties of commercial artificial iris 
implants . The ability to attenuate up to 60% of incident light 
provides our artificial iris w ith the means to alleviate or at least 
significantly reduce the symptoms of iris damage, such as 
photophobia, glare , and haloes . By maintaining visual acuity for 
light traversing both the central transparent PDMS as well as 
the light-responsive peripheral region , our implant proves 
comparable to commonly used intraocular lens implants . 
Unlike photochromic intraocular lenses that filter out lN and 
blue lights by absorbing them, 34 .35 the artificial iris we 
developed filters and uses lN lights to activate the photo­
response materials to dynamically modulate the incident light 
intensity. In addition to providing enhanced optical properties , 
it demonstr&ted biocompatibility in vitro despite potential 
toxicity from Photopia alone. Follow-up testing using 13C NMR 
served to identify structural characteristics of Photopia 
including ones that may lead to toxicity in solution as well as 
established that the PDMS coating in the artificial iris prevents 
leaching. Future work on artificial iris implantation in the 
mbbit eye would be necessary to confirm these findings in 
vivo. Although the fi nal design of the artificial iris will be 
optimized based on preclinical animal model studies, we have 
successfully engineered a photo-responsive and biocompatible 
artificial iris implant w ith dynamic light-attenuation properties 
that may provide a new treatment option for patients with 
congenital or tmuma-induced iris defects . 
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