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An electro-osmosis (EOS) diode pumping platform capable of culturing cells in flu-
idic cellular micro-environments particularly at low volume flow rates has been
developed. Diode pumps have been shown to be a viable alternative to mechani-
cally driven pumps. Typically electrokinetic micro-pumps were limited to low-
concentration solutions (<10mM). In our approach, surface mount diodes were
embedded along the sidewalls of a microchannel to rectify externally applied alter-
nating current into pulsed direct current power across the diodes in order to gener-
ate EOS flows. This approach has for the first time generated flows at ultra-low
flow rates (from 2.0nl/s to 12.3nl/s) in aqueous solutions with concentrations
greater than 100 mM. The range of flow was generated by changing the electric
field strength applied to the diodes from 0.5 Vpp/cm to 10 Vpp/cm. Embedding an
additional diode on the upper surface of the enclosed microchannel increased flow
rates further. We characterized the diode pump-driven fluidics in terms of inten-
sities and frequencies of electric inputs, pH values of solutions, and solution types.
As part of this study, we found that the growth of A549 human lung cancer cells
was positively affected in the microfluidic diode pumping system. Though the
chemical reaction compromised the fluidic control overtime, the system could be
maintained fully functional over a long time if the solution was changed every
hour. In conclusion, the advantage of miniature size and ability to accurately con-
trol fluids at ultra-low volume flow rates can make this diode pumping system
attractive to lab-on-a-chip applications and biomedical engineering in vitro studies.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892894]

1. INTRODUCTION

In the human body, bio-physiological mechanical stimulants, such as shear forces from
blood flow, influence the physiology of cells. As such, in vivo testing is often preferred over
in vitro experiments (i.e., a controlled environment within a Petri-dish or test tube). However,
in vivo testing is more expensive, inherently more variable, and requires federal approval to
mitigate harm to test subjects. Therefore, in vitro models have various advantages in biomedical
research areas. It is easier and/or safer for in vitro models to control parameters and observe
results than that in vivo, especially when employing potentially hazardous or untried protocols.
However, one inherent deficiency for static in vitro models using culture dish/plate is the poten-
tial to oversimplify the complex and dynamic fluidic nature of in vivo environments.'* The
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lack of fluid flow conditions in the in vitro culturing methods may compromise the results.
Specifically, non-uniform distribution of molecules in a static in vitro model may result in local
deviation of results and potentially increase unnecessary cell movement to the most abundant
source of nutrients.” In addition, fluid flow shears can significantly regulate the metabolism of
certain types of cells, such as endothelial and smooth muscle cells in blood vessels,‘"5 fibro-
blasts in muscles,”’ bone cells,*’ and chondrocytes in articular cartilages.'®'" Subsequently,
fluidic flow conditions are favorable for these types of cells to live in vivo. There are an
increasing number of studies that employ dynamic flow environments for in vitro models for
bio-related research, such as DNA sequencing, and cell manipulation and sorting.'*™'*

Fluid driving/pumping systems are the essential part for bio-microfluidic devices to control
precise and stable fluid flows. A number of technologies were developed based on different
mechanisms—piezoelectric,15 pneumatic,16 peristaltic,17 centrifugal,18 electrostatic,19 ultra-
sonic,”® and magneto-hydrodynamic effects.”’ Mechanically driven pumps require relatively
large hardware devices and equipment.”? These pumps are limited for lab-on-a-chip applica-
tions. In addition, the scale limitation also makes it challenging to control flows at ultra-low
volume flow rates.

Diode pumping technology, based on electro-osmosis (EOS), has shown promise to over-
come the pumping issues described.”” Electro-osmosis flows (EOFs) can be generated using ei-
ther an alternating current (AC) or direct current (DC). DC electro-osmosis (DCEO) can be
applied to create single-direction flows through the electric potential. In microfluidic channels,
DCEO systems are well-suited to control pulse, continuous or other types of flows. However,
DCEO may change the chemical composition of electrolyte solutions via electrolysis and make
it difficult to control the flow, which indicates that the DCEO system is not suitable for bio-
medical microfluidics due to the presence of nutrition and metabolic products.>* In contrast, an
AC electro-osmosis (ACEO) micro-pump that uses asymmetrical electrode configurations has
been proven to minimize electrolysis.”> However, the issues of complex fabrication of thin film
electrodes or the imprecise control of steady flows has not been addressed in ACEO
pumps.’** Recently, a surface mount diode (SMD) in microfluidic pumping and mixing sys-
tems was proposed to rectify AC to DC to easily control the flow types without complicated
fabrication.”” The mechanism of SMD pumping is that the SMD rectifies AC to DC to make
the AC signal dissymmetric, which generates the DCEO by DC-bias on the SMD surface. The
localized DC EOF on the diode surface generates the pressure gradient across the diode. This
pressure gradient eventually pumps the fluids through the other sections of the microchannel.
However, it was unknown whether this pumping approach could be employed for cell culture
applications, where saline concentrations can be relatively high (>10mM) in the culture me-
dium.*® Therefore, this study aimed to design a diode pumping system to generate steady flows
with ultra-low flow rates in high-concentration (100 mM) saline solutions of potassium chloride
(KCI) or sodium chloride (NaCl). Both experimental study and computational fluid dynamics
(CFD) were employed to characterize fluidics generated by diode pumping. Another objective
was to identify the biocompatibility of our diode pumping system compared to a traditional sy-
ringe pump.

Il. METHODS AND EXPERIMENTS
A. Design and fabrication of a diode pumping culture platform

The schematic of the diode pumping culture platform is in Figure 1(a).
Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, MI) microfluidic channels with
800 um (W) x 650 um (H) cross-section were first fabricated on a 75 mm X 25 mm slide glass
substrate using photolithography.'®?' The overall dimensions of the microchannel are 70 mm
(L) x 20mm (W). The radius of the turning section is 10 mm. The distance between the electro-
des is 10mm (see Fig. 1(a)). Inlet and outlet are on both sides of the microchannel for input-
ting/outputting fluids, changing medium, and inoculating cells. SMDs (1N4448HWTDICT-ND,
SOD-523, Digi-Key, MN) were embedded along the channel between two 21-gauge needles
that function as electrodes (note that the distance between the electrodes was 10mm for all
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FIG. 1. Schematic of an AC diode pumping culture platform and corresponding photographs. Two-diode (a) and three-
diode pumps (b) were shown. Scale bar = 10 mm.

experiments expect the cell culturing experiment with 8 mm separation). Two configurations of
the diode pumping system were fabricated (Figures 1(a) and 1(b)). For the two-diode configura-
tion, two SMDs were embedded along the two PDMS sidewalls; whereas for the three-diode
version, one additional diode was embedded in parallel on the upper surface of the enclosed
microchannel to increase the flow rate. Note that the electric signals were directly applied on
the diodes via the electrolyte in the microchannel. Therefore, no additional electrical connec-
tions are needed because the leads of the diodes physically contact the working fluid (electro-
lyte). To ensure the generated electro-osmosis is on the diode surface only, the micro-channel
height is limited by the height of the SMD (700 um).

For long-duration real-time microscopic observation of culturing cells in this pumping sys-
tem, a customized miniature incubator was designed and fabricated to maintain the culturing
environment of 37 °C with 5% CO, and high humidity. Acrylic was used as the incubator walls
(200mm x 180mm x 40 mm) with inlets for CO, and air. A gas flow meter (GD Glass Tube
Flowmeters, Key instruments, PA) and a CO, sensor (K-33, CO2 Meter, FL) were used to
maintain proper CO, concentration. The temperature was regulated using a thermal control
stage (TCS-100, AmScope, CA) and calibrated using an infrared thermometer (IRT0424,
Kintrex, VA). A square (80 mm x 25 mm) reservoir filled with 2ml water was installed on a
temperature control stage to maintain humidity. This integrated system coupling the proposed
culturing platform with live-cell imaging was effectively used for assessing cellular biophysical
changes under fluid conditions.*~°

B. Characterization of diode pump-driven microfluidics

Characterization of the diode pump flow was performed by tracking fluorescent particles.
The seeding particles were 250 nm-radius fluorescent carboxylate-modified particles with excita-
tion wavelength of 505nm and emission wavelength of 515nm (Molecular Probes,
Lifetechnologies, NY). The particle loading was 0.002 wt. %, evenly stirred in 100mM sodium
chloride or potassium chloride solutions. The pH was adjusted to 7.2 with NaOH and HCI solu-
tions, which is close to cell culture media, e.g., Dulbecco’s Modified Eagle Medium (DMEM).I‘30
Two sections of the microchannel—the diode pumping area and the opposite cell culturing
area—were monitored by the imaging system to track the movement of the fluorescent particles
and to observe cell growth, respectively, (Figure 1(a)). The imaging system included a Nikon
Eclipse T1 inverted microscope with a 10x objective lens, a light source (X-Cite® 120, Lumen
Dynamics, Canada), a Nikon ET-GFP filter cube (EX 450/490, DM 495, EM 500/550), an
electron-multiplying CCD camera (QuantEM 512SC, Photometrics, AZ) and Nikon NIS-elements
software. Due to the fact that the temperature gradient can affect the fluid flow, infrared thermog-
raphy (Mikrospec) with a resolution of 0.1 °C/pixel was used to monitor temperature distribution
for 1 h while the diode pumps were operated at 10 Vpp/cm with 1kHz in the microchannel. The
temperature remained at 25.1 = 0.1 °C across and along the entire microchannel during the tests.

Sine wave AC signals were generated using a function generator (Model 33120 A, Agilent
Technologies, CO) and a high voltage amplifier (Model 2340, TEGAM, OH) via needle electro-
des. DC bias was eliminated and the signal was kept symmetric in order to avoid DC EOS.
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Before measuring the flow fields, enough time was given to prevent external fluctuations, which
were identified by examining the Brownian motions of the fluorescent nanoparticles. Videos
were taken near the diode and on the main stream part of the microchannel to observe the local
and global flow patterns, respectively. Images were taken at 14.79 frames per second with an
exposure time of 60ms and the average interval time of about 7ms. Velocity fields and flow
rates were calculated based on a particle tracking velocimetry (PTV) method using Imagel
(National Institute of Health), as the experimental frequency and voltage, i.e., potential, were
controlled from 0.1 Hz to 1 MHz and 0.5 Vpp/cm to 10 Vpp/cm, respectively. Transient time
was measured when the flows reached a steady state, in which flows were fully developed flow,
i.e., a constant flow condition was observed in the opposite side of the diode section, called the
“cell culturing optical observing section.”

C. In vitro culturing A459 cells in the diode pumping platform

In order to identify the biocompatibility of the diode pump platform and the effects of
EOF on cell growth, three groups of A549 lung cancer cells were inoculated into a culture dish
and two PDMS micro-channels undergoing either syringe pump-driven (~28nl/s) or diode
pump-driven fluid flows. These three groups are, respectively, the negative (static condition)
and positive control groups and the experimental group. A549 cells were cultured in DMEM
(Fisher Scientific, MA) complemented with 10% FCS (Thermal Scientific, MA) and 1% penicil-
lin streptomycin (Lifetechnologies, NY) until sufficient cells were available. The cells were cul-
tured in our customized microscopic incubator and observed for 34 h using phase contrast mi-
croscopy (PCM). Briefly, the microchannel was autoclaved at 120 °C for 30 min before A549
cells were inoculated at a concentration of 10° cells/ml. The cells were cultured in the micro-
channel for approximately 6 h without flows, followed by replacing the medium prior to apply-
ing flows. An AC potential of 12.5 Vpp/cm (10 Vpp in 8 mm between two electrodes) with
10kHz was applied to the two electrodes to activate the diodes.

lll. RESULTS AND DISCUSSION

A. Fluidic characterization of diode pump-driven flows using high-concentration saline
solutions

It was found that the flow rate, transient time and flow direction could be controlled by
applying specific AC signals with various amplitudes (Figure 2(a)) and frequencies (Figure
2(b)) on the electrodes. Average flow rates monotonically increased with respect to applied
electric field when higher than 0.5 Vpp/cm through 10 Vpp/cm, while the flow rates were
approximately 2 nl/s when the electric field applied was lower than 1 Vpp/cm (Figure 2(a)). The
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FIG. 2. Experimental characterization of fluidics. (a) In a 100 mM NaCl solution, flow rates and transient time (subset
graph) increased and decreased, respectively, as electric field intensity increased up to 20 Vpp/cm (data above 10 Vpp/cm
not shown because electrolysis occurred and bubbles blocked the channel). Operating frequency was 1 kHz. (b) Flow rates
and directions changed at different operating frequencies for three solutions: sodium chlorine, potassium chlorine, and
DMEM. The electric field of 10 Vpp/cm was applied for this experiment.
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transient time needed to fully develop the steady flows decreased as the applied voltages
increased (subset of Figure 2(a)) from 417 s at 0.5 Vpp/cm to 132 s at 10 Vpp/cm for the two-
diode configuration. This range of transient time is negligible compared to the application dura-
tion of fluid flows for culturing cells (more than 4 h), so our diode pumps can apply steady
flows to stimulate cells. The trend of the change of transient time for three diodes was the
same and the duration was shorter (data not shown).

In the three-diode approach, the additional diode was found to be able to highly increase
the flow rates especially at high voltages. For example, three diodes generated approximately
53.35nl/s at 10 Vpp/cm, whereas 12.28 nl/s for two diodes at the same field intensity. This sug-
gests that increased SMD surface area leads to larger EOF. These results also indicate that the
AC diode pumping system can accurately control fluid flows at ultra-low flow rates. In our
analysis, two possible factors of wall roughness and wall charge capacitance were neglected
since they are relatively small in EOF. According to the Helmholtz-Smoluchowski equation,®® a
strong electric field can generally increase fluid flow rate. However, the high saline concentra-
tions in the cell culture medium are out of range for a traditional AC EOS microfluidic sys-
tem.?**’ The electric double layer gets thinner, as the salt concentration of solution is higher.*
In the thinner double layer, the relatively low voltage can generate ultra-low flow rate.

Particle tracking velocimetry (Figure 3(a)) (multimedia view) reveals circulation of nano-
particles near the diodes, indicative of EOS phenomena. In contrast, flow downstream from the
diode pumping section was steady and one dimensional (Figure 3(b), multimedia view). A
quick flow response was observed that it immediately stopped at the last moment of the movie
(Figure 3(b)) by turning off the input power. It demonstrates the accurate flow control.

DMEM culture medium used to culture A549 cells contains many kinds of ions that have
different chemical properties and electronegativity (or electropositivity).>’ Due to this character-
istic, the operating frequency, i.e., the frequency of AC field applied on the electrodes, and the
corresponding flow rates for the DMEM medium should be influenced by ions’ charging and
releasing mechanisms.®® Our results were consistent with this theory and suggested the operat-
ing frequency should be high enough to control the flow in a designed direction. Specifically,
Figure 2(b) illustrates that flow rates vary with different frequencies for three different solu-
tions, 100 mM potassium chloride (KCl), 100 mM sodium chloride (NaCl), or DMEM culture
medium. The flow turnover frequency, that is, the frequency at which the direction of flow

(a) (b)

FIG. 3. First snapshots from the videos showing movement of fluorescent nanoparticles driven by diode pumps in 100 mM
NaCl saline. An AC with Vpp =25V was applied at a frequency of 1 kHz. Local vortexes occurred near the diode, where
the EOF clearly moved toward left near the surface of the diode (a). The downstream flow exhibited a lamina flow pattern
(b). The arrows in (a) and (b) indicate the flow direction. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4892894.1]
[URL: http://dx.doi.org/10.1063/1.4892894.2].
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changes—was observed to be at 1 Hz and 42 Hz for KCI and NaCl, respectively, and 30 Hz for
the DMEM medium. It is reasonable that the operating frequency trend of DMEM is similar to
that of 100 mM NaCl since NaCl is the dominant component in the DMEM medium.*

Preliminary experiments performed using this system confirm that the duty cycle can con-
trol the flow direction and create pulsatile flows.>® However, duty-cycles should be maintained
at 50%, keeping the signals of the entire channel in AC mode to prevent unwanted electrolysis
in the culture medium. Additionally a frequency of more than 1 kHz can be employed to avoid
biological effects that occur at low frequencies.***!

The diode pumps can be applied to saline solutions more than 100 mM, while traditional
planar electrodes to generate AC EOS flows are limited to liquid solutions with less than
10mM of salt. Bazant er al.** proposed a relationship for the electrolyte dependence of the
AC-EOF. Using Poisson-Boltzmann theory, a dilute solution of point-like ions in thermal equi-
librium in the mean potential suggested a maximum concentration (10 mM), which limits a
diffuse-lay voltage. In the dilute solution, the thermal voltage is about 25 mV, which was signif-
icantly smaller than typical voltages applied to the double layer in AC-EOS.* In the diode-
pumping system, application of this small voltage was sufficient to generate EOF and ultra-low
flow rates.

The shape of the AC signal is significant and the sine wave is favorable for a diode pump.
Owing to the inherent characteristics of the diode to rectify AC signals into pulsed DC signals,
the applied voltage was reduced to half. In general, voltage overshoot can create an asymmetric
and unpredictable DC current that may generate electro-chemical reactions.** Square wave volt-
age signals exhibited these overshoot voltages (results not shown), while sine waves did not.
Although the flow rates generated by a sine wave were slightly lower than those by a square
wave at the same voltage input, because the root mean square voltage (V) of the sine wave
is % times lower than the square wave, the sine wave generates a more consistent flow than
does the square wave.

Surface charge plays a significant role in determining the direction of EOS flows. The
charge interactions within the Debye length were accounted for from the diode surface (acrylo-
nitrile-butadiene-styrene, ABS) and the glass substrate, whereas the plasma-treated PDMS chan-
nel walls are free of charge.*> Even though negative surface charges on the glass substrate and
the diode ABS surfaces are known to be weakly conducting,**>*" positive charges in the elec-
trolyte (KCl, NaCl, or culture medium) will be attracted to the negatively charged surface,
resulting in negative charges moving toward the positive tip of the diode, i.e., the direction of
EOS flow.

Ferry et al. proposed the frequency dependence of the capacity of a diffuse double layer.*®
At low frequencies, the ions are fully polarized and generate maximum driving forces. At a low
frequency condition giving more charging time to ions, electrophoresis is more dominant, which
is not favorable due to chemical reactions by polarized ions than EOS created by the diode
pump. With more complex media, the ionic polarization became more complicit and even more
difficult to control. Thus it is better to avoid low frequencies (100 Hz or lower when 10 Vpp/cm
was applied) for the cell culture platform application.

B. CFD simulation of diode pump-driven fluidics

In addition to experimental characterization, one DCEO simulation was performed using
the CFD code CFD ACE + CFD simulation of DC-EOS illustrates the fluidic profile (when
pH=7.3) near the diode pumping region (Figure 4(a)). Electro-osmotic flow refers to the bulk
motion of an aqueous solution past a stationary solid surface because of an externally applied
electric field. It requires the presence of a charged double-layer at a solid-liquid interface. For
the simulation, the fluid is assumed Newtonian, incompressible, and dilute. Another assumption
is that the double layer is very thin and subsequently layer relaxation and distortion can be
ignored, indicating that ion convection effects are neglected. The Navier-Stokes equations
including the body force and the continuity equation were used for simulation as follows:
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FIG. 4. Fluidic simulation for two diodes by CFD ACE+. (a) Fluidic characteristics in the diode pumping section
(pH =7.3) and (b) pressure distribution along the channel (total length of the loop of channel is 0.1 m, starting from pump-
ing section) at different pH values. Note that the length of overall channel for CFD was 0.1 m, not 0.16 m as used for exper-
imental setting.

p(V - V)WV = —VP + uV?V + ex’cV o,
vV-V=0,

where ¢ means the zeta potential (+60mV, +25mV, and —80mV for pH=5.0, 6.0, and 7.3,
respectively) and ¢ indicates the externally imposed electric potential (10 V). Also, x is the
inverse of Debye thickness which was kept constant at 1 x 10’ m and ¢ is the permittivity. The
related electrical conductivity is 5.5E-6 (S/m) and the relative permittivity is 78.5. As shown in
Fig. 4(a), the two-dimensional channel was adopted for the current simulation and the computa-
tional grid system was constructed by using ICEM-CFD commercial code. For a grid having
45,135 elements determined from the preliminary tests, the solution was found to be grid-
independent. The top and bottom surfaces were treated as the no-slip condition and especially
on the diode surfaces, the body force related to the electro-osmotic flow was included by using
the values of the electric potential, the zeta potential, and relative permittivity. In addition, the
pressure boundary conditions are applied at the both ends of the diodes. The governing equa-
tions were solved with the SIMPLE algorithm for pressure-velocity coupling. Using the com-
puter with two nodes (2.26 GHz and 4GB memory), the convergence time is about 10 min and
the tolerance was taken 0.0001 for all residuals of mass and linear momentum.

Two vortices were observed and a pressure drop is generated. Simulations also demon-
strated a variation in pressure gradient along the entire channel for different pH values (Figure
4(b)), which can result in change of the flow rates pumped by the diodes.”” The direction of cir-
culating flows along the close-loop microchannel was found to be the same as that of the local
EOS flows near the diode surfaces (from the anode to the cathode, that is the same direction
seen in the experiment) when pH values were lower than 7. In contrast, in a solution with the
higher pH, the flow direction was reversed due to the recharging of the diode’s surface.

There are counter electro-osmotic pressure gradients across the diode’s electrodes because
the localized EOF occurs only on the surface of the embedded diodes. Pressure difference
depends on pH values, and a linear decrease in static pressure was observed along the flow
direction in the rest of the channel (Figure 4(b)). In fact, pressure difference increased with the
increase in electrical potentials and viscous forces. Initially stationary fluids begin to move
along the diode surfaces due to EOS ionic fluxes. Because of various mean shear rates gener-
ated by the diodes away from the diode surfaces, opposing circulation zones are formed.
Existence of mean shear rate indicates momentum deficit. For instance as seen in Figure 4(a),
the fluid flows (for the pH = 7.3 case) were generated in the positive direction near the surfaces
and then mixed with each other in the middle of the channel between two diodes.

In Figure 4(a), a circulating flow region, similar to a closed body shape (like a Rankine
oval for potential flows), was observed. Under ideal conditions such as potential flows, two
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identical vortices with opposite directions are not able to create the main stream along the chan-
nel because, ideally, angular momentum and circulation are conserved. For viscous flows, how-
ever, the momentum deficit due to the viscous effect substantially changed the static pressure
fields, which eventually generated main stream flows in the closed loop channel. Therefore, it
can be concluded that (1) the present flow is initially characterized by shear-driven flows and
shows transient phenomena, (2) as the flows reach steady state, the vortex flows are generated
in the diode pumping region and the momentum deficit due to viscosity makes the change of
static pressure in the downstream direction, and (3) the pressure-driven flows are generated
under the steady-state condition along the closed-loop channel.

C. Stability of EOS by diode pumps

The durability of the diode pumping system was also tested in the DMEM medium. The
diode pump operated reliably for more than 40 h. The voltage potential between the ends of the
diodes was found to decrease from 4.5 Vpp to 1.2 Vpp in DMEM medium when a constant
voltage input of 5 Vpp/cm was applied. The diode potential was partially but almost fully
recovered after replacing the medium as shown in Figure 5(a). When the medium was changed
every hour a relatively constant potential could be maintained (Figure 5(b)). This latter observa-
tion demonstrates the feasibility of the diode pumping system as a long duration in vitro cell
culture platform. Cell culture medium consists of complex chemical components. The long-
term application using the external field with even smaller voltage would induce the deposition
of chemicals on the electrodes, which increased the resistance. Therefore, the increased resist-
ance caused the voltage drop of working voltage potential. An unknown coating was observed
on the diodes by using an optical microscopy after the experiment (data not shown). Therefore,
replacing with the fresh medium can help the system recover the potential (seen in Fig. 5(a))
and cyclic medium replacement keeps the diode potential almost constant (seen in Fig. 5(b)).

D. Effects of diode pump-driven flows on cells

By culturing A549 cells in the diode pumping platform, it was observed that the diode
pump could positively affect cell growth in a similar manner to a syringe pump platform. The
cells grew morphologically better in dynamic fluidic environments of diode pumping and sy-
ringe pumping systems and were morphologically similar to those in the syringe pumping setup
(Figures 6(b) and 6(c)). Cells in both cases adhered more tightly to each other than those in the
conventional culture dish (Figure 6(a)). Note that if an AC electric field of 12.5 Vpp/cm with
maximum peak voltage of 10V is applied to activate a pair of diodes in a channel with a total
length of 16cm, the current in the medium in the channel was calculated approximately as
0.1 uA by using Ohm’s law. The resulting resistance was calculated as 95.8 MQ, by knowing
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FIG. 5. Time-dependent voltage changes in DMEM medium during diode pumping. Voltages measured between the ends
of the diode decreased over time and return back after changing medium at 40 h, where 5 Vpp/cm was applied (a). Real
time monitoring voltages were kept constant for fixed applied electric field as long as the DMEM medium was replaced
every hour (b).
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FIG. 6. Time lapse PCM images of A549 cells grown in a culture dish (a) and in PDMS micro-channels with syringe
pumping (b) or diode pumping (c). Images were selected from 4 h (top row) or 18 h (bottom row). Scale bar =75 pum.

the medium conductivity, the cross sectional area of the microchannel and the entire length of
microchannel. This current is considerably below the amperage that causes cellular disrup-
tion.*”” This result also demonstrates that the localized EOS near the diodes caused no adverse
effects on the cell.

Traditional pumping systems, albeit popular, are not particularly accurate and require bulky
equipment compared to the diode pumping system demonstrated here. The diode pump can pre-
cisely generate ultra-low volume flow rates that may be required to culture specific adherent
cells.”® Continuous and pulsatile flows, which more accurately represent the natural and
dynamic flow of the cardiovascular system, can also be regulated using this system, by control-
ling the time delay. This diode pumping system can also be significant for studies focusing on
the effects of ultra-low flows in the field of cartilage tissue engineering.”! Compared to the
flow rate range our pump can reach, commercial peristaltic pumps employed in the literature
still generate too high flow rates (~1 ul/min).”' While the cost of a micro-fabricated device will
be higher than a Petri dish used in traditional cell-culturing systems, the overall cost of employ-
ing our system can be lower due to system miniaturization, low power consumption, and reduc-
tion in medium consumption. Moreover, this pumping system can be integrated with an auto-
mated microscopy incubator due to its small size.

Not only does this novel microfluidic culture platform better mimic in vivo flow conditions,
media recirculation economizes culture media and treatment compounds > while significantly
reducing cost. Additionally, when a multimodality imaging system>>>* is coupled with the cul-
ture platform, data can be collected on morphological cell changes under dynamic conditions/
treatments. The microfluidic cell culture system holds great promise for the creation of
advanced cell culture models, as it will facilitate control of the spatial distribution and temporal
response of cells and biomolecules.

IV. SUMMARY AND FUTURE PERSPECTIVES

A cell culture platform that utilizes a diode pumping system to induce dynamic fluid flows
was developed. We, for the first time, employed diodes to generate flows in saline solutions
and culturing medium whose concentrations were greater than 100mM. The intensity, fre-
quency, and wave shape of electric input have been tested and optimized. The ultra-low flow
rates were as small as 2~ 12nl/s that cannot be generated by hydrodynamic syringe pumps.
We also demonstrated the biocompatibility of this system compared to a commercial syringe
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pump. Due to the small size, the diode pumping system could be integrated with a microscopy
incubator, which suggests its potential for lab-on-a-chip applications and real time monitoring
advantages. Though by changing the medium every hour, this system can be used for a long
term, further study is needed to address the effects of chemical reaction in culture medium in
order to reduce human labor.
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