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Abstract

Microfluidic gradient generators have largely benefitted high-throughput analysis of cellular responses, but are required to
more precisely control culture parameters such as flow-induced shear stress. Here, a novel pump-free microfluidic gradient
generator was proposed to generate a shear-free microenvironment for long-term cell culture and adaptive cytoprotection
analysis. The microfluidic microchip was designed with a tunable network to generate pre-defined biochemical gradients.
This device employed a static pressure to drive the flow at a low flow rate of 0.2 nL s~!, which further benefited long-term
cell culturing and stimulation by providing a shear-free (7.1 x 10~ Pa) microenvironment. With the merits of pump free and
shear free, this device was further used for the application used to analyze the adaptive cytoprotection behaviors of cells in
response to reactive oxygen species. Our study showed that pretreatment of a sublethal dose of hydrogen peroxide signifi-
cantly enhanced the tolerance of NIH 3T3 cells to lethal dose oxidative stress. Conclusively, the results confirmed that our
novel microfluidic device was a highly efficient way to analyze adaptive cytoprotection behaviors of cells with advantages
of high throughput, flexibility, stability, portable and low sample consumption, by providing shear-free and biochemistry
well-defined cell microenvironments even without the requirement of external setups.
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1 Introduction

Microfluidic systems have been widely used in many areas
including cell culturing, bio-detection and single-cell analy-
sis (Morel et al. 2012; Li et al. 2015; Li et al. 2013; Li et al.
2014). A controlling microenvironment for cells is essen-
tial for understanding the complex dose-dependent effects
that biochemicals have on cell growth, regeneration, and
differentiation (Mehling and Tay 2014; Sackmann et al.
2014; Young and Beebe 2010). For the interest in illumi-
nating these phenomena, first-generation biomolecule gra-
dient platforms were developed including chambers and gel
matrices based on the diffusion of the molecules (Boyden
1962; Brown 1982; Keller et al. 1977; Wilkinson and Lackie
1983; Zicha et al. 1991). However, these techniques have
drawbacks in the spatiotemporal control and lack of quan-
titative characterization of these systems. To address this
issue, serial dilution microfluidic devices were fully devel-
oped, which exploited the unique mass transfer phenomena
presented at the microscale to precisely generate chemical
gradients with pre-defined profiles and functions (Cimetta
et al. 2010; Hosokawa et al. 2011; Selimovic et al. 2011).
However, these techniques suffered for cell culture from the
hydrodynamic shear stresses, which potentially damaged the
cells. More recently, several types of microfluidic devices
have emerged to address the limitations of the shear stress
problem. Devices with high-resistance microchannels have
been proposed with a significantly reduced shear stress
without compromising the stability of the gradients (Aten-
cia et al. 2009; Keenan et al. 2006; Li et al. 2007; Shamloo
et al. 2008). Another type of device employed hydrogels
(Morel et al. 2012; Abhyankar et al. 2008; Xu et al. 2013) or
functionalized porous membranes (Abhyankar et al. 2006;
Cate et al. 2010; de Jong et al. 2006; Kim et al. 2009) to
separate the cultured cells and fluids, which provided cells
a shear-free microenvironment (with cells on the other side
of the membrane or hydrogel). However, the complex fab-
rication process impeded their widespread use. Thus, there
is an urgent need for a technique that could generate stable
shear-free biochemical gradients with easy operation and
fabrication.

Herein, we presented a pump-free microfluidic gradient
generator to provide a shear-free gradient microenviron-
ment for long-term cell culture and stimulation. The dilution
radio of two stock solutions in this device was pre-defined
according to the ratio of the lengths of the two distribution
channels regardless of the flow rate and driven pressure. This
design highly increased the stability of the formed gradients,
especially under low flow rates though eliminating errors
in solution injection. To minimize the shear force, a static
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pressure was employed to drive the flow instead of conven-
tional pumps and syringes. This design, without requirements
of a syringe or pump, not only simplified the external setups
but also eliminated the equipment errors. Due to the low flow
rate, our device also largely reduced sample consumption as
compared to the conventional microfluidic devices. More
importantly, our device generated shear-free cell microenvi-
ronments with well-defined biochemistry for long-term cell
culturing and stimulation. Both computational fluid dynam-
ics (CFD) simulation and flow visualization experiment were
carried out to validate the generated gradients. The flow rate
of the individual microchannel was measured using the parti-
cle image velocimetry (PIV) method to be 0.2 nL s~'. Shear
stress was calculated to be 7.1 x 1077 Pa, which confirmed the
cell-friendly shear-free microenvironment. To further validate,
5 days’ culturing of NIH 3T3 cells only consumed ~700 pL
medium, while maintaining high cell viability.

Free radicals known as reactive oxygen species (ROS)
randomly damage cellular constituents, including lipids, pro-
teins, and DNA, which further influence a variety of disorders,
diseases, cancer, and aging (Lee and Um 1999). One of the
promising strategies to prevent damage is to induce adaptive
cytoprotection of cells through presenting a physiologic non-
toxic oxidative stimulant (Chen et al. 2005; de Almeida et al.
2008; Jang and Surh 2001; Sayin et al. 2012; Seo et al. 2004).
To our knowledge, no report has been found on the use of
a microfluidic chip for achieving a high-throughput adaptive
cytoprotection analysis. Here, the pump-free microfluidic gra-
dient generator was further used for application to adaptive
cytoprotection analysis. After the cells were fully attached
on the cell culture chamber, hydrogen peroxide solutions of
various concentrations were generated automatically for the
pretreatments. After precondition, cells were further chal-
lenged by a high dose of lethal hydrogen peroxide. Annexin-
V/propidium iodide (PI) assay was performed to quantify cell
apoptosis. Results indicated that the pretreatment of a low
dose of hydrogen peroxide significantly protected NIH 3T3
cells against the cytotoxicity of a high dose of lethal hydro-
gen peroxide. Conclusively, this novel pump-free microfluidic
gradient device generated a shear-free microenvironment with
on-demand gradients, which provided a new strategy for high-
throughput single-cell analysis including adaptive cytoprotec-
tion analysis.
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2 Experiments
2.1 Design principle

The proposed gradient generator was based on the adjust-
ment of volumetric flow rates of two liquids to get the pre-
defined dilution ratio. A theory we established previously was
employed to calculate the volumetric flow rates of two liquids
at the two distribution channels (Table 1).

The equation for the design principle was carried out from
the Hagen—Poiseuille equation. The equation we presented
below shows the relationship that the expected concentration
can be calculated from the ratio of the lengths of two distribu-
tion channels:

0, xC,+0,xC, L, xCy+L,xC,
Qa+Qb Ld+Lb

where Ceypecieq represents the expected concentration; C, and
C,, represent the concentration of two stock solutions a and b
respectively; L, and L, represent the lengths of the bifurcated
channels for stock solution a and b, respectively; Q, and Qy
the volumetric flow rates of laminar flows of two stock solu-
tions a and b, respectively.

C

expected =

. (D

2.2 Materials and reagents

Chemicals such as CaCl,, NaOH, HEPES, NaCl, p-glucose,
KH,PO,, MgCl,, K,HPO,, HCI, H,0,, KCI, and fluorescein
were purchased from Sinopharm Chemical Reagent (Shang-
hai, China). 488 Annexin-V/Dead Cell Apoptosis Kit with 488
Annexin-V and PI was purchased from Alexa Fluor (Carls-
bad, CA). Tyrode’s solution was prepared freshly as the buffer
solution containing CaCl,, 1.3 mM; MgCl,, 1 mM; p-glucose,
10 mM; NaCl, 137 mM; KCl, 5.4 mM; and HEPES, 10 mM
(pH 7.2), which was filtered through a 0.22 pm porous mem-
brane for sterilization. Fluorescein was prepared in the buffer
solution at a final concentration of 20 pM for flow visuali-
zation experiments. Annexin-V was prepared in the Tyrode’s
solution at a final concentration of 15 pL. mL~! and PI was
prepared in the buffer solution at a concentration of 5 pg mL ™.

2.3 Cell culture
NIH 3T3 cells were cultured using culture flasks (BD Fal-

con) containing 5 mL Dulbecco’s Modified Eagle Medium
(DMEM) medium with 10% (v/v) fetal bovine serum. Cells

were cultured (5% CO,, 90% humidified) at 37 °C using an
incubator (Innova-Co 170; New Brunswick Scientific, UK)
before use. To maintain cells in the exponential growth phase,
NIH 3T3 cells were subcultured at a ratio of 1:3 every 3 days.
A 3 min treatment of 0.25% (w/v) Trypsin—-EDTA solution
(Gibco) was performed to detach cells from the flask for
harvest.

2.4 Microfabrication

The mold was fabricated with SU-8 1070 (Gersteltec Sarl,
Switzerland) on a silicon wafer n type < 100> using the stand-
ard soft-lithography technique. The polydimethylsiloxane
(PDMS) layer was fabricated by rapid prototyping accord-
ing to the SU-8 mold using a PDMS mixture of monomer
and curing agent (Sylgard 184, Dow Corning, USA) with a
ratio of 10:1 (wt/wt). After the PDMS layer was peeled off
the mold, the inlets were fabricated using a hole puncher. The
PDMS layer, glass slide and reservoir ports were then irrevers-
ibly bonded together after the treatment of oxygen plasma to
assemble the final chip (shown in Fig. 1a). The height of the
channels was designed to be 25 microns. The width of all the
channels for mixing and distributing liquids was designed to
be 200 microns, while the width of the cell culturing chamber
was 5.85 mm to allow enough space for long-term cell growth.

2.5 Operation procedures

No syringe or pump was employed for this passive microflu-
idic gradient generator. Prior to each use, two stock solutions
should be added to the reservoir ports and the liquid levels of
stock solutions should be carefully adjusted so that they are
equal. Liquids would flow into the channels under the static
stress, and further be merged to generate gradients according
to the ratio of the lengths of the distribution channels (shown
in Fig. 1b).

2.6 Optical imaging system and the measurement
of fluorescence

An inverted fluorescence microscope (IX71, Olympus, Japan)
with a charge-coupled device (CCD) camera (Evolve 512,
photometrics, USA) was employed for our experiments. A
10x objective lens (N.A. 0.3) with a filter cube of U-MWIB2
(460—490 nm band-pass filter, 505 nm diachronic mirror,
510 nm high-pass filter, Olympus, Japan) was used to monitor
the flow visualization experiments. The cubes of U-MWG2

Table 1 The length of the
distribution channels with the

linear concentration design

Channels 1 2 3 4 5 6 7 8
Channel of 0% stock solution 840 (pm) 5880 2940 1960 1470 1176~ 980 0
Channel of 100% stock solution 0 980 1176 1470 1960 2940 5880 840
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Fig. 1 Schematics of the
pump-free microfluidic gradient
generator assembly (a) and sec-
tion view (b)

(510-550 nm band-pass filter, 570 nm diachronic mirror,
590 nm high-pass filter, Olympus, Japan) and U-MWIB2
(460—490 nm band-pass filter, 505 nm diachronic mirror,
510 nm high-pass filter, Olympus, Japan) were used for the
apoptosis assay using Annexin-V and PIL.

2.7 CFD simulation

To evaluate the structure of the pump-free microfluidic gra-
dient generator, numerical simulation was carried out using
comsol. A finite volume model was employed to validate the
dilution efficiency. The adopted simulation procedure was
similar to our previous work (Chen et al. 2013). The liquids
in inlets were set as 0 and 1 in concentration, 10° kg m~>in
density, 107% Pa s in viscosity and 4.9 x 1071 m? s~! in dif-
fusion coefficient. The distribution of the liquid was obtained
by solving the continuity equation, Navier—Stokes equation
and diffusion—convection equation until the increment in
each variable fell below 1x 107>

3 Results and discussion
3.1 Numerical simulation of gradient generation

Numerical simulations were applied to validate the feasibil-
ity of the pump-free microfluidic gradient generator, which
provided guidance for further experiments. The numerical
simulation was carried out by COMSOL multiphysics TM
(COMSOL 3.4, Sweden). The flow patterns and solution
exchanges of the samples were characterized and calculated

@ Springer

PDMS layer \

Glass slide

Reservoir ports

Final device

Static Pressure |
PDMS |

by the incompressible Navier—Stokes equation. To demonstrate
the dilution ratio of different channels, a dilute solution (water)
and a stock solution of fluorescein (100%) were used as the
materials. The flow pressure was set as 19.6 Pa, which was
calculated from the atmosphere pressure, the cross-section
areas of the inlets and outlets, and the liquid level differences.

At an equivalent pressure of 19.6 Pa, the dilution result of
two stock solutions (water and 100% fluorescein solution) was
shown in Fig. 2. In the cell culturing chambers, the chemical
concentrations gradually increased from right to left according
to the relative lengths of the distribution channels, in which
colors from blue to red represented the relative concentrations.
The mixing efficient was also validated in this numerical study.
The two liquids began to mix when they met at the conflu-
ent points. The mixing was completed in a short distance as
indicated by the merged interface. The average intensities in
a cross-section area of the channels at the downstream of the
mixing channels were calculated to validate the well-defined
gradient profile. As seen in the results shown in Fig. 2b, the
correlation coefficient of linear regression, R, was higher
than 0.99. The numerical simulation results indicated that the
pump-free microfluidic device was able to generate a well-
defined concentration profile accurately.

The numerical study was also used to validate the flow rate
(Fig. 2b). The small flow rate ensured the ultralow shear force
according to Eq. (2) (Sun et al. 2011; Batchelor and Batchelor
1967, Levitan et al. 2000):

_ 610
T=—,
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@



Microfluidics and Nanofluidics (2019) 23:62

Page50f10 62

Concentration (%)

T T
4 5
Channels

(c)

‘ ) | -+ 0.8
0.7 .,
} ﬂ’f 0.6 g‘
053
b ‘ 0438
3o
)
0.2~

0.1

Fig.2 Results of numerical simulation. a Visible CFD study results of linear gradient concentration. b Quantitative analysis of the gradient con-
centrations in numerical simulation. ¢ Visible results of flow rates in the CFD study of linear gradient dilution

where 7 represents the average shear stress on the cells, 7
represents the viscosity of the fluid, Q represents the flow
rate, i represents the height of the channel and w is the width
of the microchannel. For the numerical simulation, a shear
stress value of ~ 1 x 10~° Pa in this pump-free device is safe
for cell culture.

3.2 Flow visualization experiment

To further validate the biochemical gradients formed in the
pump-free microfluidic device, a flow visualization experi-
ment was further performed on chips using fluorescein. After
the fluorescein solution and buffer solution were loaded into
the reservoir ports, respectively, the liquids would flow into
the channels automatically due to the static pressures. Two
liquids merged at the confluent points, and then were mixed
to generate the expected concentrations. The diffusion of the
fluorescein was observed at the downstream of the confluent
point. As shown in Fig. 3a and c, at the confluent points, the
width of the fluorescein solution increased from channel 1
to channel 8. The average fluorescent intensities were cal-
culated in a cross-section area of the channels, which also
increased as the width of the fluorescein solution.

Our results were presented as a ratio of the final fluores-
cence intensity to the initial fluorescence intensity (100% stock
solution). The quantitative analysis of our results (shown in
Fig. 3b) was consistent with the theoretical design and the
CFD simulation results. A well-defined concentration profile
was precisely generated according to the design of microfluidic
device regardless of the flow pressure. The correlation coef-
ficient of the linear regression, R?, for the linear regression was
higher than 0.99. In comparison to diffusion-based gradient
generators and serial dilution microfluidic devices, the static
pressure-driven device provided a more stable and precise bio-
chemical gradient by eliminating the err caused by the syringes
and pumps employed. We also quantified the flow rates in our
chip by either tracking fluorescent microparticles or calculat-
ing from the expelled liquids. The two results were consistent
with each other, which indicated a flow rate of 0.2 nL s\, as

well as a total medium consumption of 1 mL for 1-week long-
term culturing. Then, the corresponding shear stress was cal-
culated to be 7.1 x 10~ Pa from the measured flow rate, which
was not harmful to the living cells according to the previous
paper (Sun et al. 2011).

3.3 Performance of the mixing

The two laminar flows that merged at the confluent point
should be completely mixed to generate a well-defined con-
centration. The principle of mixing in the pump-free micro-
fluidic gradient generator was based on molecular diffusion.
Particularly, the mixing was usually unstable, dependent and
affected by the flow conditions such as flow rates and liquid
viscosity. To address this issue, long mixing channel or some
embedded mixers were usually employed, which unexpectedly
increased the complexity and redundancy of the structures.
In this paper, the mixing benefited from the low flow rates
driven by the static pressure. As indicated by the diffusive
mixing equation (Kamholz and Yager 2001; Veenstra et al.
1999; Ismagilov et al. 2000):

i = Wi /7D, 3)
where ¢, ;, represents the required time for complete mixing,
w represents the diffuse distance, D represents the diffusion
coefficient of solute molecular.

The uniformity of the fluorescein concentration in the
microchannels after mixing was examined. ¢ was carried out
to quantify the mixing efficiency, which was defined as a meas-
ure of homogeneity of the solution. The equation was based
on the standard deviation of the pixel intensity and the average
intensity in a line across the channels presented here:

L300y
TR

“

@ Springer



62 Page60of10

Microfluidics and Nanofluidics (2019) 23:62

(a)
Ch:123456738

L

C
( )Ch1 Ch2 Ch3 Ch4 Chb5 Ch6 Ch7

Fig.3 Results of flow visualization experiments. a Schematic illus-
tration of the chip and the corresponding channels. b Quantitative
analysis of the gradient concentrations in numerical simulation. ¢

where I; is the background-corrected value of the ith
pixel, < 1> is the average value of the background-corrected
intensity, and n is the pixel number in the selected area.
The distribution of intensities in a completely mixed solu-
tion should have an o value of 1. However, the system noise
practically resulted in a nonzero o even for completely mixed
solutions.

As shown in Fig. 4b, mixing in this device with various
liquid height differences was examined. The varied liquid
height differences led to varied driven static pressures. Mix-
ings with liquid height difference ranges from 2 to 10 mm
was examined (H1: 2 mm, H2: 4 mm, H3: 6 mm, H4: 8 mm,
HS5: 10 mm). The mixing ratio of two distributed solutions
was 1:1. The o was above 0.8 for all, while the ¢ with H1
and H2 were above 0.9. This result reveals that a liquid level
larger than 4 mm could ensure complete mixing. o was also
calculated in all eight channels. ¢ was above 0.9 for all from
channel 1 to channel 8, which indicted that liquids in all
eight channels were fully mixed at the position of the cross-
line, as shown in Fig. 4c.

The width of the confluence channels remained the same
in the design. The diffuse distance w; ranged from 1/8 to 7/8
of the channel width. Thus, 7, ;, in this device was maximum
when the w; was either 1/8 or 7/8. The flow rates determined
the length of the channels required for complete mix. In the
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Images of the dilution radio of the two liquids merged at eight paral-
lel confluent microchannels. Scale bar, 200 pm

widely used pump-driven microfluidics, a long mixing chan-
nel is required to achieve complete mixing. In this pump-
free microfluidic device, the low flow rate ensured complete
mixing in a very short distance. The numerical study result
shown in Fig. 2c indicted the short mixing distance. Mixing
results in flow visualization experiment shown in Fig. 4a
were consistent with the numerical study. Two stock liquids
in this device could be completely mixed in a short length.
The critical length of channel required for complete mixing
was evaluated by measuring the homogeneity of the solution
along the length from the confluent point. The place, where
the homogeneity of the solution reached 90%, was defined as
the critical point. The length between the confluent point and
the critical point was defined by the critical length, and the
critical length was measured to be 626 pm (Fig. 4d). Z-stack
3D image in the downstream was further reconstructed to
show the complete mixing (Fig. 4e).

3.4 Long-term cell culture

The growth rate of NIH 3T3 cells was first demonstrated
in the microfluidic device. Cells were seeded in eight cul-
ture chambers with a density of 3.4 x 10° cells ml~!. The
growth of NIH 3T3 cells was analyzed over 5 days. The
average doubling time measured in these experiments was



Microfluidics and Nanofluidics (2019) 23:62

Page7of 10 62

(a) (b),,_

—_
(3)
~—
-
o
J

]l = — a—8— 83— —8
— . — =
> 0.8 = 5, 0.8
Q o
s ] 3
'S 0.6 G 06
% %
204 2 04
R =
=024 = 02-
0.0 T T T T 0.0 T T T T T T
H1 H2  H3 H4 H5 2 3 4 5 6 7
Heights Channels
(d) 00 ()
Z,‘ 0.95-  Critical length:
S 626 um
'S 0.90 1T apenr?,
E
L]
o 0.85
£
X
= 0.80 4
0.75 +

T T T T 1
0 200 400 600 800 1000
Distance (um)

Fig.4 Performance of the diffusion-based mixing. a Fluorescence
image of the diffusion-based mixing. Mixing was completed in a
short distance. Scale bar, 200 pm. b Quantitative analysis of mixing
efficiency indicted at the orange line in a with different liquid level
differences. ¢ Quantitative analysis of mixing efficiency in eight chan-

21.3+0.5 h. Cell culture chamber was designed as 5.85 mm
in width and 31 mm in length. Figure 5a showed an image
of the cell chamber after the cell was fully set. The cells
approached confluence on the 5th day. To validate the capa-
bility of this device for long-term cell culture, cell numbers
in the chamber were calculated every day. As indicated by

(b)
3.5x10°
3.0x10°
. 2.5x10°

[
€ 2.0x10°

0.0
] 1 2 3 4 5
Days

100 pm

nels. d Measurement of the mixing efficiency along the channel from
the mixing initial point. The required length of the channel where
the mixing efficiency reaches 0.9 was defined as the critical length.
e z-stack 3D confocal image showed complete mixing (color figure
online)

the results shown in Fig. 5g, the cell number increased sig-
nificantly during 5 days of culturing. The curve reflected a
linear growth phase until the cells reached confluence fol-
lowed by a stationary phase. Sequential live/dead assay was
further carried out to examine cell viability in the pump-free
microfluidic gradient generator. As a result, most of the cells

—a— 0 uM

—e— 25 uM
—4A— 50 uM
—v—75uM
—— 100 uM
—<4— 125 uM
—— 150 uyM
—e— 175 uM

b

1.5x10°

Cell nu

1.0x10°

5.0x10" -

Fig.5 Long-term cell culturing. a Images of cells grown in the chips in 5 days. Scale bar, 200 pm. b Growth curves of cells over 5 days of cul-
turing. Cells were pretreated with hydrogen peroxide of various concentrations ranging from 0 to 175 pm
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C) (b)

AnnexinV

Fig.6 Adaptive cytoprotection analysis. a Bright-field image of cells
challenged with lethal hydrogen peroxide. b Fluorescence image of
cells stained by Annexin V-FITC after lethal hydrogen peroxide treat-
ment. ¢ Fluorescence image of cells stained by PI after lethal hydro-

are viable (more than 95%). All the evidences indicated that
the passive microfluidic gradient generator serves as a plat-
form to perform long-term cell culture.

We simultaneously examined cells’ response to the pre-
treatments of hydrogen peroxide of different concentrations
in the same device. After cells were fully set in the cell cul-
ture chamber, cells were pretreated with hydrogen peroxide
of various concentrations in this chip (varied from 25 to
175 pM). Growth curves were conducted by measuring the
cell numbers. Cells treated with hydrogen peroxide exhibited
a lag phase in growth in the first 2 days. The results shown in
Fig. 5b indicated that hydrogen peroxide causes a transient
growth arrest.

3.5 Adaptive cytoprotection analysis

Oxidative stress might cause damage of lipids, proteins, and
DNA, which is involved in a variety of disorders, diseases,
cancer, and aging. Thus, protection from oxidative insult has
received much attention. Adaptive cytoprotection, caused
by a physiologic nontoxic oxidative stimulant, was consid-
ered as a promising approach to enhance the tolerance of
cells to oxidative stress. It is widely accepted that two major
pathways of intracellular hydrogen peroxide detoxifica-
tion—cellular catalase and glutathione peroxidase (GPx)—
are activated and might be responsible for such adaptive
cytoprotection.

Herein, the adaptive cytoprotection to hydrogen peroxide
and the resulting protective effect against oxidative stress

@ Springer
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gen peroxide treatment. d Overlap image of challenged cells. e Quan-
titative analysis of adaptive cytoprotection. Cells were pretreated
with hydrogen peroxide of various concentrations ranging from O to
175 pm

have been analyzed using NIH 3T3 cells. After the cells
were cultured in the microchamber for 24 h, hydrogen per-
oxide solutions of low concentrations were used to precon-
dition cells for 24 h. After pretreatment with a low dose of
hydrogen peroxide (ranged from 25 to 175 pM), cells were
challenged by lethal hydrogen peroxide (500 pM) for 6 h.
Annexin-V/propidium iodide assay was carried out to vali-
date the induced apoptosis of NIH 3T3 cells. The cells chal-
lenged by lethal hydrogen peroxide are shown in Fig. 6a—d.
As shown in Fig. 6e, direct exposure to lethal dose 500 pM
hydrogen peroxide results in 27.72% of cells going through
apoptosis. Nonetheless, pretreatment with hydrogen per-
oxide for 24 h prior to lethal hydrogen peroxide exposure
arrested the apoptosis in a dose-dependent manner. The
ratio of apoptosis decreased to 26.8% with 25 pM hydrogen
peroxide pretreatment, which further decreased to 22.08%
with 75 pM hydrogen peroxide pretreatment. A pretreatment
with 175 pM hydrogen peroxide could further reduce the
apoptosis ratio to 13.87% (Fig. 6¢). Conclusively, pretreat-
ment of sublethal doses of hydrogen peroxide significantly
protected NIH 3T3 against the cytotoxicity induced by lethal
hydrogen peroxide.

4 Conclusions

A pump-free and shear-free microfluidic gradient genera-
tor was proposed in this paper. The chip was designed to
generate arbitrary gradients for specific biological studies.
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This device simplified the structure of the multi-step divider
serial dilution chip and provided more stability than the dif-
fusion devices. Instead of syringes and pumps used in previ-
ous devices, static pressure was employed in our system for
flow driven. With an extremely small but stable static pres-
sure, gradient dilutions were generated with low flow rate.
As indicted by numerical simulation and flow rate measure-
ments, low flow rates ensured the shear-free cell microenvi-
ronment, which provided this method with a new strategy for
long-term cell culture and stimulation. The device is easily
fabricated and simply operational. No external equipment is
required in this system, and this makes it a widely applicable
tool in most biological labs and even portable. Finally, this
study is the first one to report on the application of microflu-
idics to cell-based high-throughput adaptive cytoprotection
analysis. Results showed that pretreatment of a low dose
of hydrogen peroxide significantly protected NIH 3T3 cells
against the cytotoxicity induced by reactive oxygen species.
To sum up, pump-free microfluidic gradient chip gener-
ated an arbitrary well-defined gradient profile with stability
and ultralow shear property, which provided a new strategy
for long-term cell culture and could be further used for the
application to adaptive cytoprotection analysis.
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