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a b s t r a c t

The use of cell-based biosensors is usually limited by agonist-induced desensitization of cell-surface
receptors. In this work, a microfluidic cell-based biosensor (�CBB) was developed for the detection of
ATP in liquid environments. It consists of a millisecond chemical pulse generator for sample introduction
in a pulsatile manner and a single NIH-3T3 cell expressing endogenous P2Y receptors as the sensing
eywords:
ell-based biosensor
icrofluidic chip
ydrodynamic gating
TP

element. ATP solutions were used to simulate input signals for investigating the �CBB. By controlling
negative pressures on two outlets of a cross-shaped microfluidic chip, pulses of ATP solutions were
generated based on hydrodynamic gated injection. With ATP pulses of 100 ms every 50 s, the amplitude
of the resulting calcium spikes maintained at a similar level, suggesting that the receptor desensitization
was minimized. Consequently, the developed �CBB could be used for detecting pulsatile samples with

ensit
ATP p
alcium imaging extended use times. The s
responses to millisecond

. Introduction

Humans or other living animals are influenced by substances
n their environment such as drugs, pathogens and toxicants. It is
ometimes necessary to monitor the existence of such “environ-
ent threats” for safety precautions. Biosensors are miniaturized

evices that are capable of defecting biorelevant substances with
igh sensitivity and specificity. For example, glucose sensors have
een widely employed as point-of-care testing devices for deter-
ining the glucose level in patients suffering from diabetes (Hu,

009).
Biosensors usually consist of a sensing element for the recogni-

ion of target molecules and a transducer for signal transduction.
he sensing element is the key component of a biosensor. The
merging cell-based biosensors (CBBs) utilize living cells as the
ensing elements. The main advantages of cells as sensing elements
ome from their built-in naturally occurring chemical receptors
hat are responsive to specific target molecules. Activation of
hese receptors elicits a number of cellular responses that can

e monitored optically or electrochemically, including changes in

ntracellular calcium ion concentration ([Ca2+]i), transmembrane
otential and metabolic activity (Zhang et al., 2006; Sigworth and
lemic, 2002; Klemic et al., 2002). By monitoring these receptor-
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ivity of the �CBB for detecting ATP was further determined and the cellular
ulses were investigated in comparison to long-term stimulations.

© 2011 Elsevier B.V. All rights reserved.

mediated cellular responses, it is possible to determine minute
amounts of target molecules in liquid environments with high
specificity.

Currently, CBBs have shown potentials for a variety of sens-
ing applications (Hazama et al., 1998; Gray et al., 2001; Matsubara
et al., 2004; Xu et al., 2005; Curtis et al., 2008; Suska et al., 2009).
The functionality of CBBs depends on the receptor-mediated cel-
lular responses. Existing receptors can be generally categorized
into two classes, i.e., ligand-gated ion channels and G-protein cou-
pled receptors (GPCRs) (Boehm and Kubista, 2002). Both types of
receptors have been successfully implemented in CBBs. Hayashi
et al. reported the use of P2X receptors, a type of ligand-gated ion
channel for detecting ATP in solutions by monitoring the receptor-
mediated Ca2+ influx with patch clamp techniques (Hayashi et al.,
2004). Recently, Feng et al. explored the feasibility of using a bull-
frog fibroblast cell line (FT cells) expressing P2Y receptors, a type of
GPCRs as the basis of a cell-based biosensor (Feng et al., 2007). Using
this device, they were able to detect ATP in solutions by monitoring
rises in intracellular calcium optically or the secretion of pre-loaded
norepinephrine electrochemically.

Receptor-mediated cellular responses have proven to be a reli-
able basis for CBBs (Aravanis et al., 2001; Lee et al., 2009). However,
there are limitations regarding the use of receptors due to the

desensitization of receptors upon long-term stimulations, which
results in loss of cellular responses (Banerjee and Bhunia, 2009;
Fishman et al., 1998). To overcome this issue, one strategy was pro-
posed previously by Fishman et al., in which single-cell arrays were
developed for multiple detections (Fishman et al., 1996). Since the

dx.doi.org/10.1016/j.bios.2011.01.013
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:bfliu@mail.hust.edu.cn
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ig. 1. (a) Chip design. (b) Picture of the chip. S for sample, SW for sample waste, B
photograph of the experimental setup.

esensitization of receptors could be minimized by shortening the
urations of agonist treatment (Sabounchi et al., 2006; Savchenko
t al., 1995; Sinclair et al., 2002), it is possible to realize multiple
etections on a single cell by introducing millisecond samples in a
ulsatile manner.

In this paper, a microfluidic cell-based biosensor (�CBB) was
eveloped, integrating a millisecond chemical pulse generator for
ample introduction and a single NIH-3T3 cell expressing endoge-
ous P2Y receptors as the sensing element. Activation of the P2Y
eceptors by ATP elicits a rise in [Ca2+]i. After cell adhesion to the
ubstrate in the microchannel, pulses of ATP solutions were used to
imulate input signals for investigating this �CBB. Millisecond ATP
ulses were generated based on hydrodynamic gated injection. Cal-
ium fluorescence imaging was used to characterize the changes in
Ca2+]i elicited by activating the P2Y receptors. Cellular responses to
epetitive 100 ms pulses of 20 �M ATP at 50 s intervals maintained
t a similar level, suggesting that the receptor desensitization was
inimized. A possible reason could be that the 50 s interval was suf-

cient for the cells to recover from the desensitization induced by
hort durations of ATP stimulations. Thus, the developed biosen-

or could be repeatedly used for detecting ATP pulses every 50 s
ithout impact on its functionality. The cellular responses were

urther investigated with ATP pulses of varying concentrations and
urations. Results suggested a sensitivity of 2 �M for the developed
CBB. In addition, 20 �M ATP pulses with duration as short as 50 ms
ffer and BW for buffer waste. C indicated the intersection of the microchannel. (c)

resulted in the same level of Ca2+ response induced by sustained
stimulations.

2. Materials and methods

2.1. Materials

Fluorescein, adenosine 5′-triphosphate disodium salt (ATPNa2),
poly-L-lysine (MW: 150,000–300,000), HEPES, penicillin, strepto-
mycin and DMSO were purchased from Sigma–Aldrich (MO, USA).
Tyrode’s solution as the buffer solution was prepared with 137 mM
NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 1 mM MgCl2, 10 mM glucose, and
10 mM HEPES (pH 7.2). 1 mM stock solution of Fluo-3/AM (Biotium,
USA) dissolved in DMSO was diluted by buffer solutions to a final
concentration of 10 �M. ATP was prepared in buffer solutions with
final concentrations of 2 �M, 20 �M and 200 �M. All reagents were
of analytical grade or otherwise specified. All solutions were pre-
pared with water purified by the Millipore-Q system (Millipore,
USA) and filtered with a 0.22 �m microporous membrane.
2.2. Chip design and fabrication

We designed and fabricated a cross-shaped microchannel
(width, 120 �m; height, 40 �m; length of each channel, 7 mm) with
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ig. 2. Schematic of the sample introduction in the microfluidic cell-based biosensor
ressures to SW and BW. (b) Sensing the chemical with this cell-based biosensor
egative pressure on SW. (c) Completion of one chemical detection by reapplying t

olydimethylsiloxane (PDMS) as the structural material (Fig. 1a
nd b). In brief, SU-8TM (GM1070, Gersteltec Sarl, Switzerland)
old was fabricated on a 3-in silicon wafer by rapid prototyping

Duffy et al., 1998). PDMS microchannel was formed by pour-
ng the mixture of sylgard 184 silicone elastomer and curing
gent (Dow Coming, USA) at a mass ratio of 10:1 onto the SU-
TM mold. Through-membrane holes (3 mm in diameter) were
unched at each end of the microchannel after curing at 65 ◦C
or 4 h. The PDMS layer (∼1 mm thick) was then peered off from
he SU-8TM mold and irreversibly bonded to a glass substrate
76 mm × 26 mm × 1.2 mm) after oxygen plasma treatment (PDC-
C-M, Weike Spectrum, Chengdu, China). Quartz tubes (inner
iameter, 4 mm; height, 12 mm) were attached on the punched
oles as reservoirs.

.3. Apparatus

As illustrated in Fig. 1c, the experimental apparatus consists
f a microfluidic chip, two controllable negative pressure systems
nd an optical detection system. To establish a negative pressure
ystem, the negative pressure was generated in a 1 L air con-
ainer by a micro-vacuum pump (Model FM2002, Ruiyi, China),
nd monitored by a pressure sensor (PSE541, SMC, Japan). A multi-
hannel pressure sensor controller (PSE200, SMC, Japan) was used
o regulate and stabilize the pressure with a resolution of 0.1 kPa.

three-way solenoid operated valve (Energize time, 1.4 ms; De-
nergize time, 2.0 ms; Series 33, MAC, USA), connecting between
n air container and a reservoir via silicone tubes, was used for
witching pressure upon the reservoir between negative pressure
nd atmospheric pressure. A LabVIEWTM (National Instruments,
SA) program was written to control the solenoid valve via a PCI
ontroller card (NI6703, National Instruments, USA), and to real-
ze automatic chemical stimulation with varying injection times,
elaxation times and number of cycles.

Experiments were carried out on an inverted microscope (IX71,
lympus, Japan) equipped with a CCD camera (CoolSNAP cf2, Pho-

ometrics) for image acquisition. The light emitted from a 100 W
ercury lamp (USH1030L, Olympus), attenuated by a neutral den-

ity filter (ND-6), was filtered by a 460–490 nm band-pass filter,
eflected by a 505 nm dichroic mirror, and then focused on the
icrochannel (a beam-spot of ∼50 �m in diameter) by a 60× objec-

ive (NA 0.7). The fluorescent signal was collected through the same

bjective, filtered by a 510 nm high-pass filter, and finally detected
y a photon counter (PMS 400A, B&H GmbH, Berlin, Germany) at
0 Hz (Fluo-3) or 2000 Hz (fluorescein) sampling rate. Temperature
as maintained at 37 ◦C by using a heating plate (Olympus, Japan)
uring experiments if not emphasized.
efore sensing the chemical, hydrodynamic gating was realized by applying negative
rodynamic gated injection for a short period of time after instant removal of the
ative pressure to SW.

2.4. Cell culture and maintenance

NIH-3T3 fibroblasts were maintained in Dulbecco’s modi-
fied eagle medium (DMEM, Gibco) supplemented with 10% (v/v)
newborn calf serum (NCS, Gibco), 100 U mL−1 penicillin and
100 �g mL−1 streptomycin at 37 ◦C in a humidified atmosphere
of 5% CO2. Cells were harvested after treatment with 0.2% (w/v)
Trypsin-EDTA solution (Gibco) and suspended in culture media at
a final concentration of ∼1 × 106 cells mL−1.

2.5. Cell culture on chips

Before cell seeding, PDMS microchannel was treated with oxy-
gen plasma, and sterilized with 75% ethanol for 15 min. After the
removal of ethanol, the microchannel was incubated with 0.1%
(w/v) poly-L-lysine at 37 ◦C for 5 h and rinsed with buffer solutions,
cell culture media sequentially.

Cell suspension was added to reservoir BW, and equal volumes
of culture media were added to other three reservoirs. Cells were
transported in channel C-BW in a pulsatile manner by applying
pressure pulses to S. Cell movement for each pulse can be flexibly
controlled by adjusting the pressure magnitude and duration. The
minimal movement of the cells was ∼100 �m, which was attained
with an application of negative pressure (0.6 kPa) for 1 ms. One cell
in the middle stream in the channel C-BW was selected as the target
cell and finally located within 100 �m downstream the intersec-
tion of the cross-shaped microchannel (Fig. S1, Video S1). After cell
seeding, the microchip was transferred to a CO2 incubator for cell
culture.

After 12-h incubation at 37 ◦C, cells adhered to the bottom of
the microchannel. Adherent cells were then incubated with 10 �M
Fluo-3/AM at 37 ◦C for 45 min, rinsed with buffer solutions for three
times, and ready for experiments.

2.6. Experimental procedure

Sample and buffer solutions were supplied to sample reser-
voir (S) and buffer reservoir (B) respectively. Hydrodynamic gating
was realized by applying negative pressures to buffer waste reser-
voir (BW) and sample waste reservoir (SW) with S and B open
to atmosphere (Fig. 2a). For sensing chemical with this cell-based
biosensor, a plug of sample solution was injected into channel C-BW

by pressure switching on SW from negative pressure to atmosphere
for a short time (Fig. 2b) and switching back to negative pressure
again (Fig. 2c). By controlling the switching time, we were then able
to apply millisecond sample pulses to adherent cells at arbitrary
intervals. A demonstration of continuous sample plug injection
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Fig. 3. Evaluation of this microfluidic chemical pulse generator. (a) Repeated injections of fluorescein for 100 ms at 500 ms intervals. (b) Injections of fluorescein for 50 ms,
1 s. (d)
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00 ms and 1 s. (c) A 100 ms pulse with rise time and fall time indicated as gray area
ell to the intersection. (e) Pressure effect on rise time (black square) and fall time
ere maintained at a ratio of 0.7. (f) Pressure ratio effect on rise time (black square

ars indicate the standard deviation (n = 10).

ith fluorescein is given in Video S2. To get more details on hydro-
ynamic gated injection, please see (Chen et al., 2010a, b).

.7. Data processing

Since Fluo-3 was used as the intracellular calcium indicator, the
aseline of recorded fluorescence signals (FC) fell due to photo-
leaching (Thomas et al., 2000). A previous reported method was
sed to process the recorded fluorescence data (Feng et al., 2007).
riefly, the background (FB) was first subtracted from the recorded
uorescence (FC) to yield the final signal (F) (Fig. S2a). Subsequently,
mono-exponential function (F0) was fitted to the baseline of the
uorescence signal F (Fig. S2b). The normalized fluorescence was
hen calculated by (F − F0)/F0 (Fig. S2c).

. Results and discussion

The use of cell-based biosensors is usually limited by the desen-
itization of cell-surface receptors upon sustained exposure to
ample solutions. Here, a microfluidic cell-based biosensor (�CBB)
as developed, integrating a millisecond chemical pulse generator

or sample introduction, which could minimize the desensitization
f receptors and extend the use times. NIH-3T3 cells expressing
ndogenous ATP receptors were employed as the sensing element.
ulses of ATP solutions were used to simulate input signals for
nvestigating the developed biosensor.

.1. Characterization of endogenous ATP receptors
The developed �CBB utilized NIH-3T3 cells expressing endoge-
ous P2Y receptors as the sensing elements. Activation of P2Y
eceptors by ATP elicits changes in [Ca2+]i. Upon binding of ATP,
2Y receptors activate phospholipase C (PLC), which catalyzes the
ydrolysis of phosphatidylinositol bisphosphate (PIP2) into inos-
The relationship between solution exchange time and the distance from the target
circle) fitted with single exponential functions. Negative pressures on BW and SW
fall time (gray circle). Negative pressure on BW was maintained at −7.7 kPa. Error

itol trisphosphate (IP3) and diacylglycerol (DG). IP3 binds to IP3
receptors (IPR), leading to Ca2+ release from the internal Ca2+ stores
(endoplasmic reticulum, ER) to the cytoplasm (Dubyak and el-
Moatassim, 1993). The rise of intracellular calcium can then be
detected using Ca2+ indicator. Once [Ca2+]i reaches a relatively
high value, Ca2+-ATPase pumps Ca2+ back into ER, resulting in the
decrease of fluorescence (Fig. S3).

The subtypes of P2Y receptors involved in ATP-induced cal-
cium release in murine cells are P2Y1, P2Y2 and P2Y4 receptors
(Burnstock, 2004). To determine the specific receptors expressed
in NIH-3T3 cells, RT-PCR analysis of the P2Y receptors mentioned
above was carried out, which revealed that P2Y2 receptors were
abundantly expressed compared with P2Y1 and P2Y4 receptors
(Fig. S4). In addition, P2Y2 receptors have been proven to be the
most sensitive receptors to ATP (EC50, ∼1 �M) among the three
subtypes of P2Y receptors (Burnstock, 2004). Thus, the response of
NIH-3T3 cells to ATP may largely depend on P2Y2 receptors.

3.2. Chemical pulse generator for sample introduction

For pulsatile sample introduction, a chemical pulse genera-
tor was developed based on hydrodynamic gating. Fluorescein
was used to evaluate this chemical pulse generator. 75 �L buffer
solutions were added into the four reservoirs separately. Mean-
while, pressures of −3 kPa and −2.1 kPa were applied to SW and
BW respectively for hydrodynamic gating. The buffer solution in
S was then replaced by 1 × 10−5 M fluorescein. Repeated 100 ms
injections of fluorescein at 500 ms intervals were conducted to
investigate the repeatability of this method. A relative standard

deviation (RSD) of the peak height was 0.2% (n = 20), showing
an outstanding reproducibility of pulse generation (Fig. 3a). By
controlling the injection time, pulses of fluorescein with variable
durations (50 ms, 100 ms and 1 s) were also achieved (Fig. 3b). A
typical 100 ms pulse is shown in Fig. 3c. The rise time and fall
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ig. 4. Intracellular Ca2+ responses to repetitive 20 s pulses of 20 �M ATP (a), repetit
TP pulses of 30 ms, 50 ms, 100 ms (d) at 50 s intervals.

ime corresponding to 90% change in fluorescence intensity was
7 ± 0.3 ms and 18 ± 0.2 ms respectively (n = 10), indicating a very
ast solution exchange. The effect of detection distance on the
peed of solution exchange was tested by setting detection spot
t 100 �m, 300 �m and 500 �m from the intersection. As illus-
rated in Fig. 3d, the solution exchange time increased progressively
ith increasing distances, which was a major reason for the pre-

ise cell location within 100 �m downstream the intersection of
he microchannel.

To further determine the solution exchange speed limit, the
ressure effect on both the rise and fall time was investigated. The
egative pressures on BW and SW were kept at a constant ratio of
.7 to maintain the distribution of reagents in the microchannel.
n exponential decrease was observed for both the rise and fall

ime with increasing negative pressures on BW (0.7, 1.1, 1.4, 1.8,
.1, 4.9, 6.3 and 7.7 kPa), indicating a minimum solution exchange
ime of ∼7 ms (Fig. 3e). Furthermore, the pressure on BW was kept
t −7.7 kPa and the pressure ratio of BW to SW was varied. As the
ressure ratio increases from 0.4 to 0.9 in 0.1 steps, the rise time
nd fall time slightly decreased by 1–2 ms (Fig. 3f). A possible reason
ould be that the solution exchange time was primarily limited by
aylor–Aris dispersion in addition to molecular diffusion and sur-

ace absorption (Bae et al., 2009; Datta and Ghosal, 2009). However,
ive cell experiments forced an upper limit of the flow rate. Wall
hear stress (�w) was estimated by �w = 6 �Q/wh2, where � is the
ynamic viscosity of water, w is the microchannel width and h is the
icrochannel height. Flow rates (Q) during injections were calcu-
0 ms pulses of 20 �M ATP (b), 100 ms pulses of 2 �M, 20 �M, 200 �M ATP (c), 2 �M

lated using Hagen–Poiseuille equation. When the negative pressure
on BW was above 3.5 kPa, the wall shear stress was more than 5 Pa,
which might be harmful to living cells (Kuczenski et al., 2009). Thus,
−2.1 kPa and −3 kPa were selected as the optimal pressures on BW
and SW for the following experiments.

3.3. Detecting ATP pulses by �CBB

Since the shear stress may induce calcium transients in endothe-
lial cells (Schwarz et al., 1992), we evaluated the effect of shear
stress on [Ca2+]i by exposing the cells to pulses of buffer solutions.
As a result, the [Ca2+]i remained constant (Fig. S5), suggesting that
the abrupt change of shear stress did not account for calcium spikes
during hydrodynamic gated sample injection. Meanwhile, changes
in cell morphology were not observed after injections of buffer
solutions for 10 min, indicating that the shear stress was not harm-
ful to living cells. Previous literature showed that NIH-3T3 cells
responded to ATP at the concentrations from 1 �M to 100 �M in
a dose-dependent manner (Giovannardi et al., 1992). Thus, pulses
of 20 �M ATP were used to simulate input signals for investigating
the �CBB.

When 20 s pulses of 20 �M ATP were introduced with 50 s inter-

vals, the amplitude of calcium spikes decreased gradually due to
receptor desensitization (Fig. 4a). In contrast, with pulse duration
of 100 ms, the amplitude of calcium spikes maintained at a similar
level (Fig. 4b). The same results were observed in another 6 cells
(Fig. S6), suggesting that ATP-induced desensitization of P2Y recep-



3 ioelec

t
5
t
u
r
p

A
w
i
a
A

F
a
r
C

418 J. Sun et al. / Biosensors and B

ors was minimized with ATP pulses of short durations (100 ms,
0 s intervals). The 50 s interval was sufficient for NIH-3T3 cells
o recover from the desensitization induced by 100 ms ATP stim-
lations. Thus, the developed �CBB utilizing a single cell could be
epeatedly used for the detection of the chemical with millisecond
ulses of sample solutions.

To test the sensitivity of this �CBB to ATP, 100 ms pulses of

TP with increasing concentrations of 2 �M, 20 �M and 200 �M
ere injected for stimulations of one cell. Next, 2 �M pulses with

ncreasing durations of 30 ms, 50 ms and 100 ms were applied to
nother cell. Significant increases of [Ca2+]i in response to 2 �M
TP were observed (Fig. 4c and d), indicating a high sensitivity of

ig. 5. (a) Intracellular Ca2+ responses to 20 �M ATP pulses of 50 ms, 100 ms, 1 s
nd 10 s. (b) Overlay of the four Ca2+ spikes in (a) (n = 12). (c) A statistic result of the
esponse time (black), rise time (oblique) and decay time (under oblique) of the four
a2+ spikes. Error bars indicate standard errors.
tronics 26 (2011) 3413–3419

this cell-based biosensor for detecting ATP. However, the sensitiv-
ity was related to the environmental temperature, because [Ca2+]i
responses to millisecond stimulus were never observed when the
temperature was below 28 ◦C. When the temperature was set to
25 ◦C, with pulse durations of a few seconds, the response time
of [Ca2+]i were 2.15 ± 0.80 s (n = 8), much longer than ∼500 ms
response time with millisecond stimulations at 37 ◦C. Thus, it is
necessary to integrate a miniature temperature control system for
practical applications of the �CBB in the future.

To further investigate the cellular responses to ATP pulses with
millisecond durations used in the �CBB and second durations used
in the other CBBs, 20 �M pulses of ATP with increasing durations
of 50 ms, 100 ms, 1 s and 10 s were applied to the same single cells.
Fig. 5a showed a typical result that the amplitude of four Ca2+ spikes
maintained at a similar level, which was further proved by a statis-
tic result of experiments on 12 individual cells (Fig. 5b). It showed
that millisecond pulses of 20 �M ATP resulted in the same level of
Ca2+ response that was induced by sustained stimulations. How-
ever, the decay time, defined as a time for [Ca2+]i decline, increased
significantly as the duration increased from 100 ms to 1 s and 10 s.
Moreover, the response time, defined as a time from ATP addition
to the onset of a Ca2+ spike, decreased gradually (Fig. 5c).

4. Conclusions

This paper describes a microfluidic cell-based biosensor (�CBB)
for ATP detections. The �CBB integrates a millisecond chemical
pulse generator for sample introduction and a single NIH-3T3
cell expressing P2Y receptors as the sensing element. Millisec-
ond ATP pulses were generated based on hydrodynamic gated
injection, which were used to simulate input signals for investi-
gating the developed biosensor. The selective recognition of ATP
by P2Y receptors elicits rises in intracellular Ca2+ concentrations
that were monitored optically by calcium fluorescence imaging.
The amplitude of the resulting calcium spikes maintained at a sim-
ilar level when the cell was exposed to 100 ms pulses of 20 �M
ATP at 50 s intervals, indicating that the developed �CBB could be
used to detect repetitive ATP pulses every 50 s without impact on
its functionality. Further investigation of the cellular responses to
ATP pulses of varying concentrations and durations suggested that
20 �M ATP pulses with duration as short as 50 ms resulted in the
same level of Ca2+ response induced by sustained stimulations.
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