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Finally, localized chemical stimulation could also be used 
for a novel type of substance screening assays. Today, there is a 
trend toward “high content screening” assays usually meaning cell 
based assays (Korn and Krausz, 2007). In order to determine a 
dose–response correlation the acquisition of a large number of 
data points is required. Sample wells with cells cultured therein 
are incubated with the substance under investigation employing a 
certain range of concentrations. Our results demonstrate how one 
could use a single well to acquire a dose related response correlation 
in a “one shot” experiment.

Microsystem technology provides for a comprehensive set of 
tools to fabricate microfluidic systems that may handle minute 
amounts of fluid at volumes ranging from μL to pL. Fishman 
et  al. (Noolandi et  al., 2003; Peterman et  al., 2003a,b, 2004a,b) 
have previously proposed such a system comprising microchan-
nels and microapertures to chemically stimulate adherent cells. 
However, no means were provided to prevent passive leakage by 
diffusion or convection of the chemical stimulant. Yet, leakage and 
the continuous stimulation resulting from it may cause undesirable 
desensitization of cells.

For this reason the task at hand is to devise a microfluidic system 
allowing for externally triggered substance release while avoiding 
passive leakage. In our experimental approach acetylcholine sensi-
tive TE671 cells were cultivated on nano- and microporous mem-
branes. Microdroplets (V

droplet
 = 20 pL) were applied to the bottom 

side of these membranes by means of an inkjet printhead via an air 
space. The utilization of an air space efficiently prevents any leakage 

Introduction
State of the art neuroprostheses are based on the electrical stim-
ulation of cells by means of microelectrodes. Typical examples 
thereof are cochlear implants (Rebscher et al., 2007, 2008; Gani 
et al., 2007), deep brain stimulators (Hodaie et al., 2002; Echauz 
et al., 2007; Birdno and Grill, 2008; Vitek, 2008) and retina implants 
(Zrenner et al., 1999, 2008; Chow et al., 2004). Cardiac pacemak-
ers (Gregoratos, 2005; The Royal Australian College of General 
Practitioner) or other muscle stimulators address only a single 
type of cells (muscle cells) and no particularly high spatial resolu-
tion is required. In neuroprosthesis applications such as artificial 
retina prosthesis the situation is different. Here, image resolution 
certainly depends on the lateral spacing of stimulation sites. The 
retina also contains various layers comprising different types of 
neuronal cells (e.g., on- and off-bipolar, horizontal, amacrine, and 
ganglion cells) with a complex array of interneurons forming syn-
apses between the photoreceptors and optic nerve (Kolb, 1994). 
All of these cells may be stimulated electrically (Humayun et al., 
1994, 1996, 1999; Rizzo and Wyatt, 1997; Stett et al., 2000). Since 
all cells up to a certain maximum distance from the stimulation 
electrodes are excited, the stimulation is basically unselective. In 
order to provide a more physiological input to the retina by a 
neuroprosthesis, a stimulation paradigm allowing for cell type 
selective stimulation would be highly desirable. This may only 
be achieved by the localized application of a chemical stimulant 
on a large number of application spots located in close vicinity 
to the retina.
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from the printhead into the cell culture vessel. Cellular response 
was observed by time resolved fluorescence imaging employing 
Ca2+-sensitive dyes and related to numerically calculated concen-
tration of the stimulant.

The goals of this study were (i) to devise an experimental setup 
for localized chemical stimulation while avoiding leakage, (ii) to 
experimentally demonstrate the feasibility of this approach, (iii) 
to establish a model for numerical simulation, and (iv) to vali-
date it for consistency with respect to experimental results and the 
potential for application in neuroprosthetics, drug delivery and 
substance screening.

Materials and methods
Cells and cell culture procedures
TE671 cells comprise two different kinds of acetylcholine recep-
tors, namely muscle type nicotinic (ionotropic) and muscarinic 
(metabotropic). This cell line is used as a model of human medul-
loblastoma (Stratton et  al., 1989). The stimulation of nicotinic 
receptors leads to influx of sodium through the membrane chan-
nels and depolarization (Fryer and Lukas, 1999; Reitstetter et al., 
1999; Fitch et al., 2003). Through a signaling cascade (IP3-receptors 
and ryanodine receptors) the stimulation of muscarinic receptors 
leads to the release of Ca2+ from the reservoirs into the cytoplasma 
(Bencherif and Lukas, 1991; Grassi et al., 1993; Giovannardi et al., 
1994; Edahiro et al., 2004). This allows for the observation of the 
response of a large number of cells located within the field of view 
area by calcium imaging techniques.

TE671-cells were thawed and cultivated in Dulbecco’s Modified 
Eagle’s Medium (DMEM, 4.5 g/l glucose) supplemented with 10% 
fetal calf serum, 2 mM glutamine, penicillin and streptomycin at 
37°C and 5% CO

2
. After 24 h the medium was exchanged. For cell 

transfer medium was removed, adherent cells were washed and 
subsequently incubated with buffer containing trypsin (0.5 mg/ml) 
and EDTA (0.22 mg/ml) to release cells from the substrate. Cells 
were transferred to a centrifuge vessel, sedimented at 1200 rpm and 
resuspended in warm culture medium. Cells were then seeded at 
a density of 3 × 105/ml in a T75 flask and cultivated for 4 days. A 
maximum number of 35 passages were performed before a new 
lot of cells was retrieved from the cryo stock.

Membranes with pore diameters ranging from 50 to 820 nm 
were obtained from Whatman (Table 1) and were used for con-
struction of cell culture vessels. SEM images of membranes (not 
shown) were taken in order to confirm manufactures data with 
respect to pore size and porosity.

Prior to cell seeding the membranes were treated with air 
plasma for 60 s (Harrick plasma cleaner) and subsequently coated 
by incubation in a 25 μg/ml laminin solution for 3 h (Zibek et al., 
2007). Cells were seeded on the top side of nano- or microporous 
membranes.

Experimental setup
In Figure 1 the experimental setup is shown. Cells are cultured 
in a vessel consisting of a glass ring (diameter 25 mm) with the 
porous membrane glued to its bottom. During a stimulation experi-
ment, the cell culture vessel is mounted above an inkjet printhead 
with a bubble jet actuator allowing for the application of droplets 
(V

droplet
 = 20 pL) to the bottom face of the membrane. The distance 

between the inkjet apertures and the membrane was 2–3 mm, pro-
viding for an air space (Hu et al., 2007; Zibek et al., 2007) which 
effectively prevents any leakage of the stimulant from the printhead 
into the cell culture vessel. The printhead chip (Olivetti), compris-
ing 208 nozzles and multiplexing electronics was integrated into 
a homemade electronics board and operated using a digital I/O 
board (National Instruments) controlled by a LabView® applica-
tion. This setup allowed for the arbitrary choice of a particular 
nozzle as well as for the number of droplets applied and the droplet 
frequency. The relative position of printhead and cell culture dish 
was adjusted manually. The density of pores is high and their lateral 
spacing small (Table 1) compared to the size of a droplet (diameter 
approx. 60 μm). As a result even in case of the largest pore size a 
large number of pores are always moistened. Thus, no particular 
alignment between pores and printhead is required.

The setup was operated at ambient temperature and humidity.

Modeling and numerical simulation
We modeled the substance transport from a sessile droplet under-
neath the membrane into the culture vessel via a porous membrane 
and the spatio-temporal distribution within the vessel and simu-
lated it numerically (Figure 2A). Thus, a detailed understanding 
of the processes involved in substance delivery was gained. Also, 
quantitative data of substance transport and spatio-temporal dis-
tribution that could be related to experimental data on cellular 
response was obtained.

Mass transfer from the bottom side through the pores of the 
membrane into the cell chamber side is denoted as transmembrane 
flux J

sum
 according to Figure 2A and Eq. 1.

J J Jsum D P= + 	 (1)

J
sum

 comprises two main contributions, namely diffusion and 
pressure driven flow, J

D
 and J

P
, respectively, as is outlined in Section 

“Introduction” and “Materials and Methods” below. In addition, 
evaporation of the sessile droplet is considered in Section “Results 
and Discussion.”

1.	 Diffusive transport of molecules, J
D
, due to the difference in 

concentration between droplet and medium in the culture ves-
sel. Fick’s first law (Eq. 2) was employed for the calculation of 
this contribution (Bruus, 2008).

J D
c r N

dD stimulus
pore pore

membrane

= ⋅
⋅ ⋅ ⋅∆ π 2

	
(2)

Table 1 | Properties of membranes Whatman Nucleopore® employed for 

cell cultivation and chemical stimulation.

Pore diameter (nm)	 820	 170	 100	 50

Thickness (μm)	 11	 10	 6	 6

Porosity (%)	 11.8	 8.9	 2.4	 1.1

Pore density (μm−2)	 0.22	 3.9	 3.1	 5.6

Pores moistened by droplet	 630	 11,100	 8600	 15,800

Data was taken from lot-specific datasheets and was also verified by SEM 
analysis confirming pore size and porosity.
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3. Finally, evaporation of the fluid in the sessile droplet showed a 
significant effect on the transport process, particularly when 
using the nanoporous membranes. Evaporation rate VE was 
calculated according to Eq. 5 employing the diffusion based 
approach of Birdi and Vu (1993), Birdi et al. (1989) and Rowan 
et al. (1995).

V
dV

dt

h D c c
E = =

− ⋅ ⋅ ⋅ ⋅ −( )∞2 0π
ρ

droplet water

	
(5)

where V is droplet volume, t is the time, ρ is the density of water, h 
is the height of the sessile droplet, D

water
 is the diffusion coefficient 

of water in air, c
0
 = 0.0231 kg/m3 is the concentration at the droplet 

surface which equals the saturation concentration (100% humidity at 
25°C, 1013 mbar) whereas c∞ = 0.0093 kg/m3 (42% humidity at 25°C, 
1013 mbar) is defined by the humidity of the ambient atmosphere.

Fluorescence microscopy measures intensity integrated along 
the z-direction. In order to compare simulation results to fluores-
cence microscopy observations of fluorescent dye distribution, the 
amount n(x, t) of fluorescent dye delivered to volume elements with 
a footprint of 2 × 2 μm were calculated from c(r, t) according to

n x t A c r t dz
h

( , ) ( , )= ∫ 

0 	

(6)

with A denoting the footprint area of the volume element (here 
4 μm2), c(r, t) the concentration as obtained from the simulation, 
and h the height of the fluid in the cell culture vessel. Here, z = 0 
denotes the upper surface of the membrane.

with the diffusion coefficient, D = 5.35×10−10 m2/s (Siddiqi and 
Lucas, 1986), the concentration difference, ∆c, between droplet and 
the cell culture media at the upper surface of the membrane, N

pore
 

the number of pores, the pore radius, r
pore

, and d
membrane

 as diffusion 
length (Table 1).
2.	 Pressure driven flow, J

P
, occurs as a result of the surface ten-

sion of the droplet and may be calculated employing Hagen–
Poiseuille’s law (Eq. 3) (Bruus, 2008).

J
r p N c

dP

pore capillary pore droplet

membrane

=
⋅ ⋅ ⋅ ⋅

⋅ ⋅
π

η

4

8

∆

	

(3)

Here, r
pore

 is the pore radius, ∆p
capillary

 the pressure difference between 
droplet and the cell culture medium at the upper surface of the mem-
brane, N

pore
 the number of pores within the contact area of the droplet, 

c
droplet

 the concentration of the applied stimulant, η the viscosity and 
d

membrane
 the pore length (i.e., thickness of the membrane).

For this calculation it was assumed that the contact area between 
droplet and membrane remains constant during the transfer of 
substance through the membrane. This is reasonable because the 
rim of the droplet is pinned by capillary forces of the pores. As the 
droplet volume decreases the contact angle decreases as well, fol-
lowed by the pressure driving the fluid through the pores. Under 
these conditions, the pressure p within the droplet can be calculated 
as a function of the droplet radius R

droplet
, surface tension σ and the 

contact angle θ according to Bohl and Elmendorf (2008):

p
Rcapillary

droplet

= ⋅2σ θcos

	

(4)

Figure 1 | (A) Schematic depiction of setup and mode of operation. A cell culture vessel consisting of a glass ring with a porous membrane glued to its bottom is 
placed above an inkjet printhead allowing for the application of droplets containing a chemical stimulant to the bottom face of the membrane via an air space. (B) 
Distribution of stimulus and stimulated cell. (C) Closeup of the setup.
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Calcium imaging
Prior to stimulation cells were incubated with Fluo-4-AM, a cal-
cium sensitive dye, at a concentration of 2.3 mM for 30 min. The 
dye is enzymatically converted in the cytosol of the cells into Fluo-4 
which is retained in the cells thereafter. Subsequently, cells were 
washed with phosphate buffered salt solution (PBS) containing 
Ca2+, Mg2+, and Glucose to remove any excessive dye not taken 
up by cells.

Upon excitation, intracellular calcium levels increase as a conse-
quence of triggering the intracellular signal cascade. Starting from 
muscarinic acetylcholine receptors this gives rise to an increase of 
fluorescence intensity of Fluo-4 dye and thus provides for readout 
of cellular excitation. In order to obtain the time course of the fluo-
rescence intensity of a particular cell a region of interest [regions of 
interest (ROI), Ø = 10 μm] was defined and the intensity (averaged 
over the ROI) was determined by an automated routine from a 
series of frames using ImageJ® or Matlab®. Fluorescence intensity It

* 
as the change of intensity within the ROI of a cell at the coordinates 
x, y was calculated according to

I x y I x y I x yt t t

*( , ) ( , ) ( , ).= −> <0 0 	
(7)

In this equation I
t<0

(x, y) is the intensity prior to stimulation at 
the x- and y-coordinates with respect to the center of the application 
spot and I

t>0
(x, y) the intensity after stimulation. Relative change of 

fluorescence intensity was calculated and used to determine onset 
of excitation at 10% of maximum signal.

Ca2+-imaging was performed using a fluorescence microscope 
(Zeiss, Oberkochen, Germany) and cameras with either 8 or 12 
bit resolution.

A mixture of acetylcholine (0.01–1  mM) and Eosin Y 
(1–10 μM) was filled into the microchannel of an inkjet print-
head. Eosin Y is employed as tracer to confirm the arrival of a 
stimulation droplet at the bottom face of the nanoporous mem-
brane. When used as tracer in combination with acetylcholine, 
its concentration was by a factor of at least 100 smaller than that 
of the Fluo-4 dye the cells had been incubated with previously. 
Therefore, only at the application spot appreciable fluorescence 
intensity due to Eosin Y was detected whereas signal obtained 
in the periphery was solely due to Fluo-4 fluorescence. In addi-
tion, in independent experiments no uptake of Eosin Y dye into 
cells was observed.

The EC50 level is a well-known quantity used in pharmacol-
ogy and toxicology to calculate the efficacy of a substance from a 
dose–response curve. There, it represents the dose at which 50% 
of the maximum efficacy is observed.

Calcein assay
For the analysis of accumulated dose–response the microchannel 
was filled with a mixture of calcein-AM (250 μM) and Eosin Y 
(10 μM). Again Eosin Y is employed as tracer to confirm the arrival 
of a stimulation droplet. After applying the mixture calcein-AM 
diffuses into the cells and is converted enzymatically to fluores-
cent calcein whereas calcein-AM is non-fluorescent. To determine 
changes of intensity a ROI within each cell is defined and analyzed 
by software as described above for the case of acetylcholine stimu-
lation experiments.

Transport processes and spatio-temporal distribution within 
the chamber were calculated numerically employing a combined 
diffusion and convection approach (Figure  2A; Bruus, 2008). 
Velocity fields were calculated using Navier Stokes equations 
for incompressible fluids. FlexPDE® software was used for all 
calculations.

Fluorescence assays
Fluorescence dye
First we applied droplets of the dye to the bottom face of the mem-
brane. Afterwards we were able to validate the model described 
above and the numerical simulation of transport processes by fluo-
rescence microscopic observation of the spatio-temporal distribu-
tion of Eosin Y dye solution (1 mM).

Figure 2 | (A) Schematic depiction of the various contributions considered in 
the model of substance transport across porous membranes and within the 
chamber. (B–G) Example of calculated distribution of stimulant within the 
culture vessel at three different times after application of droplet to the bottom 
face of the membrane. Cross-section in the x–z-plane are shown, dimensions 
are in μm. Concentration of the stimulant in droplet was 1 mM, pore diameter 
was 50 nm (left column) or 820 nm (right column), respectively. Note the 
distinctly different kinetic and level of delivery of the stimulant to the culture 
vessel in both cases.
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Looking at membranes with pore diameters of d  =  170  nm 
(Figure 3C) and d = 820 nm (Figure 3D), pressure driven flow 
is the dominant contribution. As a result, the substance delivery 
peaks at earlier times and reaches higher concentration values when 
compared to the situation observed in membranes with small pore 
diameters. This demonstrates how the kinetics of substance delivery 
may be controlled by an appropriate choice of the pore diameter. 
The pulse duration (or life time of the applied sessile droplet) as a 
function of the droplet volume V

droplet
 is shown in Figure 4.

Spatio-temporal distribution of stimulant within cell chamber and 
validation of the model with experimental results
The distribution of the chemical stimulant within the vessel, c(r, t), 
r being the radial distance from the center of the applied droplet, 
was calculated employing a combined diffusion and convection 
approach (Figure 2A). The distribution of the stimulant in the (x,z) 
-plane of the model is shown in Figure 2B–G for two different mem-
brane pore sizes. From these data, c(r, t) was calculated at the surface 
of the membrane where cells would be located (z = 10 μm).

In order to validate the theoretical model, the amount n(x, t) of 
Eosin Y delivered to a small volume element positioned at various 
distances x = 40, 50, and 60 μm from the center of the application 

Results and discussion
Modeling and numerical simulation
Relative contributions of different transport processes and kinetics of 
transmembrane transport
In Figure  3 the contributions of diffusive, J

D
, and pressure 

driven flow, J
P
, to the overall volume flow, J

sum
, are plotted 

for the different pore sizes and porosities calculated in this 
study. In case of d = 50 nm (Figure 3A), diffusive transport 
dominates the substance transport. A pronounced peak in J

D
 

is due to the increase of the concentration within the droplet 
as a consequence of evaporation. This results in an increase 
of the concentration gradient between droplet and medium in 
the tissue vessel. On the other hand the concentration within  
the medium is continuously increasing, which tends to reduce 
the gradient. Both effects combined result in a peak in sub-
stance delivery after 1.4 s.

Diffusive and convective transport provide similar contributions 
for membranes with a pore diameter of d = 100 nm (Figure 3B). 
However with pressure driven flow transport attains its peak value 
at 0.25  s whereas diffusive transport reaches a maximum value 
at 0.75 s. This again is an effect of evaporation and its associated 
increase of concentration in the droplet.

Figure 3 | (A–D) Calculation of the contributions of diffusive and convective flow to the overall volume flow through the pores of the membrane as a function of 
time. The contact area wetted by the droplet was A = 2826 μm2, concentration of stimulant within the droplet was 1 mM. Pore diameters ranged from 50 
to 820 nm.
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spot was recorded. The volume element had a quadratic base area  
(side length l = 2 μm), its height spanning the fluid height in the cell 
culture vessel. In Figure 5 traces of the fluorescence intensity obtained 
from the application of droplets of Eosin Y solution onto the membrane 
are calculated as the absolute amount, n(x, t), of dye (Figures 5A–D). 
Particularly in case of the smaller pore diameters significant devia-
tions between calculation and measurement during the initial phase 
of the stimulation can be observed (Figures 5A,B). The increase of the 
measured amount of stimulant occurs faster than is predicted by the 
calculation. This discrepancy can be accounted for by the simplicity 
of the evaporation model implemented into the numerical simula-
tion. Evaporation is particularly important in case of the nanoporous 
membranes where droplet lifetime, τ, is on the order of several sec-
onds (Figures 4 and 5A,B). According to literature evaporation rate is 
increasing as droplet height on the bottom surface of the membrane 
(Figure 1A), is decreasing (Guena et al., 2007; Tan et al., 2007).

Spatio-temporal concentration profiles, c(r, t), allow for a rela-
tion of stimulant concentration experienced by a cell to experi-
mentally observed stimulation thresholds at a certain location with 
respect to the application spot (Figure 7).

In summary, numerical modeling demonstrated how by a proper 
choice of pore size and porosity, the kinetics of substance delivery 
may be tailored to a particular experimental requirement. Table 2 
summarizes the peak concentration c

max
 achievable in the cell cul-

ture vessel in a volume element above the application spot.

Figure 4 | Droplet lifetime on membranes with different pore diameter 
(PD). Volume loss is caused by pressure driven flow due to surface tension and 
by evaporation, respectively. Evaporation of the droplet (V = 20 pL) is dominant in 
case of very small pore diameters (see also Figure 3). Complete evaporation of a 
droplet takes about 2 s according to Eq. 5. This value also reflects the maximum 
pulse duration achievable under the given experimental conditions. A repeated 
application was considered after achieving 1 pL of the preceding droplet volume. 
On the other hand, in case of micropores, evaporation is practically negligible and 
pressure driven flow is dominant thus allowing for very short stimulation pulses.

Figure 5 | Validation of the model. The amount n(x, t) (volume-integral of 
concentration) of the stimulant in a volume element on the top surface of the 
membrane in the cell chamber was both calculated and determined experimentally. 
Eosin Y dye (droplet concentration 1 mM) was used as fluorescent tracer. Data was 

recorded for three different distances (40, 50, and 60 μm) with respect to the 
application spot and four types of membranes. Pore diameters: (A) 50 nm, (B) 
100 nm, (C) 170 nm, (D) 820 nm. The volume element had a quadratic base area 
(side length l = 2 μm), its height spanning the fluid height in the cell culture vessel.



Frontiers in Neuroengineering	 www.frontiersin.org	 November 2010  | Volume 3  |  Article 113  |  7

Zibek et al.	 Chemical stimulation of cells

Figure 6 | Series of fluorescence micrographs of stimulated TE671 cells 
cultivated on a porous membrane (pore size 820 nm) after application of 
a 20 pL droplet of acetylcholine (1 mM)/Eosin Y (1 μM). The dye indicates 
the position of the application spot (wetted area schematically shown in 
picture t = 0 s). Eosin Y is not taken up by the cells as was confirmed in 
separate experiments (not shown). Fluorescence observed within cells is 
solely due to a change of intracellular Ca2+ concentration as a result of 
excitation of the cells and the related change in Fluo-4 fluorescence. White 
circles indicate the approximate range of chemical stimulation at the 
respective time.

Figure 7 | (A) Time course of stimulation related fluorescence intensity change 
(Ca2+-imaging) obtained from the ROI of cells located at distances between 70 and 
140 μm from the center of the application spot (Figure 6). (B) Stimulant 
concentration as a function of time obtained from numerical simulation. The delay 

in the onset of the cellular response of cells at different distances is in agreement 
with the respective concentration functions. (C) A common threshold 
concentration of ∼0.01 μM can be retrieved from the combination of measurement 
and simulation (stimulant concentration: 100 μM acetylcholine, PD = 50 nm).

Table 2 | Peak substance concentration cmax that may be obtained upon 

application of a droplet of the stimulant. 

	 cmax (μM)	 cmax (μM)	 cmax (μM)	 cmax (μM)

	 PD 50 nm	 PD 100 nm	 PD 170 nm	 PD 820 nm

	 At 2 s	 At 1 s	 At 0.35 s	 At 0.015 s

capplication = 10 μM	 0.72	 0.69	 1.23	 1.24

cmax was calculated from simulated data as the average over the concentration 
in a tiny cylindrical volume element having its center located at the coordinates 
x = 0 μm, y = 0 μm, z = 16 μm with a radius of 5 μm and extending from z = 10 
to 22 μm (V = 1 pL).

Localized functional chemical stimulation by acetylcholine
The excitation of TE671 cells upon stimulation with a mixture of 
acetylcholine and Eosin Y was monitored via Ca2+-imaging. Eosin 
Y was added to indicate the position of the application spot. The 
dye does not stain or stimulate the cells as independent meas-
urements confirmed. The increase of the fluorescence intensity 
observed within the cells is solely due to intracellular Ca2+ release 
which occurs as a result of the stimulation. A typical example of 
how the excitation progresses within the cell culture from the center 
(application spot) to the periphery is shown in Figure 6. In this 
case the pore diameter was 820 nm, acetylcholine concentration 
was 1  mM and Eosin Y concentration was 1  μM. In the graph 
at t = 3 s, some ROI which were used to calculate the integrated 
fluorescence intensity of cells are indicated (white circles). These 
data were retrieved from the frames of a video recording of the 
stimulation experiment and plotted as a function of time accord-
ing to Eq. 7 chapter 2.4.
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Figure 7A shows that the slope of the intensity plot toward 
the excitation maximum generally decreases with increasing dis-
tance of the respective cell from the application spot. Also, an 
increase of the delay between stimulation and cellular response is 
observed with increasing distance. This delay reflects the diffusion 
of the stimulant from the application spot to the site of the cell. 
The intensity plots, It

∗, can be related to c(r, t) obtained from the 
numerical simulation of the stimulant concentration (Figure 7B). 
The onset of the excitation (at 10% of the maximum value of the 
fluorescence intensity trace) of the cellular response coincides with 
a common threshold concentration of approximately ∼0.01 μM 
acetylcholine in all four cells considered in Figure  7A. For the 
sake of clarity, results of only four cells located at largely different 
distances from the application spot are displayed in this graph. 
An excitation level larger than 10% of the maximum value of 
the fluorescence was considered above threshold according to 
the general observation, that at this level the signals were well 
beyond noise contributions and excitation could be determined 
in a robust manner. This result was also verified in independ-
ent experiments with different membranes (not shown). As was 
expected and indeed observed in the experiments, the threshold 
concentration is independent of pore size and location of the cells. 
A threshold concentration value of ∼0.01 μM acetylcholine for 
TE671 cells was obtained in all cases.

These experiments demonstrate how the stimulation thresh-
old concentration may be determined from a single chemical 
stimulation experiment by evaluation of Ca2+ signals obtained 
from a number of cells located at different distances from the 
application spot.

The dose related response of TE671 cells upon stimulation with 
acetylcholine was determined from the slope of the excitation plots. 
Data obtained from multiple experiments (at least three independ-
ent experiments on each membrane with three different droplet 
concentrations from 0.01 to 1 mM) on membranes with differ-
ent pore sizes were combined (Figure 8). For each data point, the 
threshold concentration and the peak concentration at the site of 
a particular cell were calculated employing c(r, t) as previously 
obtained from numerical simulation. The slope of the excitation 
curve was retrieved from the measurement of the fluorescence 
intensity It

* of that cell. Even though considerable scatter of data 
points is observed, a sigmoidal response as a function of stimulus 
can be fitted to these data yielding an EC50 value of 27 ± 4 μM. So 
far, there are no independent literature reports available concern-
ing threshold concentration and EC50 value for the muscarinic 
acetylcholine receptors (mAChR) of TE671 cells after stimulation 
by acetylcholine. However, mAChR have been investigated in dif-
ferent cell types, namely chick embryo cells (Oettling et al., 1985) 
and human melanoma cells (Noda et al., 1998). In these cell types 
somewhat lower EC50 values ranging from 3.4 to 4.3 μM acetyl-
choline were observed.

We consider this result a first proof of principle for the meas-
urement of dose–response curves employing this chemical stimu-
lation setup. However, these data also show that while there are 
many data points at very low stimulant concentrations, there is 
somewhat a lack of data points at or even beyond saturation con-
centration. This is due to the fact that stimulant concentration 
decays approximately according to 1/r2 with increasing distance 

Figure 8 | Dose–response curve obtained by fitting a sigmoidal curve to 
data obtained from stimulation of TE671 cells using an acetylcholine 
concentration ranging from 0.01 to 1 mM. An EC50 value of 27 ± 4 μM was 
obtained.

from the application spot. On the other hand, the number of cells 
experiencing a certain concentration, c(r, t), increases according to 
r2 with increasing distance assuming constant density of cells on 
the membrane. As a consequence relatively few cells that have been 
subjected to high concentration of the stimulant are recorded in 
any given experiment. In conclusion, in an optimized experimen-
tal protocol stimulant concentrations in excess of the saturation 
concentration have to be applied in order to determine saturation 
concentration.

Localized functional chemical stimulation by calcein
In addition to the transient stimulation of cells discussed above 
where threshold and peak concentration of the stimulant deter-
mine the response, there are cellular processes which rely on the 
accumulation of the stimulant so that cells respond according to 
the integral of the concentration c(r, t):

R c r t dt∝ ∫ ( , )
	

(8)

As a model system, cellular uptake of calcein-AM and its con-
version to fluorescent calcein was studied. Calcein is retained in 
the cells, i.e., no outflux needs to be considered. In these experi-
ments, we assumed that the uptake rate of calcein-AM (Zibek 
et al., 2007) would be proportional to the concentration at the 
surface of the cell. Fluorescence micrographs in Figure 9 show a 
typical stimulation result. Figure 10A displays the fluorescence 
intensity of individual cells measured as a function of time and 
distance with respect to the application spot. In Figure 10B, fluo-
rescence intensity of individual cells measured at six different 
times after application of calcein is plotted as a function of dis-
tance from the application spot. The lines in these plots are guides 
for the eye, connecting fluorescence intensity values recorded at 
the time indicated. Since the function c(r, t) is available from 
the simulation (Figure 10D), the integral, i.e., the total stimu-
lus, may be calculated for any given location on the membrane 
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(Figure 10C). Figure 10C shows that saturation of the stimulus 
is almost reached within less than a minute. On the other hand, 
the onset of fluorescence is delayed with respect to the stimula-
tion signal. This may be explained by the enzymatic conversion 
of calcein-AM to fluorescent calcein by unspecific esterases. Here, 
several acetoxymethyl groups have to be esterified. Also, the cell 
culture was kept at room temperature during the experiment 
probably slowing down cell metabolism. The detailed origin of 
this discrepancy between calculation and experimental observa-
tions is subject to further investigation.

Conclusion
In this study the feasibility for both threshold gated stimulation 
and accumulated dose–response by localized droplet application was 
demonstrated employing a novel concept for localized chemical 
stimulation of cells adhering on a porous membrane.

Numerical simulation of substance transport showed that the 
kinetics of the stimulus may be tailored to a particular application 
by variation of pore size. Small pore size provides for a longer, 
continuous stimulation whereas larger pore size produces transient 
stimuli with higher initial stimulation amplitude and faster decay. 
In addition, the concentration of the stimulant in the solution can 
be adjusted as well: chemical stimulation at a given flow yet with 
varying kinetic pattern becomes feasible. Limitations exist, however, 
for the following reasons: firstly, as the solubility of compounds 

Figure 9 | Accumulated dose–response: cell response after application 
of 20 droplets (400 pL) of calcein-AM to the bottom of the membrane 
PD = 820 nm. The first image at t = 0 s also displays the application spot 
(circle), subsequent images show increasing uptake and conversion of 
calcein-AM to fluorescent calcein over time. Brightness of cells decreases 
with distance to the application spot. Diameter of the stimulated region is 
>150 μm (see also Figure 10B). Application of only 10 droplets resulted in a 
response of cells only within the area wetted by the droplet (application spot 
A = 2826 μm2) (data not shown).

Figure 10 | Experimental parameters as in Figure 9. (A) Fluorescence 
intensity I* as a function of time recorded in cells located at different distances 
from the application center. Peak brightness attained is higher for cells located 
closer to the application spot. (B) Fluorescence intensity distribution (i.e., 
response) as a function of distance from the application spot. For each cell I* is 

plotted at different times after stimulation. Lines are guides for the eye. (C) 
Integral of c(r, t) calculated from numerical modeling results indicating the total 
dose applied to cells at the given distance. (D) Relative concentration 
distribution calculated as fraction of maximum concentration achievable 
obtained from numerical modeling data.
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For further validation of this chemical stimulation scheme 
experiments employing substances with well-known response 
characteristics are needed. There, it will be important to employ 
sufficiently high concentrations of the stimulant solution in order 
to obtain an adequate number of responses from cells close or 
beyond the saturation concentration.

Future research will also be directed toward the development 
and integration of gateable microapertures with low leakage in 
microsystems for possible application in neural prostheses.
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will always be limited, the maximum flow achievable by delivery 
through small pores will never reach the flow rates accessible when 
using large pores. Secondly, upper pore size limit is dominated by 
surface tension considerations, as a pore diameter which is too large 
will result in leakage of medium through the membrane rendering 
the system useless.

The degree of lateral resolution of chemical stimulation that is 
achievable not only depends on the size of the application spot but 
also on the particular stimulation mechanism, the concentration 
of the stimulant and the threshold concentration. For instance, 
in case of acetylcholine the spatial resolution of the stimulation 
is determined by the distance from the application spot at which 
the stimulant concentration has decayed below the stimulation 
threshold of the cells.

Numerical models were established providing quantitative pre-
dictions of chemical stimuli. Dose–response curves were obtained 
for stimulation of TE671 cells with acetylcholine. The EC50 val-
ues were compared to the available literature data of EC50 values 
obtained from different cell types which were nevertheless of com-
parable magnitude.
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