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bstract

Microwell structures were fabricated using SU-8 photoresist for engineering a quasi-three-dimensional (quasi-3D) microenvironment for cultured
euronal cells. SH-SY5Y human neuroblastoma cells were successfully integrated into microwells of a nominal diameter of 100 �m, with or without
0-�m wide microchannels connecting neighboring microwells, in an aspect ratio (ratio of structure depth over width) of approximately 1. With
he help of polyethylene glycol stamping and laminin coating, a neuronal-like network was achieved by integrating populations of SH-SY5Y cells
ith a microwell network pattern. Resting membrane potential establishment was evaluated with confocal microscopy and the potentiometric
uorescent dye tetramethylrhodamine methyl ester. It was found that the intra/extracellular fluorescent intensity ratio (R) was 2.4 ± 1.4 [n (number
f cells measured) = 112] for SH-SY5Y cells on flat SU-8 substrates on day 5 into differentiation, which was not significantly different from the ratio
n day 13 into differentiation, 2.0 ± 1.8 (n = 104) (P > 0.05). For cells in the microwell network structures, R was 4.8 ± 4.7 (n = 51) and 3.9 ± 3.2
n = 62) on days 5 and 13 into differentiation, respectively (P > 0.5). Cells within the network structures had higher R ratios than on flat substrates,

or either day 5 or 13 into differentiation (P < 0.01). These results demonstrated that the well network structures, or topographically patterned
ubstrates, were more suitable formats for promoting SH-SY5Y cell resting membrane potential establishment than flat substrates, suggesting the
otential to control cellular function through substrate topography engineering.

2006 Published by Elsevier B.V.
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. Introduction

In the fields of tissue and cellular engineering, one of the
ost rapidly advancing sectors is that of cell-based microde-

ices [1,2]. For these devices to serve their purposes, it has
een expected that the response of the integrated cells should
irror physiologically or pathophysiologically what happens

n vivo. In the in vivo condition, cells of a tissue compart-
ent normally live in an extracellular matrix (ECM) meshwork
ith three-dimensional (3D) and high aspect ratio topographical
extures. Three-dimensionality provides cells with characteris-
ic topographical cues in the cellular microenvironments and
hus enables cells to differentiate into specific phenotype and
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aintain specific functions that are usually impossible under
wo-dimensional (2D) culture conditions [3,4]. To this end, a
imple 2D flat substrate may not be regarded as accurately rep-
esenting the in vivo situations and consequently may not be an
deal format for cell-based microdevices.

Microfabrication techniques offer unique approaches for pat-
erning cells and engineering cellular microenvironment. In the
eld of neuron-based microdevices, microwell structures have
een fabricated for patterning neuronal networks or positioning
eurons on top of embedded electrodes, with glass [5], silicon
6,7], polyester photoresist [8], polymer elastomer [9,10] and
garose gel [11]. However, in most of these studies, the scale
f the networks and the number of addressable cells are small
ue to the limited number of probing electrodes. Therefore, the

ystems are not well suited for high-throughput screening with
icroscopic systems. Additionally, most of these structures were

haracterized by low aspect ratios (less than one) or depths (of
nly 1–2 cell diameters) [5–8]. In a few cases where a large
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attern thickness was used [9–11], the microchannel design for
uiding neuronal extensions between microwells made the struc-
ures merely the boundaries for 2D growing neuronal cells, and
ess representative of a 3D microenvironment. Also, compara-
ive functional characterization of cells cultured in engineered

icrostructures and conventional 2D substrates are lacking.
In this paper, quasi-three-dimensional (quasi-3D) microw-

ll patterns were fabricated using SU-8 photoresist with depths
f ∼100 �m or aspect ratios equal to or greater than one. In
ome cases, to facilitate the extension of neurites, microchan-
els connecting the microwells were added, forming a microwell
etwork pattern. SH-SY5Y human neuroblatoma cells were
nterfaced with microwell patterns of either 50 or 100 �m in
iameter. Resting membrane potential establishment for SH-
Y5Y cells cultured on both the microwell network patterns and
at SU-8 substrates was evaluated with confocal microscopy and
potentiometric fluorescent dye tetramethylrhodamine methyl

ster (TMRM). The results showed that SU-8 microwell network
tructures were a more suitable format for promoting SH-SY5Y
ell resting membrane potential establishment than the flat SU-8
ubstrates, suggesting the potential to control cellular function
hrough substrate topography engineering.

. Materials and methods

.1. SU-8 processing

Flat SU-8 substrates or microwell structures were fabricated
n 25-mm coverslips (Fisher Scientific, Pittsburgh, PA, USA).
rior to fabrication, the coverslips were cleaned with 20% sul-
uric acid and then baked at 110 ◦C for at least 3 h. SU-8 (2025,

icroChem, Newton, MA, USA) was spun onto the glass sub-
trate at a speed of 1000 rpm for 30 s. To achieve flat SU-8
urfaces, 25% (w/v) photoresist was used and this resulted in
coating thickness of approximately 1.5 �m, as measured with
n XP-1 stylus profilometer (Ambios Technology Inc., CA). For
abricating microwell structures, 69% (w/v) SU-8 was used,
hich resulted in a coating thickness of 70–150 �m, depend-

ng on the processing conditions. The SU-8 coating was soft
aked, first at 65 ◦C for 3 min and then at 95 ◦C for up to 30 min.
U-8 was then exposed in soft contact mode with a Karl Suss
JB 3 HP Mask Aligner using 365 nm UV at 10 mW for four

uccessive 10 s, interrupted for at least 20 s, which corresponded
o a total UV exposure intensity of 400 mJ/cm2. No mask was
sed to expose the whole surface area of the flat SU-8 substrates
hile a chromium mask was used to fabricate the microwell pat-

erns. Patterns and their nominal structure dimensions used in
his study included: 50-�m wells with a center-to-center spac-
ng of 55 �m, 100-�m wells with a center-to-center spacing of
10 �m, and 100-�m wells with a center-to-center spacing of
90 �m connected by 10-�m wide microchannels. The SU-8
oating was baked again, first at 65 ◦C for 3 min and then at
5 ◦C for 9 min before development. Patterns were developed

ith SU-8 developer (MicroChem, Newton, MA) for 14 min and

hen briefly immersed in isopropyl alcohol (Fisher Chemicals,
airlawn, NJ) before drying with nitrogen. Finally, the patterns
ere hard baked at 150 ◦C for 20 min.

c
M
a
c
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.2. Cell culture

SH-SY5Y human neuroblastoma cells were routinely cul-
ured in 75-cm2 tissue culture flasks (Costar, Corning, NY)
ith the growth medium in a 10% CO2 humidified air at
7 ◦C. These cells have frequently been used as models for
tudying neuronal function and sensor cells in neuron-based
evices [12–16]. The growth medium was made with Eagle
inimum Essential Medium (MEM) containing 10% heat inac-

ivated fetal bovine serum (FBS), 2.2 g/L sodium bicarbonate,
mM l-glutamine and 1 mM sodium pyruvate [16–18]. At 75%
onfluence, the cells were detached by mechanically pipetting
nd re-suspended in growth medium for plating. Before plat-
ng, SU-8 microwell patterns were sterilized with 70% ethanol
ver night, washed twice with phosphate-buffered saline (PBS)
nd twice with growth medium. Specifically, microwell net-
ork patterns were stamped with 10% (w/v) polyethylene gly-

ol (PEG) (MW 200, Sigma–Aldrich, St. Louis, MO) in water
sing a flat PDMS stamp (Sylgard 184, Dow Corning, Midland,
I). This was followed by washing with deionized water for
min. The patterns were sterilized with 70% ethanol overnight,
ashed twice with PBS and then coated with human placenta

aminin (Sigma–Aldrich, St. Louis, MO, USA) of 3.3 mg/L in
BS for 4 h. The patterns were then washed twice with PBS
nd twice with growth medium. These treatments were aimed
t coating microwells and microchannels with laminin while
eterring coating on the top surface of the pattern. Flat SU-8 sub-
trates were treated along with the microwell network patterns
xcept no PEG was stamped before laminin coating. Approx-
mately 5 × 105 cells were plated on each patterned substrate
r flat substrate in growth medium, which was contained in a
5 mm Petri dish (FALCON, Becton Dickinson Labware, NJ).
n the second day after plating, referred to as day 0 into dif-

erentiation hereafter, the medium was changed from growth
edium to differentiation medium. The differentiation medium
as comprised of MEM with 5% FBS, 2.2 g/L sodium bicar-
onate, 2 mM l-glutamine, 1 mM sodium pyruvate, 1 mM dibu-
yryl cAMP (dcAMP) and 2.5 �M 5-bromodeoxyuridine (BrdU)
16–18]. Differentiation medium was changed daily. Phase con-
rast images were taken on a Nikon ECLIPSE TE300 inverted

icroscope (Nikon, Melville, NY, USA) with a Nikon D100
igital camera.

.3. Scanning electron microscopy (SEM)

Cells on SU-8 patterns were fixed with 2% glutaraldehyde
n 0.1 M sodium cacodylate buffer, pH 7.2 for 1 h before rins-
ng in cacodylate buffer (without glutaraldehyde) three times,
5 min each. This was followed by post-fixing with 1% OsO4 in
.1 M sodium cacodylate buffer for 1 h and rinsing in cacody-
ate buffer (without OsO4) three times, 5 min each. The samples
ere then dehydrated successively in 30, 50, 70, 80, 95 and
00% ethanol for 10 min each and dried in a SAMDRI-780A

ritical point drier (Tousimis Research Corporation, Rockville,
D, USA). Patterns were sputter-coated with gold for 60 s to

chieve a coating thickness of about 15.3 nm. SEM images were
aptured with LEO 982 scanning electron microscope (LEO
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lectronenmikroskopie GmbH Korporation, Germany) with an
cceleration voltage of 5 kV, using either the regular detector or
n-lens detector.

.4. Fluorescent staining and fluorescence microscopy

The cellular pattern in the SU-8 microwell network was
tained with calcein AM (Biotium, Hayward, CA). This flu-
rescent dye stains living cells and their extensions by the
resence of intracellular esterase activity, which converts the
on-fluorescent cell-permeant calcein AM to intensely fluores-
ent calcein. Cells on well network patterns were washed with
mL PBS, three to five times. Patterns were then covered with

ufficient amount of 2-�M calcein AM in PBS and left at room
emperature for 45 min before the staining solution was replaced.
luorescent micrographs were viewed and captured with a B-
E/C FITC filter block (Nikon, Melville, NY, USA), which has
n excitation bandwidth of 465–495 nm and a filter pass range
f 515–555 nm.

.5. Evaluation of resting membrane potential
stablishment

Resting membrane potential establishment for cells both on
at SU-8 substrates and in microwell network structures was
valuated using confocal microscopy with the potentiometric
uorescent dye tetramethylrhodamine methyl ester (TMRM,
olecular Probes Inc., Eugene, OR). Resting membrane poten-

ials were derived by the intra/extracellular fluorescence inten-
ity ratios according to the Nernstian distribution of the dye
cross plasma membrane [19,20]. Fluorescence intensities were
xpressed as average gray level readings, which range from 0
o 255 artificial gray level units with 0 and 255 indicating high-
st darkness and brightness, respectively. The gray level reading
as calibrated to be linearly proportional to TMRM concen-

ration within a range of 5 nM to 100 �M (R2 = 0.9962) [16].
or an extracellular dye concentration of 0.5 �M, this linear
oncentration range corresponds to an effective potential range
f +116 to −133.5 mV for the method.Mao and Kisaalita [18]
ave previously introduced corrections for errors due to back-
round fluorescence, measuring extremely low extracellular flu-
rescence intensities and non-specific fluorescence binding by
ellular organelles. According to their method, the following
quations were used to calculate the intra/extracellular fluores-
ence intensity ratio R and membrane potential Vm:

= (F10%
in − B10%) × (F100%

out free − B100%)

(F100%
out − B100%) × (F10%

in free − B10%)
, (1)

m (mV) = −58 log10 R, (2)

n which F10%
in is the intracellular fluorescence intensity with

D filter set at 10%, B10% the background value with ND fil-
er set at 10%, F100%

out the extracellular fluorescence intensity

ith the ND filter removed, B100% the background value with

he ND filter removed, and F10%
in free and F100%

out free are the intra-
nd extra-cellular fluorescence correction factors with the ND
lter set at 10% or removed, respectively. R and Vm values were

w
i
o
n
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xpressed as mean ± S.D. Student’s t-test was used for statis-
ical comparison of the mean values of R and Vm. Vm values
ere also presented as frequency distribution histograms. The
onparametric two-sample Kolmogorov–Smirnov test was used
or comparison of Vm frequency distributions.

. Results and discussion

.1. Interfacing SH-SY5Y cells with SU-8 microwell
atterns

The epoxy-based SU-8 photoresist is a widely used
ioMEMS or lab-on-a-chip material. The rationale for choosing
U-8 as structure material lies in its mechanical strength, chemi-
al resistance, optical transparency and simplicity in fabrication
f high aspect ratio structures [21–23]. With these properties,
he resultant neuron-based devices are rendered compatible with
oth electrical and optical recording. To interface SH-SY5Y
ells with microwell structures, we started with 50-�m (diam-
ter) by 100-�m or more (depth) microwell patterns. The well
iameter was considered large enough for cells to easily fit dur-
ng plating.

Fig. 1 shows representative cross-section profiles of the 50-
m microwell patterns, as well as the patterns with SH-SY5Y
ells cultured on day 4 into differentiation. The pattern thick-
esses were 146 �m [Fig. 1(a)] and 97 �m [Fig. 1(b)]. The
ell density was higher on the 97-�m than on the 146-�m
attern. Neuronal extensions were observed with the 97-�m pat-
ern [Fig. 1(b′)], but not with the 146-�m pattern [Fig. 1(a′)].
t was noted that even with the 97-�m pattern, only one or
ccasionally two cells were found inside each microwell and
hese cells did not attach or spread. It was also noted from the
ross-sectional profile of the 146-�m pattern that there were
igns of underexposure—the thickness of the walls towards
he glass base were thinner than the thickness at the well
pening [24]. The extent of cell integration and differences
bserved between the 146- and 97-�m patterns were proba-
ly due to the aspect ratio and/or presence of uncross-linked
U-8.

Fig. 2 shows SH-SY5Y cells cultured in a 100-�m (diameter)
y 97-�m (depth) SU-8 microwell pattern. In contrast to 50-
m microwells, cells exhibited morphological characteristics of
ttachment to the sidewalls, forming cellular communities inside
ach 100-�m microwells. Taken together, the results presented
n Figs. 1 and 2 provide a combination of microwell structure
spect ratio and accompanying processing conditions that sup-
orted cell integration.

To facilitate the extension of neurites, microchannels con-
ecting the microwells were added to the structures, forming
microwell network pattern. Fig. 3 shows SH-SY5Y cells cul-

ured in a 100-�m (diameter) by approximately 125-�m (depth)
U-8 microwell network pattern on day 5 (a and b) and day 13
c and d) into differentiation. For cells in the microwell net-

ork structures, neuronal extensions could not be visualized

n phase contrast images [Fig. 3(a) and (c)] due to the depth
f the pattern. With fluorescent staining by calcein [Fig. 3(b)],
eurite extensions along the microchannels were visible, sug-
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ig. 1. Scanning electron microscopy (SEM) images showing cross-sectional pro
n day 4 into differentiation on the patterns (a′ and b′). Pattern thicknesses wer

esting the potential for the structure to support and control
he formation of neuronal networks when interfaced with cells
hat can form synapses in vitro. The neuronal-like network of
H-SY5Y cells remained patterned until day 5 into differentia-

ion [Fig. 3(a and b)]. On day 13 into differentiation, cells were
bserved on the top surface of the pattern [Fig. 3(c)]. Fig. 3(d)
s a scanning electronic microscopy (SEM) image showing the
ross-sectional profile of the pattern. Although most cells were

ost during SEM sample preparation, the remaining cells con-
rmed that the cells attached not only at the bottom but also
n the sidewalls of the microwells, and neuronal extensions
xtended along the sidewalls of microwells and throughout the

t
f
r
i

ig. 2. (a) Phase contrast image showing SH-SY5Y cells cultured on SU-8 microwell
mage showing the cross-sectional profile of the pattern shown in (a). Bar = 50 �m (a
of the 50-�m diameter microwell patterns (a and b) and SH-SY5Y cells cultured
�m (a and a′) and 97 �m (b and b′). Bar = 200 �m.

icrochannels, suggesting a quasi-3D microenvironment for the
ntegrated cells.

.2. Resting membrane potential establishment for
H-SY5Y cells on flat SU-8 substrates and in microwell
etwork structures

Resting membrane potential (Vm) establishment is an impor-

ant electrophysiological property of neuronal cells that marks
unctional differentiation. The rationale for choosing the fluo-
escence method for Vm measurement in the present study lies
n this method’s access to cells deep in the microstructures. In

patterns with a well diameter of 100 �m on day 6 into differentiation. (b) SEM
) or 200 �m (b).
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Fig. 3. Phase contrast images showing SH-SY5Y cells interfaced with the microwell network pattern on day 5 (a) and day 13 (c) into differentiation. Image (b) is
fluorescent image for the same field as in (a), showing neuronal extensions along the microchannels. Cells were stained with 2 �M calcein in PBS for 45 min before
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hotographing with a FITC filter block. Image (d) is a SEM image showing th
n day 13 into differentiation. The nominal dimensions of the well network pa
ength. Bar = 100 �m (a–c) or 200 �m (d).

ontrast to single cell-based techniques (e.g., patch clamp), the
dvantage of this method lies in its ability to handle large num-
er of cells, providing conclusions that are more representative
f the bulk cell population.

Fig. 4 shows confocal images for cells cultured on flat SU-
substrates (a) and in the microwell network structures (b) on
ay 5 into differentiation. For microwell network patterns, focal
lanes were positioned within the depth of the patterns to exclude
ells outside the microwell network structures. Table 1 shows

s
w
d

ig. 4. Confocal images for cells cultured on flat SU-8 substrates (a) and in the mic
ith 0.5 �M tetramethylrhodamine methyl ester for 20 min before scanning with 543
s-sectional profile of the microwell network pattern prepared after cell culture
are: 100 �m in well diameter, 10 �m in channel width and 90 �m in channel

he comparison of the means of the intra/extracellular fluores-
ence intensity ratios (R) along with the estimated Vm values. It
as found that R was 2.4 ± 1.4 (n = 112) for SH-SY5Y cells on
at substrates on day 5 into differentiation, which was not sig-
ificantly different from the ratio on day 13 into differentiation,
.0 ± 1.8 (n = 104) (P > 0.05). For cells in the microwell network

tructures, R was 4.8 ± 4.7 (n = 51) on day 5 into differentiation,
hich remained at almost the same level of 3.9 ± 3.2 (n = 62) on
ay 13 into differentiation (P > 0.5). Cells within the microwell

rowell network structures (b) on day 5 into differentiation. Cells were stained
nm green HeNe laser and a 565 nm long-pass filter. Bar = 100 �m.
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Table 1
Resting membrane potential establishment for SH-SY5Y cells cultured on flat SU-8 substrates and in the microwell network structures

Flat (2D) Microwell (3D)

R (mean ± S.D.) (n) Vm (mean ± S.D., mV) (n) R (mean ± S.D.) (n) Vm (mean ± S.D., mV) (n)

Day 5 into differentiation 2.4 ± 1.4 (112) −15.0 ± 21.8 (112) 4.8 ± 4.7* (51) −27.2 ± 26.3* (51)
Day 13 into differentiation 2.0 ± 1.8 (104) −9.8 ± 20.1 (104) 3.9 ± 3.2* (62) −26.2 ± 21.8* (62)

R: intra/extracellular fluorescent intensity ratio; Vm: resting membrane potential; n: number of cells measured. Cells were differentiated with 1 mM dibutyryl cAMP
a

n
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e
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d
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e
i
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nd 2.5 �M 5-bromodeoxyuridine.
* P < 0.01 compared to that for flat substrates by Student’s t-test.

etwork structures had higher R ratios and more negative rest-
ng membrane potentials than those on flat SU-8 substrates, for
ither day 5 or 13 into differentiation (P < 0.01). Fig. 5 shows the
requency distribution of the estimated Vm values for SH-SY5Y
ells on flat substrates and in microwell network structures on
ays 5 and 13 into differentiation. On flat SU-8 substrates,
9.5% of the cells had developed detectable negative membrane
otentials on day 5 into differentiation while only 7.1% of the

ells were more negative than −40 mV, a value that represents
lectrophysiological (functional) differentiation [13]. On day 13
nto differentiation, these percentages tended to decrease; with

s
i
s

ig. 5. Frequency distribution for the estimated resting membrane potentials of SH
tatistical analysis with two-sample Kolmogorov–Smirnov test showed that cells in
otentials than cells on flat substrates on either day 5 or 13 into differentiation (P
ifferentiation was significantly different from that for day 13 into differentiation (P <
n day 5 into differentiation was not different from that for day 13 into differentiation
2.1% of the cells developed detectable negative potentials and
nly 6.7% of the cells were more negative than −40 mV. For
ells in the microwell network structures, 86.3% of the cells
ad developed detectable negative potentials and 39.2% of cells
ere more negative than −40 mV on day 5 into differentiation.
n day 13 into differentiation, 87.1% of the cells had developed
etectable negative potentials and 27.4% of the cells were more
egative than −40 mV. The V frequency distributions, again,
m
howed that more negative Vm values were established for cells
n the microwell network structures than for cells on flat sub-
trates, on either day 5 or 13 into differentiation (P < 0.01). This

-SY5Y cells on flat SU-8 substrates and in the microwell network structures.
the microwell network structures established more negative resting membrane
< 0.01). The frequency distribution for cells on flat substrates on day 5 into
0.01). The frequency distribution for cells in the microwell network structures
(P > 0.20).
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esult is in agreement with our previous study, which showed
hat topographical scaffolds are more favorable for Vm estab-
ishment than flat substrates [25]. Also, from the mean values
hown in Table 1, we found no significant Vm establishment on
ay 13 as compared to day 5 into differentiation for cells both
n flat SU-8 substrates and in microwell network structures,
lthough the Vm frequency distribution for cells on flat sub-
trates on day 5 into differentiation was significantly different
rom that for day 13 into differentiation (P < 0.01). This contrasts
ith a previous study using NIE-115 murine neuroblastoma

ells, where cells gradually and fully developed Vm until day 13
nto differentiation [26]. The lack of Vm establishment by SH-
Y5Y cells on day 13 as compared to day 5 can be most likely
xplained by the well-known death of differentiated cells and
eplacement by proliferating cells for long differentiation time
16].

To correct for the non-specific fluorescence dye binding, the
orrection factors in Eq. (1) are averages from the bulk cell
opulation rather than being derived from the exact cell to be
valuated. This explains the “positive” resting membrane poten-
ial readings shown in Fig. 5 and previously reported with the
ame method [16–18,25]. Using the patch clamp technique, Vm
alues of −25 mV [12] and −32 mV [13] have been reported for
ndifferentiated, −55 mV [14] for dcAMP-differentiated and
49 mV [13] for retinoic acid differentiated SH-SY5Y cells.
hese Vm values are comparable to the values from our study,
ttesting to the validity of our technique.

. Conclusions

Microwell structures were fabricated using SU-8 photore-
ist for engineering a quasi-3D microenvironment for neu-
onal cells. SH-SY5Y human neuroblastoma cells were suc-
essfully integrated into the microwells of a nominal diameter
f 100 �m and of an aspect ratio of approximately one. With
he help of PEG stamping and laminin coating, we achieved a
euronal-like network by integrating populations of SH-SY5Y
ells with a microwell network pattern, of 100 �m in well
iameter, 10 �m in channel width and more than 100 �m in
attern thickness. With confocal microscopy and the poten-
iometric fluorescent dye TMRM, we demonstrated that SU-8

icrowell network structures were a more suitable format for
romoting SH-SY5Y cell resting membrane potential estab-
ishment than the flat SU-8 substrates, suggesting the poten-
ial to control cellular function through substrate topography
ngineering.
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