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Microstructures that generate shear-protected regions inmicrochannels can

rapidly immobilize cells for cell-based biosensing and drug screening. Here,

a two-step fabrication method is used to generate double microgrooves with

various depth ratios to achieve controlled double-level cell patterning while

still providing shear protection. Six microgroove geometries are fabricated

with different groove widths and depth ratios. Twomodes of cell docking are

observed: cells docked upstream in sufficiently deep and narrow grooves,

and downstream in shallow, wide grooves. Computational flow simulations

link the groove geometry and bottom shear stress to the experimental cell

docking patterns. Analysis of the experimental cell retention in the double

grooves demonstrates its linear dependence on inlet flow speed, with slope

inversely proportional to the sheltering provided by the groove geometry.

Thus, double-grooved microstructures in microfluidic channels provide

shear-protected regions for cell docking and immobilization and appear

promising for cell-based biosensing and drug discovery.
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1. Introduction

Microfluidicdevicesholdgreatpromiseforhigh-throughput

screening and biochemical synthesis.[1–4] They enable the

controlled manipulation of small amounts of fluid, important

when costly reagents are employed, and are suitable for

cellular applications due to their small size and high-

throughput capability.[1,3,5,6] Moreover, the cellular micro-

environment within microfluidic devices may be controlled by

regulating different factors such as the flow rate and shear

stress.[7,8] Microdevices with shear-protective grooved sub-

strates enable cell docking, immobilization, and cell exposure

to soluble factors, features necessary for cell-based applica-

tions such as drug discovery[9,10] and microbioreactors.[11,12]

Previous microfabrication-based techniques for cell immobi-

lization within microchannels include photocrosslinkable

hydrogel patterning,[13,14] cup-shaped cell isolation arrays,[15]

and microgrooved structures.[9,16] A previous study on single-

grooved substrates found that cell positions and microcircula-

tions could be controlled by varying the flow rate and the

groove aspect ratio.[16] However, to our knowledge, no
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systematic study exists of the effects of fluid flow and groove

geometry on cell alignment.

In this manuscript, we report a microfluidic device

containing a double-grooved substrate that enables multilevel

control of cell docking and alignment. This simple yet

adaptable microfluidic cell docking device should prove useful

for cell patterning and generating co-cultures inside micro-

channels. By adjusting the flow direction and the double-

groove geometry, cells may be aligned in different groove

corners. Also, double-layer spin-coating processes enable

deeper grooves with higher aspect ratios to be fabricated than

single-step photolithography techniques.

The goal of this paper is to analyze cell patterning and

docking in double microgrooves. In particular, we link the cell

docking locations to the microgroove geometry and estimate

the effects of flow speed and geometry on cell retention.

Computational simulations provide estimates of five char-

acteristic flow patterns that are accurate proxies for cell

docking. Simulations also predict the shear stress sheltering

afforded by the double microgrooves. Experimental observa-

tions of cell alignment, docking, and retention in the double

microgrooves are presented and analyzed, and related to the

groove geometry and flow speed. Comparisons are made with

previously reported results on single-grooved substrates. To

provide general design criteria, the flow patterns and

concomitant cell docking are predicted for double micro-

grooves of arbitrary geometry. Therefore, we quantify not

only the additional sheltering engendered by double grooves

but also the bi-modal cell-docking patterns that result in the

upper and lower grooves.

2. Results and Discussion

A two-step photolithographymethod was used to fabricate

the microfluidic device and its double-microgrooved substrate

(Figure 1 and Experimental Section). SEM images of the

double grooves are shown in Figure 2. Six geometries were

fabricated involving two groove widths and three groove depth

ratios (Figure 2c and Table 1).
Figure 1. Schematic of the microfluidic device: a) Top channel con-

figuration, b) bottom microgrooved surface, c) close-up of double

grooves, d) microfabricated device with the cells docked in grooves,

e) close-up of cells inside the grooves.

Figure 2. SEM images of a) double-grooved substrate and b) cross-

section of double microgrooves. c) Schematic image of double-groove

design, with inlet channel width w0 and height h0 and groove widths l1,

l2, lateral lengths w1, w2, and heights h1, h2. Corresponding dimensions

of fabricated double grooves listed in Table 1.

www.small-journal.com � 2009 Wiley-VCH Verlag Gm
2.1. Theoretical Modeling

We employ a combined approach of dimensional analysis

and numerical simulation to rationalize our experimental

findings and to predict flow and cell docking patterns for

double microgrooves of arbitrary geometry. Dimensional

analysis is an efficient and systematic method of determining

the dependence of flow patterns on the various geometrical

and flow parameters. Computational fluid dynamics (CFD)

is a powerful approach to solve many fluid dynamics

problems.[17–20] Combined, these methods elucidate the

dependence of the microcirculation pattern, shear stress, cell
bH & Co. KGaA, Weinheim small 2009, x, No. x, 1–9



Cell Docking in Double Grooves in a Microfluidic Channel

Table 1. Dimensions of double grooves and inlet channels for fabricated grooved microfluidic device.

Geometry[a] l1 l2 h0 h1 h2 w0 w1 w2

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 200 100 80 80 20 2000 1500 750

2 50 50

3 20 80

4 150 75 80 80 20

5 50 50

6 20 80

M1,M2,M3,M4[b] 100, 75, 50, 25 0 40 40 0 4000 4000 0

[a]h0, w0 denote height, width of inlet channel, respectively; for grooves, l, h, w denote width, height, and lateral length and subscripts 1, 2 denote

top and bottom grooves, respectively. Blank entries assume the value above.

[b]For comparison, channel with single grooves of Manbachi et al.[16]

Table 2. Dimensionless geometrical ratios for fabricated grooved micro-
fluidic devices.

Geometry h0/l1 h2/h1 (h1þ h2)/l1 l2/l1

1 0.40 0.25 0.5 0.5

2 1.0

3 4.0

4 0.53 0.25 0.67 0.5

5 1.0

6 4.0

M1[a] 0.40 0 0.40 0

M2[a] 0.53 0.53

M3[a] 0.80 0.80

M4[a] 1.60 1.60

[a] Single-grooved channels of Manbachi et al.[16]
docking, and cell retention on the various geometric and

flow parameters. Past research has characterized the flow

patterns in single grooves[21–23] and guides the characteriza-

tion of the analogous flow patterns in double grooves.

For the purpose of modeling, we assume the flow in the

grooved microchannel is steady and two dimensional (2D).

The flow is governed by the Navier–Stokes equations

subject to appropriate boundary conditions (for details, see

Section 4.). We scale all spatial variables by the width l1 of the

upper groove and scale flow velocities by the average inlet

velocity U¼Q/(w0 h0). The flow in the double grooves is then

specified by the five dimensionless ratios h0/l1, h2/h1, (h1þ h2)/
Table 3. Flow rates Q, inlet velocities U, and Reynolds numbers Re in
fabricated grooved microfluidic devices.

Geometry Q

[mL min�1]

U

[cm s�1]

Re

1–6 5 0.0521 0.0417

10 0.1042 0.0833

20 0.2083 0.1667

30 0.3125 0.2500

40 0.4167 0.3333

M1–M4[a] 5 0.0520 0.0208

10 0.1040 0.0417

20 0.2080 0.0833

50 0.5210 0.2083

75 0.7810 0.3125

[a] Single-grooved channels of Manbachi et al.[16]
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l1, and l2/l1 (Table 2) and the Reynolds number Re¼Q/(w0n)

of the inlet channel (Table 3). In our experiments, the

Reynolds number Re ranges from 0.04 to 0.33, and hence the

flow is laminar and close to the Stokes flow limit, where the

scaled velocities, shear stresses, and pressure gradients are

purely dependent on geometry and not on the flow rate.[25]

2.1.1. Numerical Simulation of Flow Pattern in Double
Grooves

The flow in the double grooves was simulated numerically

(for details, see Section 4.) over a broad range of geometries

(Figure 3a) and flow intensities, i.e., Reynolds numbers Re. In

theparameter regimeof interest,fivecharacteristicflowpatterns

arise based on the type of microcirculation present in the bulk,

and are presented in Figure 3b: i) corner eddies in the upper

and lower grooves that are connected or ii) are connected

separately on the upstream and downstream sides; iii) no

circulation, iv) a double-eddy in bottom groove, and v) a single

eddy in the bottom groove. Corner eddies exist in the four

groove corners for all flow rates and geometries.[28] Simulations

were run for a representative Reynolds number of Re¼ 0.1;

virtually identical patterns exist forRebetween 0and1.At these

small Reynolds numbers, the streamline patterns and velocity

contours all have approximate fore–aft symmetry, since the flow

is close to the Stokes flow limit, which depends purely on the

fore–aft symmetric double grooves. Cases (iii–iv) correspond to

the fabricatedgeometries4–6, respectively, listedinTables1and

2, and differ only in groove depth ratio h2/h1. In general, narrow

deep grooves contain eddies (Figure 3b(iv,v), h2/h1¼ 1,4) while

wide shallow grooves do not (Figure 3b(iii), h2/h1¼ 1/4). The

exception occurs for high inlet channels and wide grooves, i.e.,

large h0/l1, where corner eddies in the upper groove drive

recirculation in the lower groove (Figure 3b(i), h0/l1¼ 0.53, h2/

h1¼ 0.1). Reducing h0/l1 causes the recirculation to disappear

(Figure 3b(ii), h0/l1¼ 0.50, h2/h1¼ 0.1). Lastly, Figure 3b(iii–v)

also include the dimensionless velocity contour plots, which

show that the magnitude of the velocity decreases rapidly into

the sheltered microgrooves.

2.1.2. Bottom Shear Stress

Fluid shear stresses exerted on cells in microfluidic devices

largely determine the docking pattern and retention. Cell

adherence to channel surfaces decreases with increasing shear

stress[29,30] and is also related to the flow behavior.[23,31–35] The
H & Co. KGaA, Weinheim www.small-journal.com 3
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Figure 3. Numerical simulation of flow in double grooves. a) Compu-

tational domain including geometry and triangular mesh discretization.

b) Streamlines and velocity contours for the five characteristic flow

patterns in grooves with: depth ratios h2/h1 i–ii) 0.1, iii) 1/4, iv) 1, v) 4;

scaled inlet heights h0/l1 i) 8/15, ii) 0.5, iii–v) 0.4, and scaled total

depths (h1 þh2)/l1 i–ii) 2/3, iii–v) 1/2. In all cases, l2/l1 ¼0.5. Arrows

indicate flow direction. c) Ratio of shear stress along the bottom groove,

tbot, to that of the inlet channel, t0, for cases (iii–v), h2/h1¼ 1/4 (——), 1

(– –), 4 (——). Corresponding profiles for single-groove limits h2/h1!0

(– � �–) and h1/h2!0 (– �–) are shown. x is the horizontal coordinate

parallel to the flow and scaled with respect to the upper groove width.

4 www.small-journal.com � 2009 Wiley-VCH Verlag Gm
cell docking patterns are given by the sign of the shear stress at

the bottom boundaries of each groove. In Figure 3c we present

the bottom shear stress in the lower groove, calculated via

tbot ¼ rn
@u

@y

����
y¼�h1�h2

: (1)

We non-dimensionalize by the shear stress on the inlet

channel wall given by the standard result for Poiseuille flow

t0 ¼
6rnQ

w0h20
; (2)

where h0 and w0 are the channel inlet height and width,

respectively. The bottom shear stress tbot is between 1% and

5% of that in the inlet channel, t0, less than that for a single

groove of the outer width, but generally greater than that for a

single groove of the inner width (Figure 3c). Also, tbot/t0 is

smaller for deeper and narrower grooves, i.e., larger h2/h1 and

smaller l2/l1. This is rationalized by noting that the total viscous

dissipation in the bottom groove scales as 2rne2ijw2h2l2 �
rnU2w2h2=l2, where eij is the rate of strain tensor and U is the

inlet flow speed.[25] Thus as h2 increases or l2 decreases, the

viscous dissipation is increased in the bottom groove, the flow

speed is reduced and the sheltering effect enhanced.

Manbachi et al.[16] calculated the bottom shear stress in

single grooves and have shown that it decreases as the grooves

narrow. They have also demonstrated the linear dependence

of bottom shear stress on inlet velocityU, and hence Reynolds

number Re, as expected since the flow is close to the Stokes

regime.

2.2. Experimental Results

This study provides both theoretical rationale and

experimental evidence for cell alignment in a double grooved

microfluidic device. Here, we present our experimental

observations of cell alignment and retention and show that

these correlate with the simulated flow direction and bottom

shear stress magnitude in our microfluidic device.

2.2.1. Cell Docking in the Double Microgrooves

Experimental observations of cell docking and alignment

in the four corners of the double grooves are presented in

Figure 4a–c. The corresponding cell counts are presented in

Figure 4d–g, sorted with respect to the docking position/flow

pattern type for each fabricated double-groove geometry.

Results for the two groove widths, l1¼ 150 and 200mm, are

similar. Also, similar cell counts are observed on the upper and

lower grooves since the upper grooves are (laterally) longer

than the lower grooves. Provided the cell diameter is small

relative to the groove dimensions, cell docking and positioning

are predicted solely based on the flow direction near the

groove boundaries. The larger depth ratios h2/h1 are

associated with microcirculation in the bottom cavity,

resulting in cells lining the upstream corners of the grooves.

Smaller depth ratios h2/h1 correspond to little or no

microcirculation and hence cells align in the downstream

corners of the grooves. Furthermore, cells were more
bH & Co. KGaA, Weinheim small 2009, x, No. x, 1–9



Cell Docking in Double Grooves in a Microfluidic Channel

Figure 4. Cell docking in double microgrooves. a–c) Representative top views of cell

positions on lower and upper microgroove surfaces for different geometries (l1 ¼200mm).

d–g) Cell counts on upstream and downstream portions of upper and lower microgrooves, for

geometries for narrower (d–e, l1 ¼150mm) and wider grooves (f–g, l1 ¼200mm). Schematics

of experimental setup are shown left of charts, while those of the flow and cell docking

patterns are shown below.
dispersed in the deeper bottom grooves as a result of the

higher sheltering and weaker flows. To summarize, for cases

where the cells are small relative to the groove dimensions, the

microcirculation pattern is sufficient for predicting cell

alignment.

When groove dimensions become the same order as the

cell diameters, cells are affected by both the interior flow in

the bulk and the bottom shear stress. In particular, the sign of

the shear stress at the groove boundary may not be sufficient

for determining the cell docking pattern. For example, the

shallow lower grooves in geometry 4 (Table 1) are 20mmdeep,

the same order as the cell diameter. It is therefore not

surprising that even though microcirculation is predicted to

exist in the thin lower groove (Supporting Information Figure

S1a), cells dock in the downstream corner of the lower groove

as if unaffected by the reversed flow.

2.2.2. Cell Retention in the Double Microgrooves

Fluid flow through microfluidic devices delivers nutrients,

growth factors, and reagents to the cells immobilized inside.

However, exposing the cells to flow also leads to cell removal

from the device. Therefore, groove designs that offer optimal
small 2009, x, No. x, 1–9 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
cell retention at a given inlet flow velocityU

are desirable. Figure 5a–b presents the cell

retention in the double microgrooves after

exposure to a given inlet flow velocity U.

Cell retention is observed to decrease

approximately linearly with increasing inlet

flow velocity. Moreover, cell retention is

generally less on upper grooves than on

lower grooves, since cells on the upper

groove surface are more easily removed

than those on the sheltered lower groove.

Cell retention was higher for narrower and

deeper grooves (larger (h1þ h2)/l1 and h2/

h1), which are associated with higher

viscous dissipation and thus lower flow

speeds and shear stresses, as discussed

above.

The approximate linear dependence of

cell retention on inlet velocity U and

Reynolds number Re is rationalized by

noting that cell mobility is proportional to

shear stress[29] and, as discussed above, the

shear stress at a particular location varies

linearly with U (or Re). Hence, at a

particular location, cell retention should

vary linearly with U (or Re).

Cell retention also varies with location

on the groove surface, with low retention

associated with exposed outer edges and

higher retention with sheltered corners.

Thus, the effects of position and flow

velocity U (or Re) are confounded in the

cell-retention measurements derived from

cell counts over entire grooves. These

effects are partially separated in

Figure 5c–d by plotting cell retention versus

U, which seems to reveal one or two stages
of cell removal. Consistent with our previous discussion, in

each stage the retention has a linear dependence onU (or Re).

Exposed cells are rapidly removed first (steep slope), followed

by the slow removal of sheltered cells (mild slope). The cell

retention on lower grooves (Figure 5c) is generally higher and

more uniform, due to the relatively uniform sheltering,

compared with that on upper grooves (Figure 5d). The trends

noted for parts (a–b) are also evident in (c–d): retention is

higher for narrow and deep grooves compared with wide and

shallow grooves.

Lastly, the maximum cell retentions in the single groove

designs of Manbachi et al.16 are plotted in Figure 5c

for comparison, and are generally lower than that in our

double-grooved device for the same average flow speed U.

Despite some of Manbachi et al.’s grooves having aspect

ratios up to 1.6, their shallow groove depths of 40mm are of

the same order as cell diameters. The cells were likely

affected by the interior flows, rather than simply the

small bottom shear stresses, thereby reducing retention. The

ratio of cell diameter to groove depth should not be

overlooked in microgroove design when cell retention is

deemed important.
www.small-journal.com 5
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Figure 5. Experimental analysis of cell retention in double microgrooves. a–b) Cell retention

for various inlet flow velocities U in a) narrow (l1 ¼150mm, l2¼ 75mm) and b) wide

(l1 ¼200mm, l2¼ 100mm) microgrooves. Values are normalized by the number of cells in

grooves at U¼ 0.052 cm s�1 listed over appropriate bar. c–d) Representative cell retention

measurements as a function of U in c) lower grooves (~ l2 ¼75mm, h2/h1 ¼4; & l2¼ 75mm,

h2/h1¼ 1; * l2¼ 100mm, h2/h1¼ 1) and d) upper grooves (~ l1 ¼200mm, h2/h1 ¼4; &
l1¼150mm, h2/h1¼1/4; * l1 ¼200mm, h2/h1 ¼1/4). Fitted lines (– –, ——) demonstrate

the linear dependence on U for each stage of the cell-removal process. (�) indicates maximum

retention for previously designed single groove devices.[16]

6

2.3. Classification of Flow Pattern and Cell Docking

We have shown experimentally that cell docking and

alignment are determined by the microcirculation pattern. It is

therefore important to relate the microcirculation pattern to

the double-groove geometry and inlet flow speed U (or

Reynolds number Re). To this end, we have constructed phase

diagrams in Figure 6 of the microcirculation patterns in terms

of the critical depth ratio h2/h1 and scaled inlet height h0/l1,
www.small-journal.com � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhe
for various scaled total depths (h2þ h1)/l1,

groove width ratios l2/l1, and Reynolds

numbers Re. The phase boundaries are

found by binary search based on the signs of

the shear stress at the fore–aft edges

between the upper and lower grooves and

at the middle of the lower groove. The

binary search is stopped when the differ-

ence in parameter values separating two

flow patterns is less than 0.001. The phase

boundaries for the three Reynolds numbers

Re¼ 0, 0.1, 1 plotted in Figure 6a–c

virtually coincide, demonstrating the insen-

sitivity toU (and Re). This is not surprising,

as discussed above, since our parameter

regime is close to Stokes flow, where the

dimensionless flow pattern is dependent

only on the groove geometry, not the inlet

velocity. Figures 6a–b shows the phase

diagrams corresponding to our fabricated

double grooved channel geometries 1–3

and 4–6, respectively. The phase bound-

aries accurately separate the different cell-

docking patterns, except for the leftmost

data square in Figure 6a in which the cell

diameter is comparable to the groove

depth, as discussed above. Higher inlet

aspect ratios h0/l1 and groove depth ratios

h2/h1 are associated with recirculation,

which is consistent with the behavior noted

for single grooves since increasing h2/h1
effectively increases the aspect ratio h2/l2 of

the lower groove. The phase boundary

separating recirculation from no circulation

approaches the corresponding single

groove limit as h2/h1! 0, denoted by (�).
A second phase boundary separates

coupled and de-coupled eddies between

the upper and lower grooves (straight lines

in Figures 6a, b). This phase boundary has

no analog in the single groove, and thus

does not have a corresponding single-

groove limit. The phase diagram for single

grooves shows that higher inlet aspect

ratios h0/l1 and groove aspect ratios h1/l1
are associated with recirculation

(Figure 6c). The phase boundary accurately

separates the flow and cell docking patterns

observed by Manbachi et al.[16] The

dependence of the phase boundaries on
the double groove width ratio l2/l1 and scaled total depth

(h2þ h1)/l1 is shown in Figures 6d and e, respectively.

Increasing the width ratio l2/l1 widens the lower groove,

requiring a larger depth ratio h2/h1 for recirculation, thereby

moving the phase boundary to the right in Figure 6d.

Increasing the scaled total depth (h2þ h1)/l1 increases the

overall groove aspect ratio, reducing the depth ratio h2/h1
required for recirculation, therebymoving the phase boundary

to the left in Figure 6e.
im small 2009, x, No. x, 1–9
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Figure 6. Phase diagrams of the characteristic flow patterns in the double groove with

experimental results of docking patterns in double- and single- [16] groove geometries

(parameters listed in Table 2). a) (h1þ h2)/l1 ¼1/2 with data for ~ upstream, ~ downstream

docking, and � single grooves [16] with downstream docking. (b) (h1 þh2)/l1 ¼2/3 with data

for& upstream and & downstream docking. c) Phase diagram for single grooves (h2 ¼0) with

data[16] for * upstream and � downstream docking. Flow patterns illustrated by schematics

(insets) and denoted by roman numerals i–v corresponding Figure 3b. (�) denotes single-

groove limit (h2 ¼0) of phase boundary. Dependence of phase boundaries on d) groove width

ratio l2 /l1 ¼0.4 (– –), 0.5 (——), 0.6 (– �–) and e) total groove depth (h1 þh2)/l1 ¼1/2 (——),

2/3 (– –), 5/6 (– �–), 1 (long dash). Reynolds number Re in (a–c) is 0 (——), 0.1 (– –), 1.0 (– �–)

and in (d–e) Re¼ 0. Vertical and horizontal axes of plots a,b,d,e are identical.
Misalignment between the centers of the upper and lower

microgrooves (Figure 2b) breaks the symmetry of the groove

geometry and the near symmetry of the flow. In the limit as the

lower groove is shifted completely to one side, an edge and

corner disappear along with the associated eddies. We have

used numerical simulation to precisely assess the effects of

misalignment on the flow pattern (see Supporting Informa-

tion). These simulations demonstrate that misalignments of up

to 1/8 of the upper groove width do not alter the characteristic

flow patterns for designs that are relatively wide or have deep

lower grooves. For the groove designs fabricated in this study,

misalignments affect at most geometry 4 (Table 2), which is

narrow with a shallow lower groove. As discussed above, cell

docking occurred downstream despite the recirculation

present in the lower groove; a shift of the bottom groove

may have been partially responsible.

2.4. Cell Docking in Other Geometries

When fluid flows past a sharp corner in a grooved substrate,

cells may be effectively docked and aligned if the corner

affords sufficient shelter. In theory, a myriad of geometries

may be employed to create various cell docking patterns, such

as multigrooved substrates of rectangular, triangular, trape-

zoidal, or other cross sections (see Reference [16] and

references therein). Computational flow simulations analo-

gous to those presented here could help predict the docking

patterns and the degree of shelter. The particular choice of
small 2009, x, No. x, 1–9 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
groove geometry depends not only on the

concomitant cell-docking pattern but may

also depend on the fabrication viability,

mass-transport properties, and the area

afforded for cell adhesion. Such features

are important for the design of biosensors

in order to deliver nutrients and diagnostic

chemicals to docked cells.

3. Conclusions

Through a combined theoretical and

experimental approach, we have demon-

strated and rationalized cellular alignment

and retention within double-grooved sub-

strates in a microfluidic device. We have

accurately linked the streamline pattern

and shear stress direction to cell docking.

We have constructed phase diagrams of the

microcirculation pattern as a function of

the four dimensionless ratios that specify

the double-groove geometry. Thus, given a

particular double-groove design, the micro-

circulation pattern may be found from the

phase diagrams, allowing accurate esti-

mates of the cell docking and alignment.

We have also quantified the degree of cell

retention in the upper and lower grooves

and its dependence on groove geometry

and its linear dependence on inlet flow

speed. The larger depth of our grooves with
respect to cell diameter also increases cell retention compared

with that previously reported for single grooves. Double-

grooved substrates provide controlled cell alignment while

affording shear protection and high cell retention, and are thus

ideally suited for cell-based biosensors and high-throughput

drug screening.
4. Experimental Section

Fabrication method: Silicon master molds were created for the

top fluidic channel and for the bottom double-microgrooved

substrate. The master mold for the 80-mm-high top fluidic channel

was made using a negative photoresist (SU-8 2050, Microchem,

MA). The double-microgrooved substrates with varying groove

depths (Table 1) were fabricated using a two-step photolitho-

graphy method. The first layer of the microgroove patterns (groove

depths h1¼20, 50, and 80mm) were fabricated using negative

photoresists (SU-8 2015, SU-8 2050). For the 20-mm-deep

pattern, SU-8 2015 was spin-coated at 2,000 rpm for 30 s, baked

for 3 min at 95-C, and exposed to UV (140 mJ cmS2) for 1 min. The

50- and 80-mm-deep patterns were fabricated by spin-coating SU-

8 2050 at 2,600 rpm and 1,700 rpm for 1 min, respectively. The

second layer of the groove patterns was fabricated by spin coating

SU-8 2050 photoresist on a silicon wafer patterned with the first

groove patterns. The total depth of the first and second layers was
www.small-journal.com 7
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100mm and the depth ratios were h2/h1¼1/4, 1 and 4. Following

photolithography, negative replicas of the top fluidic channel and

the bottom microgroove channel were molded in poly(dimethylsi-

loxane) (PDMS) (Sylgard 184 Silicon elastomer, Dow Corning, MI).

The PDMS prepolymer mixed with silicone elastomer and curing

agent (10:1 ratio) was poured on the silicon masters and cured at

70 -C for 2 h. The PDMS molds were subsequently peeled off the

silicon masters. Inlet and outlet ports for cell loading and medium

perfusion were created in the top fluidic channel using sharp

punchers. The top fluidic channel and bottom double micro-

grooved substrate were aligned and irreversibly bonded using

oxygen plasma (5 min at 30W, Harrick Scientific, NY).

Cell docking and retention in double grooves: A cardiac

muscle cell line (HL-1) derived from the AT-1 mouse atrial

cardiomyocyte tumor was used to study cell docking in the

double microgrooves in our microfluidic device. HL-1 cells were

cultured with medium in a humidified incubator (37 -C, 5% CO2).

The cell culture medium consisted of 87% Claycomb Medium,

10% Fetal Bovine Serum (FBS), 1% L-Glutamine, 1% Norepinephr-

ine, and 1% Penicillin/Streptomycin. Cells were trypsinized and

dissociated with the culture medium and then seeded at a

concentration of 4�106 cells mLS1 through the inlet port in the

microfluidic device. After 10 minutes of cell seeding, culture

medium was infused through the inlet port using a syringe pump

at flow rates Q ranging from 5 to 40mL minS1. These flow rates

generated average inlet velocities U¼Q/(w0 h0) ranging from

0.052 to 0.417 cm sS1 (Table 3). For cell-docking experiments, a

constant flow rate of Q¼5mL minS1 was used. For the cell-

retention experiments, cells were docked in the double micro-

grooves and then exposed to the various inlet velocities listed

above. We tested and analyzed cell docking and retention for the

six double-grooved substrate designs listed in Table 1. For the

cell-docking and retention experiments, the flow speed was held

constant until steady state conditions were reached, and then

images of cells in the double microgrooves were obtained using

an inverted microscope (Nikon TE 2000-U, USA). For cell-docking

experiments, cells in the four groove corners were counted for

each double microgroove geometry. The experiments were

repeated three times for each flow condition. For cell-retention

experiments, cells in each groove were counted; the experiments

were repeated three times.

Dimensional analysis and assumptions: For the purpose of

modeling, we assume the flow in the microchannel and grooves is

steady and 2D. The former assumption holds since the flow rates

in the experimental setup are steady. The latter assumption is

valid since their channel width is roughly ten times its height and

the groove lengths are roughly ten times their groove widths and

heights. 2D flow in double-grooved microchannels is characterized

by 9 physical input parameters: 6 specify the geometry, i.e., inlet

channel width w0 and height h0, upper and lower groove widths l1,

l2 and heights h1, h2 (Table 1 and Figure 2c), and 3 specify the

fluid, i.e., the flow rate Q (cm3 sS1) and the density r and

kinematic viscosity n of the culture medium, taken to be that of

water[24] at 20 -C, r¼1.0 g cmS3 and n¼0.01 cm2 sS1.

Dimensional analysis reduces the dependence of the 2D flow

in double-grooved channels from 9 physical input parameters to 5

dimensionless parameters: 4 aspect ratios h0/l1, h2/h1, (h1þ h2)/

l1, and l2/l1 (Table 2) and the Reynolds number Re¼Q/(w0 �) of
www.small-journal.com � 2009 Wiley-VCH Verlag Gm
the inlet channel. For comparison, the flow in a single-grooved

channel is completely described by 3 dimensionless parameters,

h0/l1, h1/l1 and Re. In our experiments, the Reynolds number Re

ranges from 0.04 to 0.33 (Table 3). At these small Reynolds

numbers, the flow is laminar and close to the Stokes flow limit,

where the scaled velocities, shear stresses, and pressure

gradients are purely dependent on geometry and not on the flow

rate.[25] Introducing and working in dimensionless co-ordinates

not only reduces the apparent complexity of the problem by half

but also elucidates the flow regime and simplifies the dependen-

cies expected in the numerical simulations.

Governing equations: The Navier–Stokes equations, which

consist of the incompressibility condition and the conservation of

momentum, govern the fluid flow. Motivated by the previous

section, we solve the problem in dimensionless variables. We

scale all spatial variables by the width l1 of the upper groove and

we scale flow velocities by the inlet velocity U¼Q/(w0 h0) and

pressure by rnU/l1. In dimensionless variables, the steady

Navier–Stokes equations become[26]

~r �~v ¼ 0; (3)

Re~v � ~r~v ¼ �~rpþr2~v; (4)

where ~v ¼ ðu; vÞ is the 2D velocity vector, u, v are the horizontal

(longitudinal, x-direction) and vertical (y-direction) velocity com-

ponents, p is the modified pressure due to dynamic effects,[25] ~r
the gradient operator and r2 the Laplacian operator. The no-slip

boundary condition is applied at the top and bottom walls. We

assume the velocity profile in the inlet channel is fully developed

Poiseuille flow. For the low Reynolds numbers in the parameter

regime of interest, the flow in the inlet channel becomes fully

developed over a distance h0 away from the ports and grooves.[27]

We impose the Dirichlet boundary condition u¼ u0, v¼0 at the

inlet, where the scaled inlet velocity u0 has the Poiseuille profile

u0 ¼ 6
l1
h0

� �2

y 1 � l1y

h0

� �
; (5)

and y is the dimensionless vertical coordinate. The modified

pressure is set to zero at the outflow boundary (Dirichlet boundary

condition).

Numerical simulation and domain discretization: In the

present work, the commercial finite element package Comsol

3.4 (Comsol Inc., Burlington, MA) was used to conduct our

numerical simulations. The 2D computational domain is discre-

tized into an unstructured mesh of triangular elements (Delaunay

triangulation, Figure 3a). Since the flow is fully developed in the

top channel, the particular choice of the top channel length l0 is

immaterial and does not affect the results. The scaled top channel

length l0/l1 is set to between 2 and 4, large enough for numerical

convergence. The maximum mesh edge length was set to 0.025 in

the bulk and 0.0025 at all corners and groove edges. The default

convergence criteria in Comsol’s static FEM solver were employed.

Though the number of elements varies with the geometrical

parameters, approximately 15,000 to 25,000 mesh elements and

1000 boundary elements were used in a single computation.
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