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Despite the myriad of soft lithography based micropatterning methods available to

researchers, it is still challenging to define small features (10–100 lm) that are

spaced far apart (1–10 mm). In this report, we describe a combined microfluidic-

microstencil patterning method that can produce multifunctional substrates of small

features, O(10 lm), with a large pitch, O(1 mm). In that, we fabricate microstencils

using an UV curable polyurethane (Norland Optical Adhesive 81) with dense arrays

of 10–100 lm holes. Overlaying arrays of microfluidic channels over these micro-

stencils allow for the control of the spacing between features and the ability to pat-

tern multiple substrates. We show that this method is capable of patterning soluble

proteins, fibrillar insoluble collagen, liposomes, cells, and nanoparticles. We dem-

onstrate the utility of the method by measuring platelet adhesion under flow to three

adhesive proteins (insoluble fibrillar collagen, laminin, and reconstituted acid solu-

bilized collagen fibers) in a single assay. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896231]

INTRODUCTION

Micropatterning biomolecules and cells is a useful tool for investigating how the spatial

presentation of surface bound molecules and cells regulates cell adhesion, rolling, and spread-

ing, as well as cell-cell communication, cancer metastasis, and outside-in signaling.1–3 Some

patterning methods require specialized equipment such pin tools,4 dip-pen lithography,5 inkjet

printer,6 and laser writers.7 Alternatively, soft-lithography based methods including microfluidic

patterning,8 microcontact printing,2,9 and microstenciling10–13 are attractive to research laborato-

ries because of their low cost and simple fabrication. Here, we report a soft-lithography method

that combines microstencils and microfluidic patterning as an alternative to microcontact

printing.

Microcontact printing is a versatile method for patterning proteins and lipids at the

100 lm to 100 nm scales but suffers from some important limitations. First, it is difficult to

achieve consistent features,14 because the amount of material transferred depends on difficult

to control parameters such as relative dryness and the applied pressure (rate and total).15

Second, the drying of material on stamps may cause inhomogeneity within patterns.13

Third, it is difficult to pattern fibrillar proteins such as native collagen fibers,16 which are the

preferred substrate for some assays such as platelet adhesion.17 Finally, when using polydime-

thylsiloxane (PDMS) stamps, the size and spacing between features are limited due to me-

chanical instabilities such as roof collapse, buckling, and lateral collapse.9,18 To avoid these

instabilities, patterned features need to be quite dense and feature size needs to be relatively

uniform. This limits the use of microcontact stamping in flow-based adhesion assays because

of cross-talk between adjacent features. For example, in the context of blood clot formation,

the transport of thrombin from one feature to the next causes an increasing build-up of fibrin
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on each feature in the direction of flow.19 Alternatives to PDMS or supporting PDMS stamps

on rigid materials can increase the spacing.20–22

Some of the limitations of microcontact printing have been addressed with microstencils,

which are thin films of polymers (photoresists, PDMS, polyurethanes, and parylene) with holes

in them that define the pattern.12,23–25 A solution of biomolecules or suspension of cells is incu-

bated directly on the microstencil. The microstencil is then removed leaving behind a pattern

defined by the holes. Since adhesion of the molecule is based on adsorption, the transfer pro-

cess is easier to control than by microcontact stamping by changing the solute concentration

and incubation time. Moreover, the molecules remain hydrated throughout the patterning pro-

cess, thus preventing denaturation and potential loss in protein activity. Microstencils can be

fabricated using soft lithography techniques. For example, a double molding process in which a

PDMS master is used to define the holes in a polyurethane (Norland Optical Adhesive, NOA)

membrane by capillary filling was recently reported.13 However, this method suffers similar

limitations of PDMS microcontact stamping in that features need to be sufficiently close to-

gether to avoid mechanical instabilities in the PDMS master.9,14 In addition, microstencils do

not easily lend themselves to pattern different materials (e.g., two different proteins) on the

same substrate.

Microfluidic patterning uses microfluidic channels to define patterns and has the advantages

of using small volumes of reagents, the ability to pattern several different molecules on a single

substrate with high spatial precision, and is amenable to pattern fibrillar proteins and cells. One

disadvantage of microfluidic patterning is that limited geometries are available for patterning,

namely, rectangular strips. This is problematic in flow-based cell adhesion assays because the

patterned molecules span the entire width of a channel. Since shear stress distribution across a

rectangular channel varies with position, cells tend to accumulate in the low shear stress regions

in the corner of channels. This non-uniform shear stress distribution can confound data analysis

of cell adhesion assays.26 Previous reports have used a combination of microcontact printing

and microfluidic patterning to yield multifunctional surfaces.27 In that, hydrophobic silanes

were microcontact printed to define features with a polyethylene glycol (PEG) background, fol-

lowed by microfluidic patterning of proteins that selectively adsorbed to the hydrophobic fea-

tures. Here, we take a similar approach using microstencils and microfluidic patterning that pro-

vides the additional flexibility of patterning fibrillar proteins, cells, and particles without the

need for modulating surface chemistry.

In the Methods section, we describe how to fabricate large (25 mm � 25 mm) NOA micro-

stencils combined with microfluidic patterning to provide control over both the size and spacing

between patterned features. The NOA microstencils allow for the creation of discrete patterns

down to 10 lm. The microfluidic channels allow for control of spacing between features and

the ability to pattern multiple molecules on a single substrate. We demonstrate the utility of

this approach by patterning proteins, lipids, nanoparticles, and cells, as well as by measuring

platelet adhesion over three different adhesive proteins in a single assay.

MATERIALS AND METHODS

Materials

Anhydrous toluene, octadecyltrichlorosilane (OTS), fluorescein isothiocyanate (FITC),

Texas Red
VR

–2-sulfonamidoethyl methanethiosulfonate, dimethyl sulfoxide (DMSO), bovine

serum albumin (BSA), collagen type I (acid soluble), laminin from human placenta, glutaralde-

hyde 50%, calcium chloride, magnesium chloride, sodium chloride, potassium chloride, diso-

dium phosphate, dipotassium phosphate, 2-[4-(1-hydroxyethyl)piperazin-1-l]ethanesulfonic acid

(HEPES), methanol, hydrochloride acid (37N), Pluronics F-127, gelatin (tissue culture grade),

heparin sodium salt from porcine intestinal mucosa, trypsin, and endothelial cell growth supple-

ment (ECGS), tetra-ethyl-ortho-silicate (TEOS), ammonium hydroxide ACS grade, and ethanol

anhydrous (200 proof) were all obtained from Sigma Aldrich (St. Louis, MO, USA). Native

collagen (type I) from equine tendons was purchased from Chrono-Log (Havertown, PA).

SYLGARD
VR

184 Silicone Elastomer Kit was purchased form Dow Corning (Midland, MI,
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USA). NOA 81was purchased from Norland Products (NJ, USA). F-12K basal media and fetal

bovine serum (FBS) were purchased from ATCC (Manassas, VA). L-a-phosphatidylcholine

(PC) and L-a-phosphatidylserine (PS) were purchased from Avanti Polar Lipids (Alabaster,

USA) and Texas red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE) was pur-

chased from Invitrogen (Carlsbad, CA, USA). KMPR 1050 was purchased from MicroChem

Corporation (Westborough, MA). (Tridecafluoro-1,1,2,2-tetrahydooctyl) trichlorosilane was pur-

chased from Gelest (Morrisville, PA). Anti-human CD41-Pacific Blue IgG was purchased from

Southern Biotech (Birmingham, AL). Human recombinant tissue factor (TF) was purchased

from Sekisui Diagnostics (Lexington, MA). HEPES Buffered Saline (HBS) was prepared by

dissolving 150 mM NaCl and 25 mM HEPES in deionized (18 MX) water. 10� Phosphate

Buffered Saline (PBS) was prepared by 1.37M NaCl, 27 mM KCl, 100 mM Na2HPO4, and

18 mM KH2PO4 in deionized water. 10� PBS was diluted to 1� using deionized water prior to

use. Recalcification buffer was prepared by dissolving 75 mM CaCl2 and 35 mM MgCl2 in

HBS. Wash buffer was prepared by dissolving 1 U/ml heparin, 7.5 mM CaCl2, and 3.5 mM

MgCl2 in HBS. pH of the buffers was adjusted to 7.4 using 1M HCl and 1M NaOH. Buffers

were filtered through a 0.22 lm pore size syringe filter (Millipore, Billerica, MA) prior to use.

Fabrication of NOA 81 microstencils

The fabrication of NOA 81 microstencils was achieved by a double molding process as

depicted in Fig. 1. Features were defined by photolithography on silicon wafers using negative

tone photoresist KMPR 1050 (height �42 lm). Wafers were incubated with (tridecafluoro-

1,1,2,2-tetrahydooctyl) trichlorosilane for at least 4 h under �10 psi vacuum. Next, PDMS was

molded off of the wafer with 1:10 catalyst:base and cured at 80 �C for 4 h. PDMS substrates

consisted of an array of pillars 90 lm in diameter and a pitch of 225 lm or staggered array

(600 lm between two spots in one column and 300 lm between columns). Following removal

from the silicon, PDMS substrates were cleaned in 1M HCl, acetone, and ethanol for 5 min

each and dried in an oven at 80 �C for at least 2 h before use. Glass slides were cleaned in 1:1

HCl:methanol (37N HCl) for 2 h, rinsed thoroughly in deionized water (18 MX), and dried at

80 �C before use. NOA 81 (10–60 ll) was pipetted onto the cleaned glass slide. The PDMS

master was placed on the NOA 81 and gently pressed down by hand (Fig. 1(a)). The assembly

was then placed under water with a 200 g weight on the slide to promote contact between the

FIG. 1. Fabrication and patterning using the microfluidic-microstencil method. (a) A clean glass slide with liquid NOA81

pipetted on the surface is brought in contact with a PDMS master with desired features. (b) Uniform pressure is applied to

the assembly by placing a 200 g weight on the PDMS master and placed under water. The assembly is then exposed to UV

radiation from the bottom of the assembly to cure the NOA. (c) The PDMS master is removed leaving a microstencil

through the holes. (d) The microstencil is then placed on the substrate to be patterned. (e) A microfluidic device is placed

on the stencil, reversibly vacuum bonded, and the channels are filled with the desired solution or suspension. The different

colors represent different solutions/suspensions. Vacuum bonding is achieved by connecting a vacuum pump to the device

via a tubing. (f) Upon removal of the stencil and the microfluidic device, the patterned surface is revealed on the substrate.
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PDMS substrate and the glass slide to ensure through holes (Fig. 1(b)). NOA 81 was polymer-

ized by UV exposure (365 nm) for 3–10 min under water at a distance of 1–5 cm. The resultant

NOA stencil was then rinsed thoroughly with ethanol to remove any unpolymerized NOA.

After using microstencils for patterning, they were sonicated in 1M HCl and ethanol for 5 min

each to remove proteins that may be present on the membrane and stored in a humid environ-

ment at 4 �C for reuse. When reused, the microstencils were sonicated in ethanol for 7 min prior

to use to remove any debris that may have adhered during storage.

Cell lines and cell culture

Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from ATCC

(CRL-1730) and were grown as recommended by ATCC in F-12 K complete medium under

humidified conditions at 37 �C and 5% CO2. The base medium was supplemented with 0.1 mg/

ml heparin, 0.03–0.05 mg/ml ECGS, and 10% FBS to make the complete medium.

Microfluidic-microstencil patterning

NOA microstencils were wetted with HBS for 5 min to fill the wells. A PDMS microfluidic

patterning device with three channels (500 lm wide, 50 lm high, and 50 mm long; channels

separated by 5 mm) was then held in place on the stencil using vacuum-assisted bonding

(Fig. 1(d)). A vacuum chamber surrounds the channels. This chamber is a recess in the micro-

fluidic device and is connected to a vacuum pump by tubing. When the pump is turned on, the

reduced pressure bonds the device to the stencil. Following the patterning, the vacuum is

released and the device is removed.26 Solutions of molecules to be patterned were manually

drawn into the channels with a 1 ml syringe and allowed to incubate for 1–2 h (Fig. 1(e)).

Following incubation, unbound biomolecules were washed with HBS. The device and the

microstencil are then removed to reveal patterned surfaces (Fig. 1(f)).

Scanning electron microscopy

Microstencils were placed on a silicon wafer and sputter-coated with �10 nm of gold.

Images were captured at an accelerating voltage of 1.5 kV and 6 mm working distance (JEOL

7000 Field Emission Scanning Electron Microscopy (FESEM), Hitachi, Tokyo, Japan).

Patterning of proteins

OTS modified glass slides as previously described1 or clean unmodified glass slides were

used to pattern proteins. Protein solutions (10–150 ll) were either pipetted directly on the mem-

brane or perfused through microfluidic patterned devices, and left in a sealed humidified dark

box at 4 �C overnight or at room temperature for 1–2 h. After incubation, excess protein from

the surface of the microstencil was removed and the microstencil was gently peeled off the

glass surface. The slide was then washed with HBS to remove excess and unbound protein. The

pH of type I acid solubilized collagen was raised to 7.4 using 0.1M NaOH and diluted with

PBS to the desired concentrations (1 mg/ml) immediately prior to patterning.1 Patterned proteins

were visualized using either an Olympus BX60 microscope equipped with 5� (NA 0.15),

10� (NA 0.30), 20�(NA 0.40), and 50� (NA 0.50) objectives, a dark field filter, and a digital

camera (Infinity 2, Lumenera, Ontario, Canada) or an Olympus IX 81 equipped with equipped

with a motorized stage 2� (NA 0.06), 10� (NA 0.3), 20� (NA 0.45), and 40� (NA 0.6) objec-

tives and a 16 bit CCD camera (Hamamatsu, San Jose, CA). BSA was conjugated to FITC for

visualization as previously described.1

Patterning silica beads

Silica beads were synthesized as previously described.28 Briefly, 3 ml of TEOS was added

drop wise to a mixture of ethanol (30.8 ml) and ammonium hydroxide (13 ml) at room tempera-

ture with constant stirring. After 2 h of stirring, the contents were centrifuged and the pellet
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was resuspended in ethanol and centrifuged again. The pellet was washed in HBS twice to

remove any residual reactants. This process yields silica beads 800 nm in diameter as deter-

mined by dynamic light scattering (Zetasizer Nano, Brookhaven Instruments). Beads suspended

in HBS (�10 ll) were perfused through the microfluidic patterning device and allowed to incu-

bate in a dark humidified box for 2 h at room temperature. Following incubation, the channel

was rinsed with HBS to remove unbound beads. The device and the microstencil were gently

peeled from the glass slide.

Patterning lipid bilayers

Multilamellar lipid vesicles made from PC, PS, and DHPE (PC:PS:DHPE molar ratios

80:19:1) with and without recombinant human TF were prepared as previously described.29

Suspensions of vesicles (�10 ll) were perfused through the microfluidic patterning device and

allowed to incubate in a dark humidified box for 2 h at room temperature. Following incubation,

excess lipids were removed and the channel was washed with HBS to remove unbound lipids.

The device and the microstencil were gently peeled from the glass slide. The surface was again

rinsed with HBS and kept hydrated for imaging.

Patterning cells

The NOA microstencil was placed over a clean glass slide coated with gelatin by applying

a layer of 0.2% tissue culture grade gelatin and then placing a coverslip to ensure a uniform

thickness. Confluent HUVEC cells were gently detached from the tissue culture flask using

trypsin-EDTA, washed, and resuspended at 250 000/ml in complete media. The channels of the

microfluidic device were primed with complete media to allow entry of cells into the channel.

After 45 min of incubation, the device and microstencil were removed. The slide with patterned

cells was washed gently with HBS to remove any unbound cells and placed in complete media

at culture condition. The slides were then allowed to incubate for an additional 4 h to allow the

cells to attach and spread over the gelatin coated glass slide.

Blood collection and preparation

Blood was collected from healthy donors by venipuncture into vacutainer tubes containing

3.2% sodium citrate. Phlebotomy was conducted in accordance with the Declaration of Helsinki

and in accordance with the institutional review board of the University of Colorado, Boulder.

Donors had not consumed alcohol within 48 h prior to the draw, nor had they taken any pre-

scription or over-the-counter drugs within the previous 10 days. The first tube of blood col-

lected was treated as waste to eliminate any activated platelets due to venipuncture.

Platelet adhesion flow assays

Clean glass was patterned with fibrillar collagen, laminin, and acid soluble collagen using

the microfluidic-microstenciling technique described above for the flow assay. Texas Red

(1–5 lg/ml) was added to the protein solutions to aid in visualizing the patterned features. To

prevent denaturation of proteins, the surfaces were not allowed to dry rather were kept hydrated

with a small amount of buffer at all times. Following patterning, slides were incubated with 5%

BSA for 30 min at room temperature. Texas Red was removed below detectable levels during

the BSA incubation (pacification step to prevent non-specific adhesion) and the subsequent

wash (to remove excess BSA). Prior to the flow assay, the whole blood and a fluorescently la-

beled anti-human CD41 antibody (1:100 blood:antibody) were incubated together in a 37 �C
water bath for 10 min to resensitize platelets.30 Immediately before the assay, divalent cations

were reintroduced into the whole blood by adding 9:1 whole blood:recalcification buffer

(7.5 mM CaCl2 and 3.5 mM MgCl2 final concentration). The flow rate of the whole blood was

controlled with a syringe pump (PHD2000, Harvard Apparatus, Holliston, MA) to achieve the

desired wall shear rates. Wall shear rates were related to volumetric flow rate by
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cwall ¼
12Q

2A1:5 1� 192

p5
e tanh

p
2e

� �
1þ eð Þ

ffiffi
e
p� � ;

where Q is the volumetric flow rate, cwall is the wall shear rate, and e is the channel aspect ratio

(width/height). The microfluidic channel used for the flow assay was 250 lm wide and 50 lm

high and was placed perpendicular to the long arrays of protein spots defined by the microfluidic

patterning steps. Whole blood was perfused through the channel at a wall shear rate of 100 s�1

for 7 min. This wall shear rate is the characteristic of venous blood flow and is recommended by

Biorheology Subcommittee of the International Society of Thrombosis and Hemostasis.31

Following the flow assay, blood was removed from channels by perfusing a washing buffer and

the clots were fixed by perfusing 2% glutaraldehyde in HBS for 5 min. Both washing and fixing

steps were performed at the same wall shear rates as the platelet adhesion assay.

Image analysis

To quantify the fluorescence intensity within each patterned feature, the mean gray values was

calculated using ImageJ.32 The image processing consists of the following steps: (1) The back-

ground was subtracted using a rolling ball filter in the Subtract Background function. (2) The

background-subtracted image was converted to a binary image by manually setting the threshold

value to include all features in the Threshold function. Note that the same threshold value was

used for all analysis on a given substrate. (3) The Set Measurements features were set to redirect

measurements of mean gray value to the original grayscale image. Then, the Analyze Particle
function was applied on the binary image. This procedure allows for calculation of the mean gray

value within each feature in the original grayscale image as defined by the binary image. Intensity

histograms were obtained by measuring the line intensity across the diameter of the spot.

Statistical analysis

Statistical analysis was performed using R version 3.0.2 (http://www.R-project.org/). Where

appropriate students’ t-test was used at a significance level of 0.05. Values reported are mean-

6 standard deviation unless noted otherwise.

RESULTS AND DISCUSSION

Characterization of microstencils and fidelity of patterning

Fig. 1 shows the workflow for the fabrication of microstencils and subsequent patterning

via microfluidic channels. Microstencils were fabricated by placing a PDMS master over liquid,

uncured NOA81, and then applying a 200 g weight atop the master. The NOA was cross-linked

with UV light while the entire assembly was immersed in water. The water immersion ensures

that the NOA stencil does not bond to the glass slide. Fig. 2(a) shows a scanning electron

micrograph of the NOA membrane through holes. Fig. 2(b) shows a pattern of BSA-FITC gen-

erated from a microstencil with 90 lm holes spaced 225 lm apart (center-to-center). The thick-

ness of the microstencils was 35 6 2 lm. An array of different sized rectangles shows that holes

as small as 10 lm can be successfully fabricated by this technique (Fig. 2(c)). Line intensity

profiles across 25 spots on each microstencil were used as a measure to assess homogeneity of

protein within spots (Fig. 2(d)). The fluorescence intensity was relatively constant across each

spot. The patterned spots are 71.2 6 5 lm in diameter, thus there is approximately an 18 lm

reduction in the diameter of spots from the original PDMS master pillars. This reduction in size

is likely a result of by a thin ring of NOA at the bottom of the stencil holes that is visible in

electron microscopy images (Fig. 2(a)). To test the repeatability of patterning across different

microstencils, we measured the average fluorescence intensity of 90 spots from four separate

stencils (Fig. 2(e)). The results show repeatable patterning within a stencil and between

stencils.
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Patterning of proteins, lipids, and cells using microfluidic-microstencil method

Adsorption using microstencils alone can provide dense arrays of biomolecules and cells

(Fig. S1),36 similar to previous reports using microstencils.13 Overlaying microfluidic channels

on the microstencils during the adsorption step allow for greater control over the spatial presen-

tation of patterned features. Here, microfluidic devices were reversibly vacuum-bonded to the

microstencils followed by the introduction of protein solutions or suspensions of nanoparticles

or cells. Direct adsorption onto stencils without microfluidic channels required �150 ll of solu-

tion/suspension. Patterning with microfluidic channels only required �10 ll of fluid/suspension.

The flexibility of this approach was demonstrated by patterning a variety of biomolecules and

cells (Fig. 3).

FIG. 2. Characterizing the microstencil. (a) Electron micrograph of the NOA membrane through the holes. Scale

bar¼ 100 lm. (b) BSA-FITC was patterned using the NOA microstencil into spots (scale bar¼ 100 lm) and (c) bars rang-

ing from 150 lm to 10 lm in length (scale bar¼ 100 lm). (d) Line fluorescence intensity profiles measured across 25 spots.

(e) Average fluorescence intensity of spots on four stencils (n¼ 90 for each stencil).

FIG. 3. Patterning insoluble proteins, particles, and cells using the microfluidic-microstencil method. (a) Insoluble fibrillar

collagen fibers, (b) Texas–Red conjugated lipids, (c) 800 nm silica beads, and (d) HUVECs were successfully patterned.

After seeding, the cells were allowed to attach and spread resulting in an irregular and larger patterned area. Scale

bars¼ 100 lm.
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We patterned insoluble fibrillar collagen, which, in our hands, is difficult to pattern using

microcontact stamping (Fig. 3(a)).1 There was some variation in the number of large collagen

fibers per spot as indicated by the high magnification dark field microscopy images. However,

this is likely a function of the size distribution of fibers in the solution rather than any inherent

defect in the patterning.

We patterned particles and cells in suspension using the microfluidic-microstencil method.

Suspensions of liposomes (100 nm) were selectively patterned into spots (Fig. 3(b)). Dense

arrays of silica beads (800 nm) were also successfully patterned into spots with no observable

beads between spots (Fig. 3(c)). This is an improvement over a microblotting method we have

previously used to pattern silica nanoparticle that tends to leave some particles between fea-

tures.28 Note the areas of dense features surrounded by areas with no features (Fig. 3(c)). The

ability to combine dense and sparse feature is an advantage of this patterning approach.

Endothelial cells selectively adhered to gelatin surfaces within the microstencil wells

(Fig. 3(d)). Between 3 and 7 endothelial cells were patterned within each spot. A tighter toler-

ance on the cell density may be achieved by optimizing the cell concentration and/or seeding

conditions (continuous or periodic perfusion). Alternatively, matrix proteins could first be pat-

terned into the wells of the microstencils, followed by the introduction of cells. Taken together,

these results show that the microfluidic-microstencil approach can produce patterns of insoluble

fibrillar proteins and particles and cells that would be challenging, if not impossible, to achieve

by microcontact stamping. Further, we were able to define discrete spots of particles and cells,

rather than long strips, which are characteristic of microfluidic patterning.

Platelet adhesion on multifunctional substrates

A second feature of the microfluidic-microstencil method is the ability to generate multi-

functional substrates. To demonstrate this feature, we patterned type I fibrillar collagen, lami-

nin, and reconstituted fibers of collagen from an acid soluble collagen solution on a single sub-

strate. Following patterning, a second microfluidic flow device was reversibly vacuum-bonded

to the substrate with channels running perpendicular to the array of patterned proteins (Fig.

4(a)). Whole blood was perfused through the channels at a wall shear rate of 100 s�1 for 7 min,

and platelet adhesion was monitored by fluorescence. Platelet adhesion was observed at loca-

tions corresponding to the patterned features (Fig. 4(b)). There was no evidence of non-specific

adhesion outside the spots. Platelet accumulation was greatest on fibrillar collagen, as expected

owing to its strong activation through the glycoprotein VI receptor.17,33 Platelets adhered but

did not aggregate on laminin, as previously reported.34,35 Reconstituted fibers from acid solubi-

lized collagen showed the lowest adhesion. Importantly, there was no evidence of cross-talk

FIG. 4. Platelet adhesion assay on multifunctional surfaces of adhesive proteins. (a) A microfluidic flow device is placed

over patterned features of insoluble fibrillar collagen, laminin, and acid soluble collagen. The flow device is placed perpen-

dicular to the pattern on the glass slide and reversibly bonded using vacuum. (b) Platelet adhesion in the whole blood on

patterned spots during a 7 min flow assay at a wall shear of 100 s�1. Platelets were labeled with Pacific Blue conjugated

anti-human CD41. Scale bars¼ 100 lm.
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between adjacent spots of different compositions owing to the relatively large spacing (5 mm)

between features as controlled by the microfluidic channels.

CONCLUSIONS

In this report, we have described a combined microfluidic-micropatterning method for pat-

terning biomolecules, lipids, nanoparticles, and cells. This method allows for the definition of

multifunctional substrates where the size and geometry of patterned features are controlled by

the microstencil and the spacing of features is controlled independently using microfluidic chan-

nels. As such, we can define features at multiple length scales, the individual features size, as

small as 10 lm, and feature spacing as much as several millimeters. Moreover, this approach

allows for direct patterning of particles and cells in suspension, which would be impossible

using microcontact printing. We showed one application of this method by measuring platelet

adhesion under flow on three different adhesive proteins within a single assay. Since the

method uses soft lithography techniques, it is readily implemented in research laboratories with-

out the need for expensive equipment.
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