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ABSTRACT This paper describes the patterning of DNA arrays on plastic surfaces using an elastomeric, two-dimensional microcapillary system (µCS). Fluidic structures were realized through hot-embossing lithography using Versaflex CL30. Like elastomers based on poly(dimethylsiloxane), this thermoplastic block copolymer is able to seal a surface in a reversible manner, making it possible to confine DNA probes with a level of control that is unparalleled using standard microspotting techniques. We focus on µCSs that support arrays comprising up to 2 × 48 spots, each being 45 µm in diameter. Substrates were fabricated from two hard thermoplastic materials, poly(methylmethacrylate) and a polycyclic olefin (e.g., Zeonor 1060R), which were both activated with 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride and N-hydroxysuccinimide to mediate covalent attachment of DNA molecules. The approach was exemplified by using 0.25-32 µM solutions of amino-modified oligonucleotides labeled with either Cy3 or Cy5 fluorescent dye in phosphate-buffered saline, allowing for a direct and sensitive characterization of the printed arrays. Solutions were incubated for durations of 1 to >48 h at 22, 30, and 40 °C to probe the conditions for obtaining uniform spots of high fluorescence intensity. The length (l) and depth (d) of microfluidic supply channels were both important with respect to depletion as well as evaporation of the solvent. While selective activation of the substrate proved helpful to limit unproductive loss of oligonucleotides along trajectories, incubation of solution in a humid environment was necessary to prevent uncontrolled drying of the liquid, keeping the immobilization process intact over extended periods of time. When combined, these strategies effectively promoted the formation of high-quality DNA arrays, making it possible to arrange multiple probes in parallel with a high degree of uniformity. Moreover, we show that resultant arrays are compatible with standard hybridization protocols, which allowed for reliable discrimination of individual strands when exposed to a specific ssDNA target molecule. KEYWORDS: DNA arrays • plastic substrates • microfluidic patterning
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NA microarrays (also called DNA chips) (1-3) have become central to a variety of applications that include the mapping, monitoring, and sequencing of genes (2, 4), the discovery of novel drugs (5), and, more recently, the diagnostic of infectious diseases (6, 7). DNA microarrays typically comprise a set of presynthesized oligonucleotides immobilized on a solid support to be used for competitive hybridization with fluorescently labeled target genes. Thanks to the high specificity of interaction between complementary bases in the strands, a particular hybridization pattern is obtained for each array through fluorescence readout of the chip using a microarray scanner. Because the number of probes in an array determines the amount of information that can be extracted from a single experiment, high-density arrangement is a prerequisite for applications that involve precious and expensive samples or demand for a large number of probes to be screened in parallel. There are two principal pathways to fabricate DNA chips. One method uses the principles of photolithography to synthesize in situ a desired sequence base by base (8). This process can yield arrays of high density (e.g., >2.5 × 105 probes per cm2) but requires sophisticated instrumentation, * E-mail: [email protected]. Received for review April 28, 2009 and accepted June 17, 2009 DOI: 10.1021/am900285g Published XXXX by the American Chemical Society
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which prevents its widespread use in standard microbiology laboratories. In addition, in situ synthesis is limited to relatively short oligonucleotides while high levels of redundancy are necessary because the yield of each synthesis step can vary. Another and generally more accessible way is microspotting, which involves the delivery of minute amounts of a DNA solution either through the robotic handling of metal pins (1, 9) or by use of drop-on-demand technologies (10, 11). The spot diameters that are obtained with current commercial arraying techniques are usually relatively large (e.g., between 500 and 80 µm, depending on the precision of the instrument, the experimental details of the spotting process, and the surface characteristics of the substrate). Although it has been demonstrated that spots ranging from the micrometer scale to below 100 nm can be realized when sufficiently miniaturized pins are employed (12, 13), much interest remains in the development of techniques that allow for routine access to spots of an intermediate size regime. For example, typical screening applications in medical diagnostics require only a limited number probes (e.g., less than 100), and spot diameters of 20-60 µm would facilitate accommodation of the corresponding arrays in appropriate lab-on-a-chip (LOC) devices (14, 15). The readout of spots of this size should still be straightforward using commercial microarray scanners that often support signal detection with a lateral resolution of g5 µm. However, spot uniformity remains a major problem associated with pin spotting, VOL. xxx • NO. xx • 000 • XXXX
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especially when performed on plastic substrates, demanding for stringent control over environmental conditions and processing parameters as well as surface modification procedures. Traditionally, glass has been among the most favorable materials for DNA microarrays; it offers high mechanical stability and low intrinsic fluorescence background, and its surface can be modified with a variety of functional groups using silane chemistry (9). On the other hand, glass is relatively expensive and difficult to micromachine, motivating considerable research and development efforts toward plastic-based supports (16-22) for DNA arrays, especially when disposable, low-cost LOC platforms are the fabrication target. A number of hard thermoplastic materials including poly(methylmethacrylate) (PMMA), polycarbonate, or cyclic olefin copolymers seem promising to this end because these materials (i) are relatively inexpensive, (ii) provide robustness and durability at low specific weight, (iii) allow for largescale replication using well-established techniques based on molding or embossing, and (iv) can be bonded (either permanently or reversibly) to other surfaces, which is key to the assembly and packaging of LOC devices. Furthermore, interfacial properties such as wetting, surface charge, compatibility with biological species, or reactivity toward functional groups can be altered conveniently for many polymers to comply with the requirements of a particular application. The use of optical-grade materials with low intrinsic fluorescence background constitutes another prerequisite for onchip fluorescence-based detection of DNA hybridization events (20, 23, 24). Microfluidics is generally perceived as a means of manipulating minute amounts of liquid using channels (or capillaries) with micrometer dimensions (25-28). Features that make the use of microfluidic systems advantageous are (i) low sample consumption, (ii) accurate registration and positioning, (iii) high parallelism, and (iv) good control over reaction conditions, among others. Flow in microchannels is typically characterized by low Reynolds numbers, with molecular diffusion being the dominant driving force in supplying reagents under the conditions of laminar flow. Convection can be achieved through implementation of basrelief structures (29), split-and-recombine systems (30, 31), or multivortex segments (32). It is equally possible to employ several active methods such as magnetic stirring (33) or acoustic actuation (34). With the advent of soft lithography (35, 36), elastomer-based microcapillary systems (µCSs) became accessible to a broader scientific community, thus effectively promoting their use in surface processing and patterning. Elastomers are advantageous to a number of fluidic applications because these materials (i) conform to smooth substrates, (ii) provide a watertight seal to the surface, and (iii) can be removed from the substrate upon processing, often without leaving notable residues on the surface. The concept of fluidic patterning has been shown for a variety of materials; most notably, biological species such as DNA (16, 37), proteins (38-40), and cells (41, 42) immobilized silicon, glass, and plastic supports. At present, B
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most fluidic-based arrays comprise a set of simple and continuous lines arranged in a parallel fashion, although the formation of discontinuous features using multilevel networks has also been demonstrated (42, 43). In addition to patterning, fluidic devices have come into focus as a means of performing amplification (44) or hybridization reactions (45-47) with oligonucleotides in a time- and cost-effective manner. In this paper, we use microfluidics as means of fabricating DNA microarrays on hard thermoplastic substrates with excellent control over the size, density, and registration of spots. The µCS described herein comprises a two-dimensional (2D) network of microchannels, which are straightforward to fabricate by hot embossing using a melt-processable (thermoplastic) elastomer (48). The material is capable of sealing a surface reversibly upon contact, and the embedded microchannels can be filled by capillary action, that is, the autonomous movement of liquid in small channels based on hydrodynamic forces (43). Immobilization of DNA molecules is achieved through activation of the plastic surface with N-hydroxysuccinimide (NHS) and 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC) and subsequent passive incubation, although the design of the µCS would also allow for the connection of external pumping systems to induce continuous flow or recirculation of the probe liquid. Herein, we focus on the parameters affecting DNA attachment and investigate the conditions for obtaining high-quality microarrays of fluorescently labeled, aminomodified oligomers on substrates made from two commercially available polymers: PMMA and Zeonor 1060R. We believe that the work presented in this paper contributes to the development of integrated plastic LOC platforms for high-throughput diagnostics using DNA microarray technology.



RESULTS AND DISCUSSION The µCSs that we used in this study were fabricated by hot embossing using sheets of Versaflex CL30, a styrenic block copolymer, in conjunction with a photolithographically prepared SU-8 master (49). Versaflex CL30 belongs to the class of thermoplastic elastomers (TPEs) and consists of hard polystyrene domains in a soft, rubbery matrix of poly(ethylene/butylene) (50). Inspection of the surface using atomic force microscopy (AFM) revealed a hexagonal arrangement of polystyrene domains, which are typically 10-30 nm in diameter (data not shown). The literature suggests that the size of these domains can range from micro- to nanometer length scales, being generally dependent on the processing conditions as well as on the molecular weight of the constituents (51, 52). Although few published examples exist on the use of TPEs for soft microfabrication, these polymers are currently finding increased attention in areas that traditionallyrelyonpoly(dimethylsiloxane)(PDMS)(35,36,53-55) as the enabling material. For example, Trimbach and coworkers employed styrenic block copolymers for fabricating micropatterned elastomeric stamps for microcontact printing (µCP) (56). These authors further investigated the use of multiblock copolymers for producing stamps with a certain Geissler et al.
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ARTICLE FIGURE 1. Microfluidic patterning of miniaturized DNA arrays on a plastic substrate. (A) Optical microscope image detailing the central area of a TPE-based µCS. (B) Photograph of the inlet part of a µCS on a Zeonor substrate during loading with a micropipet. The filled inlets (lefthand side of the array) contain each ∼200 nL of solution of a Cy3-labeled oligonucleotide. Microfluidic supply channels connected to these inlets are too small to be visualized at this scale. The depth of the elastomer sheet (e.g., 150 µm) is apparent from unfilled inlets (right-hand side of the array). (C) Schematic illustration of the principles governing array formation. See the text for details.



degree of hydrophilicity (57). Huskens and co-workers demonstrated µCP using block copolymer stamps in conjunction with surface modification to transfer polar ink molecules onto a solid support (58). Moreover, Ugaz and co-workers employed tailored TPE gels for the fabrication of microfluidic networks (32, 59-61). Embossing of fluidic structures into CL30 was performed within the high-temperature regime of the elastomer, in which the polymer network softened, allowing the material to flow and adapt to the shape of the master pattern. Upon cooling, the material solidified, thereby preserving the shape of the imprinted features with high fidelity. The smallest feature size that we replicated in the context of this study was on the order of 5 µm, corresponding to the width of both ridges and trenches in the central part of the µCS (Figure 1A). Like for other elastomers such as PDMS, the mechanical stability of the microstructures was dependent on the aspect ratio (62, 63), allowing variation in the depth (d) of the microchannels to a limited extent. For example, the 5-µm-wide ridges could tolerate aspect ratios of up to 1.5 without notable deformation, yet these structures were prone to collapse when approaching an aspect ratio of 2.0 (64). The central part of the µCS comprised a 2D array of circular cavities, each being 45 µm in diameter (Figure 1A). These features were arranged in rows with a periodicity of 60 µm. Arrays included up to 12 rows, providing a maximum number of 96 spots. Incoming and outgoing supply channels were ∼5 µm in width but broadened to ∼50 µm toward the periphery. The overall configuration of the µCS allows for producing DNA microarrays at relatively high density, while, in principle, being compatible with commercially available scanning technology for readout. We activated plastic substrates to achieve covalent attachment of amino-modified oligonucleotides using procedures that are described in more detail by Diaz-Quijada and co-workers (20). First, carboxylate groups were generated at the surface. For PMMA substrates, this was realized through basewww.acsami.org



catalyzed hydrolysis; Zeonor substrates were exposed to ozone gas. In a second step, carboxylic acid groups were converted into reactive esters through treatment with NHS and EDC (65). Microfluidic patterning was performed by placing the µCS channel side down onto an activated slide. Like other elastomers, CL30 can seal the surface reversibly, resulting in a full thermoplastic circuitry of enclosed microchannels. Each channel was filled from a macroscopic access point (inlet) into which we transferred ∼200 nL of a DNA solution using a micropipet (Figure 1B). Displacement of the liquid within the fluidic systems occurred in a fully autonomous manner using capillary action. Pristine surfaces of Versaflex CL30 were largely hydrophobic, which necessitated hydrophilization of channels via oxygen plasma treatment to achieve capillary flow of aqueous DNA solutions, circumventing the need for adding any surfactants (66). Immobilization of DNA molecules takes place through displacement of the NHS ester and the formation of a stable amide bond, as depicted in Figure 1C. Finally, the array is recovered by peeling the µCS away from the surface. We validated the performance of the immobilization process using ssDNA in the form of relatively short oligonucleotides (probes p1-p5), which were modified with amino groups and labeled with either Cy3 (λex ) 550 nm; λem ) 570 nm) or Cy5 (λex ) 650 nm; λem ) 670 nm) fluorescent dye at the 3′ and 5′ positions of the strand, respectively (Table 1). The employment of fluorescently tagged oligonucleotides allowed for rapid and sensitive analysis of the resultant arrays using fluorescence microscopy. Figure 2 illustrates the evolution of the fluorescence intensity (I) as a function of the incubation time and temperature for a 32 µM solution of p1 used in conjunction with a PMMA substrate. As shown by the images in Figure 2A, the incubation time was central to achieving DNA attachment at the plastic surface. While incubation for 1 h at 40 °C yielded only a faint fluorescence signal, a period of at least 6 h was required to reveal the array in a faithful VOL. xxx • NO. xx • 000 • XXXX
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Table 1. Sequences and Modifications of Oligonucleotides Used in This Study code



sequence



5′ end



3′ end



p1 p2 p3 p4 p5 t1



CGGGCAGCATCAAGC TTTTTTTTTT TTTTTTTTTTTTTTT CGGGCAGACTCAAGC TTTTTTTTTTTTTTT GCTTGATGCTGCCCG



Cy3 Cy3 Cy5 Cy3 Cy3 none



-(CH2)6NH2 -(CH2)6NH2 -(CH2)6NH2 -(CH2)6NH2 -(CH2)6NH2 Cy5



manner. When immobilization was allowed to proceed for longer durations (e.g., 48 h), the spots contrasted well with the bare plastic surface. In this example, the fluorescence intensity of the spots was about 15 times higher than that of the pristine PMMA substrate. Variation in the diameter of the spots was marginal ( 
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