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Abstract:

 Fabrication and performance of a functional photonic-microfluidic flow cytometer is demonstrated. The devices are fabricated on a Pyrex substrate by photolithographically patterning the microchannels and optics in a SU-8 layer that is sealed via a poly(dimethylsiloxane) (PDMS) layer through a unique chemical bonding method. The resulting devices eliminate the free-space excitation optics through integration of microlenses onto the chip to mimic conventional cytometry excitation. Devices with beam waists of 6 μm and 12 μm in fluorescent detection and counting tests using 2.5 and 6 μm beads-show CVs of 9%–13% and 23% for the two devices, respectively. These results are within the expectations for a conventional cytometer (5%–15%) and demonstrate the ability to integrate the photonic components for excitation onto the chip and the ability to maintain the level of reliable detection.
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1. Introduction

Microfluidics is a young and rapidly expanding field that is concerned with the processing, analysis, or handing of fluids in channels on the order of 10 s of microns in size. This leads to the manipulation of volumes in the nano to atto liter range [1] and allows the manipulation and detection of single molecules [2]. By exploiting non-conventional phenomena that occurs in such small volumes of liquids, new and intriguing applications have surfaced [3]. Early devices were simple trenches that were sealed to form a closed channel made from Si and glass structures and were directly compatible with state-of-the-art photolithographic techniques [4,5]. With the development of soft lithography techniques involving the quick and rapid fabrication of planar devices in a poly(dimethylsiloxane) (PDMS) layer with limited lithography use [6], the rapid and simple development of devices has allowed a boom in research and applications [7].

Lithographic and microfabrication techniques also offer the ability to fabricate multiple devices into a seamless single platform. These integration capabilities can allow the automation of chemical processing. When integration is coupled with new phenomena arising from reduced liquid volumes and improved sensitivities, a new plethora of analysis capabilities and techniques are available to the user while drastically reducing complexity, cost, and analysis time for the user. Indeed, integrated fluid handling components have been demonstrated such as valves and pumps [8,9,10], micromixers [10,11], reactors [12], sorters [13,14], and culture chambers [14], and allow for complex fluidic circuitry to eliminate external handling. A fully integrated device is termed a Lab-on-a-chip (LOC) or Micro-total-anaylsis-system (μTAS) [15,16], and these devices have the ability to revolutionize medical and laboratorial procedures. Currently, microchip devices can be found in practical applications from electrophoresis [4,5,17], single DNA detection [18,19], proteomics [20], immunoassays [21], and online lactate monitoring [22].

Whereas integrated devices for chemical manipulation allow high level functionality for handling, pretreatment, and process control, integration of optical components allows for sensitive interrogation techniques while increasing portability and durability, and decreasing costs. Integration of optical waveguides [23,24,25,26,27], filters [28,29,30], focusing elements [24,25,26,27,31,32,33], sources and detectors [28,34,35] have all been demonstrated in an integrated fashion on a microfluidic chip. Integration of optical components on chip allows devices to become self-reliant, portable, and less expensive allowing on-line monitoring possibilities and point-of-care (POC) medical care applications.

Microchip-based flow cytometry is a LOC form of conventional flow cytometers used to perform a very specific biological analysis using an integrated device [36,37]. Current microchip-based devices show very promising functionality [32,33,34,36,37], however, the reliability of detection is still too low for a microchip-based device to be applicable in a screening, monitoring, or for POC purposes, thus limiting their deployment in applications. Devices need to be able to mimic the reliability afforded by conventional flow cytometers as closely as possible in order for meaningful and conclusive analysis of target specimens to be extracted. This work shows the development of a microfluidic device that incorporates a novel sealing method for microfluidic channels in a device designed to perform optical excitation on-chip in order to improve the reliability of detection in a flow cytometric application. These devices mimic a conventional approach deployed in flow cytometry to optimize the optical geometry of the photonic beam in the channel used for optical excitation.



2. Experimental


2.1. Materials

Four inch glass (Pyrex 7740) and silicon wafers were purchased from University Wafers and served as a substrate. Epoxy photoresist SU-8 resin 2025, 3050, and their developer were purchased from Microchem Corporation to form the device and intermediate layers. PDMS monomer resin and curing agent in the form of a Sylgard 184 silicone elastomer kit were purchased from Dow Corning to form the soft top sealing layer. 3-aminopropyltrimethoxysilane (APTMS) and solvents, including analytical grade anhydride ethanol, hexane, and toluene were purchased from Sigma Aldrich for the aminization of PDMS. Fluorescent dye for device beam excitation was Nile Blue 690 Perchlorate purchased from Exciton Inc. Fluorescent microbeads for flow cytometric analysis performance, 2.5 µm diameter Alignflow and 6 µm diameter AlignFlow Plus, were purchased from Invitrogen.



2.2. Processing and Device Fabrication

Wafers were cleaned and prebaked at 265 °C for 3 h to ensure that every molecule of water was removed from the wafer surface in order to ensure effective bonding between the glass and SU-8. After the prebake, the wafers were spin coated using a Model WS-400A-6NPP/LITE from Laurell Technologies Corporation, with a 600 nm thick layer of SU-8 3050. A ~27 µm thick layer of SU-8 2025 was then spun and soft baked at 95 °C ramping up at 100 °C/h and ramped back down to room temperature at 25 °C/h. The SU-8 was patterned using an ABM high performance mask aligner and exposure system from ABM Inc, (San Jose, CA, USA). A dose of 199 mJ/cm2 was applied in step wise fashion to avoid over exposure. A post exposure bake was then performed to crosslink the exposed SU-8 by ramping the temperature up to 90 °C and back down using the same speeds as in the soft bake. SU-8 layers were then developed using the SU-8 developer for 5 min under low agitation, rinsed with isopropyl alcohol and dried under a nitrogen stream.

PDMS sheets, approximately 1mm thick, were prepared by casting a mixture using a ratio of 1:10 curing agent and resin from the Sylgard, and allowing them to sit for 24 h so that bubbles could dissipate. PDMS sheets were then baked at 110 °C for one hour and then at 150 °C for 24 h just prior to bonding to SU-8 to drive out all solvents from the surface.

An APTMS solution was prepared by adding a certain weight of APTMS into a measured amount of solvent and mixing using a vortex mixer. Anhydride toluene, anhydride hexane, and anhydride ethanol were used as solvents, and various weight percentages of APTMS solutions were prepared to test the effect on bonding efficiency.

To bond the PDMS to the SU-8, the PDMS sheet was first exposed to an oxygen plasma for 10 s at a pressure of 550 mTorr using an extended plasma cleaner from Harrick Plasma Inc. The PDMS was quickly removed from the chamber and the bonding side was completely coated with the prepared APTMS solution. Excess solution was blown off with a gentle flow of nitrogen. The PDMS sheet deforms significantly at this point when coated with solutions containing toluene or hexane, but returned to the original geometry as the solvent evaporated. After a period of time, the prepared PDMS sheet was brought into contact with the SU-8 device after careful alignment and subsequently heated at 100 °C for 1 h to drive the bonding reaction. A small weight was applied to the top of the PDMS to ensure good and complete contact with the SU-8 device surface.

Fluidic connection to the device was done using a newly developed method that has been specially designed to handle high pressures and will be reported shortly. Coupling to the waveguide facets was completed by dicing the wafers at the waveguide facets to then allow for butt-coupling an optical fiber.



2.3. Testing

A scratch test involves trying to scratch the bonded PDMS off the SU-8 by applying pressure at the edge of the PDMS sheet with a blunt instrument. The PDMS will either: de-bond from the SU-8, mechanically fracture and leave a thin layer of PDMS still bonded to the SU-8, or some combination of the two leading to the conclusion that bonding is inconsistent over the surface. An image of the sample is taken and subsequently analyzed using image analysis software (PAXit) where the percentage of remaining PDMS (i.e., still bonded) is reported as a percentage. Any PDMS still bonded to the SU-8 means that the bonding strength is larger than the mechanical strength of the PDMS; the larger the surface area of the remaining material, the better the strength and consistency of the bond across the interface. Contrast is added to the sample after the scratching is completed by coloring the exposed SU-8 area with a black ethanol based ink in order to aid the vision software.

Confirmation of the beam shape formed by the integrated optics on the device was performed by first injecting the microfluidic channel with a fluorescent dye that completely filled the channel. The beam in the channel could then be imaged directly from above via a CCD camera (Infinity 2–3, Luminera) as the intersection of injected light with dye by filtering out the excitation light using a narrow band pass filter centered at the fluorescent wavelength of 660 nm (Newport). Imaging software was again used to digitize the image for further quantitative analysis by setting pixel limits of 255 for a saturated pixel and 0 for the darkest pixels.

Bead flow tests were performed by hydrodynamically focusing a solution containing suspended fluorescent microbeads via a syringe pump (Harvard Apparatus) past the ideally formed optical beam in the channel. The flow ratio of sample to sheath was altered to try to confine the beads as narrowly as possible in the centre of the channel: a 1:10 sample to sheath ratio produced a 3 µm wide stream for 2.5 µm beads and 2:9 ratio produced a 6.5 µm stream width for 6 µm beads. Bead concentrations of 5 × 106 beads/mL were sonicated vigorously to ensure thorough suspension of the beads throughout the liquid. With a sample flow rate of 20 µL/h, devices had a throughput of 27.8 beads/s. Excitation light was provided via an all-guided optics scheme from a 635 nm CW 50 µm core pigtailed variable-power photodiode (Meshtel) butt-coupled to the facet of the waveguide on the device. Signals from the particles were collected using a typical free-space collection scheme common in conventional cytometry, the details of a similar apparatus can be found in the work by Mu et al. [38]. Essentially, an objective is used to form an image of the interrogation point onto a spatial filter, a narrow bandpass filter-centered on the fluorescent wavelength of 660 nm (Omega Optics)-and finally a PMT (Oriel) that is connected to a computer for analysis via a custom LabView program.




3. Results and Discussion

The devices designed in this work aim to integrate the microfluidic components, and the optical components necessary for optical excitation, into the same functional layer. The integration of optics to perform the excitation on-chip removes the dependence of complex, bulky, and expensive free-space optics, thus making the device simple and portable. The device design in Figure 1 consists of a waveguide to couple light from an external source to an integrated lens system. This ensures precise alignment between light and microchannel, eliminating sources of error while increasing the robustness of the device once sealed. The lens system serves to focus the divergent light from the waveguide to achieve a beam geometry in the centre of the channel that will enhance the reliability of the optical interrogation of particles. This process of beam shaping is performed in conventional flow cytometry to increase the reliability of detection and is to be mimicked in this work. Lens systems designed in these devices enhance the uniformity of the beam intensity across the sample stream in the channel to ensure that each particle receives an identical optical excitation as it traverses the beam—even despite slight deviations of the particle in the focused sample flow. Furthermore, the width of the beam can be tailored to be narrow enough to reduce the instance of double detections due to two particles in the beam simultaneously. Increasing the reliability of detection with integrated optics allows portable stand alone devices able to perform specific analysis for a fraction of the cost of a conventional machine.

Figure 1. Drawing of the device design (a) showing the fabrication steps to form the device layer and the sealing of the channels with the connection to the external pump source. The zoom in (b) shows the critical area of the device where the integrated waveguide-lens system is placed next to the channel where a specifically tailored beam will be formed in the centre of the particle flow.
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The device is fabricated as an assembly of three layers as shown in Figure 1(a). SU-8 was chosen to serve as the device material because it is an optically transparent material in the spectrum of light used by conventional optical detection methods. SU-8 is also rigid so that the performance of optical components is not perturbed by distortions of the material that can be caused by the high fluidic pressure. SU-8 processing is well established, simple, and easily scaled as it is based on established photolithography techniques. A Pyrex glass wafer is chosen to serve as the substrate due to its rigidity, the same optical transparency in the spectrum of interest, the low index necessary for optical confinement in the SU-8 layer above, and to allow for off-chip detection. The top layer is PDMS which is a very soft material that can tightly seal the SU-8 layer while allowing easy fluidic interconnects. The index of the PDMS is also less than that of SU-8 allowing waveguides patterned in the device layer to have a strong optical confinement.


3.1. Device Fabrication


3.1.1. SU-8 Patterning

Devices made from SU-8 are realized by removing the appropriate material though patterning the layer via a photomask that contains the designed structures. This ensures precise and exact alignment as all devices have been optimized through simulation. A stepping sequence of 9 s of exposure followed by 5 s of relaxation time ensured that mask designs were patterned exactly to the SU-8. Figure 2 shows a SEM image of a fabricated device showing the formed 2D lenses and microchannel with smooth abrupt walls.

Figure 2. SEM image of the device showing the waveguide core, lens system, and microchannel.
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It is very difficult to bond SU-8 to glass while maintaining the ability to develop fine features in the SU-8 due to their large mismatch of thermal expansion coefficients leading to fracturing and delamination during the baking procedures. We have developed a method to allow very strong bonding of the SU-8 device layer to the glass substrate while still allowing resolution that is fine enough to permit feasible devices through an intermediate layer introduced between the device layer and the glass substrate. This layer is fabricated from a SU-8 blend that has better glass adhering properties and provides enhanced stress relaxation while not deteriorating the performance of the waveguides fabricated on top [39]. The strong bonding between the glass and SU-8 ensures that the devices are sealed properly as leaks cannot form though delaminated areas or fractures.



3.1.2. SU-8 Channel Sealing Using PDMS

The sealing of microfluidic devices needs to be strong enough to withstand very high pressures. Furthermore, the sealing method must have nearly 100% surface contact at the interface as the small dimensions of features place them in extremely close proximity. Leaking from channel to channel or channel to waveguide will occur if even a small surface area is poorly bonded as the bond will be broken by the large fluidic pressure. Therefore, a method to form a strong bond with complete interfacial contact is necessary to form feasible devices. The bonding method must also not interfere with the optical components on the chip as scattering and loss of a guided mode condition can render the optical components too inefficient for feasible application.

The combination of SU-8 and PDMS for device fabrication is a natural one. PDMS is a very soft material and is easily deformed to form complete and constant conforming contact with a paired surface while not deforming to the extent where it would block functional devices formed by voids in the SU-8 layer below. Holes are easily fabricated in the PDMS layer and the elasticity of the PDMS allows for simple interfacing between the microfluidics and the external connections. PDMS is also optically transparent in the optical spectrum of interest and has a smaller index than that of SU-8 ensuring the waveguide cores formed by the SU-8 maintain a guiding condition and don’t leak into the PDMS layer.

Cured PDMS and SU-8 are both crosslinked materials and cannot be physically bonded together as it is impossible for the polymer chain segments to entangle into the bulk of the other to form strong adhesion. However, developed SU-8 still has sufficient epoxy groups on the surface that are available for reaction if it is baked at the recommended conditions (95 °C at 5 min) [40]. By modifying the PDMS surface with an amino group, the PDMS surface can then be chemically bonded to the SU-8 surface through an amine-epoxide reaction [40]. Amination of the PDMS surface is possible by attaching an aminopropyltrimethoxysilane (APTMS) molecule to one of the silanol groups generated on the PDMS surface after an oxygen plasma treatment. The introduced amino groups can then react with the epoxy groups on the SU-8 surface to establish a strong bond across the entire PDMS/SU-8 interface. This process of generating silanol groups on the PDMS then aminizing the PDMS surface by attaching APTMS is illustrated in Figure 3.

Figure 3. The chemical process of covalently attaching aminopropyltrimethoxysilane (APTMS) to poly(dimethylsiloxane) (PDMS) surface. The amine groups are now available to react with the epoxy groups on the SU-8.
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A couple of factors were observed to affect the quality of the attachment of APTMS to the oxygen plasma activated PDMS surface and thus, the quality of the bonding with the SU-8. The solvent used to prepare the APTMS solution is an important factor that affects bonding of the devices. Ethanol, hexane, and toluene were used to form the APTMS solution with various weight percentages of APTMS ranging from 0.1% to 1% for the attachment of APTMS to PDMS. The modified PDMS was attached to SU-8, and the bond was analyzed by the scratch test. Table 1 summarizes the results using the different solutions of APTMS. It is clear that ethanol does not permit bonding no matter what the concentration of APTMS used. A residue in the shape of the placed PDMS piece remained on the SU-8 surface that could not be washed away suggests that the APTMS failed to be chemically attached to the PDMS but was able to bond to the residual epoxy molecules of the SU-8. This was most likely due to the presence of water molecules in ethanol causing the methoxy groups of the APTMS to hydrolyze and then react with each other. Both hexane and toluene are immiscible in water and would not be prone to the same degree of hydrolyzation of the APTMS molecules in solution. As expected, hexane did fare better than ethanol, however the bonding provided was inconsistent and was never able to provide full bonding throughout the entire interface. Toluene was determined to be the most effective solvent for use in the process as it provided almost total bonding at every concentration applied. It was noted during tests that solutions work best when they are prepared right before use and care should be taken to not touch the surface of the PDMS after exposure to the oxygen plasma as it was noted that the bond would not result in these areas.


Table 1. Effect of solvent on SU-8–PDMS bonding using three different APTMS concentrations.



	
Concentration (wt% APTMS)

	
Fracture in PDMS (%)




	
Ethanol

	
Hexane

	
Toluene






	
1

	
0.5

	
75–90

	
95–100




	
0.5

	
0.5

	
75–90

	
95–100




	
0.1

	
0.5

	
75–90

	
95–100











With the solvent and concentration determined, the effect of the drying time of the APTMS-coated samples on the bonding was explored. This test was necessary because PDMS swells with the toluene thus deforming the sealing layer making alignment and bonding quite difficult unless all toluene has evaporated. Three different concentrations of APTMS solutions were applied to oxygen plasma treated PDMS and left with varying drying times before their attachment to SU-8. A scratch test was performed to determine the quality of bonding. Table 2 summarizes the results. There was, again, little variation in bonding caused by the weight percentage of APTMS in the solution. Samples left to dry for up to two hours provided strong bonding, while samples with four hours of drying time showed variation and inconsistency in the bonding quality. Samples that were left to dry for one or two days had bonding that was poor while samples that were left to dry longer exhibited no bonding capacity at all. Thus, two hours was deemed to be the maximum allowable drying time which will not affect the bonding—a reasonable time as PDMS was found to quickly return to its deformed-free state and the process rarely took more than 30 min to complete.


Table 2. Effect of drying time of APTMS treated PDMS on bonding to SU-8.



	
Drying Time

	
Fracture in PDMS (%)




	
1 wt% APTMS

	
0.5 wt% APTMS

	
0.1 wt% APTMS






	
1–2 min

	
95–100

	
95–100

	
95–100




	
30 min

	
95–100

	
95–100

	
95–100




	
1 hour

	
95–100

	
95–100

	
95–100




	
2 h

	
95–100

	
95–100

	
95–100




	
4 h

	
85–95

	
75–85

	
75–85




	
1 day

	
40–60

	
25–40

	
25–40




	
2 days

	
0–10

	
0–10

	
0–10




	
4 days

	
0–5

	
0–5

	
0–5




	
1 week

	
NA

	
NA

	
NA




	
2 week

	
NA

	
NA

	
NA











This method was found to be very forgiving when performing alignment of the PDMS with the SU-8 devices as contact could be made, broken and repeated several times without a noticeable detriment to the bonding between the two materials.

Figure 4(a) shows a picture of a packaged device and Figure 4(b) shows a magnified cross-section of the device showing a waveguide facet. The voids formed on either side of the waveguide (and those forming the channel) are clean and completely empty ensuring proper operation as debris will not block channels or cause scattering from the waveguide. The vertical walls and sharp corners show excellent resolution in the photolithographic process and thus, excellent reproduction of the photomask and high quality devices. The PDMS cover layers makes contact across the surface—even across the narrow 50 μm wide waveguide—while not deforming at all into the voids of the SU-8 layer that make the device structures, and therefore ensures proper and efficient bonding for the device.

Figure 4. Picture of the fabricated device (a) with a detailed cross-sectional view to show the device layers and bonding contact quality (b).
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3.2. Device Performance


3.2.1. Beam Shaping

Light provided to the lens system via the integrated waveguide suffered minimal propagation and coupling losses measured to be 2.5 dB/cm and 0.5 dB, respectively. Images of the shaped beam in the channel are shown in Figure 5. These images clearly show that the input from the waveguide can form a beam shape of varying geometry in the channel with only simple changes to the lens system in the designed photomask. These different beam shapes can be employed to optimize the optical interrogation for many different targeted sample specimen sizes. The small beam waist in Figure 5(a) shows a very distinctive bowtie shape [41] and is a consequence of the large demagnification and very large image space NA of the lens system as a 50 µm input is focused to a 6 µm spot. The 6 µm lens system has a designed input NA of 0.083, so with a magnification of 0.12 the image space NA is 0.692. Details of lens designs and parameters were reported in another work [25]. This is a trade-off for forming smaller beam sizes for smaller particle detection [25] but is necessary to keep double detection events minimized. The beam intensity from the 6 µm device in the central portion of the bowtie shape–forming a 6 µm wide by 9 µm long region-shows very uniform intensity and is ideal to ensure uniform excitation of interrogated particles as they pass through the beam. The 25 µm beam in Figure 5(b) shows a beam with near uniform intensity across the channel, however, the beam is of lesser quality due to the preservation of the multimodal shape from the waveguide. Smaller particles would show much more fluorescence variation as they traverse this beam. Furthermore, many small particles could fit within this beam leading to confusion between single and double detections—which could be solved by severely diluting the sample concentration; however this increases run time and decreases throughput drastically.

Figure 5. Images of the shaped beam in the channel with (a) 6 μm beam waist, (b) 25 μm beam waist. Light is injected from the bottom while beads flow left to right and would be confined into the centre (vertically) region of the beam.
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Figure 6 shows a plot of the intensity of each beam in Figure 5 as a function of the cross channel direction–the beam axis perpendicular to the particle flow. As noted previously, the intensity of the 25 µm beam does not vary much as it traverses the channel. This is because the NA of the lens is small and the divergence of the beam is small as a result leaving the overall Super-Gaussian shape of the input beam largely unaltered except for magnifying it by a factor of 0.5. Though the intensity is largely uniform across the channel, there would still be large variability in detection as the beam quality from left to right in Figure 5(b) is variable and the beam is so wide that multiple particles could be detected simultaneously leading to detection confusion. The 6 µm beam has a narrow region of near uniform intensity across the centre of the channel due the large image space NA. A particle is easily confined via hydrodynamic focusing to this narrow region, and the reliability of detection can be significantly improved as the particle can still deviate ~8 µm from either side of the centre of the channel with negligible change to the excitation intensity as it traverses the beam. Detection reliability is also increased due to much smaller probability of double detection. Note also that the intensity of each of the beams is the same in the narrow area in the centre of the channel. This is slightly coincidental due to coupling variation, but it is also expected as the 6 µm lens system has lower collection efficiency from the waveguide than the 25 µm lens system. This will lower the power available to focus; however, the intensity is increased due to the focusing of the light into a smaller region. Therefore, intensity of the excitation suffers little to no detriment and could be improved with advanced lens structures to increase the input NA of the lens system.

Figure 6. Plot showing the intensity of the beam as a function of the cross channel dimension. The x dimension is the vertical direction of the pictures in Figure 5.
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3.2.2. Bead Detection

Figure 7 shows the results from a fluorescent bead counting test done with 2.5 µm beads. The beads were confined to a 3 µm region in the centre of the channel via hydrodynamic focusing. The runtime data in Figure 7(a) shows a sample of 5 s from the raw data with the individual intensity bursts from the beads clearly visible. The burst intensities are of near uniform height due to the uniform excitation region and ensure reliable and repeatable detection. The histogram in Figure 7(b) shows the collection of all burst intensities over the entire 100 s test and the measure of device performance—the coefficient of variation (CV = σ/μ × 100%)—is calculated as 9.03%. The smaller the CV the better the performance of the device as identical beads should fluoresce identical intensities and yield a CV of 0. However, the detected signals will naturally vary due to errors in the device and from the variation in the manufacturing process of the beads and it is necessary to try to minimize this variability as much as possible. Note a significant lack of events near a value of twice the peak intensity of the histogram indicating that despite bursts in the raw data appearing to happen nearly simultaneously they are resolved as individual beads due to the narrow beam waist.

Figure 7. Results of a fluorescence test from 2.5 μm beads in a device that forms a 6 μm beam waist. Real-time data (a) shows the reliable detection and superior performance as the burst intensities are concentrated around a constant value in the histogram (b). The CV of this particular run was 9.03%.
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The bead flow test was repeated with 6 µm beads confined to a 6.5 µm wide sample stream width. Figure 8(a) shows another 5 second sample of the runtime data and Figure 8(b) shows a histogram from the entire test. The peaks in the raw data show more variability than in the previous test-as expected as larger beads will show more variability due to a larger value in manufacturing tolerance. The CV is calculated to be 13% in this instance–slightly larger than the CV from the smaller beads. Again, there are negligible events at an intensity that would indicate a double detection meaning that the beam is ideally shaped. The large instance of low intensity events is believed to be from beads escaping from the sample stream into the sheath stream and traversing the beam in the dim divergent regions near the channel wall at the top and bottom of the image in Figure 5(a). This could be remedied by relaxing the hydrodynamic focusing conditions–something that is permitted with these devices as the uniform beams will ensure uniform excitation from the relaxed confinement of the flow stream.

Figure 8. Results of a fluorescence test from 6.0 μm beads in a device that forms a 6 μm beam waist. The burst peaks in the real-time data (a) have a slightly larger variation and show a greater spread around a central mean in the histogram (b). The CV of this particular run was 13%.



[image: Micromachines 03 00062 g008 1024]







The bead flow test was repeated with each bead size separately but instead using a device that formed a 12 µm beam width. The measured CV for each run was 23%. This is still an acceptable value; however it would limit the resolution of the cytometer and thus the applications. The double detection events also increased noticeably, but would still be considered negligible for most applications.

In conventional cytometry a CV value within the range of 5 to 15% is common and routinely achieved. With the devices fabricated and tested in this work, the measured CVs were within this range and were found to be repeatable through multiple runs. This indicates that the analytical accuracy of a conventional machine can be mimicked in a microchip based. Conventional flow cytometers can achieve the best CVs because they are flexible machines that perform every kind of analysis feasible by employing a variety of beam shapes, using 3D hydrodynamic focusing, compensating for double detections by diluting the sample solution, using very efficient free-space optics, and measuring many detection parameters to resolve difficult to perceive differences. Microchip based devices will never be able to mimic the flexibility of a conventional machine, but will be able to mimic the power in a very specific application–such as is demonstrated with these devices as the specific beam shape and configuration is able to perform very reliable detection of 2.5 and 6.0 μm beads at a single wavelength. This device is an inexpensive, compact, and easy to use device that expands the application of flow cytometry to remote and POC medical applications. Our devices show excellent detection capabilities with on-chip optics. Further improvement could be made in the future as more powerful integration capabilities are developed, such as through 3D hydrodynamic focusing and optical multiplexing.

The devices in this work show detection capabilities that are on the leading edge of current microchip devices reported in the literature. A microchip device that seeks to improve reliability of detection through the use of on-chip 3D hydrodynamic focusing and regular free-space excitation and detection schemes showed CV values of 15.2% and 9.3% for 7.32 μm and 8.32 beads, respectively [42]—similar values to those measured in this work. However, the device tested in that work still relied on free-space optics that are similar in conventional machines in many respects, thereby limiting the LOC applications. Another group employed beam shaping on-chip by utilizing astigmatic focusing to form a narrow strip of light across the channel though use of a DOE manufactured by electron beam lithography (EBL) on the top surface of the device and a TEM00 beam for excitation [33]. The device demonstrated CVs of 22% for 2 µm beads and were achieved with very low hydrodynamic focusing. The devices in this work also show superior performance in comparison with the reported devices with integrated waveguides. A device that integrated 3D hydrodynamic focusing and fibers onto the chip demonstrated a CV of 15% using 6 µm beads [43]. A highly integrated device with waveguides and a lens system demonstrated CVs of 32.9% and 19.1% for 4 µm and 8 µm beads respectively [44].





4. Conclusions

The design, fabrication, and performance of a photonic-microfluidic integrated device, is demonstrated to have excellent reliability in simple fluorescence detections that is comparable to that of conventional cytometry. SU-8 devices were fabricated on glass using an intermediate layer of SU-8 to manage the stress while a novel method for chemically bonding PDMS to SU-8 was developed and successfully applied to seal the SU-8 devices. The manufactured devices demonstrated the ability to mimic the conventional free-space optical based practice of beam shaping in an on-chip simple integrated fashion. This improved the performance of the devices by tailoring a uniform optical intensity across the sample flow to ensure repeatable fluorescence signals while limiting the chance of double detections. These devices are a step in the direction towards a fully integrated device for applications requiring very simple, accurate, and inexpensive detection.
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