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Abstract

:

We report a biosensing method based on magnetic particles where coated magnetic particles are used for immunomagnetic separation, and uncoated magnetic particles are used for signal enhancement. To quantify the signal amplification, optical micrographs are analyzed to measure changes in pixel area and pixel intensity. Microcontact-printed surface receptors are arranged in alternating lines on gold chips, enabling differential calculations. In a model experiment, target molecules-streptavidin-are first captured and separated by biotin-coated magnetic particles, and then exposed to a gold surface functionalized with biotin-coupled bovine serum albumin, forming a sandwich assay. Applying a magnetic field and introducing uncoated magnetic particles resulted in accumulation around magnetic particles in the sandwich assay and enhancement of the contrast to noise ratio at least by eight-fold in a range of 0.1–100 μM.
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1. Introduction


The advances in micro/nano fabrication methods have led to the development of various biosensing platforms using magnetic particles. Micro/nano-cantilevers [1,2], stripe/wires [3,4], and pores [5,6] are some of the platforms. There are also magnetic particle-based Food and Drug Admisnistration (FDA) approved isolation technologies available in the market [7], and in the literature, many microfluidic devices have been developed for the separation of various biomolecules [4,8,9].



After the separation step, there are various techniques to read out signal from magnetic particles; electrochemical detection [10], magnetometer [11], magnetic remanence [12], magnetoresistance [13,14], hall sensors [15], optical methods such as laser diffraction [16], optical light microscope [17], and fluorescent detection [18]. Common approaches to amplifying the signal from magnetic particle-based biosensors are the use of additional magnetic [16] or nonmagnetic particles, such as labels coated with biomolecules to either bind to a target molecule [19] or bind to magnetic beads [18,20]. In a companion paper [21] we introduced an alternative signal amplification method based on magnetic bead accumulation. Briefly, in this method, immunomagnetic beads are first used to capture and separate the target molecules; then, under an external magnetic field, added uncoated magnetic particles form flocs around the immunomagnetic beads due to magnetic dipole–dipole interactions. These accumulations increase the total volume and area of the magnetic particles, thus resulting in increased pixel area in the recorded images. This method does not require biomolecular interactions for accumulation/signal amplification, and this feature brings some advantages, such as time and cost effectiveness and independence from temperature and pH.



In the previous work, we experimentally investigated accumulation dynamics in detail; in this manuscript, we demonstrate step-by-step the application of this amplification method to a complete biosensing scenario, including target capture, separation, and specific binding to surface receptors. We also explore various quantification methods in this manuscript, such as calculating pixel numbers, pixel intensity changes, and differential pixel numbers from the recorded images to measure the signal amplification.



The first set of experiments was performed to investigate the accumulation of iron nano particles around the magnetic particles already immobilized on the gold chip in a microfluidic chamber, and to investigate the different quantification methods using the recorded images. For this purpose, periodic patterns of biotin-coupled bovine serum albumin (BBSA) were micro contact-printed on gold chips using a polydimethylsiloxane (PDMS) stamp. The uncoated parts of the gold surface were passivated by using bovine serum albumin (BSA). Then, the suspension of streptavidin-coated immunomagnetic particles was transferred onto the gold chip containing BBSA micropatterns for the in situ assembly of gratings. Streptavidin-coated beads were observed to specifically attach to the BBSA micropatterns, while unbound beads were removed by rinsing with phosphate-buffered saline (PBS). Then, the gold chip was placed in a microfluidic chamber made of polymethyl methacrylate (PMMA) to implement magnetic accumulation-based signal amplification. The iron nano particles were injected in the microfluidic channel using a syringe pump, while the external magnetic field was applied perpendicular to fluid flow using permanent magnets (Figure 1). In the first set of experiments, the streptavidin-coated magnetic beads were immobilized on the printed pattern and acted as base beads to attract iron nanoparticles under an applied magnetic field for signal amplification.



The second set of experiments was performed to demonstrate a complete biosensing; streptavidin was chosen as the model target molecule, and biotin-coated magnetic beads were used as the capture and separation agents. The same immobilization process as in the first set of experiments was followed to functionalize the surface. The biotin-coated magnetic beads were added to the medium, containing different concentrations of streptavidin for capturing and separation. After the separation step, the magnetic beads (biotin-coated magnetic beads + streptavidin = streptavidin-loaded magnetic beads) were washed and introduced to the surface forming the sandwich assay on the gold chip as BBSA + streptavidin (target) + immunomagnetic bead (biotin-coated magnetic bead). Then, iron nano particles were added under an external magnetic field for signal amplification (Figure 2). For the second set of experiments, the biotin-coated magnetic beads simultaneously served two main purposes: (1) as immunomagnetic capture agents to capture and separate the target (streptavidin); (2) as base beads immobilized on the surface to attract iron nano particles under an applied magnetic field for signal amplification.



In this method, the biotin-coated magnetic beads serve as target capture and separation agents and as base beads for the magnetic attraction of added uncoated magnetic particles. Applying an external magnetic field and exposing uncoated magnetic particles is the signal amplification step (Video S1). For both steps, images of well-defined and robust patterns of base beads and iron nano particles were recorded to quantify the impact of signal amplification.




2. Materials and Methods


The PMMA was purchased from McMaster Carr (Elmhurst, IL, USA), Neodymium N42 permanent magnets (3 mm × 3 mm) (Hefei Super Electronics, Hefei, China) were purchased from a local hobby shop, biotin and streptavidin-coated superparamagnetic beads 1 μm in diameter were purchased from Chemicell (Berlin, Germany). Iron nanopowder (60–80 nm in diameter), gold-coated slides, PBS, and Bovine Serum Albumin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Biotin-coupled bovine serum albumin (BBSA) and streptavidin was purchased from Thermo-Fisher (Waltham, MA, USA). Optical micrographs were recorded using a Nikon (Melville, NY, USA) microscope connected to a CCD camera (Nikon, Melville, NY, USA). The microfluidic chamber was fabricated layer by layer by cutting PMMA using an Epilog (Golden, CO, USA) laser cutter. The magnetic field inside the microfluidic channel was measured to be 8.5 mT, as explained in the companion work [21]. The PDMS stamp was kindly provided by the Savran Lab of Purdue University.



2.1. Experimental Procedures


2.1.1. Immobilization of BBSA on Gold Chips


After reviewing the literature [22], the incubation times and concentrations related to PDMS stamping were optimized by trial and error. The PDMS stamp that contains 20 μm alternating lines was washed using an ultrasonic cleaner using 70% ethanol and rinsed using 70% ethanol followed by deionized (DI) water. The stamp was gently dried by using a stream of nitrogen gas. The gold chips of size 8.3 mm × 3.8 mm were prepared by first cutting the gold-coated glass slides, cleaning with ethanol and DI water, followed by drying with nitrogen gas. Then, the PDMS stamp was inked with 2 mg/mL of BBSA, and BBSA solution was left on the stamp for 15 min before removing the excess solution from the stamp using a wick of tissue paper. The stamp was again dried using a gentle stream of nitrogen gas. The stamp was brought into contact with the gold chip, and a small force was applied to make a contact between the two surfaces. After waiting for 1 min, the stamp was removed. The gold chip was rinsed gently with PBS to remove the unbound BBSA. In order to passivate the rest of the surface that had no BBSA, the gold chips were covered with a solution of BSA (1 mg/mL) and incubated for 2 min before washing with DI water to remove the unbound BSA.




2.1.2. First Set of Experiments: Magnetic Accumulation of Iron Nano Particles around the Immobilized Streptavidin-Coated Magnetic Beads


The purpose of the first experiments was to test the magnetic accumulation of iron nano particles around the immobilized streptavidin-coated magnetic beads, and to determine the quantification method for the measurement of the signal amplification. The streptavidin-coated beads were bound to the BBSA-coated gold chips. Under the applied external magnetic field, the introduced iron nano particles accumulate around the streptavidin-coated beads through magnetic dipole–dipole interaction. Then, images were recorded for quantification of the signal amplification. The concentration of streptavidin-coated magnetic beads was changed, and a fixed amount of iron nano particles was exposed to show that when more base beads were present on the surface, a higher number of iron nano particles accumulate. Figure 1 illustrates the steps followed for the first experiments. The gold chip containing the BBSA pattern was incubated with various concentrations (0.0335 mg/mL, 0.067 mg/mL, 0.67 mg/mL and 6.7 mg/mL) of streptavidin-coated magnetic beads. After 20 min of waiting, the gold chip was washed with DI water and dried. The gold chips with immobilized streptavidin-coated magnetic beads (base beads) were then placed in the fluidic chamber for signal amplification. Two permanent magnets were placed at both sides of the fluidic chamber. The gold chip was placed at exactly the center of the magnetic field where the base beads were magnetized. The fluidic chamber was placed under the microscope, as shown in Figure 1b. Iron nano particles were used as the added beads for signal amplification. After the optimization experiments, a concentration of 0.25 mg/mL of iron nano particles were placed in a syringe. The syringe was connected to the fluidic chamber through the inlet tube, and the iron nano particles were pumped to the fluidic chamber at a rate of 100 μL /min for 3 min. The interaction of the iron nano particles with base beads was observed, and images both before and after amplification were recorded using the optical microscope.




2.1.3. Second Set of Experiments: Detection of Streptavidin (Target Capture, Separation, Sandwich Assay Formation, and then Magnetic Signal Amplification)


The purpose of the second set of experiments was to perform a complete biosensing, including target capture, separation, and immobilization steps, followed by signal amplification and quantification from recorded images. In the first set of experiments, streptavidin-coated magnetic beads were directly bound to surface receptors without any target molecule. In the second set of experiments, biotin-coated magnetic beads were first captured and separated streptavidin, then formed a sandwich assay with the surface receptors (BBSA). Figure 2 illustrates the steps followed for the complete biosensing experiment. Different concentrations (0.1 μM, 1 μM, and 100 μM) of 25 μL of streptavidin were prepared and kept in micro-centrifuge tubes. Then, 35 μL of 100 mg/mL biotin-coated magnetic beads (Chemicell) were added to tubes to capture and separate streptavidin. The mixture was then vortexed for 40 min at 400 rpm. The micro-centrifuge tube was then placed in the magnetic separator and left to stand until all the beads were attracted at one side of the tube and the solution was clear. The supernatant was then pipetted away, and the remaining streptavidin-loaded magnetic beads were washed vigorously twice. The gold chips with the BBSA pattern were incubated with the streptavidin-loaded magnetic particles for 20 min. The same cleaning, amplification, and imaging procedures were followed as explained in the first step.




2.1.4. Quantification Methods


To quantify the signal amplification based on the magnetic dipole–dipole interaction and accumulation, both grey scale and color images were investigated. The recorded images were analyzed using an in-house Matlab (version R14, The Mathworks Inc., Natick, MA, USA) code and ImageJ software (version 1.51e, U.S. National Institutes of Health, Bethesda, MD, USA) [23].



To calculate the pixel area, color images were first converted to grey scale, and by applying dynamic threshold, the background and magnetic particles were assigned to white or black colors. The number of pixels for the magnetic particles in the overall image was counted both for before applying the amplification and after applying the amplification. Having a periodic pattern on the chip (alternating PDMS pattern) enabled differential measurements, defined as the difference between the pixel area of the printed lines and the non-printed lines. Differential measurements provided information about specific and non-specific interactions occurring on the surface.


    Δ PN =   PN  P  −   PN  C   ,   



(1)




where PNP is the pixel number of printed area, PNC is the pixel number of the non-printed/control area, and ΔPN is the difference.



The contrast-to-noise ratio (CNR) is widely used in medical image processing to detect differences between two regions in a recorded image, and is defined as [24]


   C N R =    |   μ  object   −  μ  background    |     σ  background     ,   



(2)




where σbackground is the standard deviation of pixel values in the background, μobject is the mean pixel value of the object, and μbackground is the mean pixel value of the background. Accumulation of iron nano particles around the base beads changed the color intensities, and CNR was calculated to quantify these variations in the color images. Our experiments revealed that the intensity of green color change was higher than changes in the intensity of red and blue colors (Figure 3); for that reason, the green color values in each pixel was used to calculate the CNR for before and after signal amplification for various concentrations.



After the optimization of experimental parameters, all measurements were performed six times to ensure reproducibility and repeatability. From a recorded image, measurements are performed on four different areas approximately defining quadrants of the center point.






3. Results


The purpose of the first set of experiments was to compare the CNR and number of pixel calculations to determine which method to use for the complete biosensing experiments. For that reason, the gold chips were examined, and images were recorded using an optical microscope (Nikon). Figure 4 shows some examples of the gold chips before and after the signal amplification was applied. The different concentrations of streptavidin-coated beads (base beads) were added on the gold chips, and the same amount of iron nano particles was injected into the microfluidic chamber (Figure 4). The number of pixels and CNR values were calculated from the images recorded before and after the injection of iron nano particles. These experiments reveal that the amount of iron nano particles accumulated around the base beads depends on the number of base beads present on the gold surface. As the concentration of base beads was increased, the amount of nano particles that accumulated around the base beads also increased.



By optimizing the flow parameters, concentrations, and magnetic field strength, the magnetic accumulation can be controlled and used to amplify the CNR. Minimum six-fold, and maximum nine-fold CNR amplifications were calculated from the recorded images (Figure 4A). However, calculating the number of pixels for before and after the amplification step revealed only one or two-fold amplification (Figure 4B).



Calculating CNR as a quantification method resulted in higher amplification ratios compared to calculating the pixel area of the beads on the surface. In light of the first set of experiments, calculating the CNR was the preferred quantification method for the streptavidin detection experiments.



For the second set of experiments, streptavidin was chosen as the target molecule, and biotin-coated magnetic particles were used as the capture agents. Figure 5 shows some examples of the gold chips for the streptavidin detection experiments. After the images were recorded, they were processed to calculate the CNR. Figure 5 demonstrates the dependence of CNR on the target concentration. As a result of streptavidin detection experiments based on magnetic dipole–dipole interaction and accumulation, a minimum eight-fold amplification in CNR was recorded.



The exact same procedure was followed for the control experiments, except no streptavidin was added to the mixture tubes. Biotin-coated magnetic beads did not significantly bind to BBSA-functionalized gold chips, and patterns were not formed as expected (Figure 5A). After adding the same amount of iron nano particles, due to the magnetic field, some iron nano particles accumulated around each other and were not washed away. For the 0 streptavidin case, CNR was measured as 24, and the distribution of iron nano particles on the gold surface was random. In order to show the impact of base beads on the distribution of iron nano particles, the number of iron nano particles on the printed lines and non-printed lines were counted using image-processing tools (Matlab code and ImageJ). For the 0 nM streptavidin case, the average difference in the number of pixels between the printed and non-printed lines was ΔPN = 69, whereas the average difference ΔPN was above 1500 for the 100 nM concentration (Figure 5B).




4. Discussion and Conclusions


In this paper, we described a new method of integrating magnetic particles and image processing for the detection of biomolecules. The micrometer-sized magnetic beads used in this study had two important functions: (1) as agents of immunomagnetic capture and separation; and (2) acting as base beads on a chip to attract added magnetic particles under an applied magnetic field. The PDMS stamp formed alternating lines of probe molecules on the surface, and these alternating lines allowed differential measurements on the same chip.



It is known that immunomagnetic diffractometry for the detection of various important biomolecules related to diseases has shown potential as a simple and sensitive method [22,25]. In this paper, we demonstrated that the magnetic accumulation-based signal amplification method can be easily integrated with the existing immunomagnetic diffractometry methods. Simply applying an external magnetic field and introducing magnetic particles as an additional step would result in six-fold signal enhancement. As a comparison, in our previous work [16], in order to reach four-to-five-fold signal amplification on a chip, temperature control, extra biomolecules, and extra time were needed. The magnetic accumulation-based signal amplification method does not require expensive fluorescent and radioactive labels or time-consuming multiple signal enhancement steps. It is rapid, easy to implement, and inexpensive.



There are several signal transduction methods used in biosensors. In this manuscript, we showed that image processing could be considered as a signal readout method for point-of-care devices. We calculated pixel areas and intensity values (CNR) to quantify the amount of micro and nano particle accumulation on the chip. This signal readout method can be considered as an alternative to laser-based methods, where a laser beam illuminates the diffraction gratings and spots of varying intensities are formed from the reflected light. An optical setup including photo detectors and lenses together with a voltage filter/amplifier are needed to measure the intensity of the spots [26]. Such a laser based measurement method is sensitive but bulky. Cell phone cameras and processing powers are improving from day-to-day, and as a result, cellphone microscopes are becoming popular to acquire images [27]. New strategies have been developed to utilize the improved hardware and software features of cell phones to use them for microscopy [28,29]. Using images to calculate CNR for quantification shows that it is possible to use mobile devices as signal read out devices for the chips having diffraction gratings. The CNR measurements reveal that added iron nano particles accumulate around the base beads and act as contrast agents to enhance the signal. This signal enhancement on the chip has the potential to be integrated with simpler signal readout systems such as cellphone microscopy [30], and thus can be used in devices for point-of-care diagnostics. Figure 5 shows an image of the control experiment where 0 nM streptavidin was used, and biotin-coated magnetic beads were washed away from the surface. However, even though there was not a significant amount of base beads, some of the added iron nano particles for signal amplification were present on the surface due to the applied external magnetic field, resulting in an offset CNR value of 24. Few iron nano particles were distributed randomly on the surface along the magnetic field lines. In order to show the impact of base beads on the distribution of iron nano particles, a differential measurement was performed by calculating the ΔPN (Figure 5B bottom). As a result of the PDMS alternating pattern, the differential measurement showed a clear difference between the control and sensing concentrations. Even though the CNR offset value (24) for the control experiment was lower than the CNR value (40 for 100 mM of streptavidin) and results in a clear difference, the ΔPN calculations also revealed that iron nano particles do not present on the surface just because of the external magnetic field, but iron nano particles interact with the base beads and accumulate specifically on the printed patterns.



In this work, we demonstrated streptavidin detection and signal amplification in the range of 0.1–100 μM. After obtaining the calibration curve (e.g., Figure 5B), the unknown target concentration can be determined by measuring the CNR and finding the corresponding concentration. However, we were limited to the use of magnetic particles that are commercially available and not specially optimized for signal enhancement. In our companion work [21], we investigated the impact of parameters on the amount of accumulation. Based on our experiments, we believe that it is possible to design and synthesize magnetic particles whose magnetic content and size are optimized for both target capture and signal amplification purposes. Such custom-made magnetic particles can yield higher amplification ratios, and can result in an improvement of the minimum detectable signal. Our next goal is to implement the technique to detect biologically significant targets such as serum markers or bacteria and improve the detection limit.
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Figure 1. Schematic of the first set of experiments: iron nano particle accumulation around immobilized base beads. (a) Picture of the microfluidic chamber including gold chip inside and permanent magnets; (b) Picture of the measurement setup; (c) Illustration of the immobilization of immunomagnetic beads on gold chip and accumulation of iron nano particles. 
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Figure 2. Schematic of the complete biosensing experiments: streptavidin was used as the target molecule, biotin-coated beads captured and separated the target, signal amplification occurred in the microfluidic chamber using iron nano particles. 
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Figure 3. Impact of iron nano particles. (A) Optical micrographs of the gold surface before and after magnetic signal amplification; (B) Pixel intensity changes along the red reference line for red, green, and blue colors. 
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Figure 4. (A) Optical micrographs of some of the gold surface before and after magnetic signal amplification; (B) The contrast-to-noise ratio (CNR) and calculated number of pixels of the images in (A) for the corresponding concentrations in the range of 0.0335–6.7 mg/mL. Values are mean ± standard error of the mean. 
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Figure 5. (A) Optical micrographs of some of the gold chips for streptavidin detection before and after magnetic signal amplification; (B) The calculated CNR and ΔPN using the images in (A). Values are mean ± standard error of the mean. 






Figure 5. (A) Optical micrographs of some of the gold chips for streptavidin detection before and after magnetic signal amplification; (B) The calculated CNR and ΔPN using the images in (A). Values are mean ± standard error of the mean.
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