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Abstract

:

Traumatic brain injury (TBI) is a leading cause of global morbidity and mortality, partially due to the lack of sensitive diagnostic methods and efficacious therapies. Panels of protein biomarkers have been proposed as a way of diagnosing and monitoring TBI. To measure multiple TBI biomarkers simultaneously, we present a variable height microfluidic device consisting of a single channel that varies in height between the inlet and outlet and can passively multiplex bead-based immunoassays by trapping assay beads at the point where their diameter matches the channel height. We developed bead-based quantum dot-linked immunosorbent assays (QLISAs) for interleukin-6 (IL-6), glial fibrillary acidic protein (GFAP), and interleukin-8 (IL-8) using DynabeadsTM M-450, M-270, and MyOneTM, respectively. The IL-6 and GFAP QLISAs were successfully multiplexed using a variable height channel that ranged in height from ~7.6 µm at the inlet to ~2.1 µm at the outlet. The IL-6, GFAP, and IL-8 QLISAs were also multiplexed using a channel that ranged in height from ~6.3 µm at the inlet to ~0.9 µm at the outlet. Our system can keep pace with TBI biomarker discovery and validation, as additional protein biomarkers can be multiplexed simply by adding in antibody-conjugated beads of different diameters.
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1. Introduction


Traumatic brain injury (TBI) causes significant morbidity and mortality globally. In the United States alone, an estimated 2.87 million people sustain a TBI annually, and 50,000 of these individuals die of their injuries. Furthermore, 2% of the United States population is estimated to have a disability caused by TBI [1,2]. The high rates of morbidity and mortality can be attributed to inadequate diagnostic and treatment methods. No new treatments for TBI have been approved in 30 years, largely due to the heterogeneity of injuries and limited tools for accurate diagnosis and classification of TBI [1,3].



Assessment of TBI injuries is typically done through neurological examination and neuroimaging techniques. While these methods may identify direct tissue damage to the brain, they are more limited in their ability to monitor secondary damage stemming from the initial injury. The primary tissue damage sets off a cascade of secondary injuries, such as neuronal cell death, blood–brain barrier breakdown, edema, and upregulation of inflammatory markers [4,5].



Protein biomarkers have been proposed as a way of monitoring the progression of secondary TBI injury and of providing more sensitive diagnostic measures when used in conjunction with imaging and physical examination. Glial fibrillary acidic protein (GFAP) and ubiquitin c-terminal hydrolase L1 (UCH-L1) are currently FDA approved to aid in determining the need for evaluation with a head CT scan [6]. However, TBI biomarker discovery and validation is an ongoing area of research, and multiple candidate molecules and proteins have been proposed [1,4,7,8,9]. It has been suggested that a panel of TBI biomarkers may be necessary to obtain precise diagnostic and prognostic information [10]. Multiplexed immunoassays would facilitate the measurement of multiple TBI biomarkers at once.



Many microfluidic devices have been developed to facilitate multiplexed immunoassays. These devices typically employ surface patterning [11,12,13], color-coded or sequestered microbeads [14,15,16], or large-scale microreactor integration [17] to achieve multiplexing. Because of the complexity of these systems, the microfluidic device often must be redesigned if an additional immunoassay needs to be multiplexed, increasing fabrication and development costs.



To overcome this limitation, we developed a microfluidic system capable of flexible and customizable multiplexing. In this study, we present bead-based quantum dot-linked immunosorbent assays (QLISAs) for GFAP, a marker of astrocyte injury [18]; interleukin-6 (IL-6), a marker of inflammation; and interleukin-8 (IL-8), another marker of inflammation [19,20,21]. GFAP was chosen as a target biomarker since it is currently being incorporated into clinical practice for TBI evaluation [6]. While not TBI specific, IL-6 and IL-8 have been studied in the context of TBI [19,20,21]. IL-6 has recently been associated with neuroimaging findings in patients with mild traumatic brain injury (mTBI), and IL-8 has shown promise as a predictor of persistent fatigue after TBI in children [22,23]. The GFAP, IL-6, and IL-8 QLISAs were analyzed using a variable height microfluidic device fabricated using a modified version of the method originally described by Mena et al. [24]. A different-sized bead was used for each assay, facilitating the passive formation of distinct bands within the variable height device. The QLISAs were decoupled from the variable height channel allowing for the formation of customized multiplexed brain injury barcodes without redesigning the device.




2. Materials and Methods


2.1. Bead-Based Quantum Dot-Linked Immunosorbent Assay (QLISA) Design


Each bead-based QLISA was developed using the same set of reagent ratios. The volume of capture antibody-coated superparamagnetic beads was chosen such that there was a 5x molar excess of capture antibodies to the maximum protein (either GFAP, IL-6, or IL-8) concentration of interest. The volume of detection antibody was chosen such that there was a 10x molar excess of detection antibodies to the maximum protein concentration of interest. Finally, the volume of quantum dots was chosen such that there was a 2x molar excess of quantum dot to detection antibody.




2.2. Glial Fibrillary Acidic Protein (GFAP) QLISA


Human GFAP Capture Antibodies from the Human GFAP Matched Antibody Pair Kit (ab222279, Abcam, Gottingen, Germany) were covalently linked to the surface of superparamagnetic beads (DynabeadsTM M-270 Epoxy, InvitrogenTM, Waltham, MA, USA) using the DynabeadsTM Antibody Coupling Kit (InvitrogenTM). An amount of 1 mg of superparamagnetic beads suspended in dimethylformamide (DMF, Sigma-Aldrich, St. Louis, MI, USA) was washed with 1 mL of the C1 reagent from the Antibody Coupling Kit. Next, 5 µg (5 µL) of Human GFAP Capture Antibody was added to the beads, followed by 45 µL of C1 reagent and 50 µL of C2 reagent. The mixture was incubated overnight (16–24 h) on a rocker at 37 °C. Following incubation, the antibody-coated beads were washed with 800 µL of HB reagent + 0.1% Tween 20 and 800 µL of LB reagent + 0.1% Tween 20. The antibody-coated beads were then washed three times with 800 µL of SB reagent followed by incubation with 800 µL of SB reagent on a rocker for 15 min at room temperature. The antibody-coated beads were then suspended in 100 µL of SB reagent and stored at 4 °C.



Human GFAP Lyophilized Protein from the Human GFAP Matched Antibody Pair Kit (ab222279, Abcam) was reconstituted at 10 ng/µL in distilled water (GibcoTM, Shanghai, China). This stock solution was used to spike either normal human serum (S1-100ML, Sigma-Aldrich) or single donor human whole blood (IWB1K2E10ML, Innovative Research) such that the concentrations were 10,000 pg/mL, 5000 pg/mL, 1000 pg/mL, 500 pg/mL, 100 pg/mL, and 0 pg/mL GFAP. The serum and whole blood were rocked for 15 min before and after spiking with GFAP to ensure a homogeneous sample.



To run the assay, 0.75 µL of antibody-coated beads was placed in a 1.7 mL polypropylene microcentrifuge tube (VWR®) along with 50 µL of 1X PBS + 0.1% Tween 20. The tube was then placed on a magnet (DynaMagTM-2 Magnet, InvitrogenTM), and the supernatant was removed. Next, 100 µL of either spiked human serum or whole blood was added to the beads, and the mixture was incubated at room temperature for 15 min on a rocker. The tube was placed on a magnet again, and the supernatant was removed. An amount of 0.3 µL of biotinylated Human GFAP Detector Antibody from the Human GFAP Matched Antibody Pair Kit, 1 µL of QdotTM 585 Streptavidin Conjugate (InvitrogenTM), and 50 µL of 1X PBS + 0.1% Tween 20 was then added to the beads, and the mixture was incubated at room temperature for 15 min on a rocker. The beads were then washed three times in 1X PBS + 0.1% bovine serum albumin (BSA) (A7888, Sigma-Aldrich), washed once in 1X PBS, and resuspended in either 100 µL of 1X PBS or 100 µL of StartingBlockTM (PBS) (Shanghai, China) Blocking Buffer (Thermo ScientificTM (Shanghai, China)).




2.3. Measurement of GFAP in Clinical Serum Samples


Ten serum samples from emergency department patients who were evaluated for TBI were tested using the GFAP QLISA in a blind experiment. These serum samples were collected between October 2014 and November 2016, and the GFAP concentration was measured by Quanterix in June 2019. The study was approved by the Institutional Review Boards of the University of Michigan Medical School.




2.4. Interleukin-6 (IL-6) QLISA


Human IL-6 Capture Antibodies from the Human IL-6 Matched Antibody Pair Kit (ab246838, Abcam) were covalently linked to the surface of superparamagnetic beads (DynabeadsTM M-450 Epoxy, InvitrogenTM) using the DynabeadsTM Antibody Coupling Kit (InvitrogenTM). An amount of 200 µL of superparamagnetic beads was washed with 1 mL of the C1 reagent from the Antibody Coupling Kit. Next, 40 µg (40 µL) of Human IL-6 Capture Antibody was added to the beads, followed by 60 µL of C1 reagent and 100 µL of C2 reagent. The mixture was incubated overnight (16–24 h) on a rocker at 37 °C. Following incubation, the antibody-coated beads were washed with 800 µL of HB reagent + 0.1% Tween 20 and 800 µL of LB reagent + 0.1% Tween 20. The antibody-coated beads were then washed three times with 800 µL of SB reagent, followed by incubation with 800 µL of SB reagent on a rocker for 15 min at room temperature. The antibody-coated beads were then suspended in 200 µL of SB reagent and stored at 4 °C.



Human IL-6 Lyophilized Protein from the Human IL-6 Matched Antibody Pair Kit (ab246838, Abcam) was reconstituted at 10 ng/µL in distilled water (GibcoTM). This stock solution was used to spike Blocking Buffer (1X PBS + 0.1% BSA + 0.05% Tween 20) such that the concentrations were 25,000 pg/mL, 15,000 pg/mL, 10,000 pg/mL, 5000 pg/mL, 1000 pg/mL, and 0 pg/mL IL-6. All spiked Blocking Buffer samples were inverted to mix.



To run the assay, 0.5 µL of antibody-coated beads was placed in a 1.7 mL polypropylene microcentrifuge tube (VWR®) along with 50 µL of 1X PBS + 0.1% Tween 20. The tube was then placed on a magnet (DynaMagTM-2 Magnet, InvitrogenTM), and the supernatant was removed. Next, 100 µL of spiked Blocking Buffer was added to the beads and the mixture was incubated at room temperature for 15 min on a rocker. The tube was placed on a magnet again, and the supernatant was removed. An amount of 0.72 µL of biotinylated Human IL-6 Detector Antibody from the Human IL-6 Matched Antibody Pair Kit, 2 µL of QdotTM 525 Streptavidin Conjugate (InvitrogenTM), and 50 µL of 1X PBS + 0.1% Tween 20 was then added to the beads, and the mixture was incubated at room temperature for 15 min on a rocker. The beads were then washed three times in 1X PBS + 0.1% BSA (A7888, Sigma-Aldrich), washed once in 1X PBS, and resuspended in either 100 µL of 1X PBS or 100 µL of StartingBlockTM (PBS) Blocking Buffer (Thermo ScientificTM).




2.5. Interleukin-8 (IL-8) QLISA


Human IL-8 Capture Antibodies from the Human IL-8 Matched Antibody Pair Kit (ab215402, Abcam) were covalently linked to the surface of superparamagnetic beads (DynabeadsTM MyOneTM Tosylactivated, InvitrogenTM). An amount of 10 µL of superparamagnetic beads was washed with 1 mL of 0.1 M sodium borate buffer (pH 9.5). Next, 94 µL of 0.1 M sodium borate buffer (pH 9.5), 40 µL of Human IL-8 Capture Antibody, and 66 µL of 3 M ammonium sulfate was added to the beads. The mixture was incubated overnight (16–24 h) on a rocker at 37 °C. Following incubation, the tube was placed on a magnet, and the supernatant was removed. An amount of 200 µL of 1X PBS + 0.5% BSA + 0.05% Tween 20 was then added to the beads, and the mixture was incubated overnight (16–24 h) again at 37 °C. Following the second incubation, the beads were washed three times with 1X PBS + 0.5% BSA + 0.05% Tween 20. The antibody-coated beads were then suspended in 100 µL of 1X PBS + 0.5% BSA + 0.05% Tween 20 and stored at 4 °C.



Human IL-8 Lyophilized Protein from the Human IL-8 Matched Antibody Pair Kit (ab215402, Abcam) was reconstituted at 0.98 ng/µL in distilled water (GibcoTM). This stock solution was used to spike Blocking Buffer (1X PBS + 0.1% BSA + 0.05% Tween 20) such that the concentrations were 1000 pg/mL, 800 pg/mL, 500 pg/mL, 200 pg/mL, 100 pg/mL, 10 pg/mL, and 0 pg/mL IL-8. All spiked Blocking Buffer samples were inverted to mix.



To run the assay, 0.5 µL of antibody-coated beads was placed in a 1.7 mL polypropylene microcentrifuge tube (VWR®) along with 50 µL of 1X PBS + 0.1% Tween 20. The tube was then placed on a magnet (DynaMagTM-2 Magnet, InvitrogenTM), and the supernatant was removed. Next, 100 µL of spiked Blocking Buffer was added to the beads and the mixture was incubated at room temperature for 15 min on a rocker. The tube was placed on a magnet again, and the supernatant was removed. An amount of 0.72 µL of biotinylated Human IL-8 Detector Antibody from the Human IL-8 Matched Antibody Pair Kit, 2 µL of QdotTM 655 Streptavidin Conjugate (InvitrogenTM), and 50 µL of 1X PBS + 0.1% Tween 20 was then added to the beads, and the mixture was incubated at room temperature for 15 min on a rocker. The beads were then washed three times in 1X PBS + 0.1% BSA (A7888, Sigma-Aldrich), washed once in 1X PBS, and resuspended in either 100 µL of 1X PBS or 100 µL of StartingBlockTM (PBS) Blocking Buffer (Thermo ScientificTM).




2.6. Limit of Detection and Coefficient of Variation


The limit of detection (LOD) and coefficient of variation (CV) for each QLISA were calculated as described in Krausz et al. [25]. Briefly, the LOD for each assay was calculated as the value of the blank plus three standard deviations (SD) (n = 10). The intra-assay CV was calculated as the SD divided by the mean of replicates (n = 3) of the same sample run on the same day. The inter-assay CV was calculated as the average of the CVs for the same sample from three different days.




2.7. Variable Height Device Fabrication


The variable height etching procedure presented here is a modified version of the original method described by Mena at al. [24]. MDF polished borosilicate wafers (Wafer Universe) were piranha cleaned. A 200/2000 Å Cr/Au metal mask was evaporated onto the piranha-cleaned wafers with an electron beam evaporator (DV-502A, Denton Vacuum). A 3 µm layer of SPRTM220 photoresist was spin-coated using an ACS 200 Cluster Tool (Süss Microtec) and exposed for 15 s with 405 nm at 20 mJ/s using an MA/BA-6 Mask/Bond Aligner (Süss Microtec) and a low-cost photomask (Fineline Imaging). Exposed wafers were developed for 60 s in MF-319 using an ACS 200 Cluster Tool (Süss Microtec). Au and Cr layers were removed by etching for 72 s in TFA gold etchant (Transene) and 16 s in Chromium Etch 1020 (Transene, Danvers, MA, USA).



The masked glass wafers were gradually lowered into 15% hydrofluoric acid (HF) solution (49% w/w HF diluted with deionized water) using a custom linear screw mechanism. After the channels were etched, the wafer was rinsed in deionized water for 5 min. The resulting etched channels were measured using a surface profilometer (Alpha Step 500, KLA-Tencor). The photoresist was then removed with acetone and isopropyl alcohol, followed by the removal of the Au/Cr layers with their respective etchants. The glass wafer was then dipped in buffered hydrofluoric acid (BHF) for 5 s to remove residual Cr.



Inlet and outlet ports were drilled in a double-side polished p-type silicon wafer that was reversibly bonded to a glass backing wafer using Crystalbond 555 (Ted Pella) heated to 70 °C. Drilling layouts were prepared using Autodesk Fusion 360 and exported as gcode to a CNC router (Tormach PCNC). A peck-drilling operation was used with a 750 µm diamond micro drill (Amplex S-Series 0.030”), a drill speed of 10,000 RPM, a peck height of 50 µm, and a feed rate of 5 mm/min. The drilled silicon wafer and etched glass wafer were anodically bonded on an SB-6E bonder (Süss Microtec) at 350 °C and an applied voltage of 100 V until the current reached 10% of its peak value.




2.8. Variable Height Device QLISA Analysis


The sample of processed and resuspended assay beads was placed into a modified 1.7 mL polypropylene microcentrifuge tube (VWR®). The microcentrifuge tube was adapted by punching a hole in the lid and a hole in the bottom using a scratch awl and rubber mallet. The pressure input was placed into the hole in the lid (stainless steel dispensing needle with Luer lock connection, McMaster Carr), and the tube (ETFE tubing, 1/16” OD, McMaster Carr) to deliver the sample to the device was placed in the hole in the bottom. The tubing and dispensing needle were secured with two-part epoxy (Gorilla). The tubing was connected to the variable height device channel inlet using a microfluidic probe with a compression sealing mechanism (CorSolutions microfluidic connectors BMP-LP-2X), and pneumatic pressure was applied to drive the sample into the channel that had been primed with either 5% BSA or StartingBlockTM (PBS) Blocking Buffer (Thermo ScientificTM). The sample flowed through the channel until a band of beads formed that was visible to the naked eye.




2.9. Fluorescent Image Analysis


Fluorescent images (1344 × 1100 pixels) of assay beads trapped in the variable height device were obtained using a Nikon Eclipse Ti inverted microscope and a Retiga R6 monochrome CCD camera (Teledyne Photometrics). A fluorescent image and an epi-illuminated image were obtained for each field of view. ImageJ macros were used to pseudo-flat field correct the epi-illuminated image and to background correct the fluorescent images. A Python script was used to perform the following operations: (1) threshold and binarize the pseudo-flat field-corrected epi-illuminated image to yield B’, (2) perform an elementwise multiplication of B’ and the corresponding background-corrected fluorescent image to yield F’, (3) calculate the sum of all values in B’ to yield b, (4) calculate the sum of all values in F’ to yield f, (5) determine the ratio of f to b to yield RFU/Bead Area. The ImageJ macros and Python script used for image analysis can be found on GitHub (alyseka / assaybead-analysis).




2.10. Multiplexed QLISA Analysis


Multiplexed QLISAs were carried out in three different ways. First, the GFAP and IL-6 QLISAs were carried out as described in Section 2.2 and Section 2.4, respectively, using a sample that contained both proteins. The GFAP and IL-6 assay beads were then combined and flowed into the variable height device as described in Section 2.8. Second, the GFAP and IL-6 QLISAs were carried out by combining all assay reagents into one microcentrifuge tube and by using QdotTM 585 Streptavidin Conjugate as the fluorescent signal for both assays. Once again, a sample was used that contained both proteins. Third, the GFAP, IL-6, and IL-8 QLISAs were carried out as described in Section 2.2, Section 2.4 and Section 2.5, respectively, using a sample that contained all three proteins. The IL-6, GFAP, and IL-8 assay beads were then combined and flowed into the variable height device as described in Section 2.8. All multiplexed QLISA analyses were carried out in spiked buffer samples.




2.11. Assay Bead Size Characterization


An amount of 20 µL of either DynabeadsTM M-450 Epoxy, DynabeadsTM M-270 Epoxy, or DynabeadsTM MyOneTM Tosylactivated was placed on a glass slide under a coverslip with one drop (~50 µL) of SlowFadeTM Diamond Antifade Mountant (Molecular Probes #S36967). Beads were excited using a 532 nm laser and imaged from 554 nm to 697 nm with a Zeiss LSM 780 Confocal Microscope equipped with a 20X water immersion objective (NA 1.0, Zeiss #421452-9800-000).



Maximum intensity Z-projections of each Z-stack were generated and thresholded (binarized) using ImageJ and the Default Local Threshold algorithm. The Analyze Particles plugin from ImageJ was used to identify and measure the area of each bead.





3. Results and Discussion


3.1. Bead-Based QLISA Development


The assay steps described in Section 2.2, Section 2.4 and Section 2.5 and depicted in Figure 1A were carried out on the benchtop. The assay beads with completed sandwich complexes were then introduced into the variable height device (Figure 1B) consisting of a single channel that varies in height between the inlet and the outlet (Figure 1D). The assay beads were trapped and formed distinct fluorescent bands (Figure 1C) where their diameter matched the height of the channel. A summary of the channel height profiles and assay beads used to generate the data shown in Figure 2, Figure 3, Figure 4 and Figure 5 can be found in Table 1. The diameter distribution and summary statistics for each DynabeadTM can be found in Figure S1 and Table S1, respectively.



Images of the fluorescent bands were analyzed as described in Section 2.9 to form the standard curves in Figure 2. For each curve, the data points represent three replicates of a given protein concentration, and the error bars are the standard error of the mean. The LOD of the GFAP assay in serum (Figure 2A) was 125 pg/mL, the intra-assay CV (at 10,000 pg/mL) was 6%, and the inter-assay CV (at 10,000 pg/mL) was 16%. For comparison, Rickard et al. measured GFAP in human plasma using surface-enhanced Raman spectroscopy (SERS) and achieved a LOD of 3.35 pg/mL [26]. It is difficult to make direct comparisons between these methods as the sample matrices differ (serum vs. plasma). However, a LOD of 125 pg/mL offers clinically relevant sensitivity, specificity, positive predictive value, and negative predictive value when used to predict intracranial abnormalities on head CT after an mTBI [27]. For the GFAP assay in whole blood (Figure 2B), the LOD was 1112 pg/mL, the intra-assay CV (at 10,000 pg/mL) was 3%, and the inter-assay CV (at 10,000 pg/mL) was 23%. To the best of our knowledge, this is the first reported instance of measuring GFAP in spiked human whole blood.



The dynamic range of both the serum and whole blood curves was within the physiologically relevant range of GFAP concentrations post-TBI, 153–2089 pg/mL [6]. The GFAP concentration in healthy controls is 14–25 pg/mL [9]. Since the LOD of the GFAP QLISA fell between the concentration ranges indicative of TBI and healthy individuals, our assay could be capable of distinguishing patients with and without a TBI. There is a compromise on the limit of detection when using the GFAP QLISA with whole blood due to the increased complexity of the sample matrix. Modifications to the assay would need to be made to decrease the LOD in whole blood before the assay could be used to assess clinical samples.



The LOD of the IL-6 assay in buffer (Figure 2C) was 437 pg/mL, the intra-assay CV (at 10,000 pg/mL) was 5%, and the inter-assay CV (at 10,000 pg/mL) was 5%. For comparison, Messina et al. achieved a LOD of 1.56 pg/mL using a microfluidic immunosensor [28]. The LOD of the IL-8 assay in buffer (Figure 2D) was 2 pg/mL, the intra-assay CV (at 1000 pg/mL) was 13%, and the inter-assay CV (at 1000 pg/mL) was 14%. For context, Zhao et al. achieved a LOD of 23 pg/mL using an ELISA and 0.16 pg/mL using a photoacoustic immunoassay [29]. The dynamic range of both the IL-6 and IL-8 curves was within the physiologically relevant range of IL-6 and IL-8 concentrations in serum and cerebrospinal fluid (CSF) post-TBI (4–35,500 pg/mL for IL-6 and 30–8000 pg/mL for IL-8) [19]. The physiological concentrations of IL-6 and IL-8 in serum are approximately 4 pg/mL and 30 pg/mL, respectively [28,29]. Therefore, the LOD of the IL-6 assay must be improved before it can be used clinically.



We successfully developed three different QLISAs for three different TBI protein biomarkers using three different bead sizes and three different quantum dot colors. However, the system is not limited to the analytes, bead sizes, and quantum dots described above. If the chosen assay beads have surface epoxy or tosyl groups, the antibody pair is specific to the analyte of interest, and the appropriate microscope filters are available to analyze the chosen quantum dots, the design parameters discussed in Section 2.1 can be used to develop QLISAs for any analyte of interest, either for TBI or another condition of concern to human health. A current limitation of the QLISA system is an elevated LOD in comparison with other systems reported in the literature. However, the LODs of the QLISAs in this work are not optimized. Reagent or other experimental condition adjustments could bring the sensitivity in line with other published devices.




3.2. Measurement of GFAP in Clinical Serum Samples


The GFAP standard curve (Figure 2A) was used to determine the GFAP concentration in ten clinical serum samples from ten different donors. These clinical samples had previously been tested for GFAP using the Quanterix Simoa® assay [30,31], one of the methods for measuring GFAP as part of TBI clinical trials. As seen in Figure 2E, the GFAP QLISA underestimated the GFAP concentration measured by Quanterix. It is unlikely that this discrepancy is due to an interfering substance in the serum matrix as there is a consistent trend in the GFAP QLISA values even with each serum sample coming from a different donor.



We hypothesize that the discrepancy between the concentrations from the GFAP QLISA and Quanterix Simoa® (Dortmund, Germany) assay is due to differences in the form of GFAP recovered by the antibodies. The Abcam antibodies (ab222279) used in the GFAP QLISA detect native GFAP (50 kDa). However, the Quanterix Simoa® assay uses antibodies from Banyan Biomarkers® that detect both native GFAP as well as GFAP breakdown products (GFAP-BDP) (50–38 kDa) [32]. GFAP is highly vulnerable to calpain-mediated proteolysis in vivo, so the form of GFAP in biofluids, such as serum, is likely to be GFAP-BDP [33,34]. Therefore, one would expect the GFAP concentration measured by the Quanterix Simoa® assay to be higher than the GFAP QLISA, as seen in Figure 2E, since the Quanterix assay can detect both native GFAP and GFAP-BDP as opposed to the GFAP QLISA that can only detect native GFAP.



An outstanding question in TBI biomarker analysis is whether there are advantages to monitoring intact GFAP vs. GFAP-BDPs. It remains to be determined if intact GFAP or GFAP-BDPs better reflect the extent or kinetics of astrocyte injury following a TBI [34]. Since the GFAP QLISA can be used to quantify native GFAP, the variable height device system could potentially be used to address this question.




3.3. Multiplexed QLISA Analysis Using the Variable Height Microfluidic Device


The design of the variable height device lends itself to multiplexing of bead-based immunoassays. Variable height channels with a height of ~7.6 µm at the inlet and ~2.1 µm at the outlet were used to multiplex the IL-6 QLISA and GFAP QLISA (Figure 3). A mixture of DynabeadsTM M-450 (~4.5 µm diameter) and DynabeadsTM M-270 (~2.8 µm) with completed sandwich complexes for IL-6 and GFAP, respectively, were introduced into the channel. The beads flowed through the channel and passively separated into two distinct bands where the diameter of the beads matched the height of the channel. Because the ~2.8 µm beads flowed through the band of ~4.5 µm beads as it was forming, it is possible that the ~2.8 µm assay beads could be trapped upstream of where the channel height matched their diameter.



To visualize this potential crossover between detection bands, we used QdotTM 525 as the fluorescent signal for the IL-6 QLISA and QdotTM 585 as the fluorescent signal for the GFAP QLISA. Figure 3A displays representative fluorescence images from an IL-6 detection band (left) and a GFAP detection band (right) where the sample contained 25,000 pg/mL IL-6 and 10,000 pg/mL GFAP. Each image is an overlay of the QdotTM 525 and QdotTM 585 channels. Ideally, the IL-6 detection band should appear completely blue, and the GFAP detection band should appear completely yellow. Figure 3B shows the fluorescence intensity of the detection bands pictured in Figure 3A with the controls subtracted. As shown in the left pair of bars in Figure 3B, a few ~2.8 µm assay beads did become trapped in the IL-6 detection band. However, the fluorescence intensity from the QdotTM 585 channel (yellow bar) was minimal in comparison with the intensity from the QdotTM 525 channel (blue bar) such that it would not influence the overall protein concentration determination. In the GFAP detection band (right pair of bars in Figure 3B), the signal from the QdotTM 525 channel was due to strong autofluorescence of the ~2.8 µm assay beads at 525 nm rather than contamination by unbound quantum dots from the IL-6 detection band [35]. It is physically impossible for ~4.5 µm diameter assay beads to become trapped in the GFAP detection band due to the channel height gradient.



Following the successful multiplex of the IL-6 and GFAP QLISAs, all three QLISAs (for IL-6, GFAP, and IL-8) were multiplexed using variable height channels with a height of ~6.3 µm at the inlet and ~0.9 µm at the outlet (Figure 4). We used QdotTM 525 as the fluorescent signal for the IL-6 QLISA (~4.5 µm assay beads), QdotTM 585 as the fluorescent signal for the GFAP QLISA (~2.8 µm assay beads), and QdotTM 655 as the fluorescent signal for the IL-8 QLISA (~1 µm diameter assay beads). A mixture of the different-sized assay beads with completed sandwich complexes for the proteins of interest was introduced into the channel and allowed to passively separate. Figure 4A displays representative fluorescence images from an IL-6 detection band (left), a GFAP detection band (center), and an IL-8 detection band where the sample contained 25,000 pg/mL IL-6, 10,000 pg/mL GFAP, and 1000 pg/mL IL-8. Each image is an overlay of the QdotTM 525, QdotTM 585, and QdotTM 655 channels. Ideally, the IL-6 detection band should appear completely blue, the GFAP detection band should appear completely yellow, and the IL-6 detection band should appear completely magenta. Figure 4B shows the fluorescence intensity of the detection bands pictured in Figure 4A with the controls subtracted. As shown in the left pair of bars in Figure 4B, ~2.8 µm and ~1 µm assay beads did become trapped in the IL-6 detection band. However, the fluorescence intensity from the QdotTM 585 channel (yellow bar) and the QdotTM 655 channel (magenta bar) was minimal in comparison with the intensity from the QdotTM 525 channel (blue bar). This was similarly the case in the GFAP detection band (center pair of bars in Figure 4B), where the signal from the QdotTM 585 channel (yellow bar) was the strongest, and in the IL-8 detection band (right pair of bars in Figure 4B), where the signal from the QdotTM 655 channel (magenta bar) was the strongest. As in the two-quantum dot color multiplex of IL-6 and GFAP, the signal from the QdotTM 525 channel (blue bar) in the GFAP detection band was due to strong autofluorescence of the assay beads at 525 nm.



There was minimal crossover between the detection bands when the two-plex and three-plex were run using different QdotTM colors. Therefore, we performed a multiplex using QdotTM 585 as the fluorescent signal for both the IL-6 QLISA and GFAP QLISA by combining all assay reagents in the same microcentrifuge tube. The results of this single microcentrifuge tube multiplex are presented in Figure 5, where each part (A–D) represents a single variable height channel with an IL-6 detection band and a GFAP detection band. Using only one quantum dot color, we quantified IL-6 and GFAP in samples containing 25,000 pg/mL IL-6 and 10,000 pg/mL GFAP (Figure 5A), 25,000 pg/mL IL-6 and 0 pg/mL GFAP (Figure 5B), 0 pg/mL IL-6 and 10,000 pg/mL GFAP (Figure 5C), and 0 pg/mL IL-6 and 0 pg/mL GFAP (Figure 5D). As expected from the multiplex using two quantum dot colors (Figure 3), a few ~2.8 µm assay beads were trapped in the IL-6 detection band (Figure 5C).



To investigate the potential of the bead crossover between detection bands to generate false positive signals, we statistically compared the fluorescent intensity of the IL-6 detection bands in Figure 5C (0 pg/mL IL-6 run simultaneously with 10,000 pg/mL GFAP) and Figure 5D (0 pg/mL IL-6 run simultaneously with 0 pg/mL GFAP). The fluorescent intensity of the IL-6 detection bands in Figure 5C,D was not found to be significantly different when compared using a two-tailed t-test (p = 0.42), indicating that the co-trapped beads would not influence the protein concentration determination. Additionally, the bright spots in the GFAP detection band in Figure 5B and both the IL-6 and GFAP detection bands in Figure 5D are due to debris and aggregated quantum dots that are not tethered to a specific bead [36,37]. The image analysis method described in Section 2.9 minimizes the impact of debris and quantum dot aggregates as the comparison between the epi-illuminated image and fluorescence image is designed to eliminate fluorescent signal that is not directly tethered to a bead. If further experimentation and device development does lead to false positive signals due to bead crossover, a low abundance target could be run as a downstream detection band to minimize the potential for bead crossover effects or in a parallel channel on the same chip.



We successfully performed a two-plex and three-plex using different QdotTM colors as well as a two-plex using the same QdotTM color for both assays. During the two-plex assays, the mixture of assay beads separated into distinct assay bands after 4 min, but during the three-plex assay, the mixture of beads took 40 min to separate. To shorten the time it takes to form detection bands, care should be used when selecting the bead size associated with each QLISA. The bead diameter determines the height profile of the channel, and the height profile in turn determines the flow rate according to Equation S15 in the Supplementary Materials. As seen in Figures S3 and S4, the flow rate in the variable height device is strongly influenced by the channel outlet height. For a fixed outlet height, increasing the channel inlet height does little to increase the flow rate through the channel. Therefore, it is recommended that the channel outlet height should be greater than or equal to 1.5 µm to ensure that detection bands form within 15 min or less and that the assay beads do not aggregate or adsorb onto the channel walls.





4. Conclusions


Here was presented a variable height microfluidic device that is capable of passively multiplexing bead-based QLISAs for IL-6, GFAP, and IL-8, three TBI protein biomarkers. The assay design principles presented can be applied to any analyte of interest for which a sandwich or competitive immunoassay is feasible, making the QLISA method widely applicable to diagnosing and monitoring conditions that impact human health. Our platform decouples the QLISAs from the variable height channel, allowing for highly flexible multiplexing. Any mixture of antibody-conjugated beads of different diameters can be introduced into the channel, and the beads will passively separate into distinct bands as they flow through the channel, resulting in a custom barcode of biomarker concentrations. There is no need to actively pattern antibodies in the channel during fabrication, as the differences in bead size coupled with the channel height gradient lead to passive patterning. We used the variable height device to successfully multiplex QLISAs for IL-6 (~4.5 µm diameter assay beads) and GFAP (~2.8 µm diameter assay beads) as well as QLISAs for IL-6, GFAP, and IL-8 (~1 µm diameter assay beads). However, additional biomarkers could be multiplexed simply by adding in antibody-conjugated beads of a different diameter.



Ideally, the variable height device can be used to multiplex up to 20 different biomarkers. Each band of trapped beads is approximately 500 µm wide, and a channel height profile slope should be chosen that results in at least a 500 µm separation between the detection bands. Therefore, a 20 mm long channel could accommodate 20 different bands of beads, effectively multiplexing 20 different biomarkers. It is imperative to select assay beads that are homogeneous in size to facilitate the multiplex. Bead sizes should also be selected such that the channel outlet height is 1.5 µm or greater to ensure that the flow rate in the channel is sufficient to separate the beads within 15 min and prevent bead aggregation and adsorption. As more bead sizes are added to the channel, bead crossover between detection bands will increase. Each band of beads acts as a leaky filter as it forms, trapping some smaller diameter assay beads while allowing the majority to pass through. Detection band crossover can be mitigated by optimizing the number of beads of each size introduced into the channel such that fewer larger diameter beads are introduced, delaying the formation of upstream detection bands while downstream bands form. Of course, multiplexing of biomarkers in the variable height device is limited by antibody specificity and affinity for an analyte of interest. If an antibody is cross-reactive, multiplexing will be limited.



Since the assay beads spatially separate into distinct bands due to the ramp-like height profile of the channel, the same quantum dot can be used to detect each biomarker, simplifying the development of a point-of-care optics module. In this work, a fluorescence microscope was used to analyze the fluorescence intensity of the bands of beads, but a portable optics module would allow our device to be used wherever it is needed. A portable platform could be used by military personnel for rapid triage in the field, by coaches to assess injured players on the sidelines, by paramedics to assess a patient’s condition before arrival at a hospital, by clinicians to monitor a patient’s response to neuroprotective treatments, and by clinical research teams to accurately enroll and group patients for clinical trials. Ultimately, our platform has the potential to not only transform the field of TBI diagnosis but to expand along with it.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/bios11090320/s1: Figures S1–S4, Table S1, and Equations (S1)–(S15).





Author Contributions


Conceptualization, A.D.K., F.K.K. and M.A.B.; methodology, A.D.K. and M.A.B.; formal analysis, A.D.K.; investigation, A.D.K.; resources, F.K.K. and M.A.B.; writing—original draft preparation, A.D.K.; writing—review and editing, A.D.K., F.K.K. and M.A.B.; visualization, A.D.K. and M.A.B.; supervision, F.K.K. and M.A.B.; project administration, F.K.K. and M.A.B.; funding acquisition, A.D.K., F.K.K. and M.A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Joyce and Don Massey Family Foundation through the Michigan Center for Integrative Research in Critical Care (MCIRCC) at the University of Michigan, the Microfluidics in Biomedical Sciences Training Program (MBSTP) (T32 EB005582), and the Scholars Awards grant program of Precision Health at the University of Michigan.




Institutional Review Board Statement


The study to collect serum samples was conducted according to the guidelines of the Declaration of Helsinki, and the study was approved by the Institutional Review Board of the University of Michigan Ann Arbor (HUM00117107 approved on 11 August 2016).




Informed Consent Statement


Informed consent was obtained from all patients involved in the study to collect blood samples.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Hayley Falk for her help in coordinating the clinical sample experiments, Nigel Michki and Logan Walker for their image analysis advice, and Katharine Beach for her anodic bonding assistance and expertise. The microfluidic devices were fabricated in the Lurie Nanofabrication Facility and the Chemical Engineering Cleanroom at the University of Michigan.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mondello, S.; Muller, U.; Jeromin, A.; Streeter, J.; Hayes, R.L.; Wang, K.K. Blood-based diagnostics of traumatic brain injuries. Expert Rev. Mol. Diagn. 2011, 11, 65–78. [Google Scholar] [CrossRef] [PubMed]

	



Peterson, A.B.; Xu, L.; Daugherty, J.; Breiding, M.J. Surveillance Report of Traumatic Brain Injury-Related Emergency Department Visits, Hospitalizations, and Deaths, United States, 2014. 2019. Available online: https://stacks.cdc.gov/view/cdc/78062 (accessed on 6 September 2021).

	



Mohamadpour, M.; Whitney, K.; Bergold, P.J. The importance of therapeutic time window in the treatment of traumatic brain injury. Front. Neurosci. 2019, 13, 7. [Google Scholar] [CrossRef] [PubMed]

	



Bogoslovsky, T.; Gill, J.; Jeromin, A.; Davis, C.; Diaz-arrastia, R. Fluid Biomarkers of Traumatic Brain Injury and Intended Context of Use. Diagnostics 2016, 6, 37. [Google Scholar] [CrossRef] [PubMed]

	



Mckee, C.A.; Lukens, J.R. Emerging Roles for the Immune System in Traumatic Brain Injury. Front. Immunol. 2016, 7, 556. [Google Scholar] [CrossRef]

	



Korley, F.K.; Datwyler, S.A.; Jain, S.; Sun, X.; Beligere, G.; Chandran, R.; Marino, J.A.; McQuiston, B.; Zhang, H.; Caudle, K.L.; et al. Comparison of GFAP and UCH-L1 Measurements from Two Prototype Assays: The Abbott i-STAT and ARCHITECT Assays. Neurotrauma Rep. 2021, 2, 193–199. [Google Scholar] [CrossRef]

	



Zetterberg, H.; Blennow, K. Fluid biomarkers for mild traumatic brain injury and related conditions. Nat. Rev. Neurol. 2016, 12, 563–574. [Google Scholar] [CrossRef] [PubMed]

	



Adrian, H.; Mårten, K.; Salla, N. Biomarkers of Traumatic Brain Injury: Temporal Changes in Body Fluids. eNeuro 2016, 3. [Google Scholar] [CrossRef]

	



Papa, L.; Brophy, G.M.; Welch, R.D.; Lewis, L.M.; Braga, C.F.; Tan, C.N.; Ameli, N.J.; Lopez, M.A.; Haeussler, C.A.; Mendez Giordano, D.I.; et al. Time Course and Diagnostic Accuracy of Glial and Neuronal Blood Biomarkers GFAP and UCH-L1 in a Large Cohort of Trauma Patients With and Without Mild Traumatic Brain Injury. JAMA Neurol. 2016, 73, 551–560. [Google Scholar] [CrossRef]

	



Korley, F.K.; Yue, J.K.; Wilson, D.H.; Hrusovsky, K.; Diaz-Arrastia, R.; Ferguson, A.R.; Yuh, E.L.; Mukherjee, P.; Wang, K.K.W.; Valadka, A.B.; et al. Performance Evaluation of a Multiplex Assay for Simultaneous Detection of Four Clinically Relevant Traumatic Brain Injury Biomarkers. J. Neurotrauma 2018, 36, 182–187. [Google Scholar] [CrossRef]

	



Bernard, A.; Michel, B.; Delamarche, E. Micromosaic immunoassays. Anal. Chem. 2001, 73, 8–12. [Google Scholar] [CrossRef]

	



Fan, R.; Vermesh, O.; Srivastava, A.; Yen, B.K.H.; Qin, L.; Ahmad, H.; Kwong, G.A.; Liu, C.C.; Gould, J.; Hood, L.; et al. Integrated barcode chips for rapid, multiplexed analysis of proteins in microliter quantities of blood. Nat. Biotechnol. 2008, 26, 1373–1378. [Google Scholar] [CrossRef] [PubMed]

	



Henares, T.G.; Funano, S.I.; Terabe, S.; Mizutani, F.; Sekizawa, R.; Hisamoto, H. Multiple enzyme linked immunosorbent assay system on a capillary-assembled microchip integrating valving and immuno-reaction functions. Anal. Chim. Acta 2007, 589, 173–179. [Google Scholar] [CrossRef]

	



Klostranec, J.M.; Xiang, Q.; Farcas, G.A.; Lee, J.A.; Rhee, A.; Lafferty, E.I.; Perrault, S.D.; Kain, K.C.; Chan, W.C.W. Convergence of quantum dot barcodes with microfluidics and signal processing for multiplexed high-throughput infectious disease diagnostics. Nano Lett. 2007, 7, 2812–2818. [Google Scholar] [CrossRef] [PubMed]

	



Rissin, D.M.; Kan, C.W.; Song, L.; Rivnak, A.J.; Fishburn, M.W.; Shao, Q.; Piech, T.; Ferrell, E.P.; Meyer, R.E.; Campbell, T.G.; et al. Multiplexed single molecule immunoassays. Lab Chip 2013, 13, 2902–2911. [Google Scholar] [CrossRef]

	



Lee, H.; Kim, J.; Kim, H.; Kim, J.; Kwon, S. Colour-barcoded magnetic microparticles for multiplexed bioassays. Nat. Mater. 2010, 9, 745–749. [Google Scholar] [CrossRef] [PubMed]

	



Ghodbane, M.; Stucky, E.C.; Maguire, T.J.; Schloss, R.S.; Shreiber, D.I.; Zahn, J.D.; Yarmush, M.L. Development and validation of a microfluidic immunoassay capable of multiplexing parallel samples in microliter volumes. Lab Chip 2015, 15, 3211–3221. [Google Scholar] [CrossRef]

	



Giacoppo, S.; Bramanti, P.; Barresi, M.; Celi, D.; Foti Cuzzola, V.; Palella, E.; Marino, S. Predictive Biomarkers of Recovery in Traumatic Brain Injury. Neurocrit. Care 2012, 16, 470–477. [Google Scholar] [CrossRef]

	



Morganti-Kossman, M.C.; Lenzlinger, P.M.; Hans, V.; Stahel, P.; Csuka, E.; Ammann, E.; Stocker, R.; Trentz, O.; Kossmann, T. Production of cytokines following brain injury: Beneficial and deleterious for the damaged tissue. Mol. Psychiatry 1997, 2, 133–136. [Google Scholar] [CrossRef]

	



Hayakata, T.; Shiozaki, T.; Tasaki, O.; Ikegawa, H.; Inoue, Y.; Toshiyuki, F.; Hosotubo, H.; Kieko, F.; Yamashita, T.; Tanaka, H.; et al. Changes in CSF S100B and cytokine concentrations in early-phase severe traumatic brain injury. Shock 2004, 22, 102–107. [Google Scholar] [CrossRef]

	



Maier, B.; Schwerdtfeger, K.; Mautes, A.; Holanda, M.; Müller, M.; Steudel, W.I.; Marzi, I. Differential release of interleukines 6, 8, and 10 in cerebrospinal fluid and plasma after traumatic brain injury. Shock 2001, 15, 421–426. [Google Scholar] [CrossRef]

	



Edwards, K.A.; Pattinson, C.L.; Guedes, V.A.; Peyer, J.; Moore, C.; Davis, T.; Devoto, C.; Turtzo, L.C.; Latour, L.; Gill, J.M. Inflammatory cytokines associate with neuroimaging after acute mild traumatic brain injury. Front. Neurol. 2020, 11, 348. [Google Scholar] [CrossRef] [PubMed]

	



Crichton, A.; Ignjatovic, V.; Babl, F.E.; Oakley, E.; Greenham, M.; Hearps, S.; Delzoppo, C.; Beauchamp, M.H.; Guerguerian, A.-M.; Boutis, K. Interleukin-8 predicts fatigue at 12 months post-injury in children with traumatic brain injury. J. Neurotrauma 2021, 38, 1151–1163. [Google Scholar] [CrossRef] [PubMed]

	



Mena, S.E.; De Beer, M.P.; McCormick, J.; Habibi, N.; Lahann, J.; Burns, M.A. Variable-height channels for microparticle characterization and display. Lab Chip 2020, 20, 2510–2519. [Google Scholar] [CrossRef] [PubMed]

	



Krausz, A.D.; Dewar, R.; Burns, M.A. Accuracy Evaluation of a Tetrabromophenolphthalein Ethyl Ester Colorimetric Assay for Urinary Albumin. J. Appl. Lab. Med. 2019, 4, 201–213. [Google Scholar] [CrossRef]

	



Rickard, J.J.S.; Di-Pietro, V.; Smith, D.J.; Davies, D.J.; Belli, A.; Oppenheimer, P.G. Rapid optofluidic detection of biomarkers for traumatic brain injury via surface-enhanced Raman spectroscopy. Nat. Biomed. Eng. 2020, 4, 610–623. [Google Scholar] [CrossRef]

	



Okonkwo, D.O.; Puffer, R.C.; Puccio, A.M.; Yuh, E.L.; Yue, J.K.; Diaz-Arrastia, R.; Korley, F.K.; Wang, K.K.W.; Sun, X.; Taylor, S.R.; et al. Point-of-Care Platform Blood Biomarker Testing of Glial Fibrillary Acidic Protein versus S100 Calcium-Binding Protein B for Prediction of Traumatic Brain Injuries: A Transforming Research and Clinical Knowledge in Traumatic Brain Injury Study. J. Neurotrauma 2020, 37, 2460–2467. [Google Scholar] [CrossRef]

	



Messina, G.A.; Panini, N.V.; Martinez, N.A.; Raba, J. Microfluidic immunosensor design for the quantification of interleukin-6 in human serum samples. Anal. Biochem. 2008, 380, 262–267. [Google Scholar] [CrossRef]

	



Zhao, Y.; Cao, M.; McClelland, J.F.; Shao, Z.; Lu, M. A photoacoustic immunoassay for biomarker detection. Biosens. Bioelectron. 2016, 85, 261–266. [Google Scholar] [CrossRef]

	



Rissin, D.M.; Kan, C.W.; Campbell, T.G.; Howes, S.C.; Fournier, D.R.; Song, L.; Piech, T.; Patel, P.P.; Chang, L.; Rivnak, A.J.; et al. Single-molecule enzyme-linked immunosorbent assay detects serum proteins at subfemtomolar concentrations. Nat. Biotechnol. 2010, 28, 595–599. [Google Scholar] [CrossRef]

	



Wilson, D.H.; Rissin, D.M.; Kan, C.W.; Fournier, D.R.; Piech, T.; Campbell, T.G.; Meyer, R.E.; Fishburn, M.W.; Cabrera, C.; Patel, P.P.; et al. The Simoa HD-1 Analyzer: A Novel Fully Automated Digital Immunoassay Analyzer with Single-Molecule Sensitivity and Multiplexing. J. Lab. Autom. 2016, 21, 533–547. [Google Scholar] [CrossRef]

	



Zoltewicz, S.J.; Scharf, D.; Yang, B.; Chawla, A.; Newsom, K.J.; Fang, L. Characterization of antibodies that detect human GFAP after traumatic brain injury. Biomark. Insights 2012, 7, 71–79. [Google Scholar] [CrossRef]

	



Papa, L.; Lewis, L.M.; Falk, J.L.; Zhang, Z.; Silvestri, S.; Giordano, P.; Brophy, G.M.; Demery, J.A.; Dixit, N.K.; Ferguson, I.; et al. Elevated levels of serum glial fibrillary acidic protein breakdown products in mild and moderate traumatic brain injury are associated with intracranial lesions and neurosurgical intervention. Ann. Emerg. Med. 2012, 59, 471–483. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Wang, K.K.W. Glial fibrillary acidic protein: From intermediate filament assembly and gliosis to neurobiomarker. Trends Neurosci. 2015, 38, 364–374. [Google Scholar] [CrossRef]

	



Roth, S.; Hadass, O.; Cohen, M.; Verbarg, J.; Wilsey, J.; Danielli, A. Improving the Sensitivity of Fluorescence-Based Immunoassays by Photobleaching the Autofluorescence of Magnetic Beads. Small 2019, 15, 1803751. [Google Scholar] [CrossRef] [PubMed]

	



Barteneva, N.S.; Vorob’ev, I.A. Quantum dots in microscopy and cytometry: Immunostaining applications. Microsc. Sci. Technol. Appl. Educ. 2010, 1, 710–721. [Google Scholar]

	



Francis, J.E.; Mason, D.; Lévy, R. Evaluation of quantum dot conjugated antibodies for immunofluorescent labelling of cellular targets. Beilstein J. Nanotechnol. 2017, 8, 1238–1249. [Google Scholar] [CrossRef]








[image: Biosensors 11 00320 g001 550] 





Figure 1. Schematic of the method used to run and analyze bead-based quantum dot-linked immunosorbent assays (QLISAs) for glial fibrillary acidic protein (GFAP) (pictured) as well as interleukin-6 (IL-6) and interleukin-8 (IL-8). (A) The binding steps necessary to complete the sandwich assay were performed on the benchtop in a microcentrifuge tube. Note that a single bead is pictured with a single antibody for the sake of clarity, but the assay consisted of millions of beads completely coated in antibodies. (B) The bead mixture with completed sandwich complexes was introduced into the variable height device using a modified microcentrifuge tube and pneumatic pressure. (C) The beads formed fluorescent bands inside the variable height device where the fluorescence intensity is related to the protein concentration in the sample (white scale bar 500 µm). (D) The channel height varies between the inlet and outlet, so the assay beads become trapped where their diameter matches the height of the channel (graph is of a representative height profile obtained using a stylus profilometer). 
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Figure 2. QLISA standard curves for GFAP in (A) spiked human serum and (B) spiked human whole blood, (C) IL-6 in spiked buffer, and (D) IL-8 in spiked buffer. Each data point represents three replicates (n = 3). (E) Comparison of the GFAP concentrations determined by the Quanterix Simoa® assay and by the QLISA method for ten clinical serum samples. The dashed red line represents the line y = x, and the solid black line represents the trend between the Quanterix GFAP concentration and the QLISA GFAP concentration. Each black dot represents a serum sample from a different donor. Replicates ranged from n = 1 to n = 5 depending on the volume of the serum sample. All error bars throughout the figure are standard error of the mean. 
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Figure 3. Multiplex of the IL-6 QLISA (fluorescent signal from QdotTM 525) and the GFAP QLISA (fluorescent signal from QdotTM 585) where the sample consisted of 25,000 pg/mL IL-6 and 10,000 pg/mL GFAP. (A) Representative images of ~4.5 µm beads trapped in the IL-6 detection band of the variable height device (left) and ~2.8 µm beads trapped in the GFAP detection band (right). Each image is an overlay of the QdotTM 525 and QdotTM 585 channels, and the brightness/contrast was set for ease of viewing. (B) The fluorescence intensity values from the QdotTM 525 (blue) and QdotTM 585 (yellow) channels for each variable height device detection band shown in (A) with the control values subtracted. The error bars are standard error of the mean and represent the variability in fluorescence intensity between the fields of view within each detection band. 
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Figure 4. Multiplex of the IL-6 QLISA (fluorescent signal from QdotTM 525), the GFAP QLISA (fluorescent signal from QdotTM 585), and the IL-8 QLISA (fluorescent signal from QdotTM 655) where the sample consisted of 25,000 pg/mL IL-6, 10,000 pg/mL GFAP, and 1000 pg/mL IL-8. (A) Representative images of ~4.5 µm beads trapped in the IL-6 detection band of the variable height device (left), ~2.8 µm beads trapped in the GFAP detection band (center), and ~1 µm beads trapped in the IL-8 detection band (right). Each image is an overlay of the QdotTM 525, QdotTM 585, and QdotTM 655 channels. The brightness/contrast of each image was set for ease of viewing. (B) The fluorescence intensity values from the QdotTM 525 (blue), QdotTM 585 (yellow), and QdotTM 655 (magenta) channels for each variable height device detection band shown in (A) with the control values subtracted. The error bars are standard error of the mean and represent the variability in fluorescence intensity between the fields of view within each detection band. 






Figure 4. Multiplex of the IL-6 QLISA (fluorescent signal from QdotTM 525), the GFAP QLISA (fluorescent signal from QdotTM 585), and the IL-8 QLISA (fluorescent signal from QdotTM 655) where the sample consisted of 25,000 pg/mL IL-6, 10,000 pg/mL GFAP, and 1000 pg/mL IL-8. (A) Representative images of ~4.5 µm beads trapped in the IL-6 detection band of the variable height device (left), ~2.8 µm beads trapped in the GFAP detection band (center), and ~1 µm beads trapped in the IL-8 detection band (right). Each image is an overlay of the QdotTM 525, QdotTM 585, and QdotTM 655 channels. The brightness/contrast of each image was set for ease of viewing. (B) The fluorescence intensity values from the QdotTM 525 (blue), QdotTM 585 (yellow), and QdotTM 655 (magenta) channels for each variable height device detection band shown in (A) with the control values subtracted. The error bars are standard error of the mean and represent the variability in fluorescence intensity between the fields of view within each detection band.



[image: Biosensors 11 00320 g004]







[image: Biosensors 11 00320 g005 550] 





Figure 5. Multiplex of the IL-6 QLISA and the GFAP QLISA where the fluorescent signal for both assays is from QdotTM 585. Both assays were run in the same microcentrifuge tube on the same spiked buffer sample. The representative fluorescence images from the variable height device detection bands of (A) a sample containing 25,000 pg/mL IL-6 and 10,000 pg/mL GFAP, (B) a sample containing 25,000 pg/mL IL-6 and 0 pg/mL GFAP, (C) a sample containing 0 pg/mL IL-6 and 10,000 pg/mL GFAP, and (D) a sample containing 0 pg/mL IL-6 and 0 pg/mL GFAP all have the same brightness/contrast for ease of visual comparison. 
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Table 1. Variable height channel parameters and assay beads used to generate the data in Figure 2, Figure 3, Figure 4 and Figure 5. All channels had the same general height profile shown in Figure 1D between the inlet and outlet heights listed.
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	Figure
	Inlet Height (µm)
	Outlet Height (µm)
	Assay Beads





	2A
	3.675 ± 0.081
	1.386 ± 0.053
	DynabeadsTM M-270



	2B
	4.066 ± 0.006
	1.313 ± 0.041
	DynabeadsTM M-270



	2C
	7.008 ± 0.278
	1.848 ± 0.020
	DynabeadsTM M-450



	2D
	3.157 ± 0.045
	0.856 ± 0.035
	DynabeadsTM MyOneTM



	2E
	3.653 ± 0.044
	1.368 ± 0.018
	DynabeadsTM M-270



	3A
	7.583 ± 0.177
	2.077 ± 0.007
	DynabeadsTM M-450 and M-270



	4A
	6.342 ± 0.035
	0.963 ± 0.057
	DynabeadsTM M-450, M-270, and MyOneTM



	5A–E
	7.583 ± 0.177
	2.077 ± 0.007
	DynabeadsTM M-450 and M-270







Note: All channels were 3 mm wide and 2 cm long.
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