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Plasma has significant utility as an input for diagnostics and screening for conditions such as viral infections, cancer, and more. However, plasma is difficult to obtain at the point-of-care, as separation from whole blood is typically carried out via centrifugation. We have designed and optimized a low-cost, simple-to-operate microfluidic device which carries out the separation of plasma from whole blood. The device utilizes depth filtration as its separation mechanism and collects plasma via capillary action, allowing for operation without components that drive flow externally. We first optimized device dimensions and operating parameters and demonstrated consistent separation efficiencies for the samples with hematocrits ranging from 25–65%. The impact of input sample hematocrit percentage on flow rate through the device was also examined, with samples with hematocrits greater than 45% decreasing plasma flow rate. Lastly, we evaluated the ability of this device to produce plasma with a high protein concentration and found no significant difference between protein levels in samples from the device compared to samples produced via centrifugation. This system produced plasma with a maximum separation efficiency of 88.5% and achieved a maximum plasma volume of ∼14 μl from a 50 μl whole blood input. The low cost, simplicity of operation, and high plasma quality associated with this device give it many advantages in a point-of-care setting. This device could be integrated into plasma-based diagnostic workflows to increase access to various types of disease testing and monitoring.
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1 INTRODUCTION
Blood contains a wealth of information regarding the health status of an individual. Thus, blood-based diagnostic tools have become critically important in medicine, with current and potential applications ranging from human immunodeficiency virus (HIV) diagnosis to the detection of traumatic brain injuries (DiFonzo and Bordia, 1998; Mondello et al., 2011). For many blood-based diagnostic tests, plasma is used instead of whole blood to eliminate the impact of red blood cells on the assay. The need for plasma isolation presents a challenge in efforts to develop diagnostics for the point-of-care. The current gold standard for plasma separation is centrifugation, which is typically done with large, complex, and expensive equipment not well suited to point-of-care applications (Mielczarek et al., 2016).
One method for identifying whether a diagnostic method will be useful in point-of-care settings is the ASSURED criteria developed by the World Health Organization, which emphasizes that useful point-of-care diagnostics should be affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and delivered (Kettler et al., 2004). There are significant challenges in developing blood plasma separation strategies which meet these criteria due to the limitations inherent to the standard separation approach of centrifugation.
Since centrifugation techniques are incongruous with point-of-care diagnostics, there have been efforts to develop microfluidic devices that can carry out plasma separation at a small-scale. Microfluidic devices are systems which process fluids in channels with dimensions sized in the micron scale (Whitesides, 2006). Microfluidic devices have significant potential for use in point-of-care diagnostics because they allow for diagnostic results to be obtained from small volume inputs, often a few microliters of biological samples. Furthermore, microfluidic devices themselves are physically small objects, with lengths and widths which are often only a few centimeters, making these devices extremely suitable for the distribution and localized use necessary for point-of-care diagnostics (Whitesides, 2006).
To separate plasma, microfluidic devices have taken several approaches, including leveraging the Zweifach-Fung effect through microchannel geometry, which involves chaining together many branching channels of varying sizes, causing branches to have different flow rates when blood is pumped through the device (Yang et al., 2006; Kersaudy-Kerhoas et al., 2010). Cells have greater mass than the molecules contained within plasma, therefore, their greater momentum at constant velocity causes them to disproportionately flow down higher flow rate channels, allowing for separation of plasma from red blood cells when sufficient branching paths are placed in series. A similar effect for plasma separation has also been demonstrated by developing microfluidic devices with perpendicular channels that have different flow rates driven by electric fields (Jiang et al., 2011; Mohammadi et al., 2015). Further devices have been developed which carry out blood plasma separation via small-scale centrifugation (Amasia and Madou, 2010), or by integrating membrane separation into a digital microfluidic (Dixon et al., 2020). These approaches have been shown to be capable of producing high plasma quality, volumetric yield, and throughput. However, one commonality in many of these microfluidics methods is that they require a force actively driving fluid flow in the device, for example, a pressure difference or an electric field. Because of this requirement, these microfluidic devices often require external components like syringe pumps or electrodes which can significantly increase the overall size, cost, and complexity of a diagnostic tool, limiting their potential for point-of-care diagnostics.
Several plasma separation microfluidic devices have been created which avoid the need for external flow driving components through the leveraging of capillary action. Since capillary forces can be generated without external components, a capillary flow-driven microfluidic has the potential to function as a standalone device, with many of these devices being compiled in a review by Wang et al. (2021). One capillary flow-driven microfluidic was previously demonstrated by Maria et al. (2017) which utilized a wettability gradient to separate plasma from whole blood, obtaining 99.9% pure plasma and >20% volume yield from whole blood samples <10 µL in 15 min. However, maintaining the wetting properties of channels within the device requires storage in deionized water under a vacuum, which may impose limitations on the device’s usage in some point of care settings. Devices utilizing dead-end filtration have also been demonstrated by Hauser et al. and Son et al., which both were capable of producing high-quality plasma from small whole blood samples with minimal external components required to drive flow; although the device outlined by Son et al. does require the use of a desiccator to drive flow via degassing prior to use (Son et al., 2014; Hauser et al., 2018). A further capillary flow driven device was outlined by Madadi et al. (2015) which utilized a microfluidic filtration based system to produce very small quantities of highly pure plasma with no external components required to drive flow in this device, and demonstrated this systems potential for certain point of care applications with low volume requirements by validating the system with the detection of thyroid stimulating hormone. Finally, there have been microfluidic devices carrying out blood plasma separation, which are entirely paper based, including the device developed by Songjaroen et al. (2012). While this system is extremely affordable and simple to operate, the plasma produced by the system is confined to the paper of the device, which limits the potential diagnostic applications of the system to those which can currently be carried out on paper. This is a challenge found with lateral flow assays, in which the physical properties must be controlled by physical and chemical modifications to the paper, which may affect the biological molecule or sample of interest (Kasetsirikul et al., 2020). A more thorough list of blood plasma separation microfluidic devices currently existing in the literature can be found in Supplementary Table S1.
In this manuscript, we present a system for the separation of plasma from whole blood which uses a simple microfluidic device. This device consists of a plasma separation depth filter placed over a microchannel cut into a double-sided adhesive. Whole blood is placed onto the filter, and it is pulled from the filter into the microchannel via capillary action where it can be collected via pipette using an outlet well. We first optimized the design of the device in terms of separation efficiency and volume yield, then characterized the capillary flow, and finally compared the concentration of protein in the plasma collected by this device to that of plasma obtained by centrifugation. Our method does not require external flow or complex equipment, nor does it require material surface modifications for optimization that may affect the integrity of the sample. The microfluidic device developed here uses a small whole blood input volume of 50–100 μl and can produce high-quality plasma in under 2 minutes. This device is ideal for point of care settings because it is extremely simple to operate, only requiring a pipette to input and collect samples, and is simply and inexpensively manufactured from a glass sheet, a coverslip, double sided adhesive, and a small filter.
2 METHODS AND MATERIALS
2.1 Microfluidic device components
The microfluidic device developed here has five components: one 4’’x 3’’ glass slide base obtained from Ted Pella Inc. (Redding, CA), a 40 x 22 mm Fisherbrand Premium Cover Glass obtained from Thermo Fisher Scientific (Waltham, MA, United States), two acrylic adhesive patches (ARcare 90445Q, Adhesives Research, Glen Rock, PA, United States) and a separation filter made from CF-D23-X1 Whole Blood Separation Media, Cross Flow, Nominal Hct Range, obtained from I.W. Tremont (Hawthorne, NJ, United States). Manufacturing this device also required the use of a 3 mm diameter and 6 mm diameter Accu-Punch disposable skin biopsy punch obtained from Electron Microscopy Sciences (Hatfield, PA).
2.2 Human whole blood
Human whole blood was obtained from Research Blood Components, LLC (Watertown, MA, United States) and used sodium heparin as an anticoagulant.
2.3 Hematocrit variation
To vary hematocrit in experiments, whole blood was centrifuged at 3400 RPM for 10 min. Plasma was then separated from red blood cells in the centrifuged sample via pipette and transferred to a separate tube. Plasma and red blood cells were then recombined in various volume ratios to create samples at the desired hematocrit.
2.4 Plasma volume yield measures
To establish device volume yield, plasma was collected using a pipette set to 1 µL by aspirating around the collection well fifteen times and placing the collected plasma into a tube. The total volume collected was measured by aspirating the final sample into a 20 µL pipette and slowly dispensing air from the tip until plasma began to exit, with the volume setting on the pipette at this point being recorded as the final volume collected. Plasma volume yield was then calculated by dividing this value by 55% of the input volume, which corresponds to the amount of plasma in whole blood for the 55% hematocrit whole blood samples used in volume collection experiments. A further trial was conducted to determine volume yield with no limit on the number of aspirations, which was used to determine the maximum amount of plasma that could be extracted from this device.
2.5 Plasma quality measures
Plasma quality was measured by comparing the concentration of hemoglobin in plasma samples prepared by this device to the concentration of hemoglobin in both whole blood samples and plasma samples prepared via centrifugation. To obtain hemoglobin measurements, we first diluted samples 1:1 in nuclease-free water and incubated them for 10 min at room temperature to lyse any red blood cells present. Any cell debris in the sample was removed to produce a homogenous solution by centrifuging them at 3,400 RPM for 10 min and collecting the supernatant via pipette. Hemoglobin concentration was then found by measuring the sample’s absorbance at 414 nm via the UV-Vis setting on the NanoDrop™ 1,000 Spectrophotometer from Thermo Fisher Scientific (Waltham, MA, United States). This absorbance value was then converted to a separation value by comparing absorbance values of the device samples to those of lysed whole blood and plasma controls. The absorbance of plasma produced by the device could then be converted to a separation efficiency value according to the following formula:
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This formula places the 414 nm absorbance of the whole blood sample at 0% separation efficiency and the 414 nm absorbance of centrifuged plasma at 100% separation efficiency. All NanoDrop™ 1,000 readings were carried out three times per sample and averaged to ensure the stability and accuracy of measurements. If output values within this average were unstable due to being outside the operating range of the NanoDropTM-1,000, then samples were diluted until a stable absorbance value could be found, with the stable average value being multiplied by an appropriate dilution factor.
2.6 Protein quantification
Protein passage through the device filter was measured by comparing the concentration of protein in plasma obtained from this device to that of plasma obtained by centrifugation. To remove any residual impurities which may impact concentration readings, plasma samples produced by the device were centrifuged for 10 min at 3,400 RPM and the absorbance of the supernatant at 280 nm was measured using the NanoDrop™ 1,000 to determine protein concentration. All absorbance readings were taken three times per sample to ensure consistency between readings. This concentration was then compared to the concentration of protein in plasma produced via centrifugation at 3,400 RPM for 10 min.
2.7 Statistical analyses
Statistical analyses were performed in GraphPad Prism 8 (San Diego, CA, United States) or Microsoft Excel (Redmond, WA, United States) with alpha = 0.05. *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001. α = 0.05 for all analyses. Statistically significant differences are shown in the figures.
3 RESULTS
3.1 Microfluidic separation device manufacturing
The microfluidic device designed here separates plasma from whole blood and consists of a plasma separation filter placed over a microchannel cut into a double-sided adhesive. To manufacture the plasma separation device a 60 mm x 60 mm patch of double-sided adhesive was first cut. An inlet well, outlet well, and 1 mm x 40 mm rectangular channel connecting both wells were cut into the adhesive using a 3 mm diameter holepunch, 6 mm diameter holepunch, and straight razor, respectively (Figure 1A). The bottom side of the cut adhesive was then attached to a glass slide, forming the microfluidic design. A glass coverslip was placed on top of the adhesive to form the main channel such that it was adjacent to, but not covering, the inlet well. The cover of the top of the adhesive was not immediately attached to the coverslip to ensure proper alignment of the outlet well’s collection area. To form the collection area of the outlet well a second 20 mm x 20 mm adhesive patch was placed over the outlet well such that its edge was in contact with the coverslip. The position of the outlet well was marked on the second adhesive, and a 3 mm hole was placed in the marked position via holepunch. The top cover for the first adhesive was then removed, and the coverslip and second adhesive were attached to the device in the previous configuration to form the main channel and the collection area (Figure 1B). Finally, a 10 mm x 10 mm piece of the filter was placed over the inlet well (Figure 1C).
[image: Figure 1]FIGURE 1 | Schematic for the microfluidic blood plasma separation system. (A) A 60 mm x 60 mm patch of double-sided adhesive (Adhesive 1) was first cut, and on this adhesive, an Inlet Well, Outlet Well, and 1 mm x 40 mm rectangular channel (Main Channel) connecting both wells were cut into the adhesive using a 3 mm diameter holepunch, 6 mm diameter holepunch, and straight razor, respectively. The bottom side of the cut adhesive was then attached to a glass microscope slide, forming the microfluidic design. (B) A glass coverslip was placed on top of the adhesive to form the main channel such that it was adjacent to, but not covering, the inlet well. To form the collection area of the outlet well a second 20 mm x 20 mm adhesive patch (Adhesive 2) was placed over the outlet well such that its edge was in contact with the coverslip. The position of the outlet well was marked on Adhesive 2, and a 3 mm hole was placed in the marked position via holepunch to form the collection area (area = 21.2 mm). (C) A 10 mm x 10 mm piece of the filtration membrane was placed over the inlet well. Whole blood (red) is pipetted on the top of the filter, trapping the red blood cells. The plasma (yellow) flows through the filter into the main channel. (D) The arrows indicate plasma’s flow path through the microfluidic design.
A schematic for this microfluidic device is shown in Figure 1. Using a pipette, whole blood is placed on the filter and then plasma passes through it. This filter uses an agglutinating chemistry and retention of 4 µm to trap red blood cells which have been bound into masses much larger than the filter retention by this chemistry, while allowing plasma to be filtered out via gravity (Tremont, 2021). After passing through the filter, the plasma is drawn via capillary action from the inlet well, through the main channel, into the ring between the top and bottom outlet well (i.e., the collection area) (Figure 1D). The plasma can then be collected, with the separation time from the input of whole blood to the start of collection being approximately 2 minutes.
3.2 Optimization of outlet well diameter, channel width, and input volume
To determine the optimal design for this device, we focused on three variables: outlet well diameter, channel width, and input volume. First, we varied the diameter of the bottom outlet well by testing 3-mm, 3.5-mm, 4-mm, and 6-mm-diameters to maximize the volume of plasma collected, using 50 µL of whole blood as the input volume (Figure 2A). This experiment deviated from the previously described device manufacturing protocol in that it used a 7.5 mm x 7.5 mm filtration membrane patch. This study was limited to a collection of 1-µL aspirations fifteen times to eliminate the impact of collection time on results, yields were consistently lower than the theoretical maximum this device could achieve. To estimate this maximum, the 6-mm-diameter width study was repeated with no limit on collection time, yielding an average volume of 13.8 µL from a 50 µL whole blood sample containing 27.5 µL of plasma (i.e., the maximum plasma volume yield was 50.3%).
[image: Figure 2]FIGURE 2 | Optimization of outlet diameter, channel width, and input volume. Six samples were tested for each condition. One-way ANOVA with Tukey’s multiple comparisons test was performed. (A) Outlet diameter and volume yield. (B) Channel width and separation efficiency. No statistically significant difference was found in the average separation efficiencies of the (C) Input volume and separation efficiency.
Next, the width of the main channel was varied to determine how this impacted the quality of plasma obtained from the device, with channel widths of 0.5 mm, 1 mm, 1.5 mm, and 2 mm being tested (Figure 2B). Finally, the input volume of blood was varied to determine the impact on plasma quality, with 25 μl, 50 μl, 75 μl, 100 μl, 125 μl, and 150 µl inputs being tested (Figure 2C).
It was found that volumetric yield for this device consistently increased as the bottom outlet diameter increased from 3-mm to 6 mm. One possible explanation for this is that increasing bottom outlet diameter led to a greater area in the collection mechanism, increasing the volume of plasma produced by the device. Further, it was found that plasma quality was the highest and least variable at a channel width of 1 mm, with channels narrower and wider than 1 mm producing lower separation efficiency. However, this change in quality was not statistically significant, which suggests that filter performance is not significantly related to the main channel of the device. Finally, it was found that there was a minimum volume of 75 µL needed for a 10 mm x 10 mm filter to be saturated with whole blood and allow for volume to be collected, with no samples being produced for volumes less than that at that filter size. However, as volume increased above 75 µL plasma quality decreased, though not with any statistical significance. This indicates that the filter requires a minimum volume to operate effectively, but that beyond this filter performance is only marginally impacted by input volume variations in the range tested. Based on these results, we determined the optimal device parameters to be the following: the outlet well to have a 6 mm outer diameter, the main channel to be 1 mm wide, and the input volume of whole blood for a 10 mm x 10 mm filter to be 75 µL.
3.3 The impact of hematocrit on separation efficiency
Following the initial experiments optimizing device features, we tested the separation efficiency of this device over a series of input hematocrit values ranging from 25% to 65%. Human blood typically has hematocrit values ranging from 36% to 54% (https://www.ncbi.nlm.nih.gov/books/NBK259/), so a slightly extended range of 25%–65% was selected to determine if samples with abnormally high or low volume percentages of red blood cells might impact device performance (VanDelinder and Groisman, 2006). Although there was some variation in separation efficiency, the results shown in Figure 3A show no statistically significant difference or clear trend in terms of separation efficiency as hematocrit was varied. For 25%, 35%, 45%, 55%, and 65% hematocrit the average separation efficiencies were 73.2%, 88.2%, 69.2%, 75.3%, and 73.3%, respectively.
[image: Figure 3]FIGURE 3 | Hematocrit impact on device performance. The separation efficiency and flow time for this device was determined over a hematocrit range of 25–65%. Six samples were tested for each condition. One-way ANOVA with Tukey’s multiple comparisons test was performed. No statistically significant difference in separation efficiency was found between any hematocrit values.
3.4 Impact of hematocrit on plasma flow rate and flow time
We sought to study how filtration of plasma from samples of varying hematocrit percentages affect flow rate through the device’s main channel. To investigate this, the impact of varying input hematocrit from 25–65% (Figure 4) on flow rate and flow time in the device was assessed. The flow rate was calculated by measuring the time required to fill the device’s main channel and dividing the volume of the channel by this time. Hematocrit impacts the capillary forces and filter resistance which drive flow in this device due to its impact on the viscosity of fluid passing through the filter and flowing through the main channel. The results of the study are summarized in Figure 4A, which shows that increasing hematocrit led to a significant decrease in flow rate in the device. Flow time in the device increased significantly as hematocrit increased (Figure 4B).
[image: Figure 4]FIGURE 4 | Impact of input hematocrit on device flow rate and flow time. One-way ANOVA with Tukey’s multiple comparisons test was performed. Six samples were tested for each condition. (A) Device flow rate assessed at varying hematocrit levels. (B) Flow time assessed at varying hematocrit levels.
It should be noted that the calculation for separation efficiency considered the absorbance of whole blood. As the hematocrit value for whole blood varied in this experiment, this absorbance value also changed. While prior results indicate a consistent separation efficiency over a range of hematocrits, this demonstrates the filter performing consistently and not plasma in the main channel having consistent purity regardless of input hematocrit. The variation of input hematocrit would lead to variation in plasma quality in the channel, with input hematocrit being roughly in proportion to outlet hematocrit.
3.5 Protein concentration in plasma from device
To determine the potential diagnostic value of plasma produced by this device, it was necessary to demonstrate that biomarkers with diagnostic relevance are present in samples from the device at a concentration comparable to other plasma separation strategies. Given the important role of proteins in diagnostics (Anderson and Anderson, 2002), we compared the concentration of protein in plasma obtained from this device to the concentration of protein in plasma produced by centrifugation. No statistically significant difference in protein concentration (Figure 5) was found between these two methods, indicating that this device would be effective at producing plasma samples containing protein-based diagnostic targets.
[image: Figure 5]FIGURE 5 | Impact of Device on Plasma Protein Concentration. Protein concentration in plasma samples produced via the microfluidic device was compared to the protein concentration of plasma produced via centrifugation. An unpaired t-test was performed. No statistically significant difference was found between the average protein concentration yields (n=6).
4 DISCUSSION
4.1 Collection area development
The collection mechanism of the microfluidic device was developed to create a zone at the end of the capillary channel which is both appropriately sized to generate strong capillary forces driving flow into it, while also being flexible enough to enable liquid to be extracted from it. This is necessary because capillary pressure differences decrease as channel depth increases, thus, there is no pressure difference driving plasma to exit the device when the shallow microchannel is exposed to atmosphere. As such, in the first iteration of our device, plasma did not naturally exit the primary microchannel. To resolve this issue, we designed a device with a ring-shaped collection well which a pipette tip could be inserted into, enabling it to collect plasma. The collection mechanism was designed to partially cover the channel with a soft adhesive rather than a glass coverslip, which creates a zone where capillary pressure differences are maintained during device operation. Because this zone is covered by a more flexible adhesive rather than a glass coverslip, it is possible to collect plasma within it either by fitting a pipette tip under the adhesive, or by peeling back this adhesive to expose the plasma. This device functions optimally when the smaller top outlet well is centered around the larger bottom outlet well, as this placement ensures plasma is evenly distributed around the collection mechanism. As seen by our results, increasing the bottom outlet well diameter increases the area of the collection area, giving it a greater volume capacity, leading to greater volume yields. Additionally, increasing the bottom outlet well diameter mitigates manual error of the placement of the second adhesive, because there is more room to place the top outlet well within a larger bottom outlet well such that the wells are centered. It should be noted that the collection well does serve as a limit on volume collection, so the yields determined here for a 50 µL input volume would likely be somewhat lower when the same sized device is used with larger input volumes.
Our maximum volume yield of 50.3% from a 50 µL whole blood sample is comparable to that achieved by Hauser et al. with a similar device design of 65% volume yield also from a 50 µL sample (Hauser et al., 2018). The device developed by Hauser et al. carried out separation using a depth filter connected to two capillary channels. It should be noted that the calculation for volume yield used by Hauser et al measured the plasma volume collected within the capillary channel, while volume yield in this paper considers plasma volume which could be removed from the device via the collection mechanism. While this distinction is not highly relevant for many point of care applications, as plasma generally can be used directly in the reservoir for a diagnostic system, it does lead to volume yields being lower in the system outlined in this paper than they would be if they were measured via the methods used by Hauser et al. Beyond device design, one potential reason the volume yields differed between the two devices could have been due to the hematocrit of samples used, which was 55% in our sample compared to 41% in Hauser et al. Additionally, Hauser et al. did not describe the separation efficiency of their samples, which not only impacts the volume yield but the sample’s integrity for downstream processing. A study considering separation efficiency for a plasma separation microfluidic was conducted by Tripathi et al. (2016) on a system which carried out plasma separation leveraging the Zweifach-Fung effect, with curved channels being used to generate different flow rates via centrifugal force. This study measured separation efficiency by finding red blood cell densities in both plasma produced by the device and whole blood using a hemocytometer. This study found that separation efficiency varied from nearly 100% to just under 85% depending on inlet hematocrit and flow rate. Therefore, we explored the role of hematocrit, channel width, and input volume on the separation efficiency of plasma using our device.
4.2 Channel width does not affect separation efficiency
It was necessary to assess the quality of plasma isolated using this device, as interference from red blood cells and other molecules can negatively affect analyses which may be relevant downstream of the system such as PCR for determining viral load (Kersaudy-Kerhoas et al., 2010). Plasma quality was not significantly impacted by channel width in experiments. One explanation for this behavior lies in the Young–Laplace equation, which describes the relationship between capillary pressure, the geometry of a microchannel, and the fluid contained within the channel. For a channel with a rectangular cross section, the equation is as follows:
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Where P is capillary pressure, h is channel height, w is channel width, γ is the surface tension of the liquid in the channel, and θt, θb, θl, θr are the top, bottom, left, and right contact angles of liquid associated with each channel well. Given a channel width of 1 mm, a channel depth of 81 μm, and a plasma surface tension of .054 N/m (Yadav et al., 2020), this equation can be tested at different possible contact angles. Assuming full wetting of the surface, meaning the contact angle is 0°, a pressure difference of 1,440 Pa would exist across the channel, whereas if the surface is only partially wetted, and contact angle were 30°, the pressure difference would be roughly 1,250 Pa.
Examining this equation, capillary pressure decreases as both the height and width of the channel increases. Since this device contains a channel with a much greater width than height (500–2,000 μm vs. 81 μm), the terms in the Young–Laplace equation which depend on channel width approach zero compared to the terms which depend on channel height. As such, pressure across this channel is not dramatically impacted by varying channel width. Given that this device is composed of a dead-end filter connected to a microchannel with both components exposed to the atmosphere, the difference in capillary pressure in the microchannel should equal the difference in pressure across the membrane. As such, changing channel width does not significantly impact the pressure drop across the filter. Pressure drop across the filter is a factor very likely to be driving imperfect separation in this device, as it can damage the filter, cause hemolysis, and potentially cause red blood cells to deform sufficiently to pass through the filter, so changing channel width should not be expected to impact separation efficiency.
4.3 Input volume has minimum threshold for device functionality
Separation efficiency was consistently zero for input volumes below 75 μl, and nonzero for any input volumes at or above 75 μl. No statistically significant differences were found between the input volumes greater than 75 μl. The separation efficiency values of zero resulted from no volume exiting the membrane filter. It should be noted that the minimum input volume for separation to occur in earlier experiments optimizing the collection mechanism volumetric yield was only 50 μl. This is likely because a 7.5 mm x 7.5 mm patch of filter was used in these experiments rather than the 10 mm x 10 mm filter patch used in all other experiments. This led to the filter area in these experiments being 56.25% of its size in all other experiments, which enabled the filter to function with smaller volume inputs. As such, 50 μl was above the minimum threshold for plasma separation in volume collection experiments.
One possible explanation for the lack of plasma exiting the membrane at low input volumes is that the filter can retain a certain amount of fluid, termed a hold-up volume (Laska et al., 2005). For very low input volumes, the volume of whole blood placed on the filter may be less than the hold-up volume, meaning the entire sample is retained in the filter and never enters the capillary channel. This retention would be a result of capillary forces, as the average pore diameter in this device is 3–5 μm, producing strong capillary forces which must be overcome for plasma to enter the 81 μm x 1,000 μm main channel in the device. With sufficiently high volumes, the pressure from whole blood that has not yet entered the membrane filter can overcome this capillary force and allow for flow through the device to occur. It also should be noted that the minimum input volume for separation to occur in earlier experiments optimizing the collection mechanism volumetric yield was only 50 μl. This is likely because a 7.5 mm x 7.5 mm patch of filter was used in these experiments rather than the 10 mm x 10 mm filter patch used in all other experiments. This led to the filter area in these experiments being 56.25% of its size in all other experiments, which would decrease the hold-up volume of the filter accordingly. As such, 50 μl was above the minimum threshold for plasma separation in those experiments. It should also be noted that the hold-up volume would impact the volume yield of the system, with a lower hold-up volume allowing for higher possible volume yields as less plasma is retained by the filter. Given this, it may be desirable to minimize the hold-up volume, which may be accomplished by lowering filter area or changing filter type to allow for larger pore sizes which retain plasma less strongly.
4.4 Hematocrit against separation efficiency
Hematocrit is the volume of red blood cells compared to the total blood volume and is often expressed in a percentage. The average range for humans is 36–54% (Billett, 1990) in the absence of conditions that affect hematocrit. The hematocrit is a primary determinant of blood viscosity which is essential to human body functions. Hematocrit is not only important for blood flow throughout the human body but also indicates the presence of various pathologies, if higher or lower than average, such as cardiovascular, metabolic, or inflammatory disorders (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2499821/). Therefore, it is essential to examine the impact of hematocrit on the functionality of the microfluidic device to verify if its utility would be maintained with blood from a variety of pathologies.
Hematocrit did not have a statistically significant impact on separation efficiency. One explanation for this lies in the equation for capillary pressure across a cylindrical capillary. Because the filter in this device can be modeled as many cylindrical capillaries placed in parallel, this equation can be used to estimate pressure across the filter. The equation is as follows (Cai et al., 2021):
[image: image]
Where [image: image] is the surface tension of the liquid in the capillary, and [image: image] is the contact angle between the capillary and the liquid in the capillary. Which describes how pressure in the filter varies with liquid characteristics. This value for capillary pressure can also be used in the Lucas-Washburn equation to approximate the flow rate through the filter by modeling it as a series of parallel cylindrical capillaries. The Lucas-Washburn equation for velocity within a single capillary is as follows (Cai et al., 2021):
[image: image]
Where [image: image] is unbalanced atmospheric pressure, [image: image] is hydrostatic pressure across the channel, [image: image] is capillary pressure, [image: image] is capillary radius, [image: image] is coefficient of slip, [image: image] is the viscosity of fluid in the capillary, and [image: image] is capillary height. In this device channel radius is 2 μm, the viscosity of plasma is roughly .0012 Pa s (Nader et al., 2019) and channel depth is .5 mm. In a scenario with complete wetting, one assumes a contact angle [image: image] of 0°, and a slip coefficient of 0, which yields a final volumetric flow rate per pore of .000565 μl/s. To attain flow rates in alignment with those seen experimentally in this device, that would require a pore density of roughly five pores per square mm. Given how low this value is, the limiting factor for capillary flow in this device is not transport through the filter, but rather is transport through the attached microchannel. As a result, the theoretically determined flow rate for this system with a filter connected to a microchannel should be roughly equal to the theoretically determined flow rate through the microchannel alone.
Varying hematocrit does lead to variations in liquid surface tension and contact angle, but given that plasma quality was relatively consistent across trials, and the fact that Eq. 2 is not very sensitive to variation in these quantities, this was not a substantial enough change to damage the filter through increased pressure. As such, our device is capable of constant separation efficiencies over the hematocrits tested. Compared to other devices that have examined hematocrit and separation efficiency, our device yielded comparable results. Many other devices tested at hematocrit of ∼45% and found separation efficiencies ranging from 60% to 99% (VanDelinder and Groisman, 2006). Here, we were able to test a range of 25%–65% hematocrit and showed that the separation efficiency was greater than 65% for all hematocrits tested.
4.5 Increasing hematocrit decreases flow rate
While this device was designed for the separation of plasma from whole blood, we also explored the effect of hematocrit on flow rate and flow time to investigate their potential applicability to a hematocrit-based screening device. That is, one could not only separate plasma using our device, but also measure the flow rate and/or flow time of the plasma in the capillary channel of the device to determine if a person’s hematocrit is out of the average range. This approach can be compared to a microfluidic device that has been developed which uses image processing to determine the hematocrit of whole blood samples, with the device being integrated into a smartphone app for easy operation (Jalal et al., 2017). While colorimetric data may be one effective way of determining if a whole blood sample is within typical hematocrit ranges, a potential alternative method may be to measure the flow rate of a sample in a given capillary tube. This approach may have some potential at identifying samples with hematocrit well out of the ordinary range, as we observed that increasing input hematocrit resulted in a statistically significant decrease in device flow rate.
The trend of lower hematocrit inputs leading to greater flow rates can be approximately modeled using a simplified solution to the Navier-Stokes equations for a flat and very wide rectangular microchannel, which is as follows (Olanrewaju et al., 2018):
[image: image]
Where ΔP is the pressure difference in the channel as could be found in Eq. 2, L(t) is the length of the channel containing liquid, h is channel depth, w is channel width, and [image: image] is viscosity of the fluid in the channel. Given that lower hematocrit inputs lead to lower viscosity fluid moving through the capillary channel in this device, this should lead to greater flow rates in the channel. Knowing that this device has a channel depth of 81 μm, a width of 1 mm, a length of 4 cm, and that plasma has a viscosity of .0012 Pa s, pressure values associated with different contact angles from Eq. 2 can be tested for this system. Assuming some limited wetting and a contact angle of 30°, the flow rate in this channel would be 1.10 μl/s. These values are somewhat higher than those seen experimentally, indicating that this channel surface is not fully wetting, and that impurities in experimental plasma samples might be impacting viscosity in the channel.
Our data indicates that it may be possible to identify abnormal hematocrits using this device design. Several improvements could be made to this device to further enable this potential application. First, while removing the filter from this system would prevent it from being used for its primary purpose of plasma separation, it may allow for more precise identification of hematocrit by removing the impact of the transport through the filter on flow rates in the device. Further, by integrating in a timing mechanism or flow rate sensor into the device, this process of approximating hematocrit could be automated.
4.6 Protein passage in device
There was no statistically significant difference between protein levels in plasma obtained by this device and plasma obtained via centrifugation. This result is expected, as the average diameter of pores in this filter is 3–5 μm while the size of proteins would typically be measured on the nanoscale (Tremont, 2021). As such, while pores in this filter are small enough to block red blood cells, they are orders of magnitude too large to impede the movement of proteins. This experiment supports the notion that this system could be integrated into blood-based point-of-care diagnostic systems, as it indicates that protein biomarkers with diagnostic potential can pass through this device into plasma samples without issue. This pore size should also allow for other biomarkers of interest to be detected in plasma produced by this device, including DNA, RNA, or metabolites.
5 CONCLUSION
In this work a microfluidic device capable of separating plasma from whole blood utilizing a passive borosilicate glass microfiber filter and capillary collection mechanism was demonstrated, optimized, and tested. The device was shown to be capable of collecting multiple microliter samples of plasma with separation efficiencies of up to 88.5 ± 5.4%, and device features including the collection mechanism, channel width and input volume were optimized for both output volume yield and plasma quality. The device was found to function over input hematocrit values ranging from 25% to 65%. The impact of input hematocrit on flow in the device was assessed, with lower hematocrit samples producing higher flow rates at. The possibility of using capillary flow rate as a proxy for hematocrit in diagnostics was also discussed. Finally, the device was tested to ensure that it produces plasma containing protein biomarkers.
This platform is low cost, can be assembled manually in under 15 min, separates plasma in under 2 min, and can be used either to collect plasma samples with the collection mechanism, or can be easily integrated into existing microfluidic systems that require plasma as an input. However, some potential limitations of this device include that it produces plasma samples with variable red blood cell contamination, and that it requires a minimum sample size on the order of tens of microliters, with both factors limiting the potential diagnostic applications of the system. Future work should examine the elution of molecules such as DNA and RNA to further expand its impact for the point of care. Further testing could also be done to determine if reducing filter size and main channel size could enable this system to function with even smaller input volumes. The simplicity and low operating requirements of this device render it a strong candidate for integrating into point-of-care diagnostic platforms.
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