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Red blood cell (RBC) deformability is a valuable hemorheological biomarker that can be used to assess the clinical status and response to therapy of individuals with sickle cell disease (SCD). RBC deformability has been measured by ektacytometry for decades, which uses shear or osmolar stress. However, ektacytometry is a population based measurement that does not detect small-fractions of abnormal RBCs. A single cell-based, functional RBC deformability assay would complement ektacytometry and provide additional information. Here, we tested the relative merits of the OcclusionChip, which measures RBC deformability by microcapillary occlusion, and ektacytometry. We tested samples containing glutaraldehyde-stiffened RBCs for up to 1% volume fraction; ektacytometry detected no significant change in Elongation Index (EI), while the OcclusionChip showed significant differences in Occlusion Index (OI). OcclusionChip detected a significant increase in OI in RBCs from an individual with sickle cell trait (SCT) and from a subject with SCD who received allogeneic hematopoietic stem cell transplant (HSCT), as the sample was taken from normoxic (pO2:159 mmHg) to physiologic hypoxic (pO2:45 mmHg) conditions. Oxygen gradient ektacytometry detected no difference in EI for SCT or HSCT. These results suggest that the single cell-based OcclusionChip enables detection of sickle hemoglobin (HbS)-related RBC abnormalities in SCT and SCD, particularly when the HbS level is low. We conclude that the OcclusionChip is complementary to the population based ektacytometry assays, and providing additional sensitivity and capacity to detect modest abnormalities in red cell function or small populations of abnormal red cells.
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INTRODUCTION
The red blood cell (RBC), or erythrocyte, is the most abundant blood cell type in the human body. RBCs are biconcave-shaped and anucleated, with a diameter of 8 μm and a thickness of 2 μm (Mohandas and Gallagher, 2008; Myers and Lam, 2021). In healthy individuals, RBCs are easily deformable, and flexibly pass through narrow blood vessels smaller than 8 μm to accomplish oxygen delivery in the microvasculature (Skalak and Branemark, 1969; Qiu et al., 2018). However, RBC deformability can be significantly compromised in certain conditions, such as in sickle cell disease (SCD). SCD is the most common inherited blood disorder. It is an autosomal recessive disease, affecting approximately 100,000 people in the US and millions of people worldwide (Alapan et al., 2014; Campbell et al., 2020). It is caused by the replacement of the amino acid glutamic acid with the less polar amino acid valine at the sixth position of the beta chain, leading to the production of sickle hemoglobin (HbS) (Barabino et al., 2010). HbS molecules adhere to one another, forming long, stiff polymer chains in RBCs, distorting the red cell into the characteristic sickle shape and decreasing the RBC deformability (Wood et al., 2012; Li et al., 2017; Qiang et al., 2021). In SCD, sickle RBCs are rapidly destroyed in the microcirculation, causing chronic anemia and vascular inflammation. Longstanding hemolysis and free heme damages the endothelium, which ultimately leads to widespread organ damage, lifelong morbidity, and early mortality (Platt et al., 1994; Rees et al., 2010; Manwani and Frenette, 2013; Zhang et al., 2016; Kucukal et al., 2020; An et al., 2021; Man et al., 2021b; Lu et al., 2021). With recent advancements in the understanding of SCD pathophysiology, and implementation of therapeutic treatments such as blood transfusion, antibiotics, and disease modifying agents (e.g., hydroxyurea (HU), voxelotor, crizanlizumab), individuals with SCD now have improved quality of life (Davies and Gilmore, 2003; Morrone et al., 2018; Carden and Little, 2019; Blair, 2020a; Man et al., 2020a; Blair, 2020b; Noomuna et al., 2020; Glaros et al., 2021; Manwani, 2021). However, these novel therapeutic agents are often expensive, and we lack a standardized biomarker assay for patient screening and dose response monitoring needed for optimal use. A validated, standardized biomarker assay of red cell function could be used to improve patient care through allowing clinicians to implement a targeted, personalized treatment strategy based on the individual’s red cell function.
SCD is a clinically heterogeneous disease, and many clinical parameters have been extensively studied to correlate with disease status, such as %fetal hemoglobin, white blood cell count, and reticulocyte count (Brittenham et al., 1985; Litos et al., 2007; Du et al., 2015; Alapan et al., 2016b; Carden et al., 2020). RBC deformability is another key biomarker for assessing disease severity in SCD (Shevkoplyas et al., 2006; Alapan et al., 2016a; Ribeil et al., 2017; Catarino et al., 2019; Lu et al., 2020; Gurkan, 2021; Inanc et al., 2021). In the current laboratory and clinical settings, RBC deformability is typically measured by ektacytometry. A common type of ektacytometry used in translational and clinical research dilutes RBC to a low hematocrit level and adds them to a highly viscous medium. The sample is loaded in between a stationary cylinder and a rotatory cup (Groner et al., 1980; Da Costa et al., 2016; Renoux et al., 2016). As a result, the RBCs deform under shear flow conditions, and their laser diffraction patterns are captured during their passage between the laser and the camera. At the end of the measurement, Elongation Index (EI), which denotes the relative lengths of the major and minor axes of the RBC deformation pattern, is reported as a dimensionless metric of deformability at a known shear stress value (Parrow et al., 2018; Piety et al., 2021). However, it is useful to note that the measured EI represents the average deformability of RBCs in bulk. Therefore, it has been recognized that ektacytometry is incapable of probing small-volume abnormal RBCs within the entire cell population. Such limitation is potentially life-threatening to people with SCD, since insufficient measurements of RBC subpopulations may lead to false determination of disease status and consequently inappropriate treatment strategy. A single cell-based assay with finer resolution would complement to ektacytometry and significantly benefit a more accurate RBC deformability measurement.
We have previously developed the OcclusionChip technology (Man et al., 2020b; Man et al., 2021a), which mimics the capillary bed architecture so it can measure the ability of RBCs to navigate through narrow microcapillaries. We have demonstrated the utility of the OcclusionChip in a number of pathological scenarios, including SCD, hemoglobin SC disease, malaria, renal failure, hereditary spherocytosis, and blood storage lesions. There are two goals in this study: to determine the reproducibility of values generated by the standardized OcclusionChip assay and a commercially available ektacytometry; and to determine if the OcclusionChip assay could complement to ektacytometry for detection of abnormal RBCs in small fractions, which ektacytometry is incapable of. To test the relative merits of the two devices, we measured the EI and OI of blood samples containing gradient concentrations of glutaraldehyde-stiffened RBCs. We also tested clinical blood samples obtained from subjects with SCD using oxygen gradient ektacytometry, which measures the EI at a range of pO2 level (159∼5 mmHg), and the hypoxic OcclusionChip assay, which measures OI at physiologic hypoxic pO2 level (45 mmHg). We found that the OcclusionChip assay is more sensitive to alterations in RBC deformability in SCD, particularly when %sickle hemoglobin is small, thus able to complement to ektacytometry for more accurate assessment of patient clinical status.
MATERIALS AND METHODS
OcclusionChip device design and fabrication
Figure 1A shows the layout of the OcclusionChip device. Briefly, a gradient of capillary network-inspired micropillar arrays were embedded into the microfluidic channel forming microcapillaries from 20 μm down to 4 μm. Such design mimics the non-uniform, continuously changing capillaries in the capillary bed, allowing RBCs with significantly decreased deformability retained at in the upstream array with coarser openings, and those with modestly decreased deformability retained in the downstream array with finer openings. Moreover, the micropillar arrays were coupled with two 60-μm side passageways mimicking the arteriovenous anastomoses in the capillary bed (Figure 1A). This feature helps regulate blood flow such that when upstream portion of the array is completely obstructed, incoming RBCs can flow into the microfluidic anastomosis, and re-enter the array at the downstream portion.
[image: Figure 1]FIGURE 1 | Schematic illustration of the OcclusionChip device used to evaluate deformability of RBCs. (A) The OcclusionChip device consists of microcapillary networks from 20 μm down to 4 μm along the flow direction for retention of RBCs with abnormal deformability. Inset: A scanning electron microscopy image of the 4-μm microcapillary network. (B) Experimental setup. RBC suspension at 20% hematocrit was pushed through the OcclusionChip microchannel at 50 mBar constant inlet pressure for 20 min using the Flow-EZ microfluidic flow control unit. The OcclusionChip device is mounted on the stage of an inverted microscope and imaged using the Cell Sens software.
The fabrication process of the OcclusionChip device started from spin-coating a uniform SU-8 2010 (Thermo Fisher Scientific, Waltham, MA, United States) layer at 2,500 rpm on a 3-inch silicon wafer (University Wafers, Boston, MA, United States). Following 4-min soft bake at 95°C, the wafer was UV-patterned under a photomask (Compugraphics, Austin, TX) and was post-exposure baked for 4 min at 95°C. The wafer was then developed in propylene glycol methyl ether acetate (Sigma Aldrich, St. Louis, MO, United States), and kept at 110°C overnight for hard bake. Thereafter, the wafer was surface passivated with trichloroĲ1H,1H,2H,2H-perfluorooctyl) saline (Sigma Aldrich) for 2 h under vacuum. Polydimethylsiloxane (PDMS) mixed with curing agent (10:1 v/v ratio) was degassed and casted on top of the wafer. Following incubation at 80°C overnight, the PDMS replicas were punched with inlet and outlet ports and were bonded on standard microscope slides (Electron Microscopy Sciences, Hatfield, PA, United States) through oxygen plasma treatment. Fidelity of the micropillar arrays following the fabrication process was confirmed via scanning electron microscopy (SEM) imaging (Figure 1A inset). Following tubing assembly (0.010″ ID [image: image] 0.030″ OD, Cole-Parmer, Vernon Hills, IL, United States), the OcclusionChip microchannel was rinsed with ethanol and phosphate-buffered saline (PBS, 1X), blocked with 2% bovine serum albumin (BSA, ProSpec-Tany TechnoGene Ltd., East Brunswick, NJ), and stored at 4°C overnight.
Blood sample acquisition and OcclusionChip assay operation
De-identified venous blood samples were drawn into EDTA-containing vacutainers at University Hospitals Cleveland Medical Center (UHCMC) in Cleveland, Ohio under the Institutional Review Board approved protocol (IRB 05-14-07C), and stored at 4°C before being tested. All assays were completed within 24 h of venipuncture. Informed consent was obtained from all study participants. Hematologic parameters of the subjects with SCD were extracted from the medical records. Leukocyte-reduced whole blood samples (Pall Corporation, Port Washington, NY, United States) were placed in Eppendorf tubes and centrifuged at 500 g, after which the plasma and near-plasma portion of the RBC layer were carefully discarded. The remaining RBCs were washed twice with PBS, and 80 μl of RBCs were taken from the bottom of the tube and were re-suspended in PBS at 20% hematocrit (400 μl total volume). The OcclusionChip works with a digital pump (Flow-EZTM, Fluigent, Lowell, MA, United States) for precise microfluidic flow control, and an Olympus IX83 inverted motorized microscope with Cell Sens software for high-resolution imaging (Figure 1B). Before sample loading, the OcclusionChip microchannel was rinsed with PBS. The RBC sample was thereafter loaded and allowed to perfuse at 50 mBar for 20 min. The microchannel was then washed with PBS for 20 min and imaged. Microscope images were processed by Adobe Photoshop software (San Jose, CA, United States). Each data point was generated by a fresh OcclusionChip device. The OcclusionChip device was discarded following single time use to prevent sample-to-sample contamination.
Hypoxic OcclusionChip assay
To create a physiologic hypoxic flow condition in the OcclusionChip assay, we previously described a micro-gas exchanger to couple the OcclusionChip device (Kim et al., 2017). Briefly, a gas permeable inner tubing (0.012″ ID [image: image] 0.025″ OD, Cole-Parmer) was placed within a gas impermeable outer tubing (0.0625″ ID [image: image] 0.125″ OD, Cole-Parmer), and the 5% CO2 and 95% N2 controlled gas was allowed in the spacing. Such design enables the blood flow in the inner tubing to exchange oxygen through the tubing wall. Our previous simulation results show that the micro-gas exchanger leads to SpO2 of 83% (which approximately translates to pO2 of 45 mmHg) in the blood flow when it reaches the microchannel. A small chamber built with polymethyl methacrylate (PMMA) and double-sided adhesive (DSA), was used to seal the PDMS microchannel with the controlled gas. In the hypoxic OcclusionChip assay, the RBC sample was allowed to perfuse for 2 min, instead of 20 min. The rest experimental condition is the same as stated above.
Occlusion index generalization
We have previously reported the generalization of an intuitive standardized parameter, Occlusion Index (OI), which represents the overall occlusion percentage of a specific artificial capillary network (Supplementary Figure S1). The area of interest in the OcclusionChip is defined as the 4-μm to 10-μm micropillar arrays (Figure 1A, red dash rectangle), since typical capillary dimension is within 5–10 μm, and no appreciable microcapillary occlusion was observed in the other arrays with larger openings.
Ektacytometry measurements and elongation index
Ektacytometry (Lorrca, RR Mechatronics, Zwaag, Netherlands) measurements were performed according to the manufacturers’ specifications. For the deformation assay, 25 μl of whole blood samples were diluted in 5 ml of Elon-ISO solution included in the LORRCA reagents, and 800 μl of diluted blood samples were injected into the instrument and analyzed at shear stress ranging from 0.3 to 30.0 Pa. For oxygen gradient ektacytometry, 50 µl of whole blood samples were diluted in 5 ml of Oxy-ISO solution, and approximately 1.6 ml of the diluted blood samples were injected into the instrument and analyzed at the shear stress of 30 Pa under pO2 from 159 mmHg down to ∼5 mmHg. Elongation Index (EI) was calculated as EI = (A − B)/(A + B), where A and B represent the major and minor axes of the deformed RBC diffraction pattern. EI results are reported at three shear stress levels, 3 Pa (low), 16.87 Pa (medium), and 30 Pa (high) for the deformation assay, and at 30 Pa at the normoxic pO2 level (159 mmHg) and the physiologic hypoxic pO2 level (45 mmHg) for oxygen gradient ektacytometry in this study.
Statistical analysis
Data are reported as mean ± standard deviation (SD). Statistical analyses were carried out using Minitab 20 Software (Minitab Inc, State College, PA, United States). Data were initially analyzed for normality, which was followed by appropriate two-group comparison tests: paired t-test for paired groups, student’s t-test for unpaired, normally distributed groups, and non-parametric Mann-Whitney U test for non-normal groups. Statistical significance was defined with p-value < 0.05 (p < 0.05).
RESULTS
Two-user validation of ektacytometry and the OcclusionChip
We validated ektacytometry and the OcclusionChip with two different users; 3 repeat runs were performed by each user, using blood samples from 4 HbAA and 4 HbSS subjects. The hematological parameters of the HbSS subjects are shown in Table 1. The EI of the HbAA subjects ranged from 0.365 to 0.407, 0.550–0.571, and 0.582–0.603 at the shear stress level of 3 Pa, 16.87 Pa, and 30 Pa, respectively (Figures 2A–C). The EI of the HbSS subjects ranged from 0.292 to 0.332, 0.472–0.500 and 0.505–0.534 at the same shear stress levels (Figures 2A–C). The range of OI of HbAA and HbSS subjects were 0.09%–0.24% and 0.23%–2.06%, respectively (Figure 2D). To analyze the process reproducibility, we quantified Coefficient of Variation (CV) (= SD/mean * 100%) which is summarized in Table 2. 20% was used as the threshold for the validation according to US Food and Drug Administration (FDA) Bioanalytical Method Validation (≥ three replicates in at least six runs) (U. S. Food, and Drug Administration, 2018). We found the range of single-user CV among the tested HbAA and HbSS samples in ektacytometry as 0.63%–5.35%, 0.65%–5.35%, and 0.00%–0.71%, with an average of 1.77%, 0.59%, and 0.36% at the shear stress level of 3 Pa, 16.87 Pa, and 30 Pa, respectively. On the other hand, we found the range of single-user CV among the tested HbAA and HbSS samples in the OcclusionChip assay as 6.44%–24.63%, with an average of 14.71%. These results show that while both technologies are reproducible, with two-user average CV less than 20%, ektacytometry is much more consistent and reproducible than the OcclusionChip.
TABLE 1 | Subject hematological parameters for process validation. Values shown are mean ± standard deviation (range). N = 4 in each group.
[image: Table 1][image: Figure 2]FIGURE 2 | Validation of the process reproducibility of ektacytometry and the OcclusionChip by two users. Elongation Index (EI) results by ektacytometry of 4 healthy donors (HbAA) and 4 subjects with homozygous SCD (HbSS) at three shear stress levels, (A) 3 Pa, (B) 16.87 Pa, and (C) 30 Pa. (D) Occlusion Index (OI) results by the OcclusionChip of 4 healthy donors (HbAA) and 4 subjects with homozygous SCD (HbSS). Values shown are mean ± standard deviation (N = 3).
TABLE 2 | Coefficient of variation (CV = standard deviation/mean) of the OcclusionChip and ektacytometry validation results. Values shown are in percentage.
[image: Table 2]Both ektacytometry and the OcclusionChip enable detection of abnormal red blood cells deformability under normoxia in sickle cell disease
We next compared the ability of ektacytometry and the OcclusionChip to evaluate abnormal RBC deformability in SCD. We found that in ektacytometry, the EI of the HbSS subjects is significantly lower than that of the HbAA subjects at all the reported shear stress levels (Figure 3A, 0.316 ± 0.007 vs. 0.391 ± 0.011 at 3 Pa, 0.486 ± 0.009 vs. 0.562 ± 0.007 at 16.87 Pa, and 0.520 ± 0.010 vs. 0.595 ± 0.007 at 30 Pa for HbSS vs. HbAA, p < 0.05, student’s t-test). Similarly, in the OcclusionChip assay we found that the OI of the HbSS subjects is significantly greater than that of the HbAA subjects (Figure 3B, 0.78 ± 0.67 vs. 0.17 ± 0.04 for HbSS vs. HbAA, p < 0.05, Mann-Whitney). These results confirmed that both ektacytometry and the OcclusionChip can effectively measure the abnormal deformability in SCD under oxygenated conditions by yielding values that are significantly different between individuals with SCD and healthy individuals.
[image: Figure 3]FIGURE 3 | Both ektacytometry and the OcclusionChip can effectively detect the abnormal RBC deformability in SCD. (A) At all the three shear stress levels (3, 16.87 and 30 Pa), the Elongation Index (EI) of RBCs from subjects with homozygous SCD (HbSS) is significantly lower than those from healthy donors (HbAA) by ektacytometry (p < 0.05, student’s t-test). (B) The Occlusion Index (OI) of RBCs from subjects with homozygous SCD (HbSS) is significantly greater than those from healthy donors (HbAA) by the OcclusionChip assay (p < 0.05, Mann-Whitney). Values shown are mean ± standard deviation (N = 4). * denotes a statistical significance between HbAA and HbSS (p < 0.05).
OcclusionChip enables detection of glutaraldehyde-stiffened red blood cells in small fractions
We then simultaneously carried out ektacytometry measurement and the OcclusionChip assay using samples containing abnormal RBCs in small fractions. To generate these samples, glutaraldehyde-stiffened RBCs (20% hematocrit in 0.08% glutaraldehyde in PBS, 10-min incubation at room temperature) were mixed with normal RBCs at the volume concentrations of 0% (as control), 0.01%, 0.1%, and 1%. The mixed samples were thereafter tested, with 3 repeats on each samples. We found that even though EI decreased as the concentration of glutaraldehyde-stiffened RBCs, no significant difference was observed in EI between those samples (Figure 4A, 0.383 ± 0.007 vs. 0.385 ± 0.009 vs. 0.380 ± 0.007 vs. 0.374 ± 0.009 at 3 Pa, 0.552 ± 0.015 vs. 0.545 ± 0.005 vs. 0.544 ± 0.003 vs. 0.541 ± 0.005 at 16.87 Pa, and 0.581 ± 0.016 vs. 0.573 ± 0.004 vs. 0.569 ± 0.006 vs. 0.570 ± 0.005 at 30 Pa for 0% (control) vs. 0.01% vs. 0.1% vs. 1% glutaraldehyde-stiffened RBCs, p > 0.05). We found that OI increased as the concentration of glutaraldehyde-stiffened RBCs increased in the OcclusionChip (Figure 4B, 0.08 ± 0.03% vs. 2.24 ± 1.16% vs. 2.94 ± 0.62% vs. 8.51 ± 2.29% for 0% (control) vs. 0.01% vs. 0.1% vs. 1% glutaraldehyde-stiffened RBCs). Moreover, we found significantly greater OI in samples with 0.01% or 0.1% glutaraldehyde-stiffened RBCs than the control, and the samples with 1% glutaraldehyde-stiffened RBCs had the highest OI (Figure 4B, p < 0.05, paired t-test). These results suggest that the OcclusionChip enables detection of abnormal RBCs in small fractions, which ektacytometry does not.
[image: Figure 4]FIGURE 4 | The OcclusionChip enables detection of small-fraction glutaraldehyde-stiffened RBCs in mixtures with normal RBCs. (A) Elongation Index (EI) results of glutaraldehyde-stiffened RBC and normal RBC mixtures at four different ratios, 0% (as control), 0.01%, 0.1%, and 1%, at three shear stress levels (3, 16.87 and 30 Pa) by ektacytometry. Although EI decreased as the concentration of glutaraldehyde-stiffened RBCs increased, no statistical significance was found between mixtures with different ratios (p > 0.05). (B) Occlusion Index (OI) results on the same RBC mixtures. OI of RBC mixtures containing 0.01% or 0.1% glutaraldehyde-stiffened RBCs is significantly greater than the control, and OI of RBC mixtures containing 1% glutaraldehyde-stiffened RBCs is significantly greater than other groups. Values shown are mean ± standard deviation (N = 3). * denotes a statistical significance compared with control (p < 0.05, paired t-test), and ** denotes a statistical significance compared with other groups (p < 0.05, paired t-test).
OcclusionChip enables detection of hypoxia-decreased red blood cells deformability in sickle cell trait and sickle cell disease, when %sickle hemoglobin is low
We further analyzed clinical blood samples from a healthy donor (HbAA), a subject with SCT (HbAS), and a subject with homozygous SCD on HU (HbSS) using oxygen gradient ektacytometry and the normoxic/hypoxic OcclusionChip assay. Under normoxia, both assays showed similar results when comparing the samples from the subjects with HbAA or HbAS (EImax: 0.604 vs. 0.569 and OI: 0.04% vs. 0.05% for HbAA vs. HbAS), and a significantly different result in the sample from the subject with HbSS on-HU (EImax: 0.380 and OI: 0.72% for HbSS) (Figure 5). However, oxygen gradient ektacytometry showed no difference in EI under physiologic hypoxia (Blaisdell et al., 2000) compared to normoxia in the sample from the subject with HbAS (Figure 5A, 0.573 vs. 0.569 for EIpO2=45mmHg vs. EImax). Meanwhile, the OcclusionChip assay showed a significantly increased OI under physiologic hypoxia compared to normoxia (Figure 5B, OI = 15.89% vs. 0.05% for hypoxia vs. normoxia). These results suggest that the OcclusionChip enables detection of HbS-related RBC abnormalities under hypoxia for SCT identification, which oxygen gradient ektacytometry does not. Notably, both assays were able to detect the significantly decreased RBC deformability under hypoxia in the sample from the subject with HbSS SCD compared to normoxia (0.325 vs. 0.380 for EIpO2=45mmHg vs. EImax and 67.52 vs. 0.72 for OI hypoxia vs. normoxia) (Figure 5).
[image: Figure 5]FIGURE 5 | OcclusionChip enables detection of HbS-related RBC abnormalities under hypoxia in SCT and SCD when HbS level is low. Shown are (A) Elongation Index (EI) results by oxygen gradient ektacytometry and (B) Occlusion Index (OI) results by the OcclusionChip on clinical blood samples acquired from a healthy donor (HbAA), a subject with SCT (HbAS), a subject with homozygous SCD (HbSS) post allogeneic hematopoietic stem cell transplant (HSCT), and a subject with homozygous SCD (HbSS) who were on-hydroxyurea (HU), under normoxic (159 mmHg) and physiologic hypoxic pO2 level (45 mmHg). EI decreased from 0.380 to 0.325 in the sample from the on-HU HbSS subject, and remained similar in the samples from the HbAS subject and the HbSS subject who received HSCT under hypoxia. However, OI increased from 0.05% to 15.89%, from 0.03% to 7.23%, and from 0.72% to 67.52% in the samples from the HbAS subject, the HbSS subject post HSCT, and the on-HU HbSS subject, respectively, under hypoxia.
We further tested a clinical sample from a subject with HbSS SCD who received allogeneic hematopoietic stem cell transplant (HSCT), a curative therapy for SCD (donor genotype: HbAS, Supplementary Table S1) using the two assays. Of note, donor chimerism 102 days following the treatment was >99%, and our measurements were performed 117 days following the treatment. Under normoxia, both assays showed results similar to what was observed in samples from subjects with HbAA or HbAS (EImax: 0.572 and OI: 0.03%). However, under physiologic hypoxia, oxygen gradient ektacytometry showed no difference in EI compared to normoxia in the sample (Figure 5A, 0.572 vs. 0.572 for EIpO2=45mmHg vs. EImax), but the OcclusionChip assay showed a significantly increased OI was observed compared to normoxia (Figure 5B, OI = 7.25% vs. 0.03% for hypoxia vs. normoxia). These results further confirmed that the OcclusionChip enables detection of HbS-related RBC abnormalities in SCD, particularly when the HbS level is low, which ektacytometry does not, thus complementing to ektacytometry for more accurate assessment of patient clinical status.
DISCUSSION
In this study, we analytically validated the OcclusionChip for assessment of microcapillary occlusion mediated by RBC deformability, and compared it to commercially available ektacytometry. Our two-user validation results established that the OcclusionChip assay results are reproducible, with an average CV (= SD/mean * 100%) of 14.71%, below the threshold (20%) set by FDA (U. S. Food, and Drug Administration, 2018). Compared to our previously described version of the OcclusionChip (Man et al., 2020b), we replaced the manual pump with a digital microfluidic pump and introduced a leukocyte-reduction procedure to improve standardization. However, compared with ektacytometry, which yielded an average CV of 0.91% in the two-user validation, the OcclusionChip assay still has a relatively higher degree of variation. We postulate that the variation can be attributed to three factors: the nature of single-cell analyses which captures greater biological variability, the device fabrication process, and the hands-on user involvement. Since the OcclusionChip assay is a single cell-based assay, it enables detection of even the subtle difference between different aliquots of the same biological sample, which is reflected in the variation in the OI. Moreover, in its current form, the OcclusionChip device fabrication requires a multistep cleanroom work and experienced personnel, which may induce batch-to-batch variation. Notably, hot embossing is a versatile fabrication method which uses high pressure and temperature to transfer the structures from the master into the polymer (Worgull, 2009). Its primary advantage for microfluidic applications is the ability to achieve massive, clean, and precise micro structures quickly and cost-effectively in materials that often cannot be machined utilizing other technologies. Streamlining the manufacturing of OcclusionChip design using hot embossing would significantly benefit a high-throughput testing capability. On the other hand, the current OcclusionChip assay operation still requires more user input (e.g., tubing assembly, flow control, microchannel imaging), compared to the fully automated ektacytometry measurement (Rab et al., 2021). An automated system for subsequent flow pumping and image capture and analysis would likely reduce the variation to minimum.
Our results show that both ektacytometry and OcclusionChip are able to differentiate RBC samples from HbSS blood samples to HbAA blood samples. Of note, we used different statistical methods for comparison between two populations (t-test vs Mann–Whitney), which was based on data normality. Further, we observed that results from two of the subjects with HbSS SCD are closed to results from normal control (HbAA). Such observation is due to the fact that the two subjects were on transfusion therapy and had high HbA percentage at the time point of blood sampling (∼ 40% HbA). Since SCD is a clinically heterogeneous disease, patients at steady state with better treatment outcome may have significantly ameliorated RBC deformability (such as high HbA% following recent transfusion or high HbF% following hydroxyurea treatment). On the other hand, OI is an indicative index of RBC deformability, and RBC deformability could be inferred through comparison between individual samples (such as HbSS vs HbAA). A greater OI value indicates more severe blockage of the microcapillary network in the OcclusionChip (e.g., 100% OI indicates complete blockage), which translates to a greater potential of the RBCs blocking blood flow in human microvasculature. OcclusionChip is limited in providing a direct measurement of RBC deformability value (e.g., cell elongation index under specific shear stress levels). However, it mimics the human microvascular architecture and mechanically assesses RBCs passing through narrow openings under flow conditions. Ektacytometry measures RBC deformability values over a range of shear stress levels (deformation assay) or it provides measurement at a defined shear stress but varying medium osmolality (osmotic gradient ektacytometry) or oxygen concentration (oxygen gradient ektacytometry). The devices measure deformability through different strategies; one may argue that the OcculsionChip replicates in vivo conditions more faithfully.
Results reported in this study suggest that the OcclusionChip enables detection of small-volume RBCs with abnormal deformability, which ektacytometry does not, thus could complement ektacytometry for clinical testing. When we increased the concentrations of glutaraldehyde-stiffened RBCs in normal RBCs, EI measured by ektacytometry only decreased by maximal 2.35%, while OI measured by the OcclusionChip increased by more than 100 folds (for samples containing 1% glutaraldehyde-stiffened RBCs vs. control). The sharp contrast is due to the fact that ektacytometry measures the average property of a number of RBCs and the small fraction of abnormal RBCs could not cause a significant change of the measurement readout. However, in human microvasculature, components less than the dimension of RBC size only allow single cell to transit at a time, and one single RBC with decreased deformability may be sufficient to obstruct the blood flow and cause further microvascular complications, particularly in SCD. Therefore, it is critical to carry out single-cell assay when ektacytometry yields non-significant results in diseased samples. Since the OcclusionChip assay essentially measures individual RBC deformability to pass through microcapillaries, OI is a better characterization of RBC subpopulations and thus could complement to ektacytometry with a finer resolution. Further, results suggest that the OcclusionChip assay is capable of probing even 0.01% abnormal RBCs, and also differentiating samples with varying levels of abnormal RBCs (even though a statistical significance was not observed for samples containing 0.01% vs. 0.1% glutaraldehyde-stiffened RBCs). Future work may focus on characterizing the limit of detection and also the minimum resolution of the OcclusionChip.
A powerful method for assessment of RBC deformability as a function of oxygen tension, termed as oxygen gradient ektacytometry, has been developed recently and shown useful particularly in SCD (Sadaf et al., 2021). In a previous study, Rab et al. showed that oxygen gradient ektacytometry is able to detect the therapeutic effect of a novel drug, Voxelotor (GBT440), which could alter the oxygen affinity of hemoglobin in SCD thus preventing RBC sickling (Rab et al., 2019). In another study, Rab et al. showed the impact of the time from blood sampling to measurement, the amount of RBCs during testing, the camera gain settings, and the speed of deoxygenation on the measurements of oxygen gradient ektacytometry and therefore concluded that the standardization of oxygen gradient ektacytometry would allow different laboratories to compare RBC rheology study in SCD (Rab et al., 2020). Moreover, a recent study by Nardo-Marino et al. showed that oxygen gradient ektacytometry measurements correlate with key hematological parameters in children with SCD such as Hb levels, HbF, lactate dehydrogenase, and reticulocyte counts (Nardo-Marino et al., 2021). However, this study challenges oxygen gradient ektacytometry that it failed to detect the effect of hydroxyurea (HU) treatment and pain level in the pediatric population. A standardized, single cell-based microfluidic approach would complement oxygen gradient ektacytometry and significantly benefit a more comprehensive RBC biorheological assessment. Specifically, we have previously showed that the OcclusionChip enables patient stratification based on disease severity and identification of HU non-responsive individuals in SCD (Man et al., 2021a).
Envisioning the potential of the OcclusionChip assay as a clinical biomarker assay complementary to ektacytometry in SCD, we tested clinical samples under both normoxic and physiologic hypoxic conditions in the OcclusionChip and compared with oxygen gradient ektacytometry. In particular, we simultaneously tested clinical blood samples from an HbSS subject on HU, and another HbSS subject who received HSCT from an HbAS donor with approximately 100% chimerism, within 4 months of engraftment, using the two assays. While both ektacytometry and OcclusionChip measurements agree on the significantly decreased RBC deformability in the sample from the on-HU HbSS subject under normoxia compared to an HbAA sample, which was further decreased under hypoxia, they are discordant on results from the sample from the HbSS subject post HSCT. EI results show that the RBC deformability of the sample from the HbSS subject post HSCT under normoxia and physiologic hypoxia was similar to HbAA. However, our OI results challenged those results, where RBCs from the HbSS subject post HSCT caused negligible microcapillary occlusion under normoxia similar to HbAA, but led to approximately 7% occlusion of the entire microcapillary network in the OcclusionChip under physiologic hypoxia. Such observation is in accordance with the medical record that within the month when the blood sample was obtained from the subject, the subject experienced 3 pain-related acute care visits, suggesting clinical severity. These results support our assertion that the OcclusionChip enables detection of HbS-related RBC abnormalities in SCD, particularly when the HbS level is low, which ektacytometry does not, thus complementing to ektacytometry for more accurate assessment of patient clinical status. More importantly, the OcclusionChip is capable of detecting the defective RBC deformability in SCT, which can be utilized to study the variability among people with SCT and identify individuals at high risk and in need of therapeutic interventions.
One interesting finding in this study is the hypoxia-enhanced microcapillary occlusion by RBCs from an HbAS subject. Again in this case, ektacytometry was not able to detect the decreased RBC deformability under hypoxia. Such observation is attributed to the fact that RBCs from HbAS subjects and RBCs from HbSS subjects possess deferential sickling profile (unpublished data). Our ongoing study using the same blood samples from the HbAS subject and the HbSS subject (without curative therapy) tested here show that only a part of HbAS RBCs started to sickle following 10-min deoxygenation, while most HbSS RBCs were already sickled within 5 to 7-min deoxygenation (Supplementary Figure S2). We postulate that in ektacytometry, the slow, partial RBC sickling did not induce significant change of the EI of the entire cell population, but in the OcclusionChip, individual sickled RBCs were retained in the network and yield microcapillary occlusion. Our OcclusionChip results support that SCT may not be treated as a benign state (Baskurt et al., 2007). However, one limitation is that the hypoxic pO2 level is considered physiologic within the context of SCD, but this may not be true in SCT.
CONCLUSION
In conclusion, here we present validations of the OcclusionChip and a commercially available ektacytometry, and show that the OcclusionChip enables detection of small-volume glutaraldehyde-stiffened RBCs as well as the hypoxia-decreased RBC deformability in SCT and SCD with low %sickle hemoglobin, which ektacytometry does not. These observations were attributed to the fact that the EI measured by ektacytometry is a bulk average measurement based on the laser diffraction pattern of a large number of RBCs, and OI measured by the OcclusionChip is the occlusion percentage of the microfluidic microcapillary network mediated by individual RBC deformability. Therefore, these results establish that the OcclusionChip could complement ektacytometry with a finer resolution for detection of alterations in RBC deformability in clinical settings. There are a few limitations in this study. First, additional testing such as determination of percent dense red blood cells, or distribution of HbF through determination of %F cells was not performed. Second, comparison of OcclusionChip and oxygen gradient ektacytometry was only performed on a small sample size. Third, cell count or cell volume was not considered in the experiment design. Future work needs to focus on streamlining the device fabrication and automating the flow system and the automated image analysis to reduce user input and minimize process variation. Future work will also focus on testing HbSS or HbAS samples from subjects before and after imitation of various treatments, longitudinally as they experience clinical complications, and in larger sample size to thoroughly compare the performance and clinical utility of the two technologies.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Institutional Review Board approved protocol (IRB 05-14-07C). The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
YM and UAG conceived the project. YM, RA, KM, ZS, and EK performed the experiments. YM, RA, KM, ZS, EK, CF, WW, and UG analyzed the results. YM and RA prepared the figures and table, and wrote the manuscript. AB collected the patient clinical information. VAS and UAG reviewed and edited the manuscript.
FUNDING
This work was supported under the grants of National Science Foundation (NSF) CAREER Award 1552782, and National Heart, Lung, and Blood Institute (NHLBI) R01HL133574, R42HL162214, OT2HL152643, and T32HL134622.
ACKNOWLEDGMENTS
The authors acknowledge with gratitude the contribution of clinicians and study participants at the University Hospitals Cleveland Medical Center to this study.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2022.954106/full#supplementary-material
REFERENCES
 Alapan Y., Fraiwan A., Kucukal E., Hasan M. N., Ung R. Kim M., et al. (2016a). Emerging point-of-care technologies for sickle cell disease screening and monitoring. Expert Rev. Med. Devices 13, 1073–1093. doi:10.1080/17434440.2016.1254038
 Alapan Y., Kim C., Adhikari A., Gray K. E., Gurkan-Cavusoglu E. Little J. A., et al. (2016b). Sickle cell disease biochip: a functional red blood cell adhesion assay for monitoring sickle cell disease. Transl. Res. 173, 74–91. doi:10.1016/j.trsl.2016.03.008
 Alapan Y., Little J. A., Gurkan U. A. (2014). Heterogeneous red blood cell adhesion and deformability in sickle cell disease. Sci. Rep. 4, 7173. doi:10.1038/srep07173
 An R., Huang Y., Man Y., Valentine R. W., Kucukal E. Goreke U., et al. (2021). Emerging point-of-care technologies for anemia detection. Lab. Chip 21, 1843–1865. doi:10.1039/d0lc01235a
 Barabino G. A., Platt M. O., Kaul D. K. (2010). Sickle cell biomechanics. Annu. Rev. Biomed. Eng. 12, 345–367. doi:10.1146/annurev-bioeng-070909-105339
 Baskurt O. K., Meiselman H. J., Bergeron M. F. (2007). Re: point:counterpoint: sickle cell trait should/should not be considered asymptomatic and as a benign condition during physical activity.J. Appl. Physiol. 103, 2143–2144. doi:10.1152/japplphysiol.00886.2007
 Blair H. A. (2020a). Crizanlizumab: first approval. Drugs 80, 79–84. doi:10.1007/s40265-019-01254-2
 Blair H. A. (2020b). Voxelotor: first approval. Drugs 80, 209–215. doi:10.1007/s40265-020-01262-7
 Blaisdell C. J., Goodman S., Clark K., Casella J. F., Loughlin G. M. (2000). Pulse oximetry is a poor predictor of hypoxemia in stable children with sickle cell disease. Arch. Pediatr. Adolesc. Med. 154, 900–903. doi:10.1001/archpedi.154.9.900
 Brittenham G. M., Schechter A. N., Noguchi C. T. (1985). Hemoglobin S polymerization: primary determinant of the hemolytic and clinical severity of the sickling syndromes. Blood 65, 183–189. doi:10.1182/blood.v65.1.183.bloodjournal651183
 Campbell A., Cong Z., Agodoa I., Song X., Martinez D. J. Black D., et al. (2020). The economic burden of end-organ damage among medicaid patients with sickle cell disease in the United States: a population-based longitudinal claims study. J. Manag. Care Spec. Pharm. 26, 1121–1129. doi:10.18553/jmcp.2020.20009
 Carden M. A., Fasano R. M., Meier E. R. (2020). Not all red cells sickle the same: contributions of the reticulocyte to disease pathology in sickle cell anemia. Blood Rev. 40, 100637. doi:10.1016/j.blre.2019.100637
 Carden M. A., Little J. (2019). Emerging disease-modifying therapies for sickle cell disease. Haematologica 104, 1710–1719. doi:10.3324/haematol.2018.207357
 Catarino S. O., Rodrigues R. O., Pinho D., Miranda J. M., Minas G. Lima R., et al. (2019). Blood cells separation and sorting techniques of passive microfluidic devices: from fabrication to applications. Micromachines 10, 593. doi:10.3390/mi10090593
 Da Costa L., Suner L., Galimand J., Bonnel A., Pascreau T. Couque N., et al. (2016). Diagnostic tool for red blood cell membrane disorders: assessment of a new generation ektacytometer. Blood Cells Mol. Dis. 56, 9–22. doi:10.1016/j.bcmd.2015.09.001
 Davies S. C., Gilmore A. (2003). The role of hydroxyurea in the management of sickle cell disease. Blood Rev. 17, 99–109. doi:10.1016/s0268-960x(02)00074-7
 Du E., Diez-Silva M., Kato G. J., Dao M., Suresh S. (2015). Kinetics of sickle cell biorheology and implications for painful vasoocclusive crisis. Proc. Natl. Acad. Sci. U. S. A. 112, 1422–1427. doi:10.1073/pnas.1424111112
 Glaros A. K., Razvi R., Shah N., Zaidi A. U. (2021). Voxelotor: alteration of sickle cell disease pathophysiology by a first-in-class polymerization inhibitor. Ther. Adv. Hematol. 12, 20406207211001136. doi:10.1177/20406207211001136
 Groner W., Mohandas N., Bessis M. (1980). New optical technique for measuring erythrocyte deformability with the ektacytometer. Clin. Chem. 26, 1435–1442. doi:10.1093/clinchem/26.10.1435
 Gurkan U. A. (2021). Biophysical and rheological biomarkers of red blood cell physiology and pathophysiology. Curr. Opin. Hematol. 28, 138–149. doi:10.1097/MOH.0000000000000639
 Inanc M. T., Demirkan I., Ceylan C., Ozkan A., Gundogdu O. Goreke U., et al. (2021). Quantifying the influences of radiation therapy on deformability of human red blood cells by dual-beam optical tweezers. RSC Adv. 11, 15519–15527. doi:10.1039/d1ra01948a
 Kim M., Alapan Y., Adhikari A., Little J. A., Gurkan U. A. (2017). Hypoxia-enhanced adhesion of red blood cells in microscale flow. Microcirculation 24, e12374. doi:10.1111/micc.12374
 Kucukal E., Man Y., Hill A., Liu S., Bode A. An R., et al. (2020). Whole blood viscosity and red blood cell adhesion: potential biomarkers for targeted and curative therapies in sickle cell disease. Am. J. Hematol. 95, 1246–1256. doi:10.1002/ajh.25933
 Li X., Dao M., Lykotrafitis G., Karniadakis G. E. (2017). Biomechanics and biorheology of red blood cells in sickle cell anemia. J. Biomech. 50, 34–41. doi:10.1016/j.jbiomech.2016.11.022
 Litos M., Sarris I., Bewley S., Seed P., Okpala I. Oteng-Ntim E., et al. (2007). White blood cell count as a predictor of the severity of sickle cell disease during pregnancy. Eur. J. Obstet. Gynecol. Reprod. Biol. 133, 169–172. doi:10.1016/j.ejogrb.2006.08.009
 Lu M., Kanne C. K., Reddington R. C., Lezzar D. L., Sheehan V. A. Shevkoplyas S. S., et al. (2021). Concurrent assessment of deformability and adhesiveness of sickle red blood cells by measuring perfusion of an adhesive artificial microvascular network. Front. Physiol. 12, 633080. doi:10.3389/fphys.2021.633080
 Lu M., Rab M. A., Shevkoplyas S. S., Sheehan V. A. (2020). Blood rheology biomarkers in sickle cell disease. Exp. Biol. Med. 245, 155–165. doi:10.1177/1535370219900494
 Man Y., Goreke U., Kucukal E., Hill A., An R. Liu S., et al. (2020a). Leukocyte adhesion to P-selectin and the inhibitory role of crizanlizumab in sickle cell disease: a standardized microfluidic assessment. Blood Cells Mol. Dis. 83, 102424. doi:10.1016/j.bcmd.2020.102424
 Man Y., Kucukal E., An R., Bode A., Little J. A. Gurkan U. A., et al. (2021a). Standardized microfluidic assessment of red blood cell-mediated microcapillary occlusion: association with clinical phenotype and hydroxyurea responsiveness in sickle cell disease. Microcirculation 28, e12662. doi:10.1111/micc.12662
 Man Y., Kucukal E., An R., Watson Q. D., Bosch J. Zimmerman P. A., et al. (2020b). Microfluidic assessment of red blood cell mediated microvascular occlusion. Lab. Chip 20, 2086–2099. doi:10.1039/d0lc00112k
 Man Y., Maji D., An R., Ahuja S. P., Little J. A. Suster M. A., et al. (2021b). Microfluidic electrical impedance assessment of red blood cell-mediated microvascular occlusion. Lab. Chip 21, 1036–1048. doi:10.1039/d0lc01133a
 Manwani D., Frenette P. S. (2013). Vaso-occlusion in sickle cell disease: pathophysiology and novel targeted therapies. Blood 122, 3892–3898. doi:10.1182/blood-2013-05-498311
 Manwani D. (2021). P-Selectin and sickle cell disease: a balancing act. Blood 137, 2573–2574. doi:10.1182/blood.2021011151
 Mohandas N., Gallagher P. G. (2008). Red cell membrane: past, present, and future. Blood 112, 3939–3948. doi:10.1182/blood-2008-07-161166
 Morrone K., Mitchell W. B., Manwani D. (2018). Novel sickle cell disease therapies: targeting pathways downstream of sickling. Semin. Hematol. 55, 68–75. doi:10.1053/j.seminhematol.2018.04.007
 Myers D. R., Lam W. A. (2021). Vascularized microfluidics and their untapped potential for discovery in diseases of the microvasculature. Annu. Rev. Biomed. Eng. 23, 407–432. doi:10.1146/annurev-bioeng-091520-025358
 Nardo-Marino A., Petersen J., Brewin J. N., Birgens H., Williams T. N. Kurtzhals J. A., et al. (2021). Oxygen gradient ektacytometry does not predict pain in children with sickle cell anaemia. Br. J. Haematol. 197, 609–617. doi:10.1111/bjh.17975
 Noomuna P., Risinger M., Zhou S., Seu K., Man Y. An R., et al. (2020). Inhibition of band 3 tyrosine phosphorylation: a new mechanism for treatment of sickle cell disease. Br. J. Haematol. 190, 599–609. doi:10.1111/bjh.16671
 Parrow N. L., Violet P. C., Tu H. B., Nichols J., Pittman C. A. Fitzhugh C., et al. (2018). Measuring deformability and red cell heterogeneity in blood by ektacytometry. J. Vis. Exp. 131, 56910. doi:10.3791/56910
 Piety N. Z., Stutz J., Yilmaz N., Xia H., Yoshida T. Shevkoplyas S. S., et al. (2021). Microfluidic capillary networks are more sensitive than ektacytometry to the decline of red blood cell deformability induced by storage. Sci. Rep. 11, 604. doi:10.1038/s41598-020-79710-3
 Platt O. S., Brambilla D. J., Rosse W. F., Milner P. F., Castro O. Steinberg M. H., et al. (1994). Mortality in sickle cell disease. Life expectancy and risk factors for early death. N. Engl. J. Med. 330, 1639–1644. doi:10.1056/NEJM199406093302303
 Qiang Y., Liu J., Dao M., Du E. (2021). In vitro assay for single-cell characterization of impaired deformability in red blood cells under recurrent episodes of hypoxia. Lab. Chip 21, 3458–3470. doi:10.1039/d1lc00598g
 Qiu Y., Ahn B., Sakurai Y., Hansen C. E., Tran R. Mimche P. N., et al. (2018). Microvasculature-on-a-chip for the long-term study of endothelial barrier dysfunction and microvascular obstruction in disease. Nat. Biomed. Eng. 2, 453–463. doi:10.1038/s41551-018-0224-z
 Rab M. a. E., Kanne C. K., Bos J., Boisson C., Van Oirschot B. A. Nader E., et al. (2020). Methodological aspects of the oxygenscan in sickle cell disease: a need for standardization. Am. J. Hematol. 95, E5–E8. doi:10.1002/ajh.25655
 Rab M. a. E., Kanne C. K., Bos J., Van Oirschot B. A., Boisson C. Houwing M. E., et al. (2021). Oxygen gradient ektacytometry-derived biomarkers are associated with vaso-occlusive crises and correlate with treatment response in sickle cell disease. Am. J. Hematol. 96, E29–E32. doi:10.1002/ajh.26031
 Rab M. a. E., Van Oirschot B. A., Bos J., Merkx T. H., Van Wesel A. C. W. Abdulmalik O., et al. (2019). Rapid and reproducible characterization of sickling during automated deoxygenation in sickle cell disease patients. Am. J. Hematol. 94, 575–584. doi:10.1002/ajh.25443
 Rees D. C., Williams T. N., Gladwin M. T. (2010). Sickle-cell disease. Lancet 376, 2018–2031. doi:10.1016/S0140-6736(10)61029-X
 Renoux C., Parrow N., Faes C., Joly P., Hardeman M. Tisdale J., et al. (2016). Importance of methodological standardization for the ektacytometric measures of red blood cell deformability in sickle cell anemia. Clin. Hemorheol. Microcirc. 62, 173–179. doi:10.3233/CH-151979
 Ribeil J. A., Hacein-Bey-Abina S., Payen E., Magnani A., Semeraro M. Magrin E., et al. (2017). Gene therapy in a patient with sickle cell disease. N. Engl. J. Med. 376, 848–855. doi:10.1056/NEJMoa1609677
 Sadaf A., Seu K. G., Thaman E., Fessler R., Konstantinidis D. G. Bonar H. A., et al. (2021). Automated oxygen gradient ektacytometry: a novel biomarker in sickle cell anemia. Front. Physiol. 12, 636609. doi:10.3389/fphys.2021.636609
 Shevkoplyas S. S., Yoshida T., Gifford S. C., Bitensky M. W. (2006). Direct measurement of the impact of impaired erythrocyte deformability on microvascular network perfusion in a microfluidic device. Lab. Chip 6, 914–920. doi:10.1039/b601554a
 Skalak R., Branemark P. I. (1969). Deformation of red blood cells in capillaries. Science 164, 717–719. doi:10.1126/science.164.3880.717
 U. S. Food, and Drug Administration (2018). Bioanalytical method validation guidance for industry. US Department of Health and Human Services, 1–41. 
 Wood D. K., Soriano A., Mahadevan L., Higgins J. M., Bhatia S. N. (2012). A biophysical indicator of vaso-occlusive risk in sickle cell disease. Sci. Transl. Med. 4, 123ra26. doi:10.1126/scitranslmed.3002738
 Worgull M. (2009). Hot embossing: Theory and technology of microreplication. William Andrew. 
 Zhang D., Xu C., Manwani D., Frenette P. S. (2016). Neutrophils, platelets, and inflammatory pathways at the nexus of sickle cell disease pathophysiology. Blood 127, 801–809. doi:10.1182/blood-2015-09-618538
Conflict of interest: YM and UAG are inventors of the OcclusionChip Technology and a patent application has been filed by Case Western Reserve University. EK, CF, UAG and Case Western Reserve University have financial interests in BioChip Labs Inc., which offers commercial clinical microfluidic biomarker assays for inherited or acquired blood disorders and is currently commercializing the OcclusionChip technology. Competing interests of Case Western Reserve University employees are overseen and managed by the Conflict of Interests Committee according to a Conflict-of-Interest Management Plan.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Man, An, Monchamp, Sekyonda, Kucukal, Federici, Wulftange, Goreke, Bode, Sheehan and Gurkan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-954106-g005.gif





OPS/images/fphys-13-954106-t001.jpg
Clinical variables

OcclusionChip

Mean * SD (range)

Ektacytometry

Mean * SD (range)

Normal range

Age (years)

Hemoglobin (g/dl)

Red blood cell count (10'/L)
Hematocrit (%)

Absolute reticulocyte count (10°/L)
Lactate dehydrogenase (U/L)
Ferritin (ug/L)

White blood cell count (10°/L)
Absolute neutrophil count (10°/L)
Platelet count (10°/L)
Hemoglobin $ (%)

Hemoglobin A (%)

Hemoglobin F (%)

44 + 6 (38-51)

82+ 17 (64-9.9)

34 £ 1.4 (20-48)

257 £7.0 (19.1-319)
370 + 175 (184-590)
420 + 318 (134-745)
1709 + 2,484 (15-5,280)
102 + 2.6 (7.7-12.5)
6,290 + 2,705 (2,680-8,880)
400 + 132 (268-546)
515+ 9.0 (413-62.4)
354 + 6.3 (27.9-41.4)
1.9 £ 1.9 (0.5-4.6)

34+ 8 (22-41)

8.4 £ 09 (7.6-9.6)
2502 (22-28)

249 £ 24 (21.8-27.6)
331 + 228 (189-671)

298 + 33 (256-336)

2,615 # 2,206 (216-5,520)
120 £ 4.1 (7.9-17.2)
6,048 + 2,145 (3,130-8,300)
475 + 128 (326-637)

617 + 280 (20.5-79.9)
211 # 258 (19-57.1)

7.9 £ 7.5 (11-16.5)

N/A
120-18.0
42-6.1
36.0-50.0
20-150
140-280
12-300
4.0-11.0
1,500-8,000
150-400
N/A
99-100
0-09





OPS/images/fphys-13-954106-g003.gif





OPS/images/fphys-13-954106-g004.gif





OPS/images/inline_2.gif





OPS/images/fphys-13-954106-t002.jpg
CV (%) OcclusionChip Ektacytometry

3Pa 16.87 Pa 30Pa
Userl User2 Userl User2 Userl User2 Userl User2
HbAA 1582 2384 233 156 020 010 051 019
92 2463 065 188 010 0.80 017 017
1108 1234 090 118 021 082 0.00 0.39
9.81 10.79 082 1.86 018 031 020 0.36
HbsS 2167 1256 069 126 073 031 059 0.38
684 1114 112 063 031 023 029 029
9.62 644 245 370 099 044 071 011
2166 952 535 1.96 086 083 0.69 0.68

Average 1471 177 059 0.36





OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		OcclusionChip: A functional microcapillary occlusion assay complementary to ektacytometry for detection of small-fraction red blood cells with abnormal deformability		Introduction

		Materials and methods		OcclusionChip device design and fabrication

		Blood sample acquisition and OcclusionChip assay operation

		Hypoxic OcclusionChip assay

		Occlusion index generalization

		Ektacytometry measurements and elongation index

		Statistical analysis





		Results		Two-user validation of ektacytometry and the OcclusionChip

		Both ektacytometry and the OcclusionChip enable detection of abnormal red blood cells deformability under normoxia in sickle cell disease

		OcclusionChip enables detection of glutaraldehyde-stiffened red blood cells in small fractions

		OcclusionChip enables detection of hypoxia-decreased red blood cells deformability in sickle cell trait and sickle cell disease, when %sickle hemoglobin is low





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Physiology

OcclusionChip: A functional
microcapillary occlusion assay
complementary to
ektacytometry for detection of
small-fraction red blood cells
with abnormal deformability





OPS/images/fphys-13-954106-g001.gif





OPS/images/fphys-13-954106-g002.gif





OPS/images/inline_3.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





