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1 In Vitro Assay for Single-cell Characterization of Impaired Deformability in Red Blood 
2 Cells under Recurrent Episodes of Hypoxia 
3 Yuhao Qianga,c, Jia Liua, Ming Daoc*, E Dua,b*

4 Red blood cells (RBCs) are subjected to recurrent changes in shear stress and oxygen tension during blood circulation. The cyclic shear stress has been 
5 identified as an important factor that alone can weaken cell mechanical deformability. The effects of cyclic hypoxia on cellular biomechanics have yet to be 
6 fully investigated. As the oxygen affinity of hemoglobin plays a key role in the biological function and mechanical performance of RBCs, the repeated 
7 transitions of hemoglobin between its R (high oxygen tension) and T (low oxygen tension) states may impact their mechanical behavior. The present study 
8 focuses on developing a novel microfluidics-based assay for characterization of the effect of cyclic hypoxia on cell biomechanics. The capability of this assay 
9 is demonstrated by a longitudinal study of individual RBCs in health and sickle cell disease subjected to cyclic hypoxia conditions of various durations and 

10 levels of low oxygen tension. Viscoelastic properties of cell membranes are extracted from tensile stretching and relaxation processes of RBCs induced by 
11 the electrodeformation technique. Results demonstrate that cyclic hypoxia alone can significantly reduce cell deformability, similar to the fatigue damage 
12 accumulated through cyclic mechanical loading. RBCs affected by sickle cell disease are less deformable (significantly higher membrane shear modulus and 
13 viscosity) than normal RBCs. The fatigue resistance of sickle RBCs to the cyclic hypoxia challenge is significantly inferior to normal RBCs, and this trend is 
14 more significant in mature erythrocytes of sickle cells. When oxygen affinity of sickle hemoglobin is enhanced by anti-sickling drug treatment of 5-
15 hydroxymethyl-2-furfural (5-HMF), sickle RBCs show ameliorated resistance to fatigue damage induced by cyclic hypoxia. These results illustrate that an 
16 important biophysical mechanism underlying RBC senescence in which cyclic hypoxia challenge alone can lead to mechanical degradation of the RBC 
17 membrane. We envision the application of this assay can be further extended to RBCs in other blood diseases and other types of cells. 

18 Introduction
19 Hypoxia, a low oxygen tension condition, is a very common microenvironmental factor in physiological processes of blood circulation and 
20 varied pathological processes, such as cancer, chronic inflammation, myocardial infarction, stroke and ischaemic acute kidney injury.1, 2  
21 Red blood cell (RBCs) are the most abundant cells in blood, serving as the O2 carriers in human body. In blood circulation, RBCs repetitively 
22 encounter various oxygen tension levels, which can be as high as 10-13% O2 in arteries, lung alveoli and liver,3  or as low as 5% O2 in venous 
23 blood, 0.5-7% O2 in bone marrow and brain, and down to 1% O2 in cartilage.4 They are strongly influenced by the surrounding oxygen 
24 tension in the autonomous regulation of their own properties and physiological functions.5 RBCs produce reactive oxygen species by the 
25 oxidation of ferric (Fe3+) to ferrous (Fe2+) iron in the heme complex, which can be offset by the systemic antioxidant defense mechanisms. 
26 The imbalance between these two processes, known as oxidative stress, can affect cellular membrane lipids and proteins, leading to 
27 impaired membrane, cellular deformability, senescence, 6-8 as well as abnormal aggregation and adhesion kinetics.9-11 Interplay between 
28 poor cellular deformability and impaired oxygen delivery is observed in various pathological processes, such as sickle cell disease.12 RBCs 
29 affected by sickle cell disease are prone to the influences of the oxygen tension variation due to a mutation in the hemoglobin gene, leading 
30 to hemoglobin polymerization under hypoxia and the associated membrane abnormalities.5 Prior studies have demonstrated that sickle 
31 RBCs exhibit compromised deformability compared to normal RBCs, which becomes even worse upon deoxygenation.13-15 Moreover, 
32 repeated sickling-unsickling processes in response to the cyclic hypoxia challenge were reported to lead to progressive reduction in sickle 
33 RBC deformability even after reoxygenation.16, 17 These studies have advanced our understandings of the interactions between hypoxia 
34 and cell biomechanics, as well as the underlying mechanisms of the accelerated damage in diseased RBCs. However, the exact mechanism 
35 that underlie the RBC senescence remains to be fully elucidated.  
36
37 Mechanical degradation of RBCs has been generally deemed as a main cause of RBC membrane failure during in-vivo and extracorporeal 
38 circulation. One factor that could be responsible for the RBC mechanical degradation is the cumulative fatigue damage from the cyclic shear 
39 stresses.18 The cyclic tensile stretching-relaxation loading alone can lead to mechanical fatigue of RBCs in vitro. 18, 19 Additionally, as 
40 circulating RBCs experience cyclic changes in oxygen tension, the accumulated oxidative damage may also take apart in the degradation 
41 process of cell biomechanics, along with shear stresses. Two biological processes in cell membranes are likely initiated and cumulated, 
42 along with the cyclic hypoxia process, including recurrent oxidative stress and alterations in cytoskeleton by damaging the sceptrin network 
43 of cell membranes, contributing to the impaired RBC deformability and biomechanics. 20 This is similar to the scenario that membrane 
44 nano-structural alterations occur due to chemically induced oxidative stress.21 Another possible biological process associated with the 
45 deoxygenation process is the adenosine triphosphate (ATP) release, following the parallel effects of IgG/ band 3/ Heinz body co-clustering, 
46 increased intracellular calcium ions, glycolysis, Gi protein activation and so forth.14, 22 Collective evidences have shown that ion transport 
47 and kinase-regulated phosphorylation are two central mechanisms of implicating RBC deformability due to the disruption of stability of 
48 interaction between cytoskeletal proteins and membrane complexes.23, 24 Increased intracellular calcium ions (Ca2+), for instance, has long 
49 been known as a factor that leads to impairment of RBC deformability, which is regulated by Ca2+-ATPase activity under exposure to shear 
50 stress and hypoxic conditions.25, 26 A recent study has investigated the effects of two kinases Lyn and GSK3α on regulating the capability of 
51 RBCs to undergo repeated mechanical deformations.27 The selected kinases Lyn and GSK3α are known regulators of the cytoskeleton-
52 interacting proteins band 3 and β-adducin, respectively. 28, 29 Decrease in the microcapillary traversal velocity in RBCs was generally 
53 observed after treatment with both Lyn inhibitor (Bafetinib) and GSK3 inhibitor (CHIR-98014). Inhibition of these two kinases was found 
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54 resulting in the inability of RBCs to recover from successive deformations. To our knowledge, in addition to mechanical stimulus, 
55 deoxygenation could also possibly induce oxidative phosphorylation of RBC proteins and subsequent modification of cytoskeletal structures. 
56 30, 31 Thus, we are proposing a biophysical mechanism underlying the RBC senescence in which cyclic hypoxia causes mechanical degradation 
57 in cell membranes, as analogous to the process of membrane mechanical fatigue from cyclic shear stresses. This requires a strategy to 
58 subject RBCs to well-controlled repeated hypoxia microenvironment while allowing simultaneous characterization of cell mechanical 
59 properties. Early studies of RBC deformability under hypoxia were mostly carried out after incubating cells in a closed hypoxic chamber for 
60 a long duration. 9, 17, 32, 33 It is therefore limited in the replication of the cyclic variations in oxygen tension as circulating cells experience for 
61 the simultaneous measurement of the biomechanical properties of cells. Microfluidics serves as a miniaturized yet efficient platform for 
62 gas diffusion by interfacing the gas and aqueous solution through flow or a gas-permeable membrane,34, 35 which is also amenable to the 
63 control of cellular gaseous microenvironment.4, 36 A few previous studies have demonstrated successful applications of such microfluidic 
64 hypoxia assays in the cell morphological study.37-39 Integrated  microfluidic approaches have also been developed to control the oxygen 
65 tension on cells and simultaneously measure their biomechanical properties. For example, Zheng et al developed a microfluidic approach 
66 to study the mechanical properties of RBCs under deoxygenated conditions.40 Similar methods were reported to characterize cell velocity 
67 or occlusion index under deoxygenation.41-43  However, these existing methods are limited to measurements of the averaged behavior of 
68 a cell population, and not suitable for the longitudinal study of individual RBCs.44 A variety of other methods that can successfully measure 
69 the deformability of RBCs at single cell level,45 such as micropipette aspiration33 and optical tweezers46, but are difficult to be equipped 
70 with cellular gas microenvironment control. In addition, these single-cell measurement techniques are limited by their inherent low 
71 throughput. 
72
73 In this work, we develop a novel in vitro assay for cell deformability measurement under well-controlled cyclic hypoxia, by integrating 
74 electrodeformation technique into a microdiffusion chamber. This method is advantageous in its ease of implementation and flexibility in 
75 simultaneous application of repeated hypoxia challenge and shear stresses on individual cells in suspension and in stationary conditions. 
76 To determine whether cyclic hypoxia challenge alone can lead to fatigue degradation in cell membranes, we measure cellular viscoelastic 
77 behavior and characterize the progressive change in membrane shear modulus and viscosity along with various loading histories in normal 
78 RBCs. Molecular mechanisms relevant to the cyclic hypoxia-induced fatigue of RBCs is partially investigated by characterization of 
79 intracellular Ca2+ and inhibition of Piezo 1 channels as well as two phosphorylase kinases (Lyn and GSK3α). We then test the possible 
80 expedited fatigue of RBCs affected by sickle cell disease, and the effects of anti-sickling agent 5-hydroxymethyl-2-furfural (5-HMF) on the 
81 mechanical performance of sickle RBCs that are subjected to cyclic hypoxia challenge.

82 Materials and methods
83 Sample preparation
84 Healthy blood samples were obtained with verbal consent of the two donors, following Institutional Review Board (IRB) approval from 
85 Florida Atlantic University. Sickle cell samples were obtained with informed consent of a total of three patients with sickle cell disease 
86 during their clinic visits by the University of Miami and Massachusetts General Hospital following the IRB approvals from these institutions 
87 respectively. More sample information can be found in Table S1 in SI Appendix, Detailed information of sickle cell samples. All samples 
88 were stored at 4°C and tested within one week of collection. The working buffer for biomechanics measurement was prepared by mixing 
89 8.5% (w/v) sucrose and 0.3% (w/v) dextrose in deionized water, and further adjusting the electrical conductivity to 0.15 S/m using 
90 phosphate buffered saline (PBS) solution (Lonza Walkersville, Inc., Walkersville, MD). The pH was adjusted to 7.4 with NaOH/HCl. The 
91 osmolality of the working buffer was measured to be ~290 mOsm/kg using an osmometer (Advanced Instruments, Inc., MA, US). Prior to 
92 each experiment, blood samples were washed twice with PBS at the speed of 2000 rpm at room temperature for two minutes. The 
93 hematocrit of each tested sample was adjusted to be 0.1% by resuspending 1 μL RBC pellet into 1 mL of working buffer. To investigate the 
94 effect of 5-HMF on mechanical performance of RBCs that are subjected to cyclic hypoxia, RBCs were incubated with 5-HMF (5 mM) for 60 
95 min at 37 ° C in Eppendorf tubes. The treated cells were washed twice with PBS to remove 5-HMF residual, and then resuspended into the 
96 working buffer for measurement. The non-treated RBC suspensions were used as control group. Sickle cell fraction was performed by 
97 means of a three-step discontinuous gradient, which was stacked by four layers of 2 mL gradient solutions of densities 1.077, 1.092, 1.095 
98 and 1.100 g/mL, respectively. The gradient solutions were prepared following the manufacturer’s protocol (OptiPrepTM Application Sheet 
99 C35: available at https://www.axis-shield-density-gradient-media.com/C35.pdf). A 2 mL of blood sample was washed twice with PBS at 

100 2000 rpm for 5 min, and then the RBC pellet was fully suspended by a gentle vortex and mounted on top of the density gradient. Cell 
101 fractionation was achieved by centrifugation at 1000× g at 21 °C for 30 min. The reticulocyte-enriched and erythrocyte-rich cell 
102 subpopulations respectively trapped in the 2nd and 4th interfaces of stacked layers of gradient solution were carefully collected using a 1-
103 mL pipette tip and washed with 5 mL PBS buffer twice to remove gradient solution residue. Fractionated sickle RBCs were then resuspended 
104 in PBS containing 1% (w/v) BSA (Sigma-Aldrich) and stored at 4 °C shortly before experiment. The reticulocyte yield of each cell 
105 subpopulation was measured by counting reticulocytes identified with supravital staining using new methylene blue.47

106
107 Experimental setup
108 Fig. 1A provides a schematic of the complete experimental system. To study the tendency of change in the mechanical properties of RBCs, 
109 the viscoelastic properties of RBCs were measured at the initial, intermediate and end time points and presented at equivalent cycles during 
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110 the cyclic hypoxia process. Fig. 1B shows the sequence diagram of serial mechanical testing of RBCs performed at the selected time points 
111 during the challenge of repeated Deoxygenation-Oxygenation (DeOxy-Oxy) cycles. The microfluidic chip consists of a polydimethylsiloxane 
112 (PDMS) double-layer microchannel and two thin-film interdigitated gold electrode arrays (IEA) coated on a 0.7 mm thick glass substrate 
113 (Fig. 1B and C). Both the upper gas channel and the lower cell channel are 1500 µm wide and 150 µm deep. The two channels are aligned 
114 perpendicular to each other and separated by a 150 µm thick gas permeable PDMS film in the intersectional area. The change of osmolality 
115 due to the loss of water across the PDMS membrane was found negligible within 1 hour of experiment.48 The IEA consists of 16 pairs of 
116 fingers with 20 µm band and 20 µm gap. The PDMS microchannel was fabricated by casting a SU-8/Si mold with a degassed PDMS mixture 
117 of base and curing agent (10:1, w/w) at 70°C for 2 hours. The SU-8/ Si mold and IEA were fabricated following standard microfabrication 
118 techniques as introduced previously.49 Permanent covalent bonding was created between the two PDMS layers and the IEA glass substrate 
119 following a 60-second air plasma treatment in a plasma cleaner (Model PDC-001, Harrick Plasma). The cell channel was loaded with cell 
120 suspension by injection with a 1 mL syringe, and the gas channel was connected to gas supplies via tygon tubing at the regulated pressure. 
121 A programmable 3-way valve (LabSmith., CA, USA) was used to switch between these two gas supplies of different gas mixtures, including 
122 an oxygen rich gas mixture (133 mmHg): 17.5% oxygen, 5% carbon dioxide with the balance of nitrogen, and an intermediate oxygen gas 
123 mixture (38 mmHg): 5% oxygen, 5% carbon dioxide with the balance of nitrogen or an oxygen poor gas mixture (0 mmHg): 5% carbon 
124 dioxide with the balance of nitrogen. The IEA electrode pads were soldered to copper-based wires, allowing electrical excitation from a 
125 function generator (SIGLENT SDG830, SIGLENT, P.R. China) to produce dielectrophoresis (DEP) and electrodeformation of cells (Fig. 1D). 
126 Cell behavior was observed via a high-resolution CMOS camera (The Imaging Source, Charlotte, NC) which is mounted on an Olympus X81 
127 inverted microscope (Olympus America, PA, USA), with image contrast being enhanced by inserting a 414 ± 46 nm band pass filter in the 
128 optical path. 
129
130 RBC mechanical measurement
131 Mechanical properties of RBCs were characterized from their viscoelastic response to a fixed loading condition, which was implemented 
132 using a constant-amplitude electrodeformation strategy. The mechanical measurement was performed in the hydrostatic condition once 
133 the suspended cells settled down to the IEA glass substrate in the microchannel due to gravity. By tuning the frequency of applied electrical 
134 signal, cells moved toward the electrode edges due to under positive DEP and were gradually stretched into a quasi-ellipsoid shape due to 
135 electrodeformation; Upon the applied electrical voltage turned off, cells gradually relaxed to their original shape. The root mean square 
136 values of the supplied voltage was 3 V at 1.58 MHz for 2 s and 0 V for 2 s, respectively. The corresponding shear stress (σ) exerted on RBCs 
137 was 2.85 Pa and 0 Pa as calibrated in our previous work.18 Deformability measurements were conducted by subjecting cells to repeated 
138 constant-amplitude electrodeformation loading for 5 continuous cycles (recorded at 40 frames per second). The viscoelastic properties of 
139 RBCs were then averaged from these 5 cycles for each individual cell. To prevent the interferences of HbS polymerization on cell 
140 deformability, mechanical testing was performed under oxygenated condition for both normal and sickle RBCs. Cell deformation was 
141 quantified by the transient extension ratio , defined as the instantaneous value of the contraction ratio  in the transverse 𝜆(t) 𝑏𝑡 = 0 𝑏(𝑡)
142 direction of tensile loading (Fig. 2A). Considering the less accuracy of the long axis  measured along the tensile loading direction as a small 𝑎
143 part of the deformed cell membrane is blocked from view by the IEA, axial extension ratio  was converted by 1/  𝜆′(t) ( = 𝑎(𝑡) 𝑎𝑡 = 0) 𝜆(t)
144 on the assumption that the total membrane area of cell is a constant during deformation, following the protocol validated in our earlier 
145 study.18 Values of  during the stretching phase and the relaxation phase in each cycle can be fitted well with the Kelvin-Voigt solid 𝜆(t)
146 model. 50 In present study, mechanical properties of cells were evaluated by the values of membrane shear modulus (µ) and shear viscosity 
147 (η) thereby extracted from the tensile stretching-relaxation profile accordingly. More details of electrodeformation characterization and 
148 constitutive model of viscoelastic deformation of RBCs can be found elsewhere.18, 19, 51. 
149
150 Fluo-4 imaging of calcium in RBCs
151 Isolated RBCs were washed three times with PBS, and then loaded with 1mM Fluo-4 AM (Thermo Fisher Scientific, Waltham, USA), a 
152 fluorescent probe suitable to assess intracellular calcium-levels in living RBCs.52 Cells were incubated with Fluo-4 AM for 60 min at room 
153 temperature and shielded from light, and then washed three times with PBS before the DeOxy-Oxy experiment. Fluo-4-loaded RBCs were 
154 excited at wavelength λ = 488 nm and the fluorescent signal was captured at λ = 505 nm using the inverted microscope as forementioned. 
155 The fluorescence of cells in the same field of view was recorded during the DeOxy-Oxy experiment and the fluorescent intensity was 
156 determined using Image J (National Institutes of Health, Bethesda, USA). To be noted, intracellular Ca2+ content of RBCs was determined 
157 by the Fluo-4-emitted fluorescent intensity (F) relative to the baseline (F0, the value measured at t= 0 in the oxygenated state), which just 
158 provides the change of intracellular Ca2+ over time. 
159
160 Inhibition of RBC signaling pathways 
161 GsMTx4 is known as a spider venom peptide that can selectively inhibit cationic mechanosensitive channels, such as Piezo channel 
162 families.53 Thus, for inhibition of RBC stretch-activated mechanosensitive channel, RBCs were pretreated with GsMTx4 (1 μM, Abcam, 
163 Cambridge, USA) for 30min. In addition, for inhibition of Lyn and GSK3α kinases, cells were pretreated with 3 μM Bafetinib (Cat. No. 50-
164 187-3889, Fisher Scientific) and 10nM GSK3 inhibitor CHIR-98014 (Cat. No. 66-955, Fisher Scientific) for 1 min at 37 °C. Selections of these 
165 two specific kinases inhibitors were referred to a previous study.27  Due to the fact that all the inhibitors used in the experiments are 
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166 dissolved in dimethyl sulfoxide (DMSO) for stock solutions, cells were treated with DMSO of equivalent concentration in the inhibitors as a 
167 control.
168
169 Statistical Study
170 Data was analyzed using GraphPad software (GraphPad Software, Inc., La Jolla, CA, USA). All data were expressed in terms of statistical 
171 mean ± SEM unless otherwise specified. Outliers were identified and excluded from the analysis using ROUT method with GraphPad 
172 software. A paired t-test was used to determine p values between different measurements of same cell population. A two-sample t-test 
173 was used to generate the p values between measurements for different cell populations. One-way ANOVA test was used to compare 
174 measurements of same cell population over the loading cycles.  * p ≤ 0.05 was considered as statistically significant. 
175

176 Results 
177 Effect of static oxygen tension on RBC deformability 
178 A unique feature of our system lies in that the cell deformability measurement can be made on multiple, individually tracked RBCs under a 
179 well-controlled oxygen tension environment. Cell deformability of RBCs in the oxygenated and deoxygenated states were characterized 
180 under the same electrodeformation loading. It is likely that differences exist in the dielectric properties of subcellular components in RBCs 
181 between the R (oxygenated) and T (deoxygenated) states of hemoglobin, leading to variations in the actual shear forces exerted on cell 
182 membranes and eventually the extension ratio and the viscoelastic characterization. Notwithstanding, considering the variation in the 
183 electrodeformation force is comparatively small according to the parametric analysis in our previous study,18 the viscoelastic characteristics 
184 of cells under each condition were obtained based on the same dielectric properties of normal RBCs.54

185
186 Effect of oxygen tension on cell deformability was obtained by comparing the values of  and viscoelastic characteristics for each cell in 𝜆
187 fully deoxygenated state for 2 min) to the control values in fully oxygenated state for 2 min, respectively. Figs. 2A and B show the 
188 instantaneous value of λ as function of time measured within five consecutive cycles for oxygenated and deoxygenated normal (AA) RBCs, 
189 respectively. Cells show typical viscoelastic behavior in each cycle regardless of oxygen state of intracellular hemoglobin, which can be 
190 fitted to the Kelvin-Voight model as shown in Fig. 2C. Figs. 2D and E show the scatter plot of µ and η values of individually characterized AA 
191 RBCs under the static oxygenated and deoxygenated states, respectively. Both µ and η values show significant overlap among the 
192 consecutive cycles, indicating negligible influence on RBC mechanical properties from a few ( ) cycles of electrodeformation under both ≤ 5
193 normoxia and hypoxia. The mean values of µ and η for AA RBCs measured in oxygenated state are consistent with those reported in previous 
194 studies 50, 55. Effect of hypoxia on cell deformability was found to be significant in AA RBCs (p < 0.001). Mean values of µ increased from 
195 2.93 ± 0.15 µN/m to 3.54 ± 0.13 µN/m; values of η increased from 0.44 ± 0.03 µN/m·s to 0.50 ± 0.04 µN/m·s in AA RBCs (n = 49) after 
196 deoxygenation. We found cells were less deformable at the very low oxygen tension, which was also reported previously. 10, 11 Additionally, 
197 in order to investigate the effect of long-term hypoxia on cell deformability, we measured the progression of µ and η values for AA RBCs in 
198 oxygenated state and deoxygenated state lasting for 60 min (Figs.2 F - I). Mechanical tests were performed when cells were fully 
199 reoxygenated at the time points of 0, 30 min and 60 min, respectively. Values of µ and η show no significant changes under the static 
200 oxygenated state within 60 min (p > 0.05), indicating that under the normoxia environment (with only a few cycles of electrodeformation 
201 in-between for mechanical property evaluation) results in no detectable influence on the RBC deformability in our experiment.  In contrast, 
202 both µ and η show continuous increases after 30 min and 60 min of prolonged static deoxygenation (p < 0.0001). These results 
203 demonstrated the impairment in cell deformability was exacerbated in a cumulative manner versus total deoxygenation time under the 
204 static deoxygenated state on RBCs. 

205 RBC mechanical degradation induced by cyclic hypoxia
206 To further investigate the effect of variation in cyclic hypoxia simulating the complexity of in vivo hypoxia cycling, we measured the 
207 mechanical degradation of RBCs subjected to various hypoxia cycling conditions. We varied the time duration of deoxygenation in each 
208 cycle to 30 s, 60 s, 90 s and 120 s, respectively. The corresponding in-situ measurement of dissolved O2 concentration profiles in the cell 
209 channel, pre-calibrated by a FireStingO2 fiber-optic oxygen microsensor (Pyro Science™, Aachen, German), see SI and Figs. S1. and S2 for 
210 details. The O2 concentration in the system rapidly reached equilibrium across the PDMS membrane between the cell channel and the gas 
211 channel within 15 s. Oxygenation time was set as 30 s in each cycle, allowing cells to be fully reoxygenated. The extent of cellular stiffening 
212 in association with hypoxia cycling was characterized by the progression of maximum extension ratio  along with hypoxia cycles as well 𝜆max

213 as cumulative deoxygenation time, as are summarized in Tables S2 and S3, respectively. The results showed that the reduction rate in  𝜆max

214 increased with the number of hypoxia cycles. Within a same cumulative deoxygenation time, e.g., 30 min, the decrease in under the 𝜆max 
215 DeOxy-Oxy condition of 30 s-30 s was much higher than that under the DeOxy-Oxy condition of 120 s-30 s (10.68% vs 5.48%). On the other 
216 hand, it was found that the reduction rate in  increased with the increase of hypoxia duration in each cycle: a decrease of 4.46% for 𝜆max

217 the DeOxy-Oxy condition of 30 s-30 s as compared to a decrease of 7.92% for the DeOxy-Oxy condition of 120 s-30 s, within the same 24 
218 cycles of hypoxia. Taken together, the hypoxia-induced stiffening in RBCs is determined by the cumulative time of deoxygenation as well 
219 as the total number of hypoxia cycles. This suggests that the cyclic hypoxia may constitute another key factor comparable to the cyclic 
220 shear stresses, and both factors contribute significantly to the mechanical degradation of RBCs during microcirculation. 
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221 Cyclic-hypoxia-induced RBC mechanical degradation under severe and mild deoxygenation cycles
222 To assess the influences of the severe and mild deoxygenation conditions on the cyclic-hypoxia-induced cell deformability reduction, we 
223 investigated two levels of hypoxia:  0% O2 and 5% O2, while retaining the same level of oxygen tension for the oxygenated condition (17.5% 
224 O2). Figs. 3A and B show the comparisons of µ and η values measured from the same individual RBCs, before and after the deoxygenation 
225 processes in the initial DeOxy cycle of these two respective conditions. In contrast to the drastic impairment of deformability (28.4 % 
226 increase in µ and 27.6 % increase in η) under the severe deoxygenation condition (17.5% O2 - 0% O2), changes of these two mechanical 
227 parameters are very small (0.72 % decrease in µ and 0.04 % increase in η) under the mild deoxygenation condition (17.5% O2 - 5% O2). The 
228 cumulative deformability changes under the cyclic DeOxy-Oxy (120s-30s) of these two different oxygen tension levels are shown in Figs. 3C 
229 and D). We found the rate of increases in µ and η values under the cycling of 17.5% O2 - 0% O2 (45.6 % increase in µ and 33.5 % increase in 
230 η after 60 min) are higher than those under the cycling of 17.5% O2 - 5% O2 (27.3 % increase in µ and 31.0 % increase in η after 60 min). 
231 These results suggest that cyclic-hypoxia-induced RBC mechanical degradation under the severe deoxygenation condition is much higher 
232 compared to those under the mild deoxygenation condition.

233 Exploring possible molecular pathways associated with cyclic-hypoxia-induced RBC mechanical degradation
234 To further explore the possible underlying molecular mechanisms associated with the cyclic hypoxia-induced mechanical degradation in 
235 cell membranes, we investigated a couple of known signaling pathways on RBCs. We especially examined the differences between non-
236 cyclic hypoxia vs cyclic hypoxia and documented any cumulative effect vs hypoxia cycles.
237
238 We characterized the progression of intracellular Ca2+ content of RBCs under cyclic loadings of DeOxy-Oxy (120s-30s). Fig. 4A shows the 
239 representative fluorescent images obtained from individual RBCs loaded with the calcium-sensitive dye Fluo-4 over time in the oxygenated 
240 and deoxygenated states, respectively. The change of intracellular Ca2+ content of RBCs, determined by the Fluo-4-emitted fluorescent 
241 intensity (F) relative to the baseline (F0, the value measured at t= 0 in the oxygenated state), is presented in Fig. 4B. Value of F/F0 showed 
242 20% increase in the deoxygenated state relative to the baseline in the initial cycle of DeOxy-Oxy, and showed sustained evaluations in the 
243 deoxygenated state after cyclic hypoxia (52% increase after 30 min or 12 cycles, and up to 70% increase after 60 min or 24 cycles). This 
244 result is aligned with the observation in earlier studies.26, 56 It is noteworthy that, even measured in the oxygenated state, we also found 
245 elevation of intracellular Ca2+ content in RBCs after cyclic hypoxia (21% increase after 30 min or 12 cycles, and up to 40% increase after 60 
246 min or 24 cycles). This finding suggests that the deoxygenation-induced influx of Ca2+ in RBCs is not fully reversible upon reoxygenation, 
247 which may lead to the cumulative elevation of intracellular Ca2+ content of RBCs over multiple DeOxy-Oxy cycles. 
248
249 Piezo 1 is the particular mechanosensitive cation channel expressed on RBC membranes that regulates stretch-induced ATP release in 
250 RBCs.57 Therefore, in order to investigate whether cyclic-hypoxia-induced RBC mechanical degradation is linked to the stretch-induced 
251 activation of mechanosensitive cation channel, we inhibited Piezo 1 channels of RBCs using a mechanosensitive channel inhibitor GsMTx4. 
252 Figs. 4C and D compare the changes in µ and η values of RBCs between the GsMTx-4 treated cells and the control (DMSO treated cells) 
253 under the same cyclic loadings of DeOxy-Oxy (90s-30s) within 60 min. The results of GsMTx-4 incubated cells (n = 92) remained at the same 
254 level as with the control group (p > 0.05), indicating that hypoxia-induced mechanical degradation of RBCs may not be directly related to 
255 Piezo 1 mechanosensitive channels. In this regard, alternative signaling mechanisms would require further investigation.
256
257 In addition to activity of ion transport, kinase-regulated phosphorylation is also known to be involved in RBC stiffening. Thus, the effects of 
258 inhibiting two kinases (Lyn and GSK3α) on the hypoxia-induced mechanical degradation of healthy RBCs were investigated. Figs. 4E and F 
259 show the comparison of progression in µ and η values of Lyn inhibited cells (n = 91), GSK3 inhibited cells (n = 83) and the control (n = 77) 
260 under the same cyclic loadings of DeOxy-Oxy (90s-30s). The inhibition of Lyn kinase by Bafetinib showed very small or nonsignificant effect 
261 on the RBC deformability degradation (change in µ) compared to the control samples under normoxia (cycle 0) or after multiple DeOxy-
262 Oxy cycles, confirming that phosphorylation of band 3 does not directly affect RBC mechanical stability, which is consistent with earlier 
263 studies that performed under normoxia after repeated mechanical stress.27, 58  Notably, the inhibition of GSK3 kinase by CHIR-98014 
264 demonstrated significant RBC mechanical degradation (increase in µ) compared to the control samples under normoxia (cycle 0) and after 
265 multiple DeOxy-Oxy cycles, which is consistent with an earlier study (performed only under normoxia) that phosphorylation of β-adducin 
266 mediated by GSK3 kinase affects its interactions with the spectrin-actin cytoskeleton and consequently influences RBC deformability.29 
267 Compared with the control sample (without adding any kinase inhibitor), the impact of adding the inhibitor CHIR-98014 changes with the 
268 accumulated number of hypoxia cycles. Therefore, through investigating the impact of inhibiting part of these signaling pathways, we can 
269 speculate that RBC deformability could be vulnerable to the cumulative disruption of enzyme activities involved in the DeOxy-Oxy process, 
270 although more studies are needed to figure out more details and any potential effective interventions. 

271 Effect of cyclic hypoxia on RBCs in sickle cell disease (SCD) patients
272 To investigate the effects of cyclic hypoxia on cell deformability in diseased condition, we conducted a pilot study of measuring the 
273 deformability of sickle (SS) RBCs under both static and cyclic hypoxia conditions. Figs.5A and B compare the averaged instantaneous value 
274 of λ of SS RBCs as a function of time measured within five consecutive mechanical loading cycles under the static oxygenated (17.5% O2) 
275 and the static deoxygenated (0% O2) conditions respectively. We again noted that a small number of serial mechanical cyclic loadings (used 
276 for evaluating mechanical properties) do not change the RBC mechanical properties, as shown by Figs.5A-D. Figs. 5C and D show the 
277 extracted µ and η values of individually characterized SS RBCs (n = 73) in the static oxygenated and deoxygenated states, respectively. 
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278 Compared to the results of AA RBCs (Figs.2D and E), SS RBCs were found to be less deformable and more viscous in both oxygenation and 
279 deoxygenation states, with greater variations in both viscoelastic parameters, which agrees with the previous study.59 SS RBCs also showed 
280 reduction in cell deformability due to deoxygenation, with mean value of µ increased from 4.39 ± 0.14 µN/m to 5.46 ± 0.21 µN/m after  
281 deoxygenation; values of η increased from 0.50 ± 0.02 µN/m s to 0.75 ± 0.08 µN/m s after deoxygenation. The measured mean values of µ 
282 and η for SS RBCs are consistent with those reported in the literature.40, 60. Notably, the averaged values of µ  and η are significantly higher 
283 in SS RBCs than AA RBCs (49.8% increase in µ and 13.6% increase in η for the oxygenated state vs 54.2% increase in µ and 50% increase in 
284 η for the deoxygenated state), consistent with observations reported in prior studies.61-63  This observation may be attributed to additional 
285 effect from the polymerization of deoxygenated HbS and its concurrently mutated interactions with cell membranes.5 
286
287 Figs. 5E and F left panels show significant elevations in both µ and η for SS RBCs along with increasing DeOxy-Oxy cycles. Compared with 
288 the results of AA RBCs, similar increasing trend was found in SS RBCs but at much faster rate of elevation for shear modulus and viscosity 
289 (46.8% increase in µ and 37.1% increase in η for AA RBCs vs 98.7% increase in µ and 120.7% increase in η for SS RBCs after 60 min of 
290 treatment), which is likely attributed to additional factors contributed by the sickling-unsickling procedures of SS RBCs.16 We observed 
291 some cells behaved as hyper-rigid "solid-like'' after only a few cycles of hypoxia. Furthermore, we carried out an additional experiment by 
292 selecting the subpopulation of SS RBCs that sickle under hypoxia (i.e. those show significant morphological changes/membrane crenation 
293 during the DeOxy-Oxy cycles), and found both µ and η values of these cells increased much faster than those of AA RBCs (Figs. S3). These 
294 results suggest that the effects of cyclic hypoxia on viscoelastic behavior of SS RBCs are also significant. Sickle RBCs are more vulnerable to 
295 cyclic-hypoxia induced mechanical degradation than normal healthy RBCs. We note that, previous studies of comparing sickle cells and 
296 normal cells in deformability mainly focused on the influence under a monotonical loading of deoxygenation, where the reduced cell 
297 deformability is essentially fully reversible when cells become reoxygenated. The current study enabled for the first time a demonstration 
298 of the key role of cyclic hypoxia resulting in cumulative mechanical property degradation of sickle cells, which may be a possible mechanism 
299 underlying the shortened lifespan of RBCs in SCD.
300
301 5-HMF is a common product from the reaction of reducing sugars and amino acids naturally occurring in foods, which has been reported 
302 to have anti-sickling effect on sickle cells by improving the oxygen affinity of hemoglobin. 64-66  To further study whether the antioxidant 5-
303 HMF can preserve RBC deformability after multiple DeOxy-Oxy cycles, we compared the shear modulus (µ) and shear viscosity (η) values 
304 between treated and non-treated AA and SS RBCs (Figs.5E and F).  The effect of 5-HMF treatment on the rate of elevations in shear modulus 
305 and viscosity along with the cyclic DeOxy-Oxy process were statically significant for both normal and sickle RBCs. Evaluations in µ and η 
306 values are both remarkably smaller comparing with those of the non-treated groups (40.9% increase in µ and 17.2% increase in η for AA 
307 RBCs; 40.3% increase in µ and 77.1% increase in η for SS RBCs after 24 cycles of DeOxy-Oxy). These results indicate that improved oxygen 
308 affinity of hemoglobin can ameliorate and preserve deformability and mechanical performance of in both healthy and diseased RBCs. 
309 Therefore, our method can be potentially useful for in-vitro testing of treatment efficacy of many preclinical and early phase pharmacologic 
310 trials, such as GBT021601 67 and gene therapies.68

311
312 In consideration that reticulocytes possibly have distinct mechanical performance under cyclic hypoxia due to their less mature membrane 
313 compared to mature erythrocytes, faster mechanical degradation of sickle RBCs might also be attributed to their higher percentage of 
314 reticulocytes (averaged 7.4% per CBC data for the tested SS-RBCs shown in Figs. 5E and F). In order to examine this possibility, we compared 
315 the change in deformability of RBCs taken from two more sickle cell patients between the reticulocyte-enriched (SS1, ~37% reticulocyte 
316 yield) and erythrocyte-rich (SS2, ~5% reticulocyte yield) cell subpopulations separated by different cell density fractions (Figs.5G and H). 
317 Both μ and η values measured in SS1 (n = 70) and SS2 (n = 69) showed significant increase (62.6% increase in µ and 1.32 times increase in 
318 η for SS1; 60.1% increase in µ and 1.87 times increase in η for SS2 after 24 DeOxy-Oxy (120s-30s) cycles). We found the μ and η values 
319 measured from SS2 showed a faster increase compared to those measured from SS1, which suggests that less dense RBCs including the 
320 enriched reticulocytes might have higher resistance to cyclic-hypoxia-induced mechanical degradation compared to those more 
321 dense/mature erythrocytes in the blood taken from SCD patents. These results suggest that the faster mechanical degradation of sickle 
322 RBCs is not caused by their relatively higher percentage of reticulocytes. Additionally, as our results were measured from a longitudinal 
323 study of individual RBCs, we found the trend of mechanical degradation under cyclic hypoxia is highly consistent in most of the cells (~90%) 
324 regardless of the cell subpopulation from the reticulocyte-enriched group or the erythrocyte-rich group. 

325 Discussion
326 RBC plays an important role in the regulation of microcirculatory blood flow in response to the variations of oxygen level in vivo. The 
327 accumulated evidence has shown that RBC capillary velocity elevates under hypoxic conditions.5, 69 The underlying mechanisms remain 
328 elusive and mainly center on two different explications: (1) The elevated blood flow velocity is owing to the reduction of blood viscosity 
329 caused by the increase of RBC deformability under hypoxia; (2) Hypoxia-induced ATP release from RBCs stimulates the production of nitric 
330 oxide (NO) from vascular endothelial cells. And as a result, the produced NO subsequently activates the vasodilation, i.e., the relaxation of 
331 blood vessel, resulting in the acceleration of blood flow.70 However, controversial results about the RBC deformability in response to 
332 deoxygenation have been reported in the relevant literature. Some prior studies have reported that RBC membrane becomes more rigid 
333 at low oxygen tension,10, 56 while some other studies found no significant alteration of deformability between oxygenated and 
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334 deoxygenated RBCs. 8, 11, 71 On the contrary, several recent studies have shown that RBC deformability increases under hypoxic conditions. 
335 41, 69, 72  The discrepant results from these studies may be mainly attributed to the differences in blood samples, deformability measurement 
336 techniques, and stability of experimental conditions such as temperature and oxygen control. Herein, our results demonstrated that 
337 deformability of RBC decreases under deoxygenation conditions by before-and-after mechanical characterization of individual cells in 
338 response to the switching of oxygen levels within a well-controlled microfluidic device. Therefore, we speculate that vasodilation led by 
339 the ATP release from RBCs might be the dominant cause of elevation in blood flow velocity under hypoxia.
340
341 Many factors coexist resulting in the functional degradation and senescence of RBCs, and the corresponding changes in mechanical or 
342 rheological properties have long been considered as important biomarkers. In particular, this work demonstrated from the perspective of 
343 mechanical fatigue underlying RBC membrane degradation. It should be noted that the selection of severe DeOxy-Oxy condition in the 
344 present study was mainly based on our consideration of developing a microfluidic device for in-vitro quantitative characterization of 
345 expedited mechanical degradation under cyclic hypoxia; We sought to quickly see any significant changes in mechanical properties of RBCs 
346 within 60 min in our in vitro system, while minimizing other influencing factors, e.g., osmolality and metabolism. Our findings show that 
347 cyclic hypoxia challenge alone can gradually cause degradation in cell membrane biomechanics. This process in combination with the 
348 deformation-induced mechanical fatigue18, 19 represent two major fatigue loading conditions that circulating RBCs experience. Previous 
349 studies have provided the insights that mechanical deformation and deoxygenation are two major physiological stimuli of ATP release, 
350 resulting in the mechanical degradation of RBCs.70, 73 However, the relationship or discrepancy between these two stimuli still remain 
351 unclear. There is evidence that these two stimuli are essentially linked, in that deoxygenation could simultaneously promote the membrane 
352 fluctuations (a special type of mechanical deformation) of RBCs and subsequently activate mechanosensitive cation channels.74 In contrast, 
353 some other evidences have suggested that the effect on ATP release of deoxygenation may differ with that of mechanical deformation.41, 

354 75 The alternative explanation for the hypoxia-induced ATP release is that deoxygenation on RBC may disrupt the protein complexes within 
355 spectrin-actin cytoskeleton of its membranes.76 In the present study, we sought to further identify the underlying mechanisms of the 
356 hypoxia-induced impairment of RBC deformability from the perspective of molecular basis. The impairment of RBC deformability in 
357 response to low oxygen tension can be presumably attributed to the mechanisms of hypoxia-induced intracellular ATP release as well as 
358 the associated cation transport, e.g. influx of Ca2+. 5, 14, 75  Our results confirm such speculation by the observation of evaluated intracellular 
359 Ca2+ content in RBCs after cyclic hypoxia. However, inhibition of the mechanosensitive cation channels did not show any effect on the 
360 repeated deoxygenation-induced mechanical degradation of RBCs, suggesting that the hypoxia-induced and deformation-induced fatigue 
361 failure of RBC might underly different mechanisms. Alternatively, we found kinase-regulated phosphorylation and downstream damage in 
362 the spectrin-actin cytoskeleton might entail mechanical degradation in RBC membranes under the challenge of cyclic hypoxia. In addition, 
363 the cyclic hypoxic effect on sickle RBCs is more complicated compared to normal RBCs, because sickle RBCs simultaneously undergo drastic 
364 mechanical deformation (localized membrane crenation) during the sickling/unsickling process.74 This might be an important reason for 
365 why sickle cells have more tendency of mechanical degradation under cyclic hypoxia and shortened lifespan compared to healthy RBCs.
366
367 RBC was selected for the single-cell investigation tested on the system developed here mainly for three reasons: (1) Due to the absence of 
368 a nucleus and of a complex 3D cytoskeleton in the disk-shaped RBC facilitates relatively easier analyses of its deformation; (2) RBC is most 
369 common type of biological cells that is responsible for oxygen transport in human body; (3) As RBCs are subjected to intermittent shear 
370 stress as well as oxidative stress during the blood circulation, deformability under the influence of oxygen tension variations is an essential 
371 feature of RBCs. Due to the limitations in throughput and long-duration of experiments, we need to be very careful about the interpretation 
372 of our results especially on the molecular pathways associated with cyclic hypoxia on RBCs. Therefore, we mainly focused on the mechanical 
373 degradation of RBCs, and only explored a couple of known pathways that might play a role during cyclic hypoxia. We especially examined 
374 the differences between non-cyclic hypoxia vs cyclic hypoxia and documented any cumulative effect vs hypoxia cycles, i.e. aspects that 
375 have not been studied quantitatively in the literature. RBC deformability is an important biomarker of its functionality. Mechanical 
376 properties measured here, i.e., shear modulus (µ) and shear viscosity (η), are associated with cell deformability and can determine whether 
377 RBCs can pass through the smallest openings in circulation (i.e., the smallest capillaries and spleen). Therefore, these measurements could 
378 provide important computational parameters for the modeling/prediction of RBC passage through inter-endothelial slits.77, 78

379
380 We anticipate this system may also potentially provide us a mechanical characterization tool for other types of cells involved in oxygen-
381 dependent biological processes. For instance, cancer cells are more metastatic in a hypoxic tumor microenvironment,79 and cancer cell 
382 stiffness was shown to be an effective biomarker of their metastatic potential. 80, 81 In fact, a certain number of similar electrodeformation 
383 platforms have been engineered to perform mechanical testing of other types of cells, such as MCF-7 cells, MDA-MB-231 cells and NB4 
384 cells.82, 83 However, to our knowledge, none of these existing studies have involved the hypoxic effect due to the limitation of their assays. 
385 In this light, we envision the developed microfluidic assay in the present study holds the promise for investigation of hypoxic effects on 
386 metastatic potential and relevant drug resistance of cancer cells. The presented device in the current form is merely suitable for the 
387 measurement of floating cells, however, it still can be employed to measure the mechanical properties of adherent cells while they are 
388 shortly detached from the substrate. Besides, this method could be further accommodated for the purpose of testing adherent cells by 
389 means of appropriate modification in the device configurations.84 
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390 Conclusions
391 The developed microfluidic assay for probing the mechanical performance of RBCs is multifaceted. It provides a well-controlled cyclic 
392 loading of separate and simultaneous shear and oxidative stressing to cells in suspension, allowing characterization of individual RBC 
393 deformability and membrane viscoelasticity as cellular biophysical markers of therapeutic treatments. This work demonstrated 
394 that the cyclic oxidative stressing (DeOxy-Oxy challenge) is a separate mechanism, acting simultaneously with the cyclic shear 
395 loading in RBCs, leading to the fatigue failure in cell membranes during blood circulation. We further demonstrated that 
396 impairment effect on RBC deformability under hypoxic condition is cumulative, and depending on the loading occasions, oxygen 
397 tension levels, and cell pathological states such as in sickle cell disease. The mechanism underlying deoxygenation-induced 
398 impairment of RBC deformability was investigated by inhibiting part of signalling pathways of RBCs. It was further manifested by 
399 modification of both normal and sickle RBCs using 5-HMF, which improves oxygen affinity of hemoglobin and the mechanical 
400 performance of cells. We envision this method can be a useful tool to predict the mechanical performance of natural and artificial 
401 RBCs for transfusion purposes as well as to assess the efficacy of relevant reagents in extending cellular lifespan in circulation. 
402 Measurements of biomarkers, such as oxidative damage and ATP release can provide additional information to establish 
403 quantitative relationships between the fatigue loading and the biological processes, allowing us to better understand the RBC 
404 failure and senescence. The microfluidic assay can also be extended to study other types of biological cells for their mechanical 
405 performance and response to gaseous environment.
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Fig. 1.  Microfluidics-based biomechanical assay with controlled oxygen tension environment. (A) A schematic of the experimental setup. (B) Timeline of the 
mechanical measurements of RBCs along the DeOxy-Oxy cycling. (C) The microfluidic chip for electro-deformation of single cells in suspension. (D) Exploded 
view drawing of the microfluidic chip. (E) Microscopic images of RBCs in free suspension when DEP field was OFF (left) and being trapped and elongated when 
DEP field was ON (right). 

Fig. 2.  Deformability of normal RBCs (AA) measured under different static (i.e. non-cyclic) oxygen conditions. (A and B) Instantaneous values of λ averaged 
from individually tracked cells in the 5 continuous cycles of mechanical testing. Insets show representative images of deformed cells. (C) Experimental data of 
viscoelastic deformation for a representative RBC, fitted to the Kelvin-Voight model. Insets are time sequences of microscopic images of a representative RBC. 
(D and E) Comparisons of the corresponding values of μ,and η of normal RBCs under 17.5% O2 and 0% O2. Each symbol represents a single cell measurement. 
Each color of the data points represents a different measurement cycle in the 5 cycles (C1-C5). (F and H) Changes in the values of μ and η of normal RBCs 
under 17.5% O2 lasting for 1 hour. (G and I) Changes in the values of μ and η of normal RBCs under 0% O2 lasting for 60 min. * p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001, n.s., not significant.
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Fig. 3. The influence of oxygen conditions on the RBC deformability for the same individual RBCs. (A and B) Longitudinal tracking of the changes in shear 
modulus μ and shear viscosity η after a single DeOxy switch between different oxygen levels 17.5% O2 vs 0% O2 and 17.5% O2 vs 5% O2, respectively. (C and 
D) Comparison of the progression of μ and η values between two different cyclic deoxygenation conditions: 17.5% O2 - 5% O2 and 17.5% O2 - 0% O2. * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s., not significant.

Fig. 4. (A) Influence of intracellular Ca2+ content on the deformability change of RBCs under cyclic loadings of deoxygenation-oxygenation (DeOxy-Oxy ). 
Representative fluorescence images of Fluo-4 loaded RBCs under oxygenation and deoxygenation at different time points during the cyclic DeOxy-Oxy loadings. 
(B) Comparisons of relative intracellular Ca2+ concentration between oxygenated and deoxygenated RBCs at different time points. (C and D) Comparison of 
changes in the values of μ and η of normal RBCs between of GsMTx-4 incubated samples and DMSO control samples. (E and F) Comparison of changes in 
the values of μ and η of normal RBCs between of Bafetinib and CHIR-98014 incubated samples and DMSO control samples. * p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001, n.s., not significant.
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Fig. 5.  Deformability of sickle RBCs (SS) measured under different oxygen conditions. (A and B) Instantaneous values of λ averaged from individually tracked SS 
cells in the 5 continuous cycles of mechanical testing. Insets show representative images of deformed SS RBCs. (C and D) Comparisons of the corresponding 
values of μ, and η of normal RBCs under 17.5% O2 and 0% O2. Each symbol represents a single cell measurement. Each color of the data points represents a 
different measurement cycle in the 5 cycles (C1-C5). (E and F) Comparison of changes in the values of μ and η of AA RBCs and SS RBCs under cyclic DeOxy-Oxy 
(120s-30s). Data is measured at N = 0 cycle, 12 cycles and 24 cycles. Further comparisons were carried out between samples with treatment and without treatment 
of 5-HMF. (G) SS RBCs separation by different cell density fractions of 1.077, 1.092, 1.095 and 1.100 g/mL. (H) Blood smears stained with methylene blue of the 
reticulocyte-rich (SS1) and erythrocyte-rich (SS2) cell subpopulations. (I and J) Comparison of changes in the values of μ and η of sickle RBCs from SS1 and SS2 
under cyclic DeOxy-Oxy. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.001, n.s, not significant. Normal RBCs – AA; Sickle RBCs – SS.
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