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Abstract

Sickle cell blood demonstrates oxygen-dependent flow behavior as a result of HbS polymerization 

during hypoxia, and these rheological changes provide a biophysical metric that can be used to quantify 

the pathological behavior of the blood. Relating these rheological changes directly to hemoglobin 

oxygen saturation would improve our understanding of SCD pathogenesis and the potential effects of 

therapeutic drugs. Towards this end, we have developed a microfluidic platform capable of 

spectrophotometric quantification of Hb-O2 saturation and simultaneous evaluation of the accompanying 

rheological changes in SCD blood flow. We demonstrated the ability to measure changes in Hb-O2 

affinity and a restoration of oxygen-independent blood flow behavior after incubation with Voxelotor, 

an oxygen affinity modifying drug approved for use in SCD. We also identified regimes in Hb-O2 

saturation where the effects of HbS polymerization begin to take effect in contributing to pathological 

flow behavior, independent of Voxelotor treatment. In contrast, incubation with Voxelotor recovered 

oxygen-dependent blood flow over a range of PO2, providing a framework for understanding Voxelotor’s 

therapeutic effect in lowering the PO2 at which the requisite Hb-O2 saturation is reached to observe 

pathological blood flow. These results help explain the mechanistic effects of Voxelotor and show the 

potential of this platform to identify affinity-modifying compounds and evaluate their therapeutic effect 

on blood flow.
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Introduction

Sickle cell disease is an inherited blood disorder caused by a missense mutation at the 6th position of the 

-globin subunit of hemoglobin, resulting in the substitution of a hydrophilic glutamic acid for a 𝛽

hydrophobic valine1-3. Sickle hemoglobin polymerizes during deoxygenation, causing the cells to 

become rigid and lose their typical deformability4-10. The poorly deformable RBCs and elevation in 

blood viscosity can lead to vaso-occlusion in the microcirculation. Despite advances in treatment, 

average lifespans are still several decades shorter than the general population with devastating 

complications such as vaso-occlusive crisis (VOC), acute chest syndrome, stroke, and chronic organ 

failure11-16. Oxygen affinity shifting small molecules such as BW12C17, Tucaresol18, Aes-103 (5HMF)19, 

and Voxelotor (GBT440)20 have been investigated for their ability to indirectly inhibit HbS 

polymerization. Voxelotor is the only one to receive FDA approval after completion of the Phase III 

HOPE clinical trial (ClinicalTrials.gov Identifier: NCT03036813)21. However, there are concerns that 

shifting Hb-O2 affinity may have unintended negative side-effects in this patient population where 

anemia is already severe22. The ideal drug candidate would directly act to inhibit HbS polymerization 

with little to no effect on oxygen transport, for which promising candidates now exist23. Finding the 

degree to which affinity shifting drugs restore healthy blood flow behavior without impeding oxygen 

delivery remains an important goal in understanding their efficacy and safety.

In vitro model systems have proven to be useful tools in understanding the loss of sickle RBC 

deformability during deoxygenation and assessing the effects of drug therapies in SCD. Typically, 

measurement of RBC deformability and Hb-O2 saturation requires separate measurements on multiple 

instruments. Such was the case for previous work using ektacytometry and spectroscopic methods to 

quantify the oxygen saturation corresponding to a loss of RBC deformability9. More recently, Voxelotor 

was found to enhance sickle RBC filterability and decrease the shear elastic modulus during 

micropipette aspiration of deoxygenated sickle RBCs24. Separately, the potent affinity-modifying 

behavior of Voxelotor was quantified by collecting the oxygen equilibrium curves for treated samples 

using a Hemox analyzer 25. Combining Hb-O2 measurement with biophysical analysis of SCD blood 

flow could reduce the number of assays and equipment required to evaluate affinity shifting molecules 

in sickle cell disease. Further, capturing changes in blood flow behavior under conditions mimicking the 

microcirculation reveals aspects of SCD blood rheology that may have more relevance in vivo than 

single cell assays. Microfluidic platforms modeled after the microcirculatory flow of the post-capillary 
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venules have previously been used to evaluate the oxygen-dependent nature of SCD blood rheology26-28. 

Combining spectrophotometric and blood rheology analyses on a single chip provides a method which 

can quantify Hb-O2 saturation and the subsequent change in blood flow behavior. This method is 

particularly useful for identifying and evaluating oxygen affinity modifying compounds used to treat 

SCD from both a mechanistic and therapeutic perspective.

In this work, we describe a microfluidic platform for combined spectrophotometric determination of Hb-

O2 saturation and rheological assessment of SCD blood flow. This technology integrates multiple 

measurements onto a single microfluidic device, making direct measurements of SCD blood rheology in 

response to oxygen saturation possible. An important advancement is the implementation of two-

wavelength spectrophotometric measurement of flowing blood under more physiologic microcirculatory 

flow conditions, rather than single RBCs or lysates. The optical absorption at each wavelength can be 

used to determine hemoglobin oxygen affinity empirically while simultaneously tracking blood flow 

using a particle image velocimetry algorithm on images acquired from high-speed cameras. To 

demonstrate the utility of this system, we used it to evaluate SCD blood samples that were incubated 

with Voxelotor to quantify shifts in oxygen affinity and improvement in blood rheology. Voxelotor’s 

inhibitory action on HbS polymerization was marked by a reduced degree of hyperviscous blood flow 

during deoxygenation. Voxelotor serves as a model affinity-shifting drug in this study, and our results 

may serve as a useful benchmark in weighing the benefits of preventing HbS polymerization against the 

potentially harmful effects of increasing Hb-O2 affinity among other therapeutic candidates.  The ability 

to quantify Hb-O2 saturation and relate it directly to SCD blood rheological behavior provides a 

powerful tool in understanding potential drug treatments from a mechanistic perspective and their 

potential for therapeutic impact.
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Methods

Sample Collection

This study was conducted under protocol STUDY0003, which was approved by the Institutional Review 

Boards at Children’s Hospital and Clinics of Minnesota, the University of Minnesota Medical Center, and 

the University of Minnesota. Informed consent was obtained from all subjects prior to participation in this 

study and prior to any blood or data collection. Samples from volunteers were collected into citrate or 

EDTA tubes and stored for no more than 48 hours at 4C before analysis to minimize 2,3 

diphosphoglycerate (2,3 DPG) degradation29,30. Blood samples from 11 individuals were used in this 

study, including four of genotype HbAA, five of genotype HbSS, one of genotype HbSC, and one of 

genotype HbS/B+ thalassemia. Complete blood counts and hemoglobin variant analysis is shown in Table 

S1. Data for some values was not measured.

Whole blood samples were centrifuged twice at 400g for 5 minutes and washed with HS-500 Hemox 

buffer solution (TCS Scientific Corp., New Hope, PA) to remove the native plasma. Packed red blood 

cells were taken from the pellet following a final centrifugation at 400g for 10 minutes and resuspended 

in Hemox buffer to reach a final hematocrit of ~25%. Dimethyl sulfoxide (DMSO) at a concentration of 

0.5% v/v percent or 500umol/L Voxelotor (Global Blood Therapeutics, South San Francisco, CA) 

dissolved in DMSO were added to the vehicle control and treated samples respectively. All sample 

volumes were stirred at 100rpm while incubating at 37C for one hour prior to being perfused through the 

microfluidic device.

Microfluidic Platform

Modifications were made to a previously reported microfluidic device to allow for spectrophotometric 

analysis27,31. Unique to this device is a gap in the hydration layer that serves as a viewing window for the 

blood channel (Figure 1B, inset). This viewing window maintains a constant incident light intensity on 

the device by preventing air bubbles in the hydration layer from obscuring the imaging region of 

interest. The device consists of three polydimethylsiloxane (PDMS) layers separated by 100m PDMS 

membranes fabricated using standard photolithography and replication techniques27 (Figure 1A). The 

bottom blood layer is bonded directly to the glass slide and has a single bifurcation that diverts flow to 

two 15m x 15m square channels—a bypass channel and an observation channel. Overlaid on top of 

the blood layer is a hydration layer with 100m tall channels to prevent dehydration of the sample. 
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Syringe pumps (NE-500, New Era Pump Systems) perfuse Dulbecco’s phosphate buffered saline 

(DPBS) through two independent hydration channels overlaying the bypass and observation channels of 

the blood layer at a rate of 500ul/h. The top gas layer is 4-5mm thick with 150m features covering the 

bypass and observation regions for independent oxygen control of each channel. The PO2 supplied to the 

observation channel is cycled between atmospheric and hypoxic oxygen levels in 10mmHg increments 

using a previously described gas mixing system28 (Figure 2C, i). On-chip oxygen levels are confirmed 

using a fiber optic oxygen sensor ((NeoFox-GT, Ocean Optics, Dunedin, FL) connected to the gas outlet 

of the observation channel. A compressed air cylinder (21% O2, 74% N2, 5% CO2) supplies the bypass 

channel with a constant supply of air for the duration of the experiment.

Image Acquisition

Devices were mounted on a Zeiss Axio Vert.A1 microscope (Carl Zeiss, Oberkochen, Germany) in a 37C 

temperature-controlled environment. Each device was primed with 2% bovine serum albumin (BSA) in 

DPBS to passive the PDMS channel walls and prevent red cell adhesion. The prepared samples were then 

added to the device under the control of a pressure regulator to achieve a steady-state initial velocity of 

300m/s and a transit time of ~33 seconds through the channel. The driving pressure was held constant 

for the duration of the experiment to isolate oxygen-dependent flow behavior (PCD-15PSIG, Alicat 

Scientific).

Images of the observation channel are captured within the viewing window using a 40x objective and the 

condenser diaphragm open 50% to enhance contrast. Figure 1C shows the microscope setup and the light 

path from the white LED light source. The light transmitted through the channel is diverted to two high-

speed cameras by a 50/50 beam splitter after passing through the specimen (GS3-U3-23S6M-C, FLIR, 

Wilsonville, OR). The cameras are triggered sequentially to capture 4-frame bursts of images at each 

wavelength of interest. The frame-to-frame feature displacements are tracked in real time using the 

Kanade-Lucas-Tomasi (KLT) tracking algorithm in Matlab (Mathworks, Natick, MA). The blood velocity 

through the channel is determined based on the calculated displacement and time stamp of each frame. 

For Hb-O2 determination, a method developed by di Caprio et al., for single cell analysis of oxygen 

saturation was used for resuspended whole blood samples32. Figure 2A provides a schematic illustration 

of the theoretical framework behind the oxygen saturation measurements. Each high-speed camera is fitted 
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with a 10nm bandpass optical filter with center wavelengths of 555nm and 575nm (Omega Optical, 

Battleboro, VT) corresponding to local peaks in the molar extinction coefficients of Hb and Hb-O2 

respectively (Figure 2B) 33. During periods of hypoxia, the transmitted light intensity is minimized at 

555nm and maximized at 575nm due to the relatively high molar extinction coefficient of Hb-O2 at 575nm 

compared to 555nm (Figure 2C, ii). The absorbance is calculated from the output intensities at each 

wavelength and used to determine the Hb-O2 saturation (Figure 2C, iii). The advantage of using 

resuspended whole blood over using lysates as in traditional spectrophotometry is that rheological changes 

in blood flow can observed concurrently with Hb-O2 dissociation. In SCD, HbS polymerization during 

periods of hypoxia causes RBCs to become rigid and the blood becomes hyper-viscous, obstructing blood 

flow as a result. This increase in apparent viscosity increases the resistance to flow in the channel and 

decreases the flow rate, which can be detected as a change in blood velocity with the velocimetry method 

described earlier. An oxygen cycling protocol was used to observe these fluctuations in blood flow 

behavior that are dependent on Hb-O2 saturation (Figure 2C, iv). With this platform, changes in Hb-O2 

saturation and rheological behavior as a result of hypoxia can be quantified.

 

Statistical Analysis

Sample responses for each patient sample were evaluated pairwise between treated and untreated groups 

using a one- or two-tailed Wilcoxon signed-rank test where indicated. Where multiple comparisons were 

made, a non-parametric Friedman test with Dunn’s correction was used to determine statistical 

significance. Correlations are reported as the Spearman correlation coefficient. All statistical tests were 

performed with a significance level of ⍺=0.05.
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Results

Quantifying Oxygen Affinity Under Bulk Blood Flow

The relative abundance of Hb and Hb-O2 can be determined using a spectrophotometric method 

due to their unique optical absorption profiles in the green-yellow region of the visible light 

spectrum. The physical changes in optical absorption under varying PO2 is manifested as 

differences in the transmitted light intensity at 555nm and 575nm. We used the equations 

developed by Di Caprio et al., for the optical determination of Hb-O2 saturation32. The transmitted 

light intensity (I) at each wavelength is recorded as the average channel intensity of the flowing 

red blood cells during the oxygen cycling protocol described above (Figure 2C, ii). Figure 3A (top) 

shows the RBCs under flow with the dashed lines indicating the region of interest where the pixel 

values are averaged to determine the transmitted light intensity. The recorded intensity values were 

then converted into instantaneous absorbances (A) for the duration of the experiment using 

Equation 1, which accounts for the maximum and minimum observable pixel intensity.

         (1)𝐴 = ― ln( 𝐼 ― 𝐼𝑟𝑒𝑓,𝑑𝑎𝑟𝑘

𝐼0 ― 𝐼𝑟𝑒𝑓,𝑑𝑎𝑟𝑘)

The incident light intensity (I0) is determined prior to each experiment as the average recorded 

intensity in the channel after BSA has been introduced, prior to the addition of the blood sample 

(Figure 3A, middle). The contribution of ambient light is subtracting from the incident and 

transmitted light intensity by determining the dark reference intensity (Iref,dark) when the 

microscope light source is turned completely off (Figure 3A, bottom). Given the normalized 

absorption (A), the area of the region of interest (pa), and the molecular weight of Hb (MWHb), the 

extinction at each wavelength can be determined using Equation 2.

     (2)𝐸555/575 = 𝐴555/575 ∙ 𝑝𝑎 ∙ 𝑀𝑊𝐻𝑏

The empirically derived extinction output relies on contributions from the absorption of both Hb 

and Hb-O2. Equations 3 and 4 factor in these contributions as a sum of the extinctions of both Hb 

and Hb-O2 at each wavelength. The tabulated molar extinction coefficients account for the 

presence of Hb and Hb-O2 and in determining the abundance (mass) of Hb and Hb-O2
33. Solving 
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these equations simultaneously yields mass values for oxygenated Hb (Mo) and deoxygenated Hb 

(Md).

 (3)𝐸555 = 𝑒𝑜
555𝑀𝑜 + 𝑒𝑑

555𝑀𝑑

(4)𝐸575 = 𝑒𝑜
575𝑀𝑜 + 𝑒𝑑

575𝑀𝑑

Figure 3B shows the resulting Hb-O2 saturation values, defined as , for each 𝑆 = 𝑀𝑜 (𝑀𝑜 + 𝑀𝑑)

PO2 in the experimental protocol (See Figure 2C, i). The derived saturation values do not fall 

between 0% at 0mmHg O2 and 100% at 160mmHg O2, but within a range of oxygen-dependent 

intermediate values. This was not entirely unexpected as this result was seen in similar work32. 

Thus, we established a normalization scheme to correct the upper and lower bounds to reflect 

100% saturation at 160mmHg O2 and 0% saturation at 0mmHg O2 PO2 on the device (See Figure 

S1). The dashed red lines in Figure 3B show the median saturation for all 160mmHg O2 cycles 

and the saturation at 0mmHg O2. The magnitude of this difference was assumed to be the 

maximum change in signal corresponding to complete desaturation for each sample. Therefore, 

the magnitude of the signal change in the untreated condition for each sample was used for 

normalizing both the untreated and treated sample data. This was done to account for the fact that 

Voxelotor may prevent complete Hb-O2 desaturation and would therefore not have a suitable lower 

limit for normalization.

The oxygen affinity (p50) of each untreated sample was determined by fitting a Hill equation of 

the form found in Equation 5. A second order polynomial provided a better fit of the data from the 

treated case since those samples did not necessarily reach complete desaturation. The Hill equation 

was the best fit for the untreated condition, though a second order polynomial fitting did not 

significantly change the result (Table S2). Figure 3C shows the reconstructed oxygen equilibrium 

curves (OEC) with and without Voxelotor for a single sample based on the PO2 recorded by the 

fiber optic oxygen sensor at the gas channel outlet of the device.
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  (5)𝑆 =  
(𝑃

𝑃50
)

𝑛

1 + (𝑃
𝑃50

)
𝑛

Figure 3D shows the oxygen equilibrium curves based on the fitted data for all samples with and 

without Voxelotor. After incubation with Voxelotor, samples had a left-shifted OEC, indicating 

an increased oxygen affinity, as expected. Figure 3E shows the statistically significant pairwise 

analysis of the p50 values for each patient sample before and after treatment (One-tailed, 

Wilcoxon Signed rank test,  = 0.05). The mean p50 was decreased by 10.42mmHg, which 𝛼

agrees with previously reported values based on the same concentration of Voxelotor.

Increased Viscosity of SCD Blood During Hypoxia is Dependent on Hb-O2 Saturation

During hypoxia, hydrophobic residues on the HbS tetramer interact to form rigid polymer fiber, 

increasing the viscosity of the blood and altering SCD blood flow behavior6,34. In a microfluidic 

device, this increase in viscosity can be observed as a change in the tracked velocity of the blood 

through the channel26. Figure 4A shows a representative image of the blood as it flows through 

the channel (4A, top) and the tracked feature displacements between video frames used to 

monitor the velocity of the blood (4A, bottom). During the transition from atmospheric O2 levels 

to hypoxia, the velocity of blood flow is substantially reduced. We calculated the area under the 

mean velocity response curve (Figure 4B) as a metric for quantifying the sensitivity of the blood 

sample rheological behavior to hypoxia. We compared the untreated vehicle control condition 

versus the Voxelotor treated condition and found that there was a significant decrease in AUC 

(p-value = 0.0078), representing a shift toward oxygen-independent flow behavior (Figure 4C). 

As an overall metric of pathological rheological behavior, the reduction in AUC indicates that 

Voxelotor has a beneficial effect in restoring healthy blood flow. 

Rheological changes corresponding to specific levels of Hb-O2 saturation can also be directly 

observed. In Figures 4D-G, we quantify the blood flow response using two different metrics: PO2 

and Hb-O2 saturation. Figure D shows the mean velocity drop during hypoxia of SCD blood 

samples before and after treatment with 500uM Voxelotor. We observed a consistent recovery of 
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oxygen-independent flow behavior at each PO2 of ~15% between the two groups. We defined a 

criterion to quantify a velocity response threshold as the interpolated PO2 where the mean 

velocity changed less than 3% of the velocity of the fully oxygenated condition. There was a 

small, but statistically significant reduction of 4.93% in the PO2 where the threshold criterion was 

met among the treated samples. Due to the dependence of polymerization on Hb-O2 saturation 

and not necessarily PO2, we performed the same analysis using the measured saturation values in 

Figures 4F-G. Above 40% saturation, there was little difference in the velocity response of the 

untreated and treated samples. Below 40% saturation, the difference in the velocity response was 

~10-15% between the treated and untreated samples. The large difference at lower Hb-O2 could 

be a result of the smaller sample size of the treated group (n=6) and the untreated group (n=16). 

Voxelotor prevented some of the samples from reaching the lowest threshold levels of saturation 

and those were not represented in the analysis. At physiologically relevant Hb-O2 saturation, the 

velocity response was dependent on saturation regardless of the treatment condition. Using the 

same threshold criterion as before, we observed that the onset of oxygen-dependent flow before 

did not occur until the Hb-O2 saturation reached ~75% ( Untreated = 76.6%, Treated = 75.5%).𝜎 𝜎

Transient Effects of Voxelotor on Pathological Blood Flow

We quantified the rates of Hb-O2 desaturation and blood flow deceleration to uncover 

Voxelotor’s role in slowing Hb-O2 dissociation and the resulting biophysical effects of blood 

flow. Figure 5A shows the normalized Hb-O2 saturation (blue) and blood velocity (orange) in 

response to a sudden decrease in oxygen tension (black). The velocity and saturation responses 

were segmented into regions based on the largest mean signal changes after introducing hypoxic 

conditions to the device. The data from each segment was fitted to a first order polynomial to 

determine the maximum slope of the signal, taken as the rates of desaturation and deceleration 

(Figure 2B). Figure 5C shows the desaturation rates for the untreated and treated conditions. The 

rate of desaturation decreased significantly with increasing PO2 on the device (Kruskal-Wallis 

test, p-value = <0.0001). Additionally, the desaturation rate was lower when the samples had 

been incubated with Voxelotor, indicating an inhibitory effect on Hb-O2 dissociation. Similarly, 

the rate of deceleration also decreased significantly with increasing PO2 on the device (Figure 5F) 

(Kruskal-Wallis test, p-value = <0.0001), and the rate of deceleration was slower among the 

samples treated with Voxelotor compared to the untreated control condition. We analyzed the 
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untreated samples and found that Hb-O2 dissociation and blood flow deceleration were both 

correlated with oxygen affinity at low oxygen tensions where the responses to hypoxia for both 

parameters were large (Figures 5D and 5F).

Discussion

The finding in this study that Voxelotor restores oxygen-independent blood rheology agrees with 

previous work by Dufu et al., which demonstrated improved filterability, lower membrane shear 

elastic modulus, and lower whole blood viscosity in samples treated with Voxelotor. The 

platform presented here allows for the observation of these effects on a single device under more 

physiologically relevant conditions while simultaneously capturing the degree of Hb-O2 

saturation under which these changes take place. For a given PO2, Voxelotor decreased the steady 

state velocity response among the samples up to 15-35% and slowed the rate of onset for these 

changes to occur. This slower, weaker response could allow cells to pass through the 

microcirculation before significant HbS polymerization occurs, decreasing the likelihood of 

vaso-occlusion in tissues of a given PO2 and preventing cell damage from cyclic HbS 

polymerization. Further, the average onset of impairment after ~25% desaturation may help 

explain why hypoxic organs like the kidney are prone to chronic organ damage even while most 

RBCs are able to pass through the microcirculation44-47.

Even under complete hypoxia, Voxelotor had a beneficial effect in reducing the degree of 

hyperviscosity, an observation also observed using cone/plate viscometry using whole blood 

samples. This effect in the device presented here can be explained by incomplete Hb-O2 

dissociation of the treated samples during their transit through the microfluidic channel. Given an 

estimated 35% drug binding to Hb, it is possible that there remains a population of bound R-state 

Hb even after the system reaches steady state hypoxia. To account for the apparent incomplete 

Hb-O2 dissociation, we assumed that the untreated blood reached 100% Hb-O2 saturation at 

160mmHg PO2 and 0% saturation at PO2. Previous work using this device shows this to be a 

reasonable assumption based on O2 diffusion modeling and experimental confirmation using an 

oxygen sensitive dye27. Treated samples were normalized against the raw maximum and 

minimum saturation values from the untreated control condition as shown in Figure S1. This 

correction yielded a shift in p50 that was consistent with previous findings and highlights the 

large effect of Voxelotor on Hb-O2 oxygen affinity. Using this calibration, the degree of 
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rheological impairment was driven by Hb-O2 saturation and appeared independent of oxygen 

affinity. In the range of physiological oxygen saturation above 40%, the rheology responses were 

nearly identical for treated and untreated samples. At 40% saturation and below however, we 

observed that the treated sample responses were smaller than for untreated samples. This may be 

explained in part by the small number of samples in the treated group that reached extremely low 

levels of Hb-O2 saturation, which were also biased toward samples with weaker responses. 

The benefits to blood rheology must be weighed against the potential risks associated with 

impaired oxygen delivery to the tissues as noted by Hebbel and Hedlund22. They prescribe a 

cautious approach to implementing affinity-modifying drugs in patients with sickle cell disease. 

The microfluidic device described here can serve as a preliminary risk-benefit analysis of 

affinity-modifying compounds. Our results provide a baseline for assessing the risks and efficacy 

of other affinity-modifying drugs against Voxelotor, which is the only drug of its kind to have 

received FDA approval. Compounds that restore healthy rheological behavior with little effect 

on oxygen affinity would be preferable to those that show similar rheological benefits, but with 

very high Hb-O2 affinity modification. Ideally, a drug could be found that directly inhibits HbS 

polymerization without the potential risks associated with reduced oxygen delivery. Recently, 

VZHE-039 has been shown to have a substantial inhibitory effect on sickling with evidence 

suggesting that oxygen-independent mechanisms are directly inhibiting HbS polymerization23. 

The approach presented in this work may be useful in evaluating the potential risks and benefits 

of affinity-modifying compounds, providing a pre-clinical screening tool for this class of drugs. 

Notably, the response to voxelotor in our steady state rheology measurement is relatively small 

compared to single cell measurements,24,25,35,36 which is likely due to the complex contribution of 

single cell properties to overall viscosity. Nonetheless, the change in signal is robust and easily 

measurable with our platform’s sensitivity. Additionally, a combinatorial approach such as this 

reduces the need for multiple measurements, further accelerating in vitro drug evaluation. In this 

work, rheological and spectroscopic measurement of SCD blood were successfully combined on 

a single microfluidic device, providing a method to accelerate evaluation of prospective drug 

candidates for this devastating disease.
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