
FU
LL P

A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (1 of 9) 1600100wileyonlinelibrary.com

10–20 d (compared to 120 d in patients 
without the disease), resulting in a low 
RBC count and low level of hemoglobin 
(anemia). [ 4 ]  Deoxygenation results in HbS 
polymerization and RBC shape change to 
the rheologically unfavorable sickle form 
that can inhibit blood fl ow and cause 
organ damage, stroke, infection, and pain. 
Often, if SCD is left undiagnosed, children 
can experience silent strokes, which have 
no symptoms but still cause signifi cant 
long-term damage. [ 5 ]  

 SCD is caused by a mutated form of 
hemoglobin, Hb S. RBCs in people with 
SCD have been observed to become dehy-
drated and increase in density, including 
reticulocytes, discocytes, dense discocytes, 
and irreversibly sickled cells. [ 6 ]  This mech-

anism is believed to arise from a combination of Hb S poly-
merization accompanied by a change in the activity of cation 
transport systems. [ 7 ]  Under deoxygenated conditions, the Hb S 
molecules polymerize to form long, rigid fi bers which aggre-
gate and cause RBCs to take on a characteristic sickle shape. [ 8 ]  
Hb S polymerization leads to an increased permeability of the 
cell membrane to cations such as Na + , K + , Ca 2+ , and Mg 2+ . [ 9 ]  
This triggers the Ca 2+ -activated K +  channel (also known as the 
Gardos channel), resulting in KCl export, acidifi cation, and 
dehydration. [ 7,9 ]  In RBC subpopulations of reticulocytes and 
young RBCs which express high numbers of the K–Cl cotrans-
porter (KCC), the pathway becomes overactive in response to 
acidifi cation. [ 10 ]  The KCC pumps KCl out of the cell, resulting in 
further dehydration and a decrease in cell volume. [ 7,11 ]  Further 
acidifi cation results in a positive feedback loop of KCC-induced 
acidifi cation and additional dehydration. [ 10 ]  In the proposed 
diagnostic test ( Figure    1  ), sodium metabisulfi te (SMBS) is used 
as an oxygen scavenger to induce this deoxygenated T-state 
of hemoglobin, [ 8,12 ]  initiating these pathways and resulting in 
RBCs dehydration and an increase in RBC density which is 
detected using the platform presented here ( Figure    2  a).   

 SCD diagnostics are currently performed using a variety of 
approaches ( Table    1  ). SCD can be detected based on a solubility 
test which detects aggregation of abnormal hemoglobin. [ 13 ]  
A hemolysis assay is based on the lysis of SCD RBCs under 
deoxygenated isosmotic nonelectrolyte conditions. [ 14 ]  Paper 
chromatography can be used to distinguish SCD patients from 
those carrying the trait and from patients without the disease 
based on a characteristic staining pattern on paper. [ 15 ]  Another 
approach is based on cell density: a portion of the RBCs from 
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  1.     Introduction 

 Despite notable technological advances in disease diagnostics, 
healthcare facilities in developing countries lack the infrastruc-
ture, equipment, funding, and special training to provide accu-
rate and sensitive results to patients. [ 1 ]  Current technologies are 
also limited by long turnaround times, causing delays in deci-
sion making. Point-of-care (POC) technology has revolutionized 
the medical fi eld by enabling rapid, on-site disease diagnostics 
in low-resource settings. [ 2 ]  There is a particular need for simple, 
low-cost diagnostic devices for sickle cell disease (SCD) which 
may be used in low-resource settings such as sub-Saharan 
Africa where the disease is most common (25% prevalence). [ 3 ]  
In people with SCD, red blood cells (RBCs) survive only 
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patients with SCD have been shown to 
have higher densities than RBCs in healthy 
patients due to the RBC dehydration by the 
pathway shown in Figure  2 a. [ 12,16 ]  A method 
has been presented previously to separate 
cells based on density via centrifugation in a 
multiphase system to distinguish the more 
dense cells characteristic of SCD. [ 17 ]   

 Here, we develop a simple yet powerful 
platform to perform density-based cell analysis 
using magnetic focusing to separate RBCs 
based on density and rapidly return a diag-
nosis (Figure  1 a). The device requires only a 
drop of blood which can be obtained via fi nger 
stick and is mixed with a paramagnetic gado-
linium solution and sodium metabisulfi te. 
The sample is loaded into a microcapillary and 
inserted between two magnets (Figure  1 b). 
Between the magnets, a magnetic fi eld is 
generated which exerts a magnetic force on 
the particles in the direction of the center of 
the capillary. This force is a result of the dif-
ference in the magnetic susceptibility of the 
cells (close to zero, as cells have relatively 
negligible inherent magnetic properties) 
relative to that of the suspending medium 
(which has a higher magnetic susceptibility 
when the concentration of gadolinium or 
other paramagnetic ions increases). There-
fore, the strength of the magnetic force varies 
with the concentration of the paramagnetic 
medium. Further, because the magnets are 
arranged with like poles facing each other, the 
strength of the magnetic fi eld varies across the 
area between the magnets with the greatest 
fi eld strength occurring at the magnets’ sur-
faces and approaching zero at the centerline 
between them (Figure  1 c). Thus the mag-
netic force exerted on an individual cell also 
depends on the cell’s position in the fi eld. A 
second force, the buoyant force, also acts on 
the cells and depends on the relative density 
of the cells compared to that of the medium. 
The less dense the cell, the greater the force 
will be in the upward direction; the denser the 
cell, the greater the force will be downward. 
Due to the vertical positioning of the magnets, 
the direction of the magnetic fi eld is parallel to 
gravitational (buoyant) force, so the two forces, 
the buoyant force and the magnetic force, act 
along a vertical axis to draw the cell to an equi-
librium height at which these forces are equal 
and opposite to one another (Figure  1 d). Thus, 
the levitation height of a cell in the magnetic 
fi eld is inversely related to its density. [ 12,16,18 ]  
This is used to distinguish RBCs with SCD 
from control RBCs by observing the increased 
density distribution of SCD RBCs (Figure  2 b). 
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 Figure 1.    Use of a magnetic focusing platform for SCD diagnostics. a) Compact, self-
contained magnetic platform including a magnetic focusing module, imaging components, 
and a processing unit and screen. b) Sample preparation for testing using the magnetic 
levitation device: I. Finger stick using a lancet; II. Blood droplet is wiped three to four times 
before collecting a sample. III. A small amount of blood is collected, which is suffi cient to 
run this density-based test. IV. The blood sample is mixed with a gadolinium and sodium 
metabisulfi te solution. V. The mixed sample is loaded into a microcapillary tube via capil-
lary action. VI. The sample is inserted between two magnets contained within the magnetic 
levitation platform. c) Contour plot of magnetic fi eld in the cross-section of the sample 
capillary. d) Force diagram in the cross-section of the sample capillary: A magnetic force ( F  m , 
in response to the magnetic fi eld shown in Figure  1 c), a buoyant force ( F  b , in response to 
the relative density of the particle compared to the medium), and a drag force ( F  d , resisting 
the direction of motion) act simultaneously on the particles in the sample. When  F  m  and 
 F  d  are equal and opposite, the particle is at equilibrium and  F  d  is zero (represented by the 
particle outlined in red).
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 The confi ned RBCs are imaged using an embedded optical 
system and an embedded computer running a Python script 
analyses these images. Blood samples from SCD patients were 
compared to control samples to demonstrate the greater area of 
confi nement of SCD RBCs compared to controls (Figure  2 c). 
Compared to devices which require the use of an external 
microscope [ 16 ]  or a smartphone [ 12,18 ]  for imaging of samples, 
this device is completely self-contained, low-cost, and user-
friendly, making it more compatible with low-resource settings 
and eliminating the need for external imaging equipment or a 

compatible smartphone. The image quality associated with this 
platform is superior to that obtained using a built-in smart-
phone camera. [ 12 ]  While the image resolution is not comparable 
with that possible using a microscope setup, this platform is far 
more compact and can still offer the ability to view and analyze 
the positions of individual RBCs (Figure S1, Supporting Infor-
mation). With minimal user input (mixing of reagents), this 
platform performs density-based RBC analysis and diagnoses 
SCD within 15 min. A detailed user interface walks the user 
through sample preparation and loading, then automatically 
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 Figure 2.    Mechanism and demonstration of the difference between magnetic levitation distribution of control and SCD RBCs. a) Mechanism of Hb S 
polymerization and RBC dehydration in SCD RBCs under deoxygenated conditions, illustrating how SCD RBCs attain a higher density than control 
RBCs. b) Demonstration of the difference in cell distribution of SCD samples compared to that of control cells; this is due to the increased density of 
a subset of SCD RBCs which contain a mutated form of hemoglobin. c) Distribution of control and SCD RBCs in the magnetic fi eld.

  Table 1.    Point of care diagnostic technique comparison for sickle cell disease.  

Method Self-contained magnetic 
levitation platform

Solubility test based on 
hemoglobin aggregation [ 13 ] 

Nonelectrolyte hemolysis 
assay [ 14 ] 

Paper-based 
chromatography [ 15 ] 

Density-based centrifugal 
separation [ 17 ] 

Required peripheral 

equipment

Compact, hand-held device Incubator, electrophoresis 

system

Tonometer, regulated water 

bath, centrifuge, microscope

None Centrifuge

Cost of detection 

equipment

<$100 >$500 >$700 — >$300

Cost per test <$1 (microcapillary, Gd, 

SMBS)
<$1 (cellulose acetate strips + 

sodium metabilsulfate)

<$1 (isosmotic hemolysis 

solution)

<$5 (patterned chroma-

tography paper, Sickledex 

solution)

<$1 (plastic capillary, aqueous 

multiphase systems)

Doctor/technician skill Very simple user interface, 

straightforward sample 

loading, no knowledge 

necessary

Procedure is tedious and 

requires trained technician

Procedure is tedious and 

requires trained technician

Samples differentiated 

visually, which requires 

experienced technician

Straightforward sample 

preparation, use of centrifuge 

requires trained personnel

Time 10–15 min 24 h 90 min 20 min 10–15 min
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reports the results ( Figure    3  ), making this platform ideal for 
use by untrained users. This technique enables rapid, on-site 
testing for SCD so that timely care may be administered to pre-
vent complications, such as silent strokes, which can cause life-
long damage in undiagnosed SCD children.   

  2.     Methods 

  2.1.     Fabrication of Magnetic Levitation Platform 

 The magnetic levitation module comprises two 2 mm × 5 mm × 
50 mm NdFeB permanent magnets (K&J Magnetics, Inc., Pip-
ersville, PA) magnetized through the 5 mm thickness. The 
magnets are fi xed at a distance of 1.1 mm apart by two laser-
cut acrylic supports with like poles facing each other and their 
magnetic axes parallel to the force of gravity. A Raspberry Pi 
embedded computer and a TFT (Thin-Film-Transistor) dis-
play (Adafruit, New York, NY) are contained within the casing 
and loaded with an image processing and analysis algorithm 
(described below). The camera module (Adafruit, New York, 
NY) is connected to the board and fi xed in place at a set dis-
tance from the location where a sample is inserted. A lens is 

contained within an extension tube which is designed to be 
user adjustable to modify the location of the lens between the 
sensor and the sample and attain an optimal focus. To illumi-
nate the sample, a high-brightness, intensity-controlled white 
LED (Light-Emitting Diode) (Adafruit, New York, NY) on a 
custom-printed circuit board (SeeedStudio, Shenzhen, China) 
is fi xed on the side of the sample opposite the lens and camera. 
The casing for the magnetic levitation platform was designed 
using CAD (Computer-Aided Design) software and 3D printed 
on an Objet30 Prime (Stratasys, Eden Prairie, MN) high-resolu-
tion 3D printer.  

  2.2.     Microsphere and Blood Sample Levitation 

 SCD blood samples were obtained via venipuncture from 
people with SCD, approved by Boston Children’s Hospital 
Institutional Review Board protocol #X08-05-0255. Control 
blood samples were obtained via fi nger stick, approved by 
the University of Connecticut protocol #H15-048. For fi nger 
stick sample collection, the donor’s fi nger was pricked using 
a spring-loaded lancet and the blood droplet was wiped three 
to four times before collecting a sample. All samples were 
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 Figure 3.    Fabricated device and user interface. a) Top view of the device and description of the buttons. b) Available ports on the device. A monitor 
can be connected in a lab confi guration to see the preview image in higher resolution. c) Some of the procedural images shown on the screen to guide 
the user. Even an unexperienced user can use the device with these step-by-step visual instructions. d) Sample result from a SCD sample as shown 
on the device following analysis.
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obtained and handled in accordance with all relevant Uni-
versity of Connecticut and Boston Children’s hospital guide-
lines and regulations. All samples were used within 24 h of 
the blood draw (unless otherwise noted). For samples stored 
longer than 24 h, samples were collected in sterile vacutainer 
vials with EDTA (EthyleneDiamine Tetraacetic Acid) as an anti-
coagulant. In some magnetic levitation experiments, 10 µm 
diameter polystyrene microspheres (18138-2, Polysciences, 
Inc. Warrington, PA) were used as diamagnetic particles to 
represent RBCs. 

 The paramagnetic levitation solution contains a Gd-
based biocompatible paramagnetic MRI (Magnetic Reso-
nance Imaging) contrast agent, gadobutrol (Gadavist, Bayer, 
Whippany, NJ) dissolved in Hank’s balanced salt solution 
(HBSS, H6648, Sigma, St. Louis, MO). An alternative para-
magnetic solution, gadolinium(III) chloride (439770, Sigma, 
St. Louis, MO) was also tested. Sodium metabisulfi te, 
Na 2 S 2 O 5 , (S9000, Sigma, St. Louis, MO) was added to the 
solution at a concentration of 10 × 10 −3   M  unless otherwise 
noted. Particles (polystyrene microspheres or blood cells) 
were suspended in the levitation solution and loaded into a 
square glass microcapillary tube (8270-100, Vitrocom, Moun-
tain Glass, NJ, USA) via capillary action. The tube was sealed 
using Critoseal. Images were captured after blood samples 
reached equilibrium, ≈10 min.  

  2.3.     User Interface 

 The device is controlled using the four buttons present right 
under the 2.8” TFT LCD (Liquid Crystal Display) display (see 
Figure  3 a). A menu labels the buttons depending on the opera-
tion mode. The normal operation of the device does not require 
any external equipment; however, additional ports are present 
to extend the usage of the device (Figure  3 b). The USB (Uni-
versal Serial Bus) port can be used to transfer data (raw images 
or processed results) for further analysis or to store in elec-
tronic health records. Also, an external screen can be connected 
for the user to view sample levitation in real-time or in higher 
resolution. 

 The procedure of the experiment is loaded on the platform 
as a visual guide (Figure  3 c). This helps unexperienced or 
untrained users carry out the sample preparation and help to 
minimize the risk of human error. As an example, the visual 
guide reminds the user to wipe out the fi rst few drops of blood 
after the fi nger prick and collect the sample afterward to avoid 
a high level of tissue fl uid. Once the measurement is complete, 
the device saves the raw and processed images to its memory 
and displays the levitation height and confi nement widths on 
the screen (Figure  3 d).  

  2.4.     Image Processing and Analysis 

 Images captured with the device are processed using a custom 
python script running on-board. An OPENCV library is used 
to remove image noise. The image is also resized by averaging 
pixel values to a quarter of the original resolution to enable 
processing using limited computation and memory resources. 

Also, since the image is softer due to pixel averaging, there is 
no need to apply additional low-pass fi lters (to avoid local peaks 
caused by noise) before calculating the gradient of the pixel 
intensities. 

 Image processing starts with detection of the magnet and 
capillary edges. Since both the magnet and capillary lie on the 
horizontal  x -axis, the gradient along the vertical  y -axis is used for 
detection. The 1 st  order  y -gradient between each pixel is calcu-
lated and summed for each horizontal row. The peaks values of 
the obtained gradient profi le (sum of  y -gradient vs.  y ) are used 
to detect the location of the edges. The two outer-most peaks 
are taken as the magnet edges; the edges immediately adjacent 
to these magnet edges are taken as the capillary edges. The 
obtained locations are checked to confi rm values within the 
expected range using the physical dimensions. The rows out-
side the detected capillary edges are discarded for subsequent 
analysis. 

 For detection of cells or particles, the  x -axis gradient is calcu-
lated and summed along horizontal rows. The capillary edges 
which lie along the  x -axis are fi ltered in the  x -axis gradients. 
The user is warned with a message if the sum of the pixel gra-
dients falls below the set threshold value,  T  ( T  = 80 for this 
study), which indicates a low particle number or out-of-focus 
particles. The remaining gradient data are normalized and two 
normal distributions are fi tted to the data. 

 The levitation height is reported as the means of the 
normal curves, calculated with reference to the lower magnet 
edge. Confi nement width is reported as 3 σ  (three times the 
standard deviation of the normal curve). Both levitation height 
and confi nement values are converted to physical units from 
pixel values using the capillary size as reference (known to be 
0.7 mm). To eliminate the slight variations in the pixel/µm 
scale within an experiment, the average value of the scaling 
factors is taken for unit conversion during the postprocessing. 
The captured image is displayed on the on-board screen by 
overlaying the pixel intensity gradient and normal distributions 
fi tted to it. The numerical values are also printed on the output 
image and displayed. Both numerical results and the raw and 
processed images are saved to an onboard secure digital (SD) 
card or a USB drive to track patient history and facilitate future 
analysis.  

  2.5.     Thermal Characterization 

 The capillary was fi lled with 50 mM Gadavist solution and 
inserted into the platform. The device was powered on at  t  = 0 
and the temperatures of the Gadavist solution and the capil-
lary were measured for time points: 2, 5, 10, 20, 30, 60, and 
120 min. At each specifi c time point, the temperature of the 
Gadavist solution and capillary were measured immediately, 
right after the capillary was drawn out of the device. After 
each measurement, the device was turned off for cooling 
until the temperature of the LED and camera lens decreased 
to room temperature. Six repeats were performed for each 
of seven time points. Different cooling times were required 
between each trial for different thermal exposure times. For 
instance, for 90 min experiments durations, the device was 
kept off for 50 min prior to the start of a new trial.   
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  3.     Results and Discussion 

  3.1.     Time Lapse Analysis of Particle Levitation 

  Figure    4  a–d shows the time-dependent magnetic levitation of poly-
styrene microspheres and RBCs. The magnetic and buoyant forces 
draw the particles toward their equilibrium levitation height in the 
presence of drag forces between the particles and the suspending 
medium as the particles are in motion (shown in Figure  1 d).  

 Comparing results of levitation of polystyrene micro-
spheres and RBCs, the equilibrium height for any given Gd 

concentration is greater with microspheres than with cells due 
to the lower density of polystyrene; the polystyrene bulk density 
is reported at 1.05 g cc −1  and RBC density has been previously 
reported to be between 1.075 and 1.085 g cc −1  (calculated via den-
sity gradient centrifugation [ 19 ] ). The difference in magnetic levi-
tation height due to this difference in density of 0.02 g cc −1  varies 
with the Gd concentration. The difference in levitation height at 
100 × 10 −3   M  Gd is 35 µm, increases to 80 µm at 50 × 10 −3   M  Gd, 
and increases to 110 µm at 25 × 10 −3   M  Gd. Thus, the resolution 
(that is, the ability to distinguish between smaller density differ-
ences due to larger differences in levitation height) is improved 
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 Figure 4.    Time-dependent magnetic levitation in Gd-based solutions. a) Time-lapse images of 10 µm polystyrene microspheres in different concentra-
tions of Gadavist.  t  = 0 corresponds to the time at which the sample is inserted into the magnetic fi eld. b) Quantifi cation of the time lapse magnetic 
levitation of polystyrene microspheres shown in (a). c) Time lapse images of RBCs in different concentrations of Gadavist.  t  = 0 corresponds to the time 
at which the sample is inserted into the magnetic fi eld. d) Quantifi cation of the time lapse magnetic levitation of RBCs shown in (c). e) Levitation after 
10 min of RBCs in different concentrations of MnCl 2 . f) Quantifi cation of the levitation height and width of confi nement over time of RBCs in MnCl 2 .
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with lower concentrations of Gd. However, at low Gd concentra-
tions, the range of detection becomes limited; at 25 × 10 −3   M  Gd, 
some of the cells were located along the bottom of the capillary 
tube, indicating that their density is lower than that which may 
be measured at this concentration. Thus, the range of detection 
is inversely related to resolution. Therefore, 50 × 10 −3   M  Gd was 
selected for all future experiments to achieve a suffi cient range 
of detection with the best resolution. 

 Figure  4 a–d also demonstrates the width of confi nement over 
time. As particles are homogeneously distributed at  t  = 0, the 
confi nement width is greatest at this time point and decreases 
as the uniform-density particles are drawn toward their equi-
librium levitation height. The time to equilibrium is defi ned 
as the time it takes to reach a stable minimum confi nement 
width. The time to equilibrium decreases as the Gd concentra-
tion increases due to the greater magnetic force magnitude. A 
faster approach to this equilibrium height is also observed in 
greater concentrations of Gd due to the higher magnitude of 
the magnetic force. Further, the equilibration time is lower for 
polystyrene beads than RBCs because the particles are larger, 
causing greater buoyant and magnetic forces. All RBC sam-
ples in 50 × 10 −3   M  Gd reached an equilibrium levitation height 
within 10 min, indicating that the user should wait at least 
10 min after inserting the sample to take images for analysis.  

  3.2.     Comparison of Gadavist and Manganese(II) 
Chloride as Paramagnetic Mediums 

 Figure  4 e,f demonstrate the levitation height and width of 
confi nement over time of RBCs levitating in manganese(II) 
chloride (MnCl 2 ), an alternative paramagnetic medium. Mn 
ions also form a paramagnetic medium in HBSS, causing 
RBC focusing at a specifi c height based on density. However, 
Figure  4  shows that the magnetic force from this medium is 
weaker than that of the Gadavist in that the same concentration 
of MnCl 2  results in a lower levitation height of the same par-
ticles. Where a concentration of 50 × 10 −3   M  Gadavist resulted 
in a levitation height around 400 µm, two times that concen-
tration of MnCl 2 , 100 × 10 −3   M  was required to achieve the 
same levitation height. However, the MnCl 2  is a signifi cantly 
lower cost than the Gadavist product, with the cost per mole of 
MnCl 2 :Gadavist being less than 1:200. Therefore, the cost of the 
medium to obtain similar results with MnCl 2  is less than 1/100 
of the cost of Gadavist. Therefore, the use of the less-expensive 
manganese-based medium is more desirable for low-resource 
settings.  

  3.3.     Effect of Temperature on Particle Levitation 

 As the electrical components, particularly the LED, gen-
erate heat within the platform, the density of the medium 
may decrease under increased temperature conditions, thus 
resulting in a particle density measurement which is greater 
than its actual value. Therefore, it is important to consider the 
effect of temperature on the magnetic levitation of particles. 
The temperature inside the capillary and the temperature of 
the fl uid in the capillary are measured over time (Figure S2, 

Supporting Information). Results show that the tempera-
ture inside the capillary (without fl uid) increases by less than 
2.5 °C within the fi rst 10 min (the time span of a single test) 
and remains constant over two hours. The medium con-
tained within a capillary was observed to increase by less than 
1 °C over 10 min (the time span of a single test) and does not 
increase more than 2.5 °C over 2 h.  

  3.4.     Analysis Following Sample Storage Over One Week 

 In order to be used in a clinical setting, the test results should 
be consistent over time in storage in the case that a sample 
cannot be analyzed immediately. Three SCD samples were 
stored at 4 °C in vacutainers with EDTA added to prevent clot-
ting and analyzed over 8 d. The levitation height ( Figure    5  a) 
and confi nement width (Figure  5 b) results are consistent over 
8 d, with each data point falling within 3 σ  of the average.   

  3.5.     Confi nement of SCD versus Control RBCs 

  Figure    6   shows several analytical parameters which may be 
used to distinguish SCD samples from controls. All results 
are obtained by levitating RBCs in 50 × 10 −3   M  Gadavist and 
10 × 10 −3   M  SMBS in HBSS and capturing several images of 
each patient sample (at least six). From the captured images, 
either one or two Gaussian curves are fi t to the pixel intensity 
gradient data obtained along horizontal ( x -axis) profi les. Con-
fi nement width is defi ned as the total range between the two 
curves (Figure  6 a). Previously, confi nement width from a single 
Gaussian fi t has been used to distinguish between control and 
SCD RBCs. [ 12 ]  This is due to the dehydration mechanism and 
the presence of reticulocytes, discocytes, dense discocytes, and 
irreversibly sickled cells in SCD patients [ 6 ]  and the observable 
wider range of density distribution on SCD RBCs compared to 
controls (Figure  6 a,b). The results of an analysis of confi nement 
width between control and SCD RBCs show a statistically sig-
nifi cant difference between control and SCD groups according 
to a Mann–Whitney–Wilcoxon two-sided test (normal approxi-
mation,  n  1  = 3,  n  2  = 10,  Z  = −2.6764,  p  = 0.0074) (Figure  6 c).  

 Here, two Gaussian curves are fi t and, from the mean and 
3σ (confi nement width) data of each curve, the percent separa-
tion and sickliness are calculated. Percent separation is defi ned 
as the difference between mean values of two curves divided 
by the higher mean, and “sickleness” is defi ned as ratio of the 
peak values of the fi ts (Figure  6 b). Results for the same data 
set used in Figure  6 c demonstrate that using a combination 
of these two factors, SCD samples can be better distinguished 
from control samples (Figure  6 d). 

 Images with low cell numbers tend to return inconclusive 
data (false positives and false negatives) (demonstrated in 
Figures S3 and S4, Supporting Information). Therefore, images 
are fi rst checked by calculating the sum of the pixel intensity 
gradients (the area under the Gaussian curves), which is pro-
portional to cell count. A threshold value,  T  = 80, is set above 
which there is a risk of false positives and false negatives. 
If this value is less than the threshold value in any captured 
image, it is discarded and a message is displayed to the user to 
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 Figure 6.    Automated analysis to distinguish SCD samples from control samples levitated in 50 × 10 −3   M  Gadavist and 10 × 10 −3   M  SMBS. a) Levitation 
height and confi nement width of RBCs in a magnetic fi eld with a single normal fi t. b) Sickleness (the ratio between the normal fi t heights) and separa-
tion (the difference between the average levitation heights normalized to the greater mean value). c) Experimental results for confi nement width of 
control ( n  = 48 images over four subjects) and SCD ( n  = 93 images over ten subjects) RBCs, defi ned as the total width of two Gaussian curves fi t to 
pixel intensity gradient data. Images with a low cell number (i.e., sum of pixel intensity gradient less than 80) have been discarded from this data set. 
d) Experimental results showing separation % and sickleness for the same control and SCD samples displayed in (c).

 Figure 5.    Testing of SCD RBCs taken over 8 d after blood draw. a) Levitation height and (b) confi nement width of three SCD subjects over 8 d after 
sample collection and stored at 4 °C. c) Representative images showing SCD RBCs at equilibrium, taken up to 8 d after sample collection and stored 
at 4 °C (day 0 corresponds to the same day samples were collected).
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retest the sample with a greater number of cells. All data shown 
are fi ltered according to the  T  = 80 threshold.   

  4.     Conclusion 

 Here, we present a compact, self-contained platform which 
operates on the basis of magnetic levitation to separate parti-
cles by their densities. In a magnetic fi eld, cells levitate at an 
equilibrium point between two forces: a magnetic force, which 
varies based on location in the fi eld, and a buoyant force, 
which depends on cell density. Under deoxygenated conditions 
(induced by addition of SMBS), the mutated form of hemo-
globin contained in RBCs from people with SCD tends to form 
long, rigid fi bers in the cell. These fi bers cause a change in 
the ion fl ux across the membrane, which in turn causes SCDs 
RBCs to lose volume and therefore increase in density. These 
relatively dense SCD RBCs levitate at a lower height than the 
less dense control RBCs. The difference in particle distribu-
tion between control and SCD samples is quantifi able and was 
shown to be statistically signifi cant. 

 Current SCD diagnostics are either insuffi cient for point-of-
care applications, requiring expensive peripheral equipment 
or specialized training, or in the case of paper tests, provide 
only qualitative results which must be interpreted by a trained 
user, leaving room for human error. Unlike previous mag-
netic levitation-based biological analyses, this platform is fully 
independent from a dedicated microscope or a smartphone, 
increasing the portability and accessibility of this tool particu-
larly for fi eld applications. [ 12,18 ]  Further, this approach is low 
cost in terms of the diagnosis platform (<$100) and the cost per 
test (<$1). The assay requires only a drop of blood obtained via 
fi nger stick and sample preparation involves mixing with a pre-
pared solution, loading into a microcapillary via capillary action, 
and simple user interface with the platform. The platform then 
automatically analyzes the samples and provides quantitative 
and reliable results in under 15 min. This is a viable approach 
to provide ubiquitous SCD testing, preventing serious compli-
cations which can arise from the disease going undiagnosed in 
newborns in low-resource settings and developing countries.  
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