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a  b  s  t  r a  c t

Polymerization  of intracellular  sickle  hemoglobin  induced by  low oxygen  tension  has been  recognized

as  a  primary determinant  of the  pathophysiologic  manifestations  in sickle cell  disease.  Existing flow

cytometry  techniques  for  detection of sickle cells  are  typically based  on fluorescence  markers  or  cellular

morphological  analysis. Using  microfluidics  and electrical  impedance  spectroscopy,  we develop  a new,

label-free  flow cytometry for  non-invasive  measurement of  single cells  under  controlled  oxygen level. We

demonstrate  the  capability  of this new  technique  by  determining the  electrical  impedance  differential

of normal  red blood cells  obtained  from  a healthy  donor  and  sickle  cells  obtained  from  three sickle cell

patients,  under  normoxic and  hypoxic  conditions and  at three  different  electrical  frequencies,  156 kHz,

500 kHz and  3 MHz. Under  normoxia,  normal  cells  and sickle cells  can be separated  completely  using

electrical  impedance  at 156  kHz and  500 kHz but  not at  3 MHz.  Sickle cells,  intra-patient and  inter-patient

show  significantly  different  electrical  impedance  between normoxia  and hypoxia at  all three frequencies.

This  study  shows  a  proof  of concept that  electrical  impedance  signal can  be  used  as  an  indicator  of

the  disease  state  of a red blood  cell as  well  as  the  cell sickling events  in sickle cell  disease.  Electrical

impedance-based microflow  cytometry with  oxygen  control  is a new  method that  can  be  potentially

used  for  sickle cell disease  diagnosis  and  monitoring.

© 2017 Elsevier  B.V.  All  rights  reserved.

1. Introduction

Sickle cell disease (SCD) is a common inherited blood cell dis-

order that affects hemoglobin. A mutation in the �-globin gene

changes the hydrophilic glutamic acid to a  strongly hydrophobic

valine amino acid, resulting in  abnormal hemoglobin S (HbS) [1].  At

low oxygen tension, HbS polymerizes and forms rigid fibers, giving

rise to rigid red blood cells with distorted cell membranes, known

as cell sickling [2,3].  These rigid sickled cells adversely affect blood

circulation and oxygen transport efficiency [4,5], and have been

associated with severity of anemia and vasoocclusive manifesta-

tions in various sickling syndromes [6],  such as pain and tissue

damage [7]. The standard diagnosis of SCD is  based on hemoglobin

analysis, which typically requires a  hemolysate using a  Hb  ana-

lyzer [8], such as electrophoresis, ion-exchange high performance

liquid chromatography, or  enzymatic assays. These techniques can

only provide mean values for laboratory parameters, e.g. mean
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concentrations/percentages of Hb variants, mean corpuscular Hb

concentration. Thus, it necessarily averages out the behavior of

millions of RBCs.

The state-of-the-art research engaged in searching for a better

means to monitor SCD has been focused on a  variety of hemato-

logical and rheological abnormalities associated with cell sickling,

ranging from sub-cellular level to the whole blood level. Presence

of fetal hemoglobin (HbF) in sickle cells can dilute the HbS con-

centration, then help delay the rate of HbS polymerization. Higher

level of HbF has been associated with reduced clinical complica-

tions, such as leg ulcers and frequency in  acute chest syndromes [9].

Techniques such as photon upconverting nanoparticles [10] have

been reported for detecting point mutation of the gene associated

with SCD. Using engineering methods such as micro-pipette aspi-

ration [11], optical tweezers [12],  atomic force microscopy [13],

diffraction phase microscopy [14,15],  and microfluidics [16], abnor-

mal biomechanical characteristics have been identified as potential

markers of SCD, such as cell membrane properties, rheology of sin-

gle cells, whole blood, and cell–cell adhesion etc. See reference [5]

for a  comprehensive review. Other identified biophysical markers

of SCD include but are not limited to  intracellular HbS polymers

[17] and morphologic characteristics of sickled cells [18]. However,

http://dx.doi.org/10.1016/j.snb.2017.08.163

0925-4005/© 2017 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.snb.2017.08.163
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.08.163&domain=pdf
mailto:edu@fau.edu
dx.doi.org/10.1016/j.snb.2017.08.163


J. Liu et al. / Sensors and  Actuators B  255 (2018) 2392–2398 2393

Fig. 1. Schematic of the experimental setup for EI microflow cytometry with oxygen

control.

these measurements typically rely on direct microscopic observa-

tions or video processing and cannot be readily applied to  portable

measurements.

Electrical impedance spectroscopy has been utilized in com-

bination with microfluidics as an emerging label-free technology

with good efficiency and sensitivity [19,20] to differentiate cell

populations [21–24], single droplets [25],  and diseased blood cells

[26,27] as well as to  monitor cellular pathological conditions [28].

This method is based on cellular dielectric properties [19],  size  and

composition [26,29,30] and does not require any biochemical and

fluorescence markers. During the process of hypoxia-induced cell

sickling, the phase of HbS molecules changes from soluble state to

rigid fibers. We hypothesize that such HbS phase change, occur-

ring inside sickle cells and the associated cellular properties results

in a variation in the electrical properties of whole-cells and can

be detected using electrical impedance signal. In this paper, we

develop a new electrical impedance-based microflow cytometer

with oxygen control. We explore the capability of this new tech-

nique to discriminate sickle cells from normal cells under normoxia,

as well as to monitor the hypoxia-induced cell sickling events using

the relative shift in collective electrical impedance data.

2.  Materials and methods

2.1. Microfluidic chip

The microfluidic device (Fig. 1) consists of a triple Ti/Au elec-

trode set for electrical impedance measurement and a  double-layer

microfluidic channel for microflow with oxygen control, adapted

from our previous design for the study of sickle cell morphology and

rheology [31]. The Ti/Au electrode (Fig. 1b)  is  10 nm/100 nm thick,

20 �m wide and 20 �m gap, deposited on a  glass substrate (700 �m

thick) using E-beam vaporization and standard microfabrication

techniques. The double-layer microfluidic channel consists of a

100 �m deep serpentine gas channel and a  5 �m  deep straight cell

channel, which are separated by  a  150 �m thick PDMS film (Fig.  1c).

Both channels were casted using poly (dimethylsiloxane) PDMS

with SU-8/silicon master fabricated using standard photolithog-

raphy and followed with 2-h surface passivation using fluorinated

silane vapor (Trichloro (1H,1H,2H,2H-perfluorooctyl) silane; Sigma

Aldrich, MO). Air plasma was  used to generate a  permanent bonding

between the two channel layers as well as between the double-

layer structure and the electrode chip. The cell channel was  primed

with phosphate-buffered saline (PBS) before loading cells for mea-

surement.

2.2. Electric impedance microflow cytometry with oxygen control

Electrical impedance of single red blood cells (RBCs) under nor-

moxia and hypoxia was measured using a commercial impedance

spectroscope HF2IS (Zurich Instruments, AG, Switzerland) through

a  microfluidic device (Fig. 1a). A flow of cell suspension was  gen-

erated by applying an exterior pressure difference between two

water columns to the inlet and outlet chambers of the cell channel

using a  flexible Tygon microbore tubing (0.02-inch ID). This allows a

reduced hydrodynamic disturbance for electrical impedance mea-

surement in  a  steady flow condition. Normoxic environment in

the cell channel was created by exposing the entire system to the

atmosphere during experiment. Hypoxia in  the cell channel was

created by flowing a  hypoxic gas mixture (5% CO2 balanced with

N2)  at 4.5 psi during the measurement. Fig. S1  shows representa-

tive images of RBCs captured in  the developed microfluidic device

at the broad section of the device with 60 x magnification (left pan-

els) and the narrow section of the channel with 20 x  magnification

(right panels). Under normoxia, RBCs from normal blood samples

exhibited biconcave disc shape; RBCs from sickle blood samples

displayed a  remarkable heterogeneity in cell shapes, such as disc

shape, ellipsoid shape to crescent shape (classic sickle shape).

Under hypoxia, RBCs from sickle blood samples exhibited marked

visual variations in  cell shapes and textures due to the polymerized

sickle hemoglobin inside cell membrane. The loaded microfluidic

device was mounted on an inverted microscope (Olympus IX-81,

Olympus America, Inc., PA) for visualization. Microscopic video was

recorded trough a  details camera (The Imaging Source, Charlotte,

NC) to verify the detected electrical impedance signals.

Measurement of electrical impedance was  conducted at room

temperature. Voltages of 1 Vpp at three frequencies, 156 kHz,

500 kHz, and 3 MHz  were applied to  the central microelectrode

simultaneously. The resulting currents at these frequencies were

measured through the two  outer electrodes and converted into

voltages by a  current amplifier HF2TA (Zurich Instruments, AG,

Switzerland) and then demodulated with a lock-in amplifier inte-

grated in the HF2IS. Electrical impedance value of the microfluidic

channel was  recorded with a fixed sampling rate 112 sa/s for

post-processing. Selection of the electrical frequencies of interest

was based on the frequency sweeps (100 kHz to 50 MHz) of normal

and sickle RBC suspensions (Fig. S2), using a  microfluidic cham-

ber embedded with interdigitated electrodes [32].  An arbitrary

parameter was developed to assess the relative difference between

normal and sickle RBC suspensions under normoxia, as well as

between normoxia sickle RBC suspension and hypoxia sickle RBC

suspension. In the former comparison, both magnitude and phase

angle values were scaled using the values of normal RBC suspen-

sion measured at 100 kHz, marked as M̄normal , M̄sickle , P̄normal ,

and P̄sickle ,  respectively; the arbitrary parameter was defined

as Difference =
√

(

M̄normal − M̄sickle

)2
+

(

P̄normal − P̄sickle

)2
.  In

the latter comparison, both magnitude and phase angle values

were scaled using normoxia values of sickle RBC suspension at

100 kHz, marked as M̄hypoxia, M̄normoxia,P̄hypoxia,  and P̄normoxia,

respectively; the arbitrary parameter was then defined as

Difference =
√

(

M̄hypoxia − M̄normoxia

)2
+

(

P̄hypoxia − P̄normoxia

)2
.

The frequency of 156 kHz was selected, where normal RBCs deviate
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most from sickle RBCs while hypoxia sickle RBCs deviate least

from normoxia sickle RBCs. The intermediate frequency, 500 kHz

was selected for maximum differences between sickle RBCs and

normal RBCs as well as between hypoxia and normoxia sickle RBCs.

Furthermore, the frequency of 3 MHz  was selected as it suggests a

moderate difference for both comparisons.

2.3. RBC sample preparation

De-identified blood samples from three patients ages 17–18

years (2 males and 1 female) affected by  SCD (2 participants have

SS and 1  participant has S�+ thalassemia) were obtained for this

study, following institutional review board (IRB) approvals from

Florida Atlantic University and University of Miami  and required

consent process (and assent as appropriate for minors). Partici-

pants were at baseline, pain-free and were not hypoxic when blood

samples were obtained. Because samples were de-identified the

laboratory personnel were blinded regarding the patient genotype.

A de-identified normal blood sample obtained from a local blood

bank was tested as  control. Blood samples were washed twice by

centrifugation at 2000 rpm for 2 min  at room temperature using

PBS buffer. RBC pellet of 6 �L was aspirated from the bottom of the

Eppendorf tube and diluted in 1000 �L PBS buffer on the same day

of the electrical impedance measurement. All  blood samples were

tested within 1  week after extraction.

2.4. Data analysis

The recorded electrical signals were analyzed using a custom

MATLAB script (MathWorks, Inc., Natick, MA). Complex electrical

impedance, Z̃ was determined from the ratio of the excitation sig-

nals over the measured currents, using Ohm’s law,

Z̃  = Ũ/Ĩ (1)

where Ũ = U/
√

2 with U =  1V in the present study, Ĩ  =  X + iY with

the real and imaginary components, X and Y  recorded by the

impedance spectroscope. The corresponding magnitude, |Z| and

phase, �  are derived as,

|Z| =
1

√

2
(

X2 + Y2
)

(2)

�  = tan−1
(−Y

X

)

(3)

Passage of RBCs over the microelectrodes caused peaks in  the

corresponding impedance signals of |Z| and �.  The triple micro-

electrode set provided a  dual measurement of each traversal RBCs

through the narrowest portion of the channel. Fig. 2 shows the

electrical impedance signals of two representative sickle RBCs

traversing through the microfluidic channel under normoxia and

hypoxia, respectively.

Subsequently, electrical impedance differential was defined as

the maximum height of the peaks in magnitude, �|Z|  and in  phase,

��, caused by cell passage through the detection zone. Microscopic

video was recorded to verify the traversed cells. All the peaks of

traversal ghost cells and overlapped cells were excluded. Electrical

impedance differential values were averaged from the dual mea-

surement for each individual RBCs. In this study, sickle RBCs under

both normoxia and hypoxia were analyzed to test our hypothe-

sis that hypoxia-induced intracellular HbS polymerization can lead

to  changes in cellular electrical impedance. Normal RBCs were

analyzed under only normoxia as it is  known that HbA does not

polymerize as HbS in  response to  hypoxia.

Cellular morphology analysis of cell sickling events in sickle

RBCs was carried out using ImageJ [33].  We quantified cell sickling

Fig. 2. Electrical impedance signals of two representative sickle RBCs traversing

through the microchannel under (a)  normoxia and (b) hypoxia.

events using two parameters: (a)  fraction of sickled cells, defined

as the fraction of all sickle RBCs in a  sample that display features of

morphological change; (b) cellular area reduction, defined as the

percentage of reduction in  the projected area of cells by track-

ing individual sickle RBCs before and after hypoxia-induced cell

sickling.

Statistical analyzes were performed using OriginPro

(Northampton, MA). Student’s t-test was  used. Significance

was set as p < 0.05, or specified otherwise. “n” represents the count

of cells. Results are expressed as mean ±  standard deviation, or

scatter plots (horizontal line, mean value if not specified otherwise)

and box plots (interquartile range, horizontal line, median).

3. Results and discussion

3.1. Electrical impedance differential of sickle RBCs and normal

RBCs under normoxia

As  previously stated 2 participants have SS. Either sample sickle-

2 or sickle-3 has S�+ with HbA <  20%. Under normoxia, normal and

sickle RBCs were significantly different in  both �|Z|  and ��  values

at all three electrical frequencies, 156 kHz, 500 kHz, and 3 MHz. All

RBCs were randomly selected for analysis, including 109 normal

RBCs from the normal sample and 223 sickle RBCs from the 3 sickle

samples. Scatter plot of �|Z|  versus �� of normal RBCs (n =  109)

and sickle RBCs (n =  223) under normoxia are shown in  Fig. 3.

At  the relatively lower frequency (156 kHz), the measured

�|Z|  values of normal RBCs were 2.4 ×  107 ±  0.75 × 107 � that

is  significantly higher than sickle RBCs 1.1 × 107 ± 0.45 × 107 �.

The corresponding values of �� were −0.90 ± 0.02 rad and

−0.59 ± 0.31 rad for normal RBCs and sickle RBCs, respectively. At

this frequency, normal RBCs and sickle RBCs can be completely

separated while sickle RBCs from the 3 different patients over-

lap notably. This is  very interesting because one of the samples

belonged to a  subject with Hb S-thalassemia+ with Hb A <  20% and

there was no obvious difference with the other samples corre-

sponding to  subjects with Hb SS. At  the intermediate frequency

(500 kHz), similar trends were found between normal RBCs and

sickle RBCs. The values in �|Z| were 1.2 × 107 ± 0.38 × 107 � that

is significantly higher than sickle RBCs 0.89 × 107 ± 0.36 × 107 �.

The corresponding values of �� were −0.50 ± 0.02 rad and

−0.15 ± 0.04 rad for normal RBCs and sickle RBCs, respectively. At

higher electrical frequency, 3 MHz, normal RBCs and sickle RBCs

did not show notable separation. Interestingly, they showed dis-

tinct patterns in  the scatter plot. For normal RBCs, a  strong linear
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Fig. 3. Scatter plot of �|Z| versus �� of normal RBCs and sickle RBCs under normoxia

at  (a) 156 kHz, (b) 500 kHz, and (c) 3  MHz. Red open circles represent normal RBCs

(n  = 109), black open circles represent sickle RBCs in sample sickle-1 (n = 42), black

stars represent sickle RBCs in sample sickle-2 (n = 76), and blue triangles represent

sickle RBCs in sample sickle-3 (n = 108). The solid curve in (c) represents linear fitting

between �|Z|  and �� for normal RBCs (R2 = 0.7). (For interpretation of the references

to  colour in this figure legend, the reader is  referred to  the web version of this article.)

correlation (R2 = 0.7) was found between �|Z|  and ��, in  agree-

ment with our previous measurement [31].  In contrast, no similar

trend was observed in sickle RBCs; instead, they scatter toward

higher �|Z|  values. The values of �|Z|  for normal RBCs were

0.93 × 107 ± 0.30 × 107 �  that is significantly lower than sickle

RBCs, 1.1 × 107 ± 0.45 × 107 � (p  < 0.001); while the values of ��
of normal RBCs were −0.53 ± 0.07 rad, which is significantly higher

than sickle RBCs, −0.59 ± 0.38 rad (p < 0.001).

The results of single cell impedance (Fig. 3)  are consistent with

the impedance of cell suspensions (Fig. S2a), in that  the differ-

ence between normal RBCs and sickle RBCs is relatively greater

at  156 kHz and 500 kHz than 3 MHz. These results suggest that

electrical impedance differential can serve as a new biomarker of

SCD that does not require advanced image processing as in  image-

based flow cytometry [34] or biochemical, fluorescence labelling

in fluorescence-activated cell sorting (FACS) systems. This tech-

nique provides a  new capability for rapid, label-free, non-invasive

counting of sickle RBCs from normal RBCs under normoxia using

electrical impedance differential at low and intermediate frequen-

cies.

3.2. Electrical impedance differential of hypoxia-induced cell

sickling

To link hypoxia-induced cell sickling and the electrical

impedance differential of sickle RBCs, we  analyzed the cell sick-

ling events by recourse to morphology analysis of sickle RBCs

in  response to hypoxia, as discussed in  our previous work [31].

Low oxygen tension induces polymerization of intracellular HbS.

Thus, cell membranes are distorted by the rigid hemoglobin fibers,

known as cell sickling. Cell sickling was  visually identified from

the changes in cell morphology, such as distorted cell membranes

with spiky edges and dark coarse texture (Fig. S1). Morphologi-

cal analysis showed that sickled fraction was  92% ± 6% for all the 3

sickle samples in  present study, indicating the variations in  electri-

cal impedance differential of sickle RBCs in  response to hypoxia is

primarily attributed to the hypoxia-induced cell sickling.

Fig. 4 shows the electrical impedance differentials of sickle RBCs

randomly selected from the 3 sickle blood samples. Shifts in  either

�|Z| or  �� or  a  combination of both parameters in response to

deoxygenation can be recognized at all the excitation frequencies.

At 156 kHz and 500 kHz, distribution of the hypoxia sickle RBCs

shifted to  lower ranges of �|Z| and ��  (Fig. 4a and b). The values

of �|Z| were 0.8  × 107 ± 0.2 × 107 � and 0.6 ×  107 ± 0.15 × 107 �
at 156 kHz and 500 kHz, respectively. Comparing to  the values

obtained under normoxia, �|Z| decreased significantly, about 26%

and 31%, respectively. Regarding to the phase change, values of

�� decreased to −0.62 ± 0.05 rad and −0.20 ±  0.03 rad at the two

frequencies, about 4% and 30%, respectively, comparing to the nor-

moxia values. At the higher frequency, 3 MHz, a  marked shift in

�|Z| distribution was  observed (Fig. 4c). The mean value of �|Z|

was 0.58 × 107 ± 0.13 × 107 �,  about 47% lower than the normoxia

value. However, distributions of �� values under both conditions

were very close with no statistical significance. The mean value of

��  was about −0.63 ±  0.09 rad, about 6% lower than the normoxia

value. These single cell measurements are in  agreement with the

results of cell suspension for sickle RBCs (Fig. S2b), in  that the inter-

mediate frequency, 500 kHz provided greatest separation between

the hypoxia and normoxia conditions than the other two frequen-

cies. These results confirmed that electrical impedance differential

can be used as a marker of hypoxia-induced cell sickling.

3.3. Cell area reduction along with hypoxia-induced cell sickling

Two  important factors may  contribute to  the shift in  impedance

differential, including the electrical properties of intracellular HbS

and cell membrane, as explained by a simplified equivalent circuit

model of single RBCs surrounded by a  conductive medium (Fig. S3).

In this circuit model, medium is modelled as a  parallel capacitor

and resistor and the influence of electrical double layer (EDL) is

represented by capacitors. A sickle RBC is modelled as a  membrane

capacitor in  series with an interior Hb resistor, adapted from the

circuit model of a  normal RBC [35]. In the case of sickle RBCs, the

electrical impedance of the intracellular HbS may  depend on its

phase as HbS is a  main constituent of cell interior. Under normoxia,

the cell interior is  represented by a  resistor. Under hypoxia, the cell

interior is  replaced by a  capacitor for polymerized HbS in  parallel

with a  resistor representing other Hb types in  soluble state. This

is supported by previous studies on semiconductivity of proteins

[36–39]. Hemoglobin and water are the main constituents of RBC

interior. According to Rosenberg [36] and Eley [37],  the electrical

conductivity of protein varies with temperature, � = �0exp(−�/kT),

where �0 is a constant whose value depends on the test material,

and � is the activation energy of semiconduction. In  the “wet” state,

the protein exhibits semiconductor-like temperature-dependence

of conductivity but the semiconduction activation energy is  lower

than that of crystalline hemoglobin. Furthermore, according to

Pethig [38],  the electrical conductivity � of hemoglobin varies with

the amount m of adsorbed water, �(m)  =  �Dexp(� m),  where �D

is the dry state conductivity and � is a  constant. For a  RBC with

hemoglobin in “wet” soluble state, as a  sickle RBC under normoxia,

cell interior is  typically modelled as a  resistor. During hypoxia-

induced cell sickling, intracellular HbS crystallized into fibers from

hydrophobic interactions. Such “gel state” of HbS is expected to be



2396 J.  Liu et al. / Sensors and Actuators B 255 (2018) 2392–2398

Fig. 4. Scatter plots of �|Z| versus �� of sickle RBCs under normoxia (n  = 226, red  open circles) and hypoxia (n = 260, blue open circles) determined from electrical excitations at

(a)  156 kHz, (b) 500 kHz, and (c) 3  MHz. Corresponding histograms show the distribution of each population, following the same color code as scatter plots. (For interpretation

of  the references to colour in this figure legend, the reader is referred to  the web version of this article.)

more electrically resistive than the soluble HbS under normoxia and

exhibits semiconductivity, similar to  crystalline bovine hemoglobin

[36] as well as the fixation process observed in normal RBCs [40].

Tracking 114 individual sickled RBCs selected randomly from

one sickle blood sample, we  observed a  widespread decrease in the

projected cell area after hypoxia. The degree in the cell area reduc-

tion varied drastically among sickle RBCs, from less than 5%  to  more

than 50% (Fig. 5). Average area change was 14% ±  9%. About 50% of

cells had an area reduction about 10% ±  5%. As electrical impedance

of a biological cell is  a composite measurement, determined by its

size and electrical properties of each component. The variations in

the measured electrical impedance differential of sickle RBCs asso-

ciated with cell sickling after hypoxia are likely attributed to the

alternation in cell size. Difference in cell size may  also explain the

significant difference between normal RBCs and sickle RBCs under

normoxia. Other factors beyond the cell size, such as variation in  cell

Fig. 5. Reduction in the projected cell area in sickled RBCs  from sample sickle-2

under hypoxia (n =  114), fitted with a lognormal function. Mean area reduction is

about 14%. The most frequently occurring value is  around 10% ± 5%.
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Fig. 6. Patient-specific variations in electrical impedance differential under normoxia (red box) and hypoxia (black box) measured at (a) 156 kHz, (b) 500 kHz, and (c) 3  MHz.

(For  interpretation of the references to  colour in this figure legend, the reader is referred to  the web version of this article.)

interior, Hb types and concentrations may  also be responsible for

the variation in impedance. Quantitative relationships between the

intracellular Hb types, concentration and impedance will require

detailed mathematical modelling and analysis.

3.4. Patient variation

SCD manifests marked heterogeneity in  pathophysiology [41],

cell  density profile [42], cellular mechanical properties [12,14],  and

blood rheology [33].  As indicated previously, comparing to normal

RBCs, sickle RBCs in the 3 sickle blood samples exhibited simi-

lar patterns in the scatter plot of �|Z| versus ��  under normoxia

(Fig. 4). To study the possibility of electrical impedance differen-

tial as a marker of patient-specific cell sickling, we compared the

electrical impedance signals of sickle-1, sickle-2, and sickle-3 under

normoxia and hypoxia at electrical frequencies 156 kHz, 500 kHz,

and 3 MHz  (Fig. 6).

The  differences in the electrical impedance differential between

normoxia and hypoxia are substantial in  �|Z|  among all 3 sickle

samples. Comparing to  the values determined under normoxia, val-

ues of �|Z| decreased 16%, 20%, and 43% at 156 kHz, 18%, 22%, 48%

at 500 kHz, and 20%, 23%, and 51% at 3 MHz, for samples sickle-1,

sickle-2, and sickle-3, respectively. Changes in  �� varied among the

3 sickle samples and depended on the excitation frequency. Signif-

icance was observed in sickle-2 and sickle-3 at all frequencies but

not for sickle-1. Frequency of 500 kHz was found to  be the only fre-

quency at which all samples displayed significance (Fig. 6b2). These

results indicated that the difference in  the electrical impedance

differential measured under normoxia and hypoxia, especially at

the  intermediate electrical frequency, can be potentially used as a

signature of patient’s hematological response to  hypoxia.

4. Conclusions

This study provides a unique, label-free flow cytometry tech-

nique, combining electrical impedance sensing and on-chip oxygen

control onto a  single microfluidic chip for hematological analysis

of sickle blood. This study was not designed to  detect differences

between the various genotypes or correlations between disease

severity and electrical impedance. Such correlates are warranted

but require a lager sample size. This method offers a  low-sample

consumption, non-invasive measurement of individual cells with-

out hemolysing process in  a  microfluidic environment. Our results

suggest that sickle cells can be  differentiated from normal cells

using electrical impedance signals under normoxia. Furthermore,

our results suggested that the electrical impedance signals of  sickle

blood cells measured under hypoxia as well as the difference from

normoxia values can provide additional information indicative of

cell sickling events. These findings lead to the conclusion that elec-

trical impedance differential can serve as a  new biomarker of SCD.
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