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Red blood cells or erythrocytes, constituting 40 to 45 percent of the total volume of human blood are
vesicles filled with hemoglobin with a fluid-like lipid bilayer membrane connected to a 2D spectrin
network. The shape, volume, hemoglobin mass, and membrane stiffness of RBCs are important
characteristics that influence their ability to circulate through the body and transport oxygen to tissues.
In this study, we show that a simple two-LED set up in conjunction with standard microscope imaging
can accurately determine the physical and mechanical properties of single RBCs. The Beer—Lambert law
and undulatory motion dynamics of the membrane have been used to measure the total volume,
hemoglobin mass, membrane tension coefficient, and bending modulus of RBCs. We also show that this
method is sensitive enough to distinguish between the mechanical properties of RBCs during
morphological changes from a typical discocyte to echinocytes and spherocytes. Measured values of the
tension coefficient and bending modulus are 1.27 x 107 J m™2 and 7.09 x 1072° J for discocytes, 4.80
x 107 3 m™2 and 7.70 x 1072° J for echinocytes, and 9.85 x 107 J m™2 and 9.69 x 1072 J for
spherocytes, respectively. This quantitative light absorption imaging reduces the complexity related to
the quantitative imaging of the biophysical and mechanical properties of a single RBC that may lead to
enhanced yet simplified point of care devices for analyzing blood cells.
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1. Introduction

Human red blood cells (RBCs) are non-nucleated cells which are
the primary cellular component of blood. Typically shaped like
biconcave disks, they have a diameter of 6-8 pm and approxi-
mately 2.5 pm thickness. The membrane of the cell is composed
of a lipid bilayer and a meshwork of proteins known as the
cytoskeleton. The cytoskeleton consists of spectrin and actin
filaments that are anchored to the lipid membrane with the
help of transmembrane proteins. The membrane helps the
RBCs maintain their unique shape with an approximate average
volume of 90 femtoliters (fl) and a surface area of 136 pm.”
Encapsulated by this membrane, the cell is packed with
pigments composed of four iron-binding heme groups known
as hemoglobin (Hb). The primary function of RBCs is to deliver
oxygen and partially absorb carbon dioxide from tissues and
exchanging them in the lungs. They do so by a reversible
binding-unbinding of oxygen molecules to each heme group. To
do this, RBCs must travel through the arteries, veins, and
capillaries in the body. These include capillaries with not more

“Department of Mechanical Engineering and Mechanics, Lehigh University, Bethlehem,
Pennsylvania 18015, USA. E-mail: yal310@Ilehigh.edu

*Department of Bioengineering, Lehigh University, Bethlehem, Pennsylvania 18015,
USA

T Electronic  supplementary
10.1039/d0ra05421f

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2020

than 3-5 um diameter and endothelial slits with approximately
0.5-1 um openings. These have apertures that are much smaller
than the RBC diameter,"” and thickness. Enduring such
a significant level of shear stress and extreme deformation is
possible because of their shape, surface area to volume ratio,
and mechanical properties of the membrane. Therefore, this
comes as no surprise that the physical and mechanical prop-
erties of the RBC have been studied extensively.

Impaired shape, Hb concentration, structural and mechan-
ical properties, and count of RBC are observed due to numerous
physical disorders.* Low hemoglobin concentration or anemia
alone is caused by more than seventeen different diseases.*®
Patients with cancer, malaria, HIV/AIDS, hookworm, sickle cell
disease (SCD), renal diseases, etc. are prone to anemia.”™
Besides anemia, abnormal shape (echinocyte, teardrop, and
sickle cell) and alteration to membrane morphology and
mechanical properties can also be attributed to these diseases.
Studies have been carried out to associate RBC deformation to
several pathological alterations due to malaria,”*™* sickle cell
anemia,” hereditary disorders,'® diabetes,"” myocardial infarc-
tion,® etc. Traditional blood tests can provide a range of infor-
mation such as hemoglobin level, RBC and white blood cell
(WBC) count, mean corpuscular volume (MCV), etc. which are
averaged over the whole population of cells in the whole blood.
That is why the evaluation of single-cell properties is becoming
increasingly popular to increase detection accuracy and develop
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a basic understanding of blood-related disorders by targeting
intercellular heterogeneity along with other data. Single-cell
hemoglobin and volume measurement are performed in clin-
ical hematology analyzers.” Single-cell hemoglobin analysis
found that abnormally shaped RBCs in anemia patients,
otherwise known as poikilocytes contain elevated hemo-
globin.*® Raman tweezer based single cell hemoglobin
measurement has been developed for detecting blood disor-
ders.>® RBC size and MCV also work as early markers for
detecting coronary artery diseases (CAD).”> Osmotic gradient
ektacytometry is an established tool that measures single-cell
deformation and MCV without altering the cell volume using
Laser-assisted optical Rotational Cell Analyzer (Lorrca) to detect
hereditary hemolytic anemia.”® A classification of healthy and
sickle RBCs based on their mechanical properties have been
recently reported by Li et al.** Furthermore, combined single
cell hemoglobin, shape and membrane fluctuation measure-
ment has been used to detect irreversible and reversible SCD
with a point of care quantitative phase imaging device.”
Therefore, it is evident that single RBC properties both indi-
vidually and combined with each other are becoming increas-
ingly popular.

According to an estimation from the World Health Organi-
zation (WHO), 30% of the population in the world suffers from
anemia, where developing and underdeveloped regions like
Africa and South-East Asia are the most prevalent. The wide-
spread nature of anemia has inspired researchers to develop
point-of-care devices to analyze blood samples***° for early
detection. Recent advancements in the smartphone industry
have seen devices containing high-resolution cameras with low
light capability. Their processing power has also increased
multiple times over the past 5 years. This makes smartphones
the perfect devices for point-of-care analytical biosensing.*"*
The use of microfluidic channels has increased the flexibility
and scope of point of care smartphone imaging.** Capable of
efficient bright-field and fluorescence imaging, smartphones
are used in malaria and sickle cell disease detection.**** But
most of these examples lack single-cell evaluation of RBCs.

Single-cell characterization of RBC includes micropipette
aspiration,**® optical tweezers, electric field deformation,*
atomic force microscope (AFM),***> optical quantitative
imaging,**® and microfluidic-based deformation and recovery
analysis.®’** These quantitative methods can measure RBC
volume, hemoglobin mass, surface area, cytoplasmic viscosity
membrane tension coefficient, bending modulus, Young's
modulus, etc. Recently optical imaging-based non-contact
methods to predict biophysical and mechanical properties of
RBC have become popular. RBC membrane fluctuation data has
been widely used to measure the mechanical properties of RBC
by recording reliable fluctuation data with quantitative phase
imaging (QPI).***”7° QPI based methods have even been used to
understand the interaction between the phospholipid
membrane and the cytoskeleton.”””® Multiwavelength trans-
mission spectroscopy has been used to measure mean cell
hemoglobin (MCH) and mean cell volume (MCV)."* A combi-
nation of QPI and amplitude imaging method with light sources
of multiple wavelength has been used to measure the
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hemoglobin mass and volume simultaneously.” The refractive
index of the RBC has been tied with the phase change in phase
microscopy to measure hemoglobin and volume of RBC
simultaneously with digital holographic microscopy (DHM).”
While it is true that QPI and DHM provides a non-invasive and
quantitative measurement of RBC properties, these measure-
ment setups are complicated, bulky, expensive, and susceptible
to mechanical vibration.” Typically, a light interference or
phase difference-based imaging method requires sophisticated
parts such as prisms, beam-splitters, light modulators, PZT
drivers, etc. which are generally expensive and require precise
positioning. Such a QPI setup may cost up to USD 30,000.
Recently, a modified QPI unit (QPIU) was developed and tested
in sickle cell detection in Tanzania®® which is comparatively
more compact and cheaper. The QPIU costs 10 times less than
a standard QPI setup® but still requires three sensitive optical
parts (two linear 45° polarizers and one Rochon prism). Devel-
oping a cheaper alternative for reliable measurement of RBC
properties can have applications as an affordable point of care
diagnosis tools in distant and underdeveloped countries.

In this study, we present a simple setup to determine the Hb
concentration, total volume, and membrane mechanical prop-
erties of RBC through light absorption imaging. Light absorp-
tion imaging has never been used in such a complete evaluation
of RBC properties. It has also been shown that this method can
accurately measure the aforementioned properties of RBCs in
different morphological states. Furthermore, the membrane
fluctuation of a fixed RBC was analyzed to check if the method
can differentiate among various fluctuation modes due to the
stiffening of the RBC cytoskeleton. Characterization of RBC
properties through such a simple and inexpensive optical setup
made of two LEDs may help develop more affordable, accurate,
and efficient disease detection.

2. Materials and methods

2.1. Theory

The height and Hb mapping of a single RBC has been measured
with the Beer-Lambert law of light absorption with the proce-
dure proposed by Schonbrun et al.>* Beer-Lambert law linearly
relates the absorption of light through a mixture or substance to
its properties. Light attenuation through a single substance will
exclusively be caused by light absorption. But if there are
multiple substances in the optical path, light scattering will
contribute to the attenuation due to the mismatch in the
refractive index.”” The presence of an RBC in the buffer for this
experiment loses its homogeneity due to the mismatch in the
refractive index of the RBC and the buffer. To offset this
mismatch, the refractive index of the buffer has been increased
by creating 33 gdL~" bovine serum albumin (BSA) solution with
phosphate buffer saline (PBS). This method matches the
concentration of BSA with the documented average concentra-
tion of Hb in an RBC, as BSA and Hb have similar refractive
index.”®

The height has been measured with the help of dye exclusion
absorption imaging. When a dye solution efficiently absorbs
light of a certain wavelength, the presence of a cell in the optical

This journal is © The Royal Society of Chemistry 2020
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path will increase the light transmission by removing the dye
particle from the optical path. A graphical representation of the
principle has been shown in Fig. 1a. For this experiment, a non-
membrane permeable dye acid blue 9 (AB9)” has been used
which has an absorption peak at 630 nm. Unlike the height
measurement, the Hb mass of the RBC has been measured with
direct absorption of light by Hb. As the experiments have been
conducted under ambient conditions, we assumed that the Hb
in the RBC is oxygenated. The peak absorption of oxygenated
Hb is at 412 nm which is known as the Soret band.

A Microfluidic channel with a known channel height has
been used to place the RBCs in the optical path. For our
experiment, the channel height was 6.5 pm. The channel profile
obtained from a profilometer has been shown in Fig. 1b. Using
a combination of 630 nm and 405 nm LED, light absorption
images of the channel with and without an RBC were captured.

The acquired images contain the pixel values that represent
the spatial light intensity. The image of the channel without the
RBC is used as the background or reference intensity. The red
channel in the absorption image is used to measure the height

!
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h=log, (=) /4 (1)
= log, Jred AB9
background

The blue channel, on the other hand, is used to measure the
Hb mapping of the RBC by:

]blue
m=log, | - —| / (—om) (2)
I
background

where 7 and m represent the per-pixel height and mass
mapping. 4 and I{,i,%kground, represents the per-pixel intensity
of the red channel of the image with and without the RBC.
Plue and Igg‘éigmund represents the per-pixel intensity of the blue
channel of the image with and without the RBC. aapo and oy,
represents the absorption coefficient of AB9 and Hb and their
values are 0.2 pm ™" and 4.06 x 10° M~' ecm ™" respectively.> The
per-pixel height values are then multiplied with the pixel size to
find per pixel volume for the RBC. Summing the per pixel mass
and volume over all the pixels gives us the total mass and
volume of the RBC.
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(a) Graphical representation of the light absorption of AB9 and RBC. The intensity of the blue light decreases while passing through an

Fig. 1

Split channels -~ E

Height measurement

RBC. The intensity of the red light, on the other hand, decreases while passing through the AB9 solution. Three channels are shown that are
extracted from a typical color image. As there is no green light in the source, the green channel is completely dark. (b) Profilometer scan of the
channel used for this experiment. (c) A simple schematic diagram of the experimental setup. The setup can be divided into image acquisition and

processing.
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The tension coefficient and bending modulus of the RBC
membrane has been calculated from the height fluctuation data
based on the well-known Helfrich Hamiltonian®***** and
formalism of coherence in the space-frequency domain devel-
oped by Mandel and Wolf for electromagnetic field fluctua-
tion.>>®*# According to Helfrich Hamiltonian, the required
energy to stretch and bend a bilayer membrane can be defined
by

F= JdA EK(VZAhZ) + %a(wh)2 (3)

where A% is the deflection of a point from its equilibrium
position, A is the area of the membrane, ¢ is the tension coef-
ficient and « is the bending modulus. The integral represents
the sum over the whole membrane area. Per-pixel deflection or
fluctuation of the membrane is measured by determining and
comparing the height mapping of the individual frame from an
image sequence. For this experiment, 500 frames were recorded
for each sample at 100 fps. A set of 100 frames were taken to
measure the equilibrium height mapping of the RBC by aver-
aging the mappings over time while each frame was compared
to the equilibrium mapping to determine the height fluctuation
AR (x, y; t). If we consider the membrane to be in thermal
equilibrium, it is convenient to assign the energy kg7/2 to each
g-mode and express eqn (3) as static membrane fluctuation
spectrum

 keT 1

AR? _—
@) A % oq® + kq*

(4)
where, kg is the Boltzmann constant and T = 298K is the room
temperature. Ah*(g) is the time average of squared deflection
value for each pixel in the wave vector (¢) and frequency (w)
domain. Here g = |q| = ¥/¢.> + g,®> where g, = 27tn,/L, and g, =
2mny/Ly, n and L being the pixel number and length in x and y
direction in the spatial domain. Ak(q) is calculated by taking the
Fourier transformation of A% (x, y; ¢) in time and space. Eqn (4)
can be separated into two limiting cases based on whether the
fluctuation is dominated by the membrane tension or the
bending modulus. The lower wave vector region is dominated
by membrane tension where g values can be fitted in the
equation

AR (q) = (kpTIA) x (1loq’) (5)

to determine the membrane tension coefficient (o). The higher
wave vector region, on the other hand, is dominated by the
bending modulus where

AR*(g) = (kgTIA) x (1/kq?) (6)

can be fitted to determine the membrane bending modulus (k).
Previous studies investigating the thermal fluctuation of RBCs
have defined the tension dominated region to be in g < 6 (ref.
86) and ¢q < 10 (ref. 87) while the bending modulus dominated
region had been defined to be in 18 > g > 7 (ref. 86) and g > 10
(ref. 87).
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2.2. Sample preparation

Blood from healthy donors was collected and sent from the
University of Maryland School of Medicine. The human blood
with clinical hemoglobin analyzer measurements was collected
from Lampire Biological Laboratories (Coopersburg, PA, USA).
The sample collection process has followed approved institu-
tional review board protocols with donors providing informed
consent. The experiment for the discocyte and spherocyte was
run within 48 hours of the blood collection when no significant
alteration of RBC shape was observed. A ten days old blood
sample received from the University of Maryland School of
Medicine and stored in a 4 °C refrigerator has been used to
collect the data for echinocytes. Many RBCs in the old sample
had irregular spiky shape due to hypothermic storage®*** which
were considered as echinocytes by visual inspection. To prepare
RBC pellet from the whole blood, standard washing and dilu-
tion procedure was followed. 50 pl of human blood was rinsed
with 2 ml of PBS and centrifuged at 500 rcf for 10 minutes. The
supernatant was removed before the remaining RBC at the
bottom of the centrifuge tube was resuspended in 2 ml of PBS
and centrifuged at 500 rcf for 10 minutes again. After removing
the supernatant again, the RBC was resuspended in 2 ml of
isotonic (for discocyte) or hypotonic (for spherocyte) BSA and
AB9 solution and were taken into a syringe for the experiment.
The isotonic BSA and AB9 solutions were made by suspending
the solid BSA and AB9 in 1x PBS at 33 g dl " and 0.8 g dl ' w/v
concentrations. The hypotonic solution was prepared by adding
DI water to the 1x PBS before making the BSA and AB9 solution
to achieve a 220 mOs mol per L osmolarity. The hypotonic
medium caused the RBCs to swell and take a more sphere-like
shape than the usual disc-like shape. The sample had 90 000
RBCs per mm?® concentration.

RBCs for the confocal scanning were prepared by first
separating the RBCs following the procedure mentioned above.
The washed RBCs were resuspended in PBS and stained with 10
ul Vybrant™ DID for 30 minutes at 37 °C. The RBCs were
washed again twice to get rid of the suspended dye. The RBCs
were fixed with 1% glutaraldehyde for five minutes before
washing and resuspending them to PBS again. 100 pl of the RBC
sample was placed on a poly-L-lysine functionalized gridded
coverslip and was let to sit for two minutes. The coverslip was
functionalized by poly-i-lysine by first washing it with ethanol
and distilled water (dH,O) and letting them dry. Then, 150 pl of
poly-i-lysin solution was applied to the center of the coverslip
for 5 minutes and washed three times with dH,O and was air-
dried. The excess sample was washed out with a slow stream
of PBS and immediately scanned with a Nikon C2+ confocal
microscope. The gridded coverslip was used to easily track the
same RBCs to measure the height mapping using the light
absorption method. After the confocal measurement, the excess
PBS remaining over the glass was removed with a pipette and
the samples were covered with a PDMS cover having a 6.5 um
clearance and an inlet and outlet. Isotonic BSA and AB9 solu-
tions were then slowly inserted through the inlet which created
a uniform sample thickness of 6.5 pum ready for absorption
imaging.

This journal is © The Royal Society of Chemistry 2020
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2.3. Fabrication of microfluidic device

For this experiment, a known distance of sample (represented
as ‘d’ in Fig. 1a) is required to determine the RBC thickness by
subtracting the distance of BSA and AB9 solution measured by
light absorption from the known distance. This distance
should also be consistent between multiple measurements.
Otherwise, the image processing code will need to be changed
to account for this change. To maintain a constant length of
the light path and facilitate the inlet and outlet of the flow,
micron-sized channels have been used. The channels used for
our absorption imaging were 6.5 um tall, 100 um wide, and
10 mm long. The size of the channel has been measured with
a profilometer and presented in Fig. 1b. These relatively
simple channels were made with polydimethylsiloxane
(PDMS) molding. The master negative pattern was developed
with photolithography at The Center for Photonics and
Nanoelectronics (CPN) at Lehigh University using the Suss
MA6/BA6 mask aligner. SU8 2007 photoresist (52.50% solid)
was diluted with cyclopentanone at a 25 : 4.1 volume ratio to
achieve similar viscosity as SU8 2005 (45% solid). The mixture
was then spin-coated at 2000 rpm on a silicon wafer before the
UV exposure to achieve 6.5 pm channel height. Sylgard 184
PDMS was mixed with the curing agent at a ratio of 10 : 1 and
poured over the photoresist master. After degassing the PDMS
for 2 hours, it was let to cure overnight. Holes were punched
out of the PDMS channel before attaching it to a large coverslip
with oxygen plasma treatment. The RBC sample should
naturally settle over the slide surface after a few minutes.
Frames captured before the RBC settles down can be used as
the background frame as long as the region of interest (ROI) of
the camera is not changed.

Images with
2 channels
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Discocyte

Absorption Imaging
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2.4. Optical imaging

High power LEDs were used for the illumination of the sample.
For the red light, LUXEON Z Red LEDs of 1300 mW at 500 mA
with a wavelength range of 624-634 nm were used. LUXEON Z
UV LEDs of 2700 mW at 500 mA W was used for the blue light
which has a wavelength range of 405-410 nm. Four LEDs of
each color were mounted on a Saber Z5 20 mm base. Both LEDs
have a full-width half-maximum (FWHM) of approximately
15 nm. The LEDs were focused on the optical light guide with
Carclo 8° 20 mm concentrator. The samples were magnified
using a 100 x 1.25 NA Olympus SPlan oil emersion objective
mounted on an Olympus IX70 microscope. 500 images were
captured per image sequence using XIMEA CB120CG-CM color
CMOS camera at 12 bit mode with an exposure time of 100 pus
and 100 fps recording speed. Captured images had an area of
0.00056 um? per pixel. The sample was loaded in a 1 ml lure lock
syringe and connected to the microfluidic channel using a 1/32”
inner diameter polyurethane tubing before loading the syringe
in the syringe pump. The movement of the sample was
controlled by a Just Infusion™ NE-300 syringe pump. By
turning the syringe pump on and off, new RBCs were intro-
duced to the ROI of the camera while keeping the background
constant. Turning the syringe pump off also quickly makes the
RBCs stagnant and thus gets rid of any bulk movement of the
RBC that might result in erroneous calculation of height fluc-
tuation. The concentration of the RBCs in the sample was low
enough to avoid a significant number of RBCs getting attached
to each other.

2.5. Data analysis

All the image processing in this experiment was done semi-
automatically with MATLAB R2018b.

Height Mapping

O 2
{15

Total Volume: 321.111 fl 0

(b)

(a) Hemoglobin mass and height mapping of discocyte, echinocyte, and spherocyte measured by absorption imaging. The total Hb mass

and volume are 30.59 pg, 30.01 pg, 29.44 pg and 90.18 fl, 88.76 fl, 93.14 fl respectively. The maximum height in the height mapping is 2.8 um. The
scale in the figure is applicable for all three RBCs. (b) Comparing the height mapping measured by light absorption imaging to that of confocal

scanning.
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3. Results

First, the Hb and height mapping of different morphologies,
discocyte (DC), echinocyte (EC), and spherocyte (SP) of RBC
have been computed with quantitative absorption imaging. The
total Hb mass and volume for DC, EC, and SP measured from
the experiment are 30.59 pg, 30.01 pg, 29.44 pg, and 90.18 fl,
88.76 11, 93.14 fl respectively. For different morphologies of RBC,
the total Hb mass and volume agrees well with previous
studies.>**® The results are shown in Fig. 2a.

Fig. 2b shows a comparison of the height profile of 4 RBCs
measured with light absorption and confocal scanning to vali-
date the accuracy of this method. The two cross-sectional views
of the RBCs are shown along with the top view of the confocal
scan. The height mapping through light absorption method
matches well with the cross-sectional height measurement of
the RBCs with a confocal microscope. Light absorption imaging
has been used as a cytometry to measure Hb mass and volume
of moving RBCs by Schonbrun et al.>* However, independent Hb
mass and volume measurement for the DC, EC, and SP samples
for 500 sequential images show a normal distribution with
a standard deviation of 1.18 pg, 0.89 pg, 1.26 pg, and 2.80 {l, 2.12
fl, 0.46 fl. Fig. 3 shows that the calculated average total Hb mass
and volume for DC, EC, and SP from 500 frames maintain are
30.64 pg, 30.67 pg, 29.54 pg, and 91.82 fl, 87.16 fl, 93.99 fl. This
provides statistically accurate measurements for RBC physical
properties.

A comparison has been made between the mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC)
measured with the light absorption method and clinical
hemoglobin analyzer which is shown in Table 1. 150 RBCs were
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Tablel MCV, MCH, and MCHC comparison between this experiment
and clinically measured data

This experiment

Clinical
Mean Standard deviation measurement
MCH (pg) 29.13  3.58 28.7
MCV (um®) 84.59 7.5 84
MCHC gdl™" 3449  3.61 34

analyzed to measure a statistically accurate MCV, MCH, and
MCHC with the light absorption imaging method. It shows that
the results from this experiment are in good agreement with the
clinically measured data. Thus, this method can be used to
acquire statistical data of RBC physical properties like that of
a clinical hemoglobin analyzer. Fig. 4 shows the scatter plot of
the hemoglobin mass and hemoglobin concentration vs. the
volume of each RBCs measured. As expected, the hemoglobin
concentration in RBC shows a nearly constant level in a healthy
RBC sample.”* The wide range of slope for a 95% confidence
level shows that there is no strong correlation between the
hemoglobin concentration and volume of RBCs. However, RBCs
from a patient of hereditary spherocytosis (HS) have been seen
to exhibit a much wider hemoglobin concentration band in
a previous study.” Thus, the distribution of hemoglobin
concentration can give us the initial sign of hereditary spher-
ocytosis (HS). As the hemoglobin concentration is constant in
healthy RBCs, the positive correlation between RBC volume and
total hemoglobin mass was expected. A narrow range of the
slope indicates a strong correlation between hemoglobin mass
and volume in a single RBC.
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\\\
60 120 \:
- - e
s E £ 90t
S 40 2 Q
Q O Q -
N
20} N AN
l.\\ 30r \ NN \\ \\\\
ﬂ MMM e A AN ANANNANNV NN 0 LMY
27 28 29 30 31 32 33 34 28 29 30 31 32 33 26 27 28 29 30 31 32 33
Hg Mass (pg) Hg Mass (pg) Hg Mass (pg)
80 S\ 150 A 1207
\ 150 f N\ 1 100
a9 - 120} 7 NN - 80
5 £ E
S § § o
60 401
20t X
r/ N 30 NN 20
NRTn R NANN N 0 i AN 0
8 88 90 92 94 96 98 84 8 88 90
Volume (f1) Volume (f1) Volume (f1)

Fig. 3 Distribution of Hb mass and volume for discocyte, echinocyte, and spherocyte measured for 500 frames.
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To predict the mechanical properties of the RBC membrane
with light absorption imaging, image sequences have been
analyzed for the three types of RBC morphologies and RBC fixed
with 40 uM glutaraldehyde. For this experiment, the transverse
fluctuation has been measured by subtracting the height

mapping for each frame from the average height mapping for
100 consecutive frames. So, unlike the measurement of Hb
mass and volume, the fluctuation measurement is not inde-
pendent of the other frames. Caution must be given to avoid
erroneous data due to the radial fluctuation of the membrane.
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Fig. 5 Fluctuation distribution of different types of RBCs. As the RBC stiffens, the fluctuation starts showing a more centered distribution with
a significantly smaller standard deviation.
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The contour of the cell has been tracked with automatic edge
detection prior to the fluctuation analysis. The edge fluctuation
has been shown in the ESIL.1 The region of interest (ROI) for the
transverse fluctuation is created by masking out the region
created from the edge fluctuation. Randomly selected pixels on
the membrane show that the fluctuation in the membrane
follows an almost symmetrical normal distribution).

The fluctuation distributions for different types of RBCs are
summarized in Fig. 5. The DC shows the widest range of
membrane fluctuation. The EC has similar but slightly less
membrane fluctuation than the discocyte which is a sign of
a stiffer membrane. In comparison with the DC and EC, the SP
and fixed RBC show significantly weaker fluctuation with
a much slender distribution. A similar trend has been observed
among healthy and modified RBCs in previous studies.”>**¢
The differences in the membrane fluctuation resulted in
reduced root mean squared normal displacement 1/ (4h(x,y)?)
that are shown in Fig. 5. The braces indicate time averaging.

This provides a qualitative expression of the differences
between RBC membrane spatial heterogeneity and mechanical
property. Using the equipartition theorem for thermally equi-
librium membrane fluctuation, effective spring constant (k) of
the membrane can be determined from the average spatial
fluctuation data by the formula k. = kgT/(AR?). For a typical DC,
effective spring constant k. = 1.9 uN m~* was measured from
RBC flickering by Park et al.”” In their study, diffraction phase
microscopy (DPM) was used to measure /(4h?) values over the
morphological transition from DC to SP (46 nm for DC, 34 nm

Discocyte

RMS Ah =47.8 nm

Spherocyte

RMS Ah =19.2 nm

Fig. 6 The root means square of fluctuation for different types of RBCs calculated from the height mapping.
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(Ah(x,y)?) from the

light absorption imaging in this experiment are 47.8 nm for
a DC, 34.7 nm for an EC, 19.2 nm for an SP, and 14.7 nm for
a fixed RBC (Fig. 6) which accounts for an effective spring
constant of 1.79 uN m ™" for DC. Our results agree well with the
qualitative values in the above-mentioned study. The instanta-
neous fluctuation mappings are available in the ESI.t The
quantitative analysis of membrane fluctuation however is more
convenient in the spatial Fourier space. As mentioned in the
theory section, the spatial Fourier transform of the membrane
fluctuation is expressed by the wave vector (g) by eqn (4). The
fluctuation amplitude at different wave vector (q-mode) repre-
sents a different mode of membrane behavior in terms of its
mechanical properties. So, the Ax(g) was measured from the
average spatial fluctuation data Ah(x,y) by Fourier trans-
formation. The radially averaged Ak*(q) values were then
plotted against the wave vector. Fig. 7(a) represents the plot for
DC in the linear axis while Fig. 7(b) shows the same plot in the
logarithmic scale. In a linear scale, the abrupt change in the
slope of fluctuation spectra clearly shows the transition of the
fluctuation amplitude from the region suppressed by the
membrane tension to the region suppressed by the bending
modulus.® The two regions show a power low behavior for q 2
and q~*. The coefficient for q~> and q~* has been measured by
fitting the plot with eqn (5) and (6) in the range of g <5and 5 <gq
< 18 respectively. The predicted values of tension coefficient (o)
and bending modulus («) for DC from the fitting are 1.27 &+ 0.09

for EC, and 15 nm for SP). The calculated
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20. (b) shows the fitting of the plot in q~2 and q~* region to calculate the membrane tension coefficient and bending modulus for a 95%

confidence level.

x 107°Jm ?and 7.09 & 0.25 x 10 >°].

The tension coefficient and bending modulus for EC, and SP
have been derived similarly from the Ah*(q) vs. ¢ plot as shown
in Fig. 8a. The fixed RBC shows significantly reduced fluctua-
tion similar to that in the previous study.*® The fluctuation does
not show any q 2 mode in the small wave vector region. The
larger wave vector region with smaller fluctuation accounts for

fluctuation much smaller than the average bilayer-cytoskeleton
distance of (30 nm).**

Cytoskeleton stiffening and the interaction between
membrane and cytoskeleton has a smaller effect in this region.
Therefore, bending modulus is less effected overall by the
morphological changes in RBCs. The tension coefficient and
bending modulus for EC and SP from our experiment are 4.80 +
0.34 x 10°°Jm~2?and 7.70 £ 0.78 x 107 2°J. and 9.85 £ 0.29 x

10?2 T T
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103k s . = Spherocyte -
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Fig. 8
bending modulus of DC, EC, and SP.
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(a) Mean squared displacement plot as a function of wave vector for DC, EC, SP, and fixed RBC. (b) Comparison of tension coefficient and

Table 2 Comparison of tension coefficient and bending modulus measured from our experiment with previously reported values

This work Previous work
Tension coefficient, o (x107° ] m™?) DC 1.27 £ 0.09 1.50 + 0.2 (ref. 56), 0.5-1.2 (ref. 83)
EC 4.80 £ 0.34 4.05 + 1.1 (ref. 56)
SP 9.85 + 0.29 8.25 + 1.6 (ref. 56)
Bending modulus, k (x107%°]) DC 7.09 £ 0.25 5.60 + 0.06 (ref. 56), 2.30 £ 0.69 (ref. 57)
EC 7.70 £+ 0.78 9.12 =+ 0.06 (ref. 56), 3.94 + 1.31 (ref. 57)
SP 9.69 + 0.62 8.41 + 0.06 (ref. 56), 9.80 + 2.7 (ref. 57)
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Fig. 9 2D scatter plot of (a) Hb concentration and membrane tension coefficient and (b) Hb concentration and membrane bending modulus.
The red line in each figure represents a linear fit and the shaded region represents the range of slope that covers 95% confidence level.

107°J m 2 and 9.69 & 0.62 x 10~ 2° J respectively. The results
show a large increase of 87.6% in the tension coefficient while
a comparatively smaller increase of 26.7% in bending modulus
due to morphological transition in RBC from DC to SP. The
results agree well with previous studies as seen in Table 2.

A correlation between hemoglobin concentration and
membrane tension coefficient/bending modulus is shown in
Fig. 9. The bending modulus is responsible for maintaining the
shape of the RBC membrane and remains nearly unchanged
with a change in hemoglobin concentration (Fig. 9b). This
supports previous reports that RBC bending modulus do not get
significantly affected by hemoglobin concentration both in
normal and sickle cells.””®* Membrane tension on the other
hand is more directly related to the stiffness of the cell and
shows a strong positive correlation with hemoglobin concen-
tration (Fig. 9a). It can be explained by the increased cyto-
plasmic viscosity that results from increased hemoglobin
concentration.”

4. Conclusion

This study shows that the physical and mechanical properties of
RBC can be reliably measured with light absorption imaging by
a simple two-LED setup using a moderately high-speed color
camera. This method is sensitive enough to differentiate
between different morphological states of RBC and shows
significant relevance to previously reported values. This method
is notably cheaper and less complex compared to the other non-
contact quantitative imaging methods such as QPI, DHM, or
diffraction phase microscopy (DPM), and can directly measure
both hemoglobin mass and structural properties of RBCs in
a much more straightforward manner. The total cost for the
setup in this experiment is only USD 175 (see appendix on Bill of
Materials). It is a separate unit that can be installed over
a standard inverted microscope. The unit does not contain any
sensitive or fragile optical element and costs several times less

38932 | RSC Adv, 2020, 10, 38923-38936

than the QPIU setup. Such a simple setup can be utilized in the
development of cheap and effective point of care blood analyzer
and disease detection Kit.

Appendix

The bill of materials (BOM) for the experimental setup has been
given in the table below.

Unit Total per
price component

Component Units (USD) (USD)
1. 4 Series connected LUXEON Z 405 nm 1 35.4 35.4
Ultraviolet LEDs on a Saber Z5 20 mm base -

2700 mW @ 500 mA

2. 4 Series connected LUXEON Z Red LEDs 1 13 13
on a Saber Z5 20 mm base - 208 Im @ 500

mA

3. Carclo 20 mm Clear Hex Optic Holder - 2 0.5 1
Pegged Feet

4. Carclo 8° 20 mm Concentrator Beam 2 1.8 3.6
Optic

5. Tri Tronics Fiber Optics Barrel Tip Light 1 87.72 87.72

Guide/BF-E-36AP

6. 3D printed LED enclosure (Printed in The 1 5 5
Wilbur Powerhouse - Lehigh University in

an Ultimaker 2 with PLA)

7. Nxtop Aluminum Heat Sink Heatsink 1 11 11
Module Cooler Fin 100 mm (L) x 69 mm(W)

x 36 mm(H)

8. Standard breadboard, resistor, 1 8 8

potentiometer, led, jumper wire set

9. CTS Industrial 24mmbDiameter 5 Watt, 1 5.34 5.34
Wirewound rotart potentiometer (100 ohm)

10. CTS Industrial 24mmDiameter 5 Watt, 1 5.34 5.34
Wirewound rotart potentiometer (250 ohm)

Total 175.4

This journal is © The Royal Society of Chemistry 2020
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