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Article History Abstract — In this study, the determination of the surface morphology of red blood cell (RBC) from interferogram
Received: 18.11.2022 image obtained by quantitative phase imaging (QPI) method is presented. QPI, is an optical measurement method
Accepted:  12.12.2022 frequently used in recent years, allows to obtain quantitative data for different samples (cell, thin film surface, etc.).
Published:  30.06.2023 Many measurement setups at the micrometer level and with nanometer precision have been designed for quantitative

surface determination. Among these, white light diffraction phase microscopy (WDPM) is a design that combines
Research Article the advantages of off-axis holography-specific speed and phase sensitivity associated with common path interferom-

etry. Interferogram image of RBCs have been formed by the WDPM setup. Analysis of this image has been carried
out by Fourier transform. As a result of this analysis, three-dimensional (3D), dynamic (observable from all angles)
and height-known profiles of RBCs have been created. From the height profiles, the parameters related to the mor-
phology of RBCs as the projected surface area (PSA), diameter (D), mean corpuscular volume (MCV) and total
surface area occupied by the cell (SA), have been determined quantitatively. In addition, two-dimensional images,
obtained by examining blood samples with light microscopy and scanning electron microscopy (SEM), have been
compared with the data achieved by WDPM. The advantages and disadvantages of WDPM and light microscopy and
SEM, which are commonly used in biomedical measurements, are discussed through the results. In this way, it was
possible to see the difference between QPI and traditional methods used to imaging the cell surface.
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1. Introduction

Quantitative studies have come to the forefront in recent years in sciences such as biology and physics. The
development of optical measurement techniques used in laboratories supports the design of more competent
and cheaper measurement systems in the diagnosis and treatment phase to ensure non-invasively healthy re-
sults. Increasing the sensitivity of profilometric optical measurement systems, which are used in many fields
of industry and research, is necessary for more accurate and reliable measurement (Cacace et al., 2020; Ed-
wards et al., 2014). In the fringe projection technique used for quantitative phase imaging (QPI) in profile
determination studies, the fringe pattern is projected onto the object whose height is to be measured with the
help of projection and its image is recorded. From this image, the phase value for each pixel is calculated and
when added together, the surface profile of the object is obtained in gradient units. This phase distribution is
converted into height information using the geometry of the experimental setup (Takeda & Mutoh, 1983).
When the object under investigation becomes relatively smaller, the experimental setup should also change.
In 2001, Quan and colleagues used the LCD fringe projection method to obtain three-dimensional images of
writing on coins (Quan et al., 2001). In the following years, interferometry was proposed for micrometer-scale
measurements (Endo et al., 2005; Leonhardt, 2005; Reolon et al., 2006) and cell imaging with white light
diffraction phase microscopy (WDFM) (Majeed et al., 2017; Mir et al., 2010; Popescu et al., 2008). Studies
on the red blood cell (RBC) morphology with different QPI setups have increased considerably in recent years
and are published in high-impact journals (Ahmadzadeh et al., 2017; Jaferzadeh & Moon, 2016; Moon et al.,
2013; Singh et al., 2020).
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RBC size, count and other morphological measurements are frequently used in the diagnosis and follow-up of
many diseases by various methods (Curl et al., 2005; Lee et al., 2013; Popescu, 2011). There are several articles
which have investigated RBC morphology using conventional methods (Buys et al., 2013; Mukherjee et al.,
2015; Oprisan et al., 2017). In these studies, cell surface was usually imaged by atomic force microscopy
(AFM) and scanning electron microscopy (SEM). These commonly used imaging techniques require a prelim-
inary preparation of the blood sample. Although higher resolutions can be achieved with SEM and AFM im-
aging, the sample is damaged during measurement. QPI can provide quantitatively precise knowledge of cell
structure at the cellular level (Ahmadzadeh et al., 2017). Structural parameters such as cell diameter (D), pro-
jected surface area (PSA), total surface area (SA) and mean corpuscular volume (MCV) can be calculated from
the three-dimensional (3D) profile obtained by QPI (Jaferzadeh & Moon, 2016). WDPM, an interferometric
technique, provides quantitative measurement of RBCs (Bhaduri et al., 2012; Pham et al., 2013; Unal et al.,
2020). A common path interferometer is an interferometer in which the sample and the reference beam prop-
agate along the same path. In off-axis holography, it is possible to obtain the phase of an interferogram by
taking only one image with a camera. There is an interferometric setup with a non-zero angle between the
sample and reference beam and requires filtering spatial frequencies. WDPM is a QPI method that integrates
the benefits of both the speed characteristic of off-axis holography and the phase precision related to common
path interferometry (Majeed et al., 2018).

WDPM allows the determination of the RBC morphological parameters without sample preparation and non-
invasive way. With this method, a sample image and a reference image are needed to calculate the 3D profile
of the sample. The WDPM, which consists of an interferometer, light microscope and camera, ensures low
speckle noise with white light and single-shut measurement (Bhaduri et al., 2012; Edwards et al., 2014). Phase
values are calculated from an interferogram of the sample surface using various phase calculation techniques.
The most widely used phase calculation method for this purpose is the Fourier transform. The height infor-
mation in the interferogram is retrieved from the phase term (Takeda & Mutoh, 1983). Once the phase of each
point (pixel by pixel) on the surface of the sample and the reference is determined, they are combined to obtain
a 3D profile of the sample dynamically and quantitatively without damaging the sample.

In this study, three-dimensional dynamic surface profiles of RBCs have been achieved with the WDPM meas-
urement system and the Fourier transform analysis. In the first section, the experimental setup in which inter-
ferogram image has been acquired is described in detail. In the next section, Fourier transform phase calcula-
tion method is explained and the quantitative surface profiles have been given. In addition, the light microscopy
and SEM imaging procedures applied for the same blood sample are detailed and the obtained images have
been compared with quantitative surface profiles. In this way, it has been possible to see the difference between
the most commonly used methods and QPI, for imaging the cell surface and generating quantitative data about
the morphology of RBC.

2. Materials and Methods
2.1. WDPM Method

2.1.1. Imaging with WDPM

WDPM is a system consisting of an interferometer, camera and microscope. In this technique,
micrometer-scale measurements can be made by interferometry without contact with the object. In
order to achieve the surface profile of RBC in a dynamic three-dimensional structure, it is first
necessary to obtain interferogram images for the sample and reference.

The WDPM measurement system was equipped with a Zeiss Axio Observer Al inverted microscope
with halogen light and a Hamamatsu ORCA Flash 4.0 CMOS camera. The CMOS image sensor in
this camera realizes both low noise (1.0 electrons (median) 1.6 electrons (r.m.s)) and high-speed
readout (100 frames/s with 2048 pixels x 2048 pixels) at the same time, with an exposure time of 1
ms. This camera has an effective area of 13,312 mm x 13,312 mm and a pixel size of 6.5 pm. This
setup was mounted on an optical table to minimize mechanical vibrations and minor disturbances in
the interferometer. Figure 1 (a) shows the WDPM setup.
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Figure 1. (a) WDPM experimental setup; (b) schematic representation of the interferometer (L1, 60
mm focal length lens; the pinhole has two apertures with diameters of 210um and 5 mm; L, 150 mm
focal length lens; the camera; (c) pinhole.

First, the blood sample is spread on a slide without any preliminary preparation and covered with
another slide. The sample is placed in an inverted microscope, focused and a clear image is obtained.
This image is projected onto the diffraction grating from the image output at the bottom of the
microscope. Different wavelengths are diffracted at different angles through the grating (110
grooves/mm). As shown in Figure 1(b), after passing through the diffraction grating, the rays from the
microscope image plane encounter the first lens with a focal length of 60 mm. The image components
incident on the Fourier plane behind the lens are filtered by a pinhole (Figure 1 (c)) having two
apertures of 210 um and 5 mm diameter. The 0" and 1% components are passed through the pinhole
and encounter the second lens with a focal length of 150 mm, while the initial image is observed upside
down. Component 1 passing through the 5 mm aperture and component 0 passing through the 210 pm
aperture are superposed on the resulting image plane through the second lens, forming an
interferometric pattern. The +1st beam is not along the optical axis and has a small angle with the Oth
beam. Therefore, it generates a lateral shift. However, the amount of this shift is small enough and
does not affect the generated profile. With the camera in the result image plane, a reference image
without blood sample is first recorded. This reference image is used to remove impurities in the system.
And then, the interferogram is generated and recorded for the blood sample. The interferometer
magnifies the sample and reference image M=f2/f1=2.5 times. When taking into account with the
magnification of the objective used, WDPM gives a total magnification of 157.5 for the image with a
63X objective. The RBC interferogram generated in the WDPM setup is shown in Figure 2. From this
interferogram, the Fourier transform was used to calculate the surface profile showing the height at
each point.
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Figure 2. RBC interferogram obtained from the WDPM measurement system.

2.1.2. Phase Calculation Method with Fourier Transform

The phase term in the Fourier transform carries the height information in the images obtained from the
WDPM setup. The deformed fringe pattern can be written with carrier frequency fo, phase ¢(x,y) and amplitude
r(x,y) as in equation (2.1):

9@ = D anlxy) explizmnfyx) @1

n=—oo

Here q,(x,y) = A,r(x,y)explinp(x,y)], fo = 1/p, is the fundamental frequency of the monitored fringe
pattern and po is the fringe width. Since there is only one carrier frequency in the x-axis direction, the fringe
pattern in the image is parallel to the y-axis. The 1D Fourier transform of equation (2.1) can be written as
equation (2.2)

+ oo

G(f,y) = f r(x,9)

— 00

ZA" exp(—ian(f —nfy) + inp(x, y)) dx. (2.2)

This equation can be expressed as G(f,y) = Yne—w Qn(f — nfo,v). G(f,y) and Q,,(f, y) are the 1D Fourier
transforms of g(x,y) and q,,(x, y) respectively. The spectrum of Q,,(f — nf,,y) should be separated by the
carrier frequency; the first frequency component Q, (f — fo,y) is chosen and the inverse Fourier transform is
calculated as equation (2.3)

G, y) = Air(x, y) expli[2mfox + @ (x, ¥)]} (2.3)

Repeat for the case where the height is zero;
Go(xy) = Ajexpli[2mfox + o ()]} (24)

equation (2.4) is obtained. Equation (2.3) is multiplied by the complex conjugate of equation (2.4);
G0, )Go * (x,y) = |A1?r (x, y)exp{ilAp (x, y)]} (2.5)

In equation (2.5), Ap(x,y) = @(x,y) — @y (x) is the phase difference due to the change in height of the object

at each point and Ap(x,y) = tan™! [:Zgg: ;2&;, ;3] Thus, the height (phase difference) of each point
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(pixel) on the surface from the reference plane is determined in radians and when added together, the profile
of the object is achieved (Dursun et al., 2004; Takeda & Mutoh, 1983). If the same process is repeated for the
reference image and the phase of the reference image is subtracted from the phase values of the image con-
taining the RBC, the impurities and background brightness in the system are minimized.

2.1.3. Determination of RBC Morphology

By applying the Fourier transform, the phase distribution was calculated from the interferogram obtained
with the WDPM experimental setup (figure (2)) and the RBC profiles were obtained in terms of phase. This
phase information was converted to height in pm using the equation (2.6) (Popescu et al., 2006).

AAp(x,y)

20N = Gl — ]

(2.6)

Here, the center wavelength of the halogen lamp of the microscope is 550 nm, nc=1.41 is the refractive index
of the cell and np=1.34 is the refractive index of the plasma surrounding the cell. Considering the total magni-
fication (157.5 times) provided by the camera, 63X objective and the interferometer, the size of a pixel of the
raw image is 0.04x0.04 um. Based on these calculations, the height profiles of RBCs are shown in Figure 3 at
different angles.

From these height profiles, the morphological parameters of the RBCs such as the projected surface area
(PSA), diameter (D), mean corpuscular volume (MCV) and the entire surface area (SA) were calculated. The
first morphological parameter is the PSA, which is the area of the cell in the x-y plane (Jaferzadeh et al., 2019;
Jaferzadeh & Moon, 2016). It is calculated from the equation PSA = Np?, where N is the total number of
pixels occupied by the cell in the x-y plane and p is the size of a pixel (0.04x0.04 um). The diameter of the cell
can be calculated by the equation D = 2.,/PSA/m (Jaferzadeh et al., 2019; Jaferzadeh & Moon, 2016). In ad-
dition, MCV is calculated from the height profile as MCV = p? ¥ z(x, y) (Ahmadzadeh et al., 2017; Jaferzadeh
& Moon, 2016). The SA of the RBC is determined from the height profile as the sum of all surface areas
divided into small triangular pieces (Park et al., 2016).
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Figure 3. (a) from different angles; (b) full front view of the 3 profiles obtained by Fourier transform method
from the interferogram in Figure 2 created by WDPM.
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2.2. SEM Method

2.2.1 Preparation of RBCs for SEM Imaging

In order to image the blood sample with SEM, a sample preparation phase is required. This process was
carried out by following these steps (Unal et al., 2020):

a. Blood samples are collected in EDTA tubes and stored at +4 °C for one day.
b. Samples are first spread on a glass slide and washed with phosphate buffered saline (PBS.

c. The washed samples are then fixed in 2.5% glutaraldehyde with sodium cacodylate trihydrate for 120
minutes.

d. The samples are then stored in sodium cacodylate trihydrate at 4 °C.
e. After dried for examination, they are ready for SEM imaging.
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2.2.2. Imaging with SEM

mag [ | spot HV pressure | det Wi | ———20pm ———

5000x | 3.5 | 5,00kV | 250 Pa | GSED | 9.2 mm | 82.9 ym ‘ NABILTEM

mag [] | spot 2\% pressure WD HFW —3ym —

30000x | 3.5 | 500kV | 250 Pa | GSED | 9.2 mm | 13.8 pm NABILTEM

Figure 4. Images of RBCs retrieved by SEM imaging

Basically, an electron microscope functions as follows; an electron source emits electrons that interact with
the sample to be examined, which are then processed by the detector to produce an image. The electron source
is an electron gun containing a tungsten or tungsten filament wire. A high voltage is applied to the filament,
which heats the wire to a temperature of about 2700 K and releases electrons. In order for the oscillation to
occur, the current must be increased as well as the voltage applied to the wire, and it is determined that the
thickness of the filament to be used should be 0.125 mm on average. The oscillating electrons are guided by
the anode plate, passing through lenses with electromagnetic properties and falling on the sample. Thus, the
accelerated electron beam interacts with the sample and the electrons, which change their direction as a result
of elastic collision with the sample atoms, are scattered back. Inelastic collisions of the electron beam with the
outer orbital electrons of the sample atoms result in the formation of lower-energy Auger electrons, which
allow us to obtain information about the sample surface. As a result of all these collisions, electrons that have
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broken out of their orbits and lost energy form secondary electrons. Thanks to these secondary electrons com-
ing from 10 nm below the sample surface, a high-resolution topographic image is obtained from the sample
(Goldstein et al., 2018; Zhou & Wang, 2007).

Structural, topographical and morphological features and elemental analysis can be performed with SEM and
samples can be monitored at different magnifications. Since, SEM gives a photography of the sample surface
with scale information, has a disadvantage compared to QPI (Ahmadzadeh et al., 2017). The images obtained
with SEM are not dynamic and a qualitative measurement result is obtained. In addition, the blood cells need
to be subjected to a preliminary preparation process before imaging. The prepared RBCs were imaged with a
FEI, Quanta FEG SEM instrument at NABILTEM at Tekirdag Namik Kemal University (figure (4)).

2.3. Imaging with Light Microscope

Blood samples were smeared onto a glass slide and covered with another slide. Without any further prepa-
ration, these sandwiched blood samples were imaged on an Inverted Axio Observer microscope using a 40X
objective. Firstly, the microscope was adjusted to clarify the image and the resulting clear image of RBCs was
recorded with a Hamamatsu Orca Flash 4.0 camera. In the light microscope image shown in Figure 5, RBCs
were observed as biconcave in shape.

On 28.06.2022, permission was obtained from Tekirdag Namik Kemal University Non-Interventional Clinical
Research Ethics Committee for the study titled "Determination of Erythrocyte Morphologies in Multiple Scle-
rosis Patients by Quantitative Phase Imaging Method". The blood samples used in this study were collected
from healthy volunteers of the study for which ethics committee approval was obtained.

Figure 5. Light microscopy images of blood samples.

3. Results and Discussion

In order to determine the surface morphology of RBCs with the QPI technique, the WDPM experiment
setup was performed as shown in Figure 1 and the interferogram image shown in Figure 2 was obtained. Phase
values were calculated for each pixel of the interferogram image using Fourier transform method and these
phase values were converted into height information. Thus, surface profiles of the RBCs with known height
values at each point were created. These profiles are three-dimensional and dynamic, observable from any
angle and quantitative. Morphological parameters for the profiles given in Figure 3: PSA=79.91 pm?, D=5.74
um, MCV=92.53 um?® and SA=131.14 pm? for cell 1; PSA= 71.45 um?, D= 4.94 um, MCV= 83.79 um? and
SA=117.68 um? for cell 2; PSA= 74.99 um?, D= 5.38 um, MCV= 87.85 um?® and SA= 123.85 um? for cell 3.
These values are consistent with the literature (Park et al., 2016). The samples were not subjected to any pre-
liminary preparation while creating these profiles. One of the advantages of this technique is that the samples
were imaged in the WDPM without any contact or damage. WDPM provides fast measurement, which is an
advantage of off-axis holography, and is a phase-sensitive QPI1 method, which is an advantage of common path
interferometry. In conclusion, the advantages and disadvantages of the WDPM measurement system can be
listed as follows: no sample preparation is required; the measurement acquisition time is the sum of the camera
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recording time (1 second) and the image analysis time (average of 1 minute, depending on the size of the image
by Fourier transform); there is no contact with the sample during imaging; no sample distortion occurs. In
addition, the profile obtained from WDPM images is three-dimensional and dynamic, it can be observed from
any angle, it is a quantitative result with known phase and/or height values at each point, and it is possible to
calculate different parameters related to morphology from the profile.

In order to compare the advantages and disadvantages of the cell profiles obtained using the WDPM method,
the widely preferred SEM and light microscopy imaging were also performed.

Blood sample was first subjected to a preliminary preparation process for obtaining SEM images. Thus, the
RBCs fixed on the slide were placed in the SEM device. It was observed that some RBCs were distorted during
the measurement due to the pressure and temperature applied by the device (figure 4). In addition, this device
scans the sample surface with an electron beam for imaging, which can damage the sample as there is contact
with the sample. In the SEM image, RBC diameters were observed around 6.7 um, but no quantitative data on
the height (thickness) of the RBC could be obtained. The measurement of RBC diameter from SEM images
was performed on a two-dimensional scaled photograph. Therefore, SEM can qualitatively determine the struc-
tural, morphological and topographical features of the surface of RBCs while it has the major advantage of
observing samples at different magnifications with high resolution. However, it has some disadvantages; it
gives a two-dimensional surface image with scale information and no height information, it is not a quantitative
morphology determination technique, sample preparation is required before the imaging process, which is a
disadvantage in terms of both time and cost, there is a contact with the sample, so distortion of the sample may
occur due to the pressure applied inside the device during imaging.

No preparation was done for light microscopy imaging. The magnification of the light microscope is 40x and
the images provide information about the shape of the RBC in general. The observation of biconcave shapes
(figure 5) confirms the SEM images and the generated three-dimensional profile. With light microscopy, a
large number of cells can be observed at the same time and no sample preparation is required. However, the
image is in two-dimensional, contains no height information, no quantitative information can be obtained and
depends on the visual interpretation of the researcher who performs the imaging and examines the image.

4. Conclusion

Using a QPI method such as WDPM, 3D height profile and morphology-related parameters of RBCs can
be determined. Quantitative information can be generated with QPI measurement methods that have been de-
veloped in recent years and can provide solutions to many problems in the fields of biology, health and tech-
nology. The fact that the quantitative information to be generated with QPI can be performed without any
preliminary preparation of RBCs that can be easily obtained from peripheral blood and without contact, the
low cost compared to other methods will make the process easily accessible and applicable.
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