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Highlights

Highlights

1. The evaluation of morphological, quantitative parameters, and membrane fluctuations of
human red blood cells (RBC) by a new single-shot common-path off-axis digital holographic
microscopic system is demonstrated.

2. The proposed system, owing to common-path configuration, offers higher phase temporal
phase stability, therefore, making it more suitable for the investigation of small cell thickness

fluctuation.
3. The experimentally calculated parameters of the RBC are obtained in good agreement with

their normal physiological range.
4. The system could further be used for quantifying the dynamically changing molecular
concentrations and morphology of other non-red blood and living cells.
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Abstract

Digital holographic microscopy (DHM) is a powerful label-free imaging tool that provides three-
dimensional (3D) quantitative information of a specimen. In this work, the evaluation of morphological
and quantitative parameters of human red blood cells (RBC) by a new single-shot common-path off-axis
digital holographic microscopic system is demonstrated. The proposed system is accomplished by
employing a wedge plat, silver-coated at its back surface, into the object beam path generating two beams:
one from the front surface and another from the back surface of the wedge plate. One of the beams is
spatially filtered by using a pinhole to completely erase the object information from it and serving the
clean reference beam, which on interfering with the object beam, creates the hologram. The proposed
system, owing to common-path configuration, offers higher temporal phase stability, therefore, making it
more suitable for the investigation of small cell thickness fluctuation. Moreover, the system is simple,
compact, less expensive, and less vibration sensitive. The measurements of morphological and
quantitative parameters, and membrane fluctuations of the human RBCs by the proposed system are
reported. The experimentally calculated parameters of the RBC are obtained in good agreement with their
normal physiological range.

Keywords: digital holographic microscopy, quantitative phase, morphological and quantitative
parameters, red blood cells.

1. Introduction

Biophysical parameters of the biological cells and tissues such as morphology, refractive index,
thickness, cell dry mass, density, hemoglobin concentration, etc. play important role in determining and
understanding of various physiological and pathological processes, monitoring of disease progression, and
therefore, helpful in their improved diagnosis [1-7]. The biological specimens, e.g., living cells and their
intracellular constituents, are considered as phase objects as they are mostly transparent in the visible
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range. Therefore, investigations of these biological specimens by conventional bright-field microscopy
are uncertain as it does not provide quantitative information about the cell structure and contents and
therefore, requires additional efforts for this purpose. Some external interventions, such as
chromatographic agents or fluorescent markers, are employed for the analysis of these specimens [§].
Several techniques including phase-contrast microscopy and differential interference contrast, have been
developed over the years to avoid these external interventions. Among them, quantitative phase imaging
(QPI) by digital holographic microscopy (DHM), being a label-free, non-invasive, and highly sensitive
technique to visualize and measure subtle, is the forefront as a promising tool in the determination of
various biophysical parameters and quantitative characterization of the biological cells and tissues [9].
DHM has been established as a powerful technique in the field of biomedical imaging and analysis
including the single-cell studies for the analysis of blood [10], endothelial [11] and neuronal cells [12],
cancer cell research [13], fibroblast cells [14], testate amoeba [15], diatom skeletons [16], infections [17],
cell culture quality control [18,19], the histopathological analysis of tissue samples [20], and others [21].

Red blood cells (RBCs) are an essential component of the human body. The role of the RBCs is to
deliver fresh oxygen to the body tissues via blood flow through the circulatory system in vertebrate
organisms while squeezing through the body's capillaries and transporting carbon dioxide from tissues to
the lungs for the human to exhale [22,23]. The shape of the RBCs is round with a flattish, indented center,
similar to doughnuts without a hole. The RBCs are made in the bone marrow and their typical life cycle
is about 120 days [24]. Foods rich in iron and vitamins (B-2, B-3, and B-12) help to maintain healthy
RBCs. Several biochemical, structural, inflammatory, and physiologic changes occur in stored RBCs -
when the RBCs store for a substantial amount of time, referred RBC storage lesion, which affects directly
or indirectly other body tissues. In RBC storage lesion, over time, glucose in stored blood is consumed
and the potassium levels increase [24]. Therefore, the investigations of various quantitative cell parameters
including 3D morphology, mean corpuscular volume (MCV), hemoglobin content (MCH), MCH surface
density (MCHSD), of RBCs provide useful information which helps in improving the deeper
understanding of the mechanisms behind human diseases. For example, anemias are diseases characterized
by low oxygen transport capacity of the blood, due to the low red cell count or some abnormality of the
RBCs such as the small size of the RBCs or the hemoglobin. Therefore, the larger volume or the size of
the RBCs leads to the transport of more oxygen and hence they are good indicators of the functionality of
RBCs.

DHM is one of the powerful optical microscopic techniques which has been actively investigated and
widely used for such applications with its unique advantages over conventional techniques. In the recent
decade, the common-path configurations of DHM are of growing interest because they have overcome the
limitations of the two-channel configurations and make the systems simpler, compact in size, inexpensive
due to reduced optical components, less vibration-sensitive, and provide high temporal phase stability
[4,5,7,25-33]. Recently, we have developed a common-path configuration of DHM based on a cube beam
splitter and demonstrated its applications for bio-imaging [7] and simultaneous measurement of refractive
index and thickness of a biological specimen [34] and its various applications [35]. However, in this
system, there is limited control on the complex conjugate terms in the spatial frequency domain of the
recorded hologram.

In the present work, we have developed a new configuration of the common-path off-axis DHM system
based on a wedge plate coated at its back surface. The wedged glass plate-based DHM system for bio-
imaging applications is proposed by Sun et al [36] in which the wedged glass plate is inserted, in the path
of the collimated incident object beam where object information is not present, acts as the reference beam,



to deflect this half of the object beam toward another half where the object information is present. The
interference between the two halves is occurred to generate an off-axis hologram. However, in this
configuration, the sample under study is occupying only half of the object beam, and therefore, it reduces
the overall field of view (FOV) by half. Furthermore, if the object information is occupied in the entire
object beam, then the technique does not work, limits its use for small objects only. Also, it is tricky to
identify where the object information and no object information are present in the object beam and then
to insert the wedge plate accordingly to generate the interference pattern. The system is not suitable for
the investigations of dynamic events. On the other hand, in our system, the object beam is reflected from
the front and back surfaces of a wedge plate, where one of the beams is spatially filtered at its Fourier
plane using a pinhole to generate a spherical reference beam free from the object information. This
reference beam interferes with the object beam at the faceplate of the image sensor and forms the digital
hologram. Therefore, the full use of the object beam is utilized and the problem of reduced FOV is
overcome. The proposed system is used for the investigations of various quantitative cell parameters of
the RBCs. In the following section, the methodology of the proposed system is presented. In the third
section, the analysis of the experimental results is demonstrated. In the final section, the discussion and
conclusion of the study are presented.

2. Methodology

Figure 1(a) shows the schematic of the experimental setup of the proposed wedge plate-based single-
shot common-path. The wedge plate is silver coated at its back surface. The He-Ne laser, (A = 632.8 nm)
is spatially filtered (by SF) and collimated (by L1). This collimated laser light trans-illuminates the sample
mounted on a motorized translational stage. The light transmitted through the sample is collected by a
microscopic objective lens (40X magnification, NA = 0.65) and collimated again by the lens (L2 of focal
length = 100 mm). The collimated light is focused by the lens, L3 of focal length = 150 mm, and is reflected
by the wedge plate (Thorlabs, PS810 - @1", round wedge prism, 2° beam deviation). Therefore, two
beams: one from the front surface and another from the silver coated back surface of the wedge plate, are
generated. Both these beams carry the object information and one of the beams (reflected from the back
surface of the wedge plate as its intensity is very high compared to the other) is spatially filtered at its
Fourier plane by using a pinhole (50 um, diameter), mounted on a 3D stage to adjust the right position of
the pinhole at the focused spot of the beam. The pinhole allows to pass only the DC component of the
beam generates spherical wave by erasing all the object information. The reference and object beams are
allowed to pass through a lens (L4 of focal length = 100 mm), to make their interference at the faceplate
of the image sensor [CMOS camera (Sony Pregius IMX 249, sensor format: 1920x1200 pixels, pixel size
of 5.86 um)].

However, it should be noted that the setup can be made more compact and simpler by using only the
wedge plate without the pinhole by replacing the optical geometry in the dotted area of Fig. 1(a) with the
scheme depicted in Fig. 1(b). In this case, the collimated object beam is allowed to incident on the wedge
plate and two laterally sheared beams are generated after reflection from the front and rear surfaces of the
plate. The portion, not containing any object information, in one of the beams, acts as the reference beam
and it interferes with the other beam carrying the object information and generates an interference pattern
at the faceplate of the image sensor. This configuration makes the setup more compact and simpler by
reducing the number of optical components and the complexity of the pinhole assembly, but at the cost of
reduces FOV. This scheme is compatible for the investigations of small biological objects. Further, there
is no need for the silver coating of the back surface in this configuration.



A single digital hologram in the presence of the object is recorded from which phase information is
retrieved by using the principal component analysis (PCA)-based phase aberration compensation method
[37]. This method has several advantages such as it is fully automatic, accurate, robust, and it does not
require any prior knowledge of the object or/and the optical setup. From the obtained quantitative phase
image, various physiological parameters of the RBC are calculated which have immense importance in
defining the several diseases and other functionality of the RBCs.
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Fig. 1. Schematic of the experimental setup.

3. Experiments and Results

First, the temporal stability of the system is measured by recording a series of holograms, as shown in
Fig. 2(a), without the presence of the object, at the rate of 40 frames per second, for 100 s. For all the 4000
holograms, the phase distributions are reconstructed numerically. The phase difference distributions are



calculated for all the holograms by comparing the reconstructed phase distributions to that of the first
recorded hologram. The standard deviation of the phase difference for a selected area (10,000 random
pixel points) in the same area of every phase difference distribution is calculated. Figure 2(b) shows the
histogram of the standard deviation of fluctuations for the selected pixels within the field of view
indicating that a mean fluctuation (Gmean) is 0.0047 radians.

Then the experiments were conducted on human red blood cells (RBCs) for quantitative analysis of
morphological properties including the mean corpuscular volume (MCV), hemoglobin content (MCH),
and MCH surface density (MCHSD). The RBC sample is prepared by collecting a few microliters of blood
from a healthy lab donor. The RBC sample was resuspended in phosphate buffer saline containing 1000
unit/L heparin (Wako, Tokyo, Japan)
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Fig. 2. (a) Recorded series of holograms and (b) Histogram of standard deviations of fluctuations of the
reconstructed phase distributions for the selected pixels, defining the temporal phase stability of the system.

Cell diameter and thickness

Figure 3 (a) shows the recorded digital hologram, where the inset shows the magnified selected area of
the recorded hologram clearly indicating the carrier fringe pattern. The quantitative phase information of
RBCs is extracted from the recorded digital hologram as shown in Fig 3(b). The diameter of the cell can
be calculated either of the intensity or phase image by calculating the total number of pixels and pixel size
that a cell occupies in the image. Further, from the phase distribution (A¢@(x,y)), the cell thickness is

calculated as

h(x,y)=%a (1)

where, An =n,,.—n, , with n,,.1s the refractive index of the RBC and n, is the refractive index of the

surrounding medium (phosphate buffer) and A is the wavelength of the light source used in the experiment.
The refractive index of RBC and phosphate buffer are ~1.418 and ~1.335, respectively [38]. However,
both the thickness and refractive index of the RBC can be accurately calculated by the dual-wavelength
DHM system [35]. The thickness profile of the RBC is shown in Fig. 3(c).
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Fig. 3: (a) Recorded digital hologram, where the inset represents the magnified selected area showing the
carrier fringes, scale bar = Sum, (b) retrieved phase distribution, and (c) the thickness profile of the RBC.

Quantitative and Hemoglobin parameters

The quantitative phase image obtained by the proposed DHM system enables to measure several
characteristic properties of the RBC including the mean corpuscular volume (MCV), projected surface
area (S), dry mass (DM), or the mean corpuscular hemoglobin concentration (MCH) when the RBC
population is considered, and mean corpuscular hemoglobin surface density (MCHSD) [38-41]. In the
MCV blood test, the average size of the RBCs is measured. If the size of the RBCs is too small or too
large, it may be a sign of a blood disorder including anemia or a vitamin deficiency. The abnormal
hemoglobin concentration results in sickle-cell disease because in this case the when these release their
oxygen load to the tissues, they become insoluble and leading to misshaped RBCs. These sickle-shaped
RBCs cause various diseases such as blood vessel blockage, strokes, tissue damage, and pain because they
are less deformable and viscoelastic.

These properties of the RBC are related to the average phase and the projected surface area of the RBC.
Therefore, the average phase value, @ induced by the whole RBC, is calculated by the following equation
[38-41],

1 N
cbwgw,-, @)

where, N is the total number of pixels in the RBC and Ag, is the phase value of each pixel within the
RBC.
The projected surface area (S) of the RBC is measured as [38-41],
S = Np?, (3)
where, p is the pixel size in the quantitative phase image.
The volume of a single RBC is defined as [38-41],
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When a population of RBCs is considered, then the above equation [Eq. (4)] is used to measure the
MCV.

The dry mass (DM), which measures the weight of the cell after dehydration, is an important
characteristic of the RBC, which is used to compare cells [39]. The DM of a cell is defined as [38-41]

10AS &
DM =——) A¢,, 5
2 2 5)
where, « is the specific refraction increment constant related mainly to the protein concentration
(0.00196 m*/kg for A = 632.8 nm). The MCH is obtained when the RBC population is considered as it is
used as an important parameter for the investigation of change in the hemoglobin content in the RBCs
[39]. The mean corpuscular hemoglobin surface density (MCHSD), an indicator of the hemoglobin
concentration in the RBC, can be calculated from the MCH and S as follows,
mcHsp =M EH . 6)
From the obtained quantitative phase image (Fig. 3(b)), these parameters are measured by using the
equations discussed above. The calculated values of these parameters are listed in Table 1 which are in
good agreement with their normal physiological range.

Table 1: Calculated and normal range values of the parameters.

S. No. Parameters Calculated Values Normal range
1 Diameter 7.98 um ~ 6.2 —8.2 um [42]
2 h 2.14 uym ~1.7-2.2 um [42]
3 S 44.62 pm? ~25-50 um?[39]
4 V 98.52 fl ~ 80 —99 1l [41]
5 DM 27.57 pg ~27-31 pg [41]

h = cell thickness, S = projected surface area, V= cell volume, DM = dry mass,

Membrane Fluctuation of Cell

The RBC membrane is elastic which is a metabolically regulated active structure and its static and
dynamic characteristics are controlled by biochemical energy. The dynamics of the RBC membrane is
related to the membrane structure and mechanical properties. The membrane fluctuation rate is calculated
in terms of temporal thickness variation from the video holograms recorded for about 6 seconds with a
frame rate of 30 fps. Then each video hologram frame is numerically reconstructed to obtain the time-
varying thickness profile of the cell. The measured standard deviations for one pixel over the time on the
ring (point A, in Fig. 4), at the center (point B) in the doughnut shape, and outside the cell in the
background (point C) are 37.97, 28.38, and 21.11 nm, respectively, indicating that the membrane
fluctuation amplitudes are significantly larger than the background and center levels.
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Fig. 4 (a): Thickness profile of a single RBC and (b) thickness fluctuation over time at three locations (A, B,
and C) indicated in (a) at the ring, center, and outside of the RBC.

4. Conclusion

In this work, we have developed a new off-axis common-path DHM system based on a wedge plate,
and because of the common-path configuration of the system, it provides several advantages over the two-
channel configurations of DHM systems which makes it a suitable candidate for a wide range of biological
inspection and optical measurement applications. The system is used for the investigation of the 3D
morphology and other physiological parameters such as volume, projected surface area, dry mass of the
human RBC. The dynamic membrane fluctuation and the Hb concentration of individual RBCs are
measured. The obtained results are found in good agreement with their normal physiological range. The
system could further be used for quantifying the dynamically changing molecular concentrations and
morphology of other non-red blood and living cells. The proposed DHM system could be a promising tool
for medical diagnostics and analysis and other biological applications.
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