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Particulate air pollution is associated with excess deaths and increases in hospital admissions because 
of cardiovascular and respiratory diseases. Several scientific studies and assessments have linked 
particulate pollution to a variety of health problems. In this paper, we provide a single cell in vitro 
analysis for the effect of the particles, which can enter into blood stream, on red blood cells (RBCs). 
The RBCs under experiment are incubated with Fe3O4 particle as the most abundant air pollutants 
in big cities. The self-referencing digital holographic microscopy (DHM) in Gates’ arrangement as a 
vibration-immune methodology is considered here for live visualization and quantitative analysis 
of the cells. DHM is a label-free and noninvasive method, therefore, suitable for quantitative and 
morphometric imaging of biological specimens in arbitrary time scales and at video rates. Single RBCs 
are immobilized by a blinking multiple optical trapping system integrated to the DHM system. Through 
post-process numerical reconstruction of the recorded digital holograms, the morphology changes 
of the pollution-exposed RBCs are tracked and expressed in terms of volume and several statistical 
morphometry parameters.

Particulate air pollution may be caused as a result of industrial activities, transportations, intense bushfires, 
unusual desertification through climate changes and human activity influence, and plowing in semiarid 
environment1. Air pollution, currently, is the most effective environmental problem and comes along with 
several long-lasted issues in health, agriculture, industry, and economy, especially in big cities and industrial 
zones2,3. It is proved by comparative and statistical studies along with clinical evidences that long-term exposure 
to particulate air pollution, even at low levels, correlates with cardiac and respiratory illness and cancers4,5. 
According to the cause of the pollutions, their danger level can be categorized. Particles generated by combustion 
engine are much more harmful to human than the ones from desertification6,7. More importantly, their sizes 
usually are small, and their presence in blood stream can cause serious health problems2,8,9. The pollutants 
below 2.5 µm (PM2.5) can enter the human respiratory system and, through it, the blood stream10,11. In a recent 
study, according to the Ministry of Health and Medical Education of Iran, in the period of April, 2020 to April, 
2021, over 11000 deaths related to PM2.5 pollutant, e.g., chronic obstructive pulmonary disease, lung cancer, 
stroke, and ischemic heart disease, are reported in Iran12. Based on the various studies, official organizations 
have defined standards for the allowed level of pollutants. For example, for PM10 and PM2.5 the allowed levels 
are 154 µg

m3  and 35 µg
m3 , respectively13.

In this paper, according to the importance of PM2.5 effects and their possibility to enter the blood stream, we 
consider their effects on single red blood cells (RBCs). RBCs in cellular portion of mammal blood carry oxygen, 
therefore they are in intimate contact with many areas of the body. Exposure of such areas to the environment 
creates several entryways for external harmful elements to enter the blood. Some blood disorders, in fact, are 
known to be resulted from the presence of toxic materials in the environment14,15. Air pollution is the source of 
a wide variety of materials, such as benzene, lead and other heavy metals, carbon monoxide, volatile nitrites, and 
pesticides and herbicides, that may enter the blood. Therefore, due to the harmful effects of these materials and 
the constant circulation of blood, the hematopoietic system is vulnerable to poisoning. The particles entered the 
blood stream can adhere to the surface or even enter the cells16,17. It is reported that iron oxide nanoparticles 
(NPs) can increase the membrane permeability of human microvascular endothelial cells18. In our study, we 
examine the effect of Fe3O4 PM2.5 particles on the RBCs, as these particles are the dominant constituent of 
airborne pollution in big cities19,20. Vehicles are the major source of Fe-bearing particles in the environment. 
These particles are found in exhaust emissions, which may be originated from several sources. One of the main 
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sources is the fuel additives, e.g., ferrocene that contain Fe impurities21. Also the aging of steel in the engine or 
melting of engine fragments in the combustion chamber and subsequent crystallization during cooling are other 
major environmental sources for Fe3O4 particles22,23.

RBCs have been subjected to numerous investigations by incorporating various chemical, optical, mechanical, 
biochemical, or electrochemical techniques, which are performed in vitro or in vivo, and at different scales, i.e., 
on a single cell, a smear, a droplet, or an aqueous portion of blood24–33. We perform a single cell investigation 
based on the use of a multi-modal imaging system. Several attempts have been presented to provide 3D 
quantitative imaging of dynamic microscopic samples. Amongst, digital holographic microscopy (DHM) has 
been shown to be the most effective one for quantitative phase-contrast imaging of dynamic biosamples within 
the diffraction limit resolution. DHM possesses several advantages; it is non-contact, non-invasive, label-free, 
easy-to-implement, and inexpensive method, and having single exposure nature it enables “3D live monitoring” 
or equivalently “quantitative phase imaging” of time-varying phenomena34. Transmission DHM has been widely 
applied for 3D imaging of biological cells and membranes25,35–37. DHM and some of the other quantitative 
phase imaging methods have been used to investigate the particulate pollution effects on cells38–40. DHM in 
reflective mode, on the other hand, is a suitable method for non-destructive and non-contact surface profile 
measurement41,42.

DHM system works on the basis of the interference of a reference laser beam and a beam passing through 
the object, known as object beam. The recorded interference pattern is called a hologram and the procedure is 
concluded by hologram reconstruction. The reconstruction of holograms recorded by a digital sensor is carried 
out numerically using a computer and eventually provides whole field information about the object under study. 
Due to the aforementioned nature of DHM, it is expected that the setup to be highly sensitive to environmental 
and mechanical vibrations. This, in turn, results in uncorrelated optical path length changes in the two arms 
of the interferometer leading to stronger noises. In order to overcome the problem, the self-referencing (SR) 
arrangements for DHM are suggested and attracted considerable attention in the last few years, which can be 
set up in various ways43–53. In this research we utilize a compact and simple SR-DHM setup based on the Gates’ 
interferometer54.

Whatever the optical visualization or detection method is used for RBC live monitoring, in order to maintain 
the cell in its natural environment and to minimize the effect of surfaces that the cell may adhere, one should 
combine the monitoring apparatus with an immobilization technique to hold a single cell. An elegant approach 
to immobilize micro-objects is the use of an optical trap or optical tweezers (OT). The method is invented and 
developed by Artur Ashkin55,56 and extensively used for several applications, improved in multiple directions, 
advanced in terms of minimum acting force, stiffest trap, and usage in extreme conditions, and also combined 
with other optical, mechanical, or chemical techniques56–61.

OT has been used to apply controlled forces on RBCs62–64, to stretch them65, or to hold them for other 
characterization methods66,67. DHM and OT are synergistic techniques as both deal with microscopic 
samples, and due to the possibility of their insertion in a conventional microscopy setup, their integration is 
straightforward25,68–72. Here, we integrate the DHM and OT methods on a Gates’ SR arrangement. Moreover, 
by addressing proper pre-designed diffractive optical elements (DOEs) onto a spatial light modulator (SLM) we 
generate multiple OTs73,74. This comes along with two advantages: (1) the non-spherical shaped objects like RBC 
usually try to align themselves with the beam axis in order to find the maximum volume of trapping region, 
which, in turn, obstructs clear imaging67,75. The use of multiple OTs overcomes the problem of RBC flipping. 
(2) Multiple OTs limit the possible photo-damages to the cell by distributing the trapping power more evenly 
throughout the volume25,59. In order to further reduction of the photo-damage of the trapping beam on the cell, 
we use an optical chopper to cut the beam periodically and build “blinking OT”, in which the cell is repeatedly 
trapped and released at a pre-controlled rate25,56,76.

The use of the comprehensive and integrated blinking and multiple OTs setup and SR-DHM system provides 
an advantageous platform for similar studies on single cells and other microscopic objects that need to be 
immobilized and 3D imaged. The details of the combined system and the numerical reconstruction procedure 
are explained in Section 2. The results are presented and discussed in Section 3, and the paper is concluded in 
Section 4.

Materials and methods
Sample preparation
Red blood cells
RBCs are obtained from the Blood Bank of Zanjan, Iran, and from freshly collected human blood, drawn from 
clinically healthy donors, from whom informed consent was obtained in accordance with the Blood Bank 
regulations. The plasma and the buffy coat of fresh blood are separated by centrifugation at 3000 g for 10 min 
at 4 ◦C temperature, and the separated layers are removed by careful aspiration. The cells are resuspended in 
physiological solution (NaCL,150 mM), and are washed three more times with the same buffer, in order to 
obtain a 0.1% hematocrit value, which is the suitable concentration for microscopic experiments that require 
a single-cell or few cells in the field of view. The RBC specimens are kept in water bath at 37 ◦C before the 
experiments. The experimental protocols are conducted in accordance with the regulations and policies and 
under approval of the Blood Bank of Zanjan, which are also in accordance with the regulations under WMA 
Declaration of Helsinki.

Nanoparticles
Fe3O4 in physiological solution is prepared separately in 10 mM concentration. For each round of measurement, 
this solution is added to the cell medium in a constant rate by infusing Fe3O4 solution directly into the cell 
chamber through a syringe pump. The syringes containing Fe3O4 in NaCl and NaCl are attached to the 
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infusion pump motor in opposite directions to provide a push-pull infusion at the same flow rate, which enables 
controlling the concentration of the particles. Therefore, a specific amount of RBC normal buffer is replaced by 
Fe3O4 solution and the volume of the cell chamber is maintained at 1.5×10−7 m3 throughout the experiment. 
Once the concentration is adjusted, we wait for a minute to allow incubation of RBCs with Fe3O4 particles 
before the measurement.

Experimental procedure
Experimental setup
Figure 1 shows the experimental setup that we used to investigate the morphological effects of Fe3O4 particles 
on single RBCs. The setup provides three functions: bright field microscopy, DHM and blinking multiple OTs. 
The bright field microscopy illumination path is shown by yellow color. The white light illumination source (IS, 
halogen lamp, 6 V, 30 W), lens L1 (focal length = 5 cm), condenser (C), microscope objective MO (UPLFLN, 
Olympus, 100×, NA 1.3, Olympus), lens L8 (focal length = 7.5 cm), and Camera (DCC1545M, Thorlabs, 5.2 
µm pixel pitch) provide bright field microscopy. The beam path indicated by red color shows the DHM part 
of the setup, from the laser source to the digital camera. A He-Ne laser (MEOS, 632.8 nm, 5 mW), is spatially 
filtered by the use of L2 (microscope objective, Olympus, 10×) and the pinhole PH1 and collimated by the use 
of lens L3 (focal length = 10 cm) and directed onto the sample (S) using the beam splitter (BS, Thorlabs, BS010) 
and the condenser. The diffracted laser light from the sample is collected by MO and is sent to the SR module 
through mirror M1. The SR module is a Gates’ beam splitter (GBS, Thorlabs, BS016) which is a large area cube 
beam splitter mounted in a slightly tilted direction (α). The mounting of GBS is so that the diffracted DHM 
laser beam hits the tilted corner. The lower half is refracted and transmitted and the upper half is reflected from 
the splitting coated interface of GBS and overlaps with the transmitted beam when leaves the GBS. Therefore, 
they interfere and the interference patten on the camera forms the hologram. Having few RBCs in the sample 
guarantees free of cell areas of object beam to act as a reference beam for the SR-DHM arrangement. Single 
RBCs are trapped by the use of OT. As we explained in the Introduction section, we use multiple blinking OTs 
to not only safely trap a single RBC, but also to avoid its flipping when it approaches to a trap site. Otherwise, 
it may potentially complicate imaging procedure. The OT laser beam path and the formed OTs in the setup is 
represented by green color. The OT laser beam (Melles Griot, MGL-III-532 DPSS laser, 300 mW, 532 nm) is 
cleaned by the set of the lens L4 (microscope objective, Olympus, 10×) and the pinhole PH2, collimated by 
the use of lens L5 (focal length = 10 cm), and redirected at a quasi-normal angle by the mirror M2 to the SLM 
(Holoeye, PLUTO-2, phase only, reflective) to generate multiple OTs. Addressing a DOE from a computer onto 
the SLM is simply performed by considering the SLM as a second monitor. By addressing proper successive 
DOEs any required manipulation of multiple trap sites can be achieved. We address proper DOEs onto the SLM 
to form four separate and controllable OTs at the sample plane. The engineered beam is sent onto the sample 
via the set of lenses L6 (focal length = 10 cm) and L7 (focal length = 10 cm) equipped with a windowing pinhole 
PH3, dichroic mirror (DM, Thorlabs, DMLP605, longpass, cut-on wavelength = 605 nm), and the microscope 
objective MO. Indeed, the same microscope objective is used for all the three tasks of bright field imaging, DHM 
and OT. The use of DM is useful to reject the reflected OT laser beam, which in turn improves the imaging and 
DHM quality. In the experiments a single RBC is targeted while the IS and OT are on, and once it is trapped and 
well-focused the DHM laser is switched on and successive digital holograms are acquired. MO is adjusted so 
that the OT is formed at the height of 10 µm from the inner surface of the chamber. This would ensure that one 
can safely ignore the influence of hydrodynamic proximity of the cell to the chamber surfaces. The microfluidic 

Fig. 1.  Self-referencing DHM integrated with the blinking multiple OTs setup; IS white light illumination 
source, L lens, M mirror, C condenser, S sample, DM dichroic mirror, MO microscope objective, BS beam 
splitter, NDF neutral density filter, CH optical chopper, PH pinhole, and SLM spatial light modulator, GBS 
Gates’ beam splitter. Inset: Magnified view of the RBC trapping arrangement.
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chamber is a rectangular-shaped capillary tube (path length 400 µm, VitroCom) connected to a syringe pump 
(NE-1000 Programmable Single Syringe Pump). To increase the Fe3O4 concentration in the chamber of sample 
and in order to maintain the volume of the chamber a constant throughout the experiment, we use a push-pull 
add-on on the syringe pump, and in each concentration, which is pre-calculated, we infuse a particular amount 
of Fe3O4 directly into the chamber and withdraw physiological solution at a fixed rate67. Digital holograms are 
recorded at 0.05 s time intervals. The recorded digital holograms are subjected to numerical reconstruction. In 
the beginning of the experiments and to subtract the effect of possible contaminations, optical aberrations and 
noises, we acquire “reference” holograms. In the numerical reconstruction the associated phase to the reference 
digital hologram is subtracted from all the reconstructed holograms.

Diffractive optical element design for multiple OTs
Multiple OTs are generated by engineering and reshaping the laser beam in order to keep the single RBCs 
horizontally and to distribute the laser power more evenly for minimizing the photo-damages. This is done by 
addressing proper pre-designed DOEs on the SLM. A simple non-iterative method, based on the propagation 
and superposition of spherical waves, has been used to design DOEs for 3D multiple trapping with the control on 
the trap strength at each trap site77. In this approach, it is assumed that the DOE is illuminated by a set of point 
sources which emit spherical waves of different strengths. The complex amplitude right before the DOE plane 
is the superposition of these spherical waves. Similarly, the trap sites are considered as virtual point sources that 
generate spherical waves. The superposition of the back-propagated waves originated from the aforementioned 
virtual point sources will lead to the complex amplitude at the plane right after the DOE. Assuming that the 
DOE is a phase element, the difference between the phases of the complex amplitudes before and after the DOE 
is assigned as the DOE phase distribution to be addressed onto the SLM. For the RBC experiments, we use four 
trap sites depicted in the inset of Fig. 1.

Numerical processing of digital holograms
DHM through recording the interference of the transmitted beam and a reference beam provides quantitative 
phase information about the “phase objects”:

	
I(x, y) = |E⃗0s(x, y)|2 + |E⃗0r(x, y)|2 + 2

{
E⃗0s(x, y).E⃗0r(x, y) cos [ϕs(x, y) − ϕr(x, y)]

}
,� (1)

where E0s and ϕs, and E0r  and ϕr  are the amplitudes and phases of the sample and the reference beams, 
respectively, and the direction of the E⃗0s denotes the polarization. The phase difference, ϕs − ϕr , is proportional 
to the optical path length difference of the two beams and can be used to measure the thickness of the transparent 
sample at any point (x, y), if the illumination is monochromatic and the variations in the refractive index of 
the sample are neglected. The core of the numerical reconstruction process is the diffraction integral. The 
process includes simulating the illumination of the recorded holograms by the reference laser beam followed 
by a diffraction into the plane where the image is planned to form. Angular spectrum propagation approach 
in scalar diffraction theory is shown to be a suitable method to perform the aforementioned processes78. In the 
reconstruction process the two terms of the recorded interference pattern after illumination by the reference 
beam include the whole information of the sample and leads to a virtual image and a real image. The other terms 
are the zero-order terms that cause noises in the final reconstructed images and have to be removed79. In the 
Fourier domain, these terms are filtered out and the modified light-wave, EF

s (x, y, 0), is obtained as:

	
EF

s (x, y, 0) = FT−1{ẼF
s (u, v, 0)} ≡

∞�

−∞

ẼF
s (u, v, 0)e2πi(ux+vy)dudv,� (2)

where u and v are the spatial frequencies in x and y directions, respectively, and Ẽs(u, v) = FT{Es(x, y)} 
denotes the Fourier transform of the light-wave at the holograms plane, Es(x, y, z = 0). Complex amplitude at 
an arbitrary plane located at z = d is obtained by free space propagating of Es(x, y, 0) to a demanded distance 
d:

	
EF

s (x, y, d) =
∞�

−∞

ẼF
s (u, v, 0)eikd

√
1−λ2u2−λ2v2

e2πi(ux+vy)dudv,� (3)

where λ is the wavelength of the laser beam. The whole angular spectrum propagation process can be summarized 
as the following:

	
EF

s (x, y, d) = FT−1
{[

FT{Es(x, y, 0)}
]F

eikd
√

1−λ2u2−λ2v2
}

.� (4)

ϕs, the phase of the object, and Is, the intensity of the object, are calculated from the complex amplitude as:

	
ϕs(x, y, z) = arctan ℑ[EF

s (x, y, z)]
ℜ[EF

s (x, y, z)]
,� (5)

	 Is(x, y, z) = |EF
s (x, y, z)|2.� (6)
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Is(x, y, z) in Eq. (6) is, indeed, the intensity image similar to the image acquired by a conventional microscope. 
It is remarkable that a smoothing process on the obtained phase and amplitude can be also performed within 
the numerical reconstruction process. Equation (5) provides the phase-map of the object, which embeds the 
3D information of phase objects. The phase map is proportional to the optical path length, ϕ = 2π

λ
nL, where 

n is the refractive index of the medium and L is the physical length that the light beam propagates. The phase 
changes when either the shape or the refractive index of the object under study is changed. Assuming negligible 
changes of the refractive index of the object, as we considered for the current research, the phase distribution 
directly leads to the surface 3D profile of it. Nevertheless, in cases that the objects undergo changes on both the 
physical thickness and the refractive index, instead of volume and related parameters, it is possible to define 
optical volume in analogy to optical path length, which is computed by multiplying the area by phase instead 
of hight, and monitor the variations of the optical volume to assess the sample. The phase obtained from Eq. 
(5) is in the range of [− Π

2 , Π
2 ], which due to the use of arctan function, includes discontinuities throughout the 

phase map. The discontinued phases are converted to continuous phase maps by the unwrapping process. We use 
Goldstein’s branch-cut algorithm for phase map unwrapping80. We use a home-made user interface in Matlab® 
to perform the ASP approach for numerical image reconstruction. The usual hardwares of typical laptops or 
personal computers suffice for this task. The details on the process of DHM reconstruction can be found in our 
previous researches, e.g., in81,82.

Results and discussion
In the Gates-based DMH-OT setup, it is possible to optimize the objective for either DHM or OT as they both 
share a common propagation direction through the same microscope objective. Therefore, it is imperative to 
find a compromise between the two techniques during the experiments.

The initial control experiment involves infusing physiological solution at high rates for confirming that the 
trapped cells undergo negligible morphological changes in the absence of high Fe3O4 concentrations. However, 
the infusion velocity during the data acquisition is adjusted to the minimum rate, significantly lower than the 
rate used in the control experiment.

The integration of the Gates-based common-path DHM setup with the blinking multiple OTs arrangement, 
as shown in Fig. 1, ensures one that the morphological changes in cells are solely induced by Fe3O4 rather than 
through likely photo-damage via the trapping beam, as the intensity of the trapping laser is distributed over 
the cell and also it blinks. However, in order to confirm that the morphological alterations in cells are induced 
exclusively by Fe3O4 solution, we conduct control experiments in which no solution is added to the RBC sample. 
The results of these controlling experiments are then compared with the Fe3O4 exposed ones. The experimental 
procedure, i.e., successful trapping of single RBCs and then monitoring after adding Fe3O4 particles is performed 
on over 100 RBCs in different samples. The quantitative assessment of morphometric features is performed by 
reconstructing the recorded digital holograms at various intervals after injection of Fe3O4. In Fig. 2 the 3D 
reconstructed images of typical optically trapped RBCs in the beginning of the experiments and after t=180 s are 
shown. The horizontally positioned RBCs in the DHM images offer the most valid information when compared 
to single OT experiments. Figures 2(a) and 2(b) are the results of the control experiment in which no Fe3O4 is 
present in the environment of the RBCs. Figures 2(c) and 2(d) are similar 3D images and 2D maps for RBCs 
under presence of Fe3O4 particulate air pollutants in the solution. The substantial morphological changes of 
polluted RBC and the control one is obvious visually. Considering the quantitative feature of DHM, we measure 
the pollution induced morphological changes quantitatively toward gaining a deeper understanding of their 
behavior and properties. The cross-sectional profiles along lines in arbitrary directions, such as AB line shown 
in Fig. 2(e), can be compared in different times after the onset of experiments. Figure 2(f) shows the averaged 
cross-sectional thickness profiles of RBCs at t=0 (blue dots) and at t=180 s (red dashed lines) without (upper 
graph) and with (lower graph) the presence of Fe3O4 particles. Alternatively, we consider arbitrary points on 
different parts of the cell, such as points M, N, P on the 2D phase map of the examined RBCs in the Fig. 2(e), to 
quantitatively monitor in time. M is chosen from the margins of the RBC, N from the thin part (inner part of the 
disk) of the cell, and P from the thickest edge part. The procedure is repeated for several cells. In order to avoid 
the effect of possible unwanted dislodging of the trapped RBCs, the holograms are recorded at the frame rate of 
20 fps, however, only the proper holograms of every 6 s are processed. Figure 2(g) shows the measured thickness 
in such points for 180 s. Each data point represents an average of at least 6 cells. In obtaining the thickness maps 
and cross-sectional profiles of the RBCs from the calculated phase maps we assume a relative refractive index 
of 1.1 for the RBC with respect to its environmental buffer83. Our results show dramatic changes within 180 s 
time of monitoring, induced by the presence of pollutants: the thickness at all typical chosen points is decreased 
within time despite the RBC without pollutant, which remains almost unchanged during the similar 180 s.

The observed changes in the morphology of the RBCs under influence of particulate pollutants can be 
expressed in more quantitatively fashion by calculating the roughness parameters. There are several parameters 
to describe the morphometry of any statistical distribution, from which we consider the ones listed in Table 184. 
Some of these parameters are calculated from the cross-sectional profiles and the rest is calculated using thickness 
information from the whole cell. In Table 1, h(xi, yj) is the thickness of the cell at a point (xi, yj), M and N 
being the number of pixels in lateral dimensions, and the mean value is ̄h(xi, yj) = 1

MN

∑M

i=1

∑N

j=1 h(xi, yj)

. Sa and Sq are the spatial average and spatial root mean square, respectively, which are measures to the average 
distance from the mean value of data. Spatial maximum peak height, Sp, spatial maximum valley height, Sv, 
and spatial maximum height, St, however, do not contain averaging over the data, and are evaluated from the 
absolute minimum and maximum thickness of the cell. It is remarkable that measurement of Sv and St requires 
proper setting of the filtering mask in the Fourier spectrum during hologram reconstruction, to avoid erroneous 
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extrema. Spatial skewness, Ssk, the third moment of the deviation, measures the degree of symmetry in roughness 
around the mean value; negative skew indicates a predominance of holes, while positive skew indicates a “peaky” 
surface. Spatial kurtosis, Sku, measures the thickness distribution throughout the cell, and is related to the width 
of the height distribution; smaller Sku values indicate broader distributions corresponding to gradually varying 
surfaces, i.e. free of extreme peaks or valley features, and greater values indicate the presence of inordinately high 
peaks or deep valleys. Spatial kurtosis, spatial skewness, and spatial root mean square are often measured together 
due to their synergistic information about the distribution. Parameters such as spatial average profile of slopes, 
Sda, and spatial root mean square profile of slopes, Sdq, provide complementary information on the roughness 
of the surfaces as they include the distribution of differentiations. They depend on the slope of thickness changes, 
which depends upon the cell surface area, and surface data grid, and hence provide information about the 
thickness changes of the “entire” cell surface.

Based on the data extracted from the reconstruction of digital holograms, we examine the roughness 
parameters for 180 s experiment duration to determine the morphological changes happening to the trapped 
RBCs. Of course, considering multiple parameters provide more comprehensive understanding on the 
morphology changes. The results for the various roughness parameters outlined in Table 1 are comprehensively 
illustrated in Fig. 3. Each data point in these figures represents an average derived from a minimum of six 
measured cells, ensuring statistical validity. The vertical axis, labeled as R/R1, depicts the values of the specified 
parameters in relation to their baseline measurements at t = 0. R1 in each figure denotes the initial values to 
which the depicted parameter has been normalized for a direct and facilitatory comparison of the effects. Figure 
3(a) focuses on the first-moment deviation and the absolute extrema values recorded at 10 s intervals following 
the commencement of the experiments involving RBCs that are not exposed to particulate pollution. To enhance 
the visibility of morphological changes, it may be beneficial to plot higher moments of deviation, which can 

Fig. 2.  (a,b) 3D reconstructed images and 2D maps of a RBC at t= 0 and t= 180 s without particulate air 
pollutant, and (c,d) a RBC with particulate air pollutant, (e) 2D reconstructed map of the RBC with indicated 
arbitrary points without particulate air pollutant, (f) the cross-sectional profiles along the line indicated in 
panel (e), for the trapped RBC with and without particulate air pollutant, (g) the thickness change of individual 
RBCs with and without particulate air pollutant from t=0 to t=180 s at the typical points of M, N, and P 
indicated in panel (e).
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provide deeper insights into the structural variations occurring within the cells. In Fig. 3(b), we present the 
second moment (root mean square, Sq), third moment (skewness, S sk), and fourth moment (kurtosis, S ku) of 
deviation for the RBCs without pollution exposure, elucidating further changes in cell morphology. Figure 3(c) 
showcases the slope-related roughness parameters of the intensity distribution, allowing for a more nuanced 
understanding of how these features are affected over time. Figures 3(d), 3(e), and 3(f) depict analogous results 
for RBCs subjected to the effects of particulate pollution. A significant observation emerges from the data; there 
is a stark contrast between the calculated parameters of normal RBCs, represented by blue dots in Figs. 3(a-

Fig. 3.  The roughness parameters defined in Table 1 for RBCs (a-c) without and (d-f) with particulate air 
pollutant. Each data point is the average of at least 6 measured cells. The vertical axis, labeled as R/R1, depicts 
the values of the specified parameters in relation to their baseline measurements at t = 0. R1 in each panel 
denotes the initial values to which the depicted parameter has been normalized for a direct and facilitatory 
comparison of the effects.
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Table 1.  3D Surface roughness parameters.  Sa: spatial average, Sq: spatial root mean square, Sp: spatial 
maximum peak height, Sv: spatial maximum valley height, St: spatial maximum height, Ssk: spatial skewness, 
Sku: spatial kurtosis, Sda: spatial average profile of slopes, Sdq: spatial root mean square profile of slopes.
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c), and those of RBCs exposed to pollution, indicated by red dots in Figs. 3(d-f). This compelling difference 
underscores the dramatic morphological alterations induced by the presence of pollutants in the environment 
surrounding the cells. The deformability of the cells can be better indicated from the substantial decrease in the 
relative volume (V/V1, V1 being the volume at t = 0) with the presence of particulate pollution, shown in Fig. 4. 
Each data point is the average of at least six measured cells. The volume of each cell is calculated through having 
the height information, derived from the hologram reconstruction and considering the equation ϕ = 2π

λ
nL, 

and multiplying the hight of each pixel by the pixel area. The size of each pixel is obtained by a simple calibration 
test using a resolution test target (R3L3S1N, Thorlabs).

Morphological changes in RBC membrane show strong correlation with the presence of Fe3O4 particles 
in vicinity of the trapped RBC. These effects can be caused through local shrinkage of the cell membrane or 
decrease in its rigidity due to the presence of the attached external particles. Moreover, the effects may be 
attributed partly to the electro-magnetic interaction of Fe3O4 particles, the overload iron, with the hemoglobin 
molecules of the cell, and the induced oxidative damage in peripheral of the cells85. It is remarkable that the 
influence of temperature increase is excluded from the possible causes, following the strategy we follow to 
avoid temperature caused effects as well as performing the control experiments. The first cause for temperature 
increase is the direct effect of trapping laser power. Also, the possible light absorption by the Fe3O4 particles 
can induce temperature increase. Both effects have been already studied. Most optical trapping experiments use 
water or watery solutions, such as physiological solution, and laser powers on the order of 100 mW, leads to a 
temperature increase of about 1 K in the focus, given the absorption spectra of water and usual bio-samples86. 
By the use of multiple blinking OTs the effect is reduced down to a 10% of the temperature increase, which is 
neglected in our experiment, and this assumption is validated by performing the control experiments. Moreover, 
it is shown that the absorption of Fe3O4 particles in 532 nm is negligible87. Therefore, the generated heat by the 
particles in our experiments in turn can be neglected. The results collectively are in agreement with previous 
studies; the hematological effects of Fe3O4 nanoparticles have received particular attention due to the growing 
drug delivery applications of nanoparticles and, hence, the resulted potential safety concerns. Both cytotoxic and 
genotoxic effects have been explored. While it is shown that high concentration of these nanoparticles, enhances 
oxidative stress, reduces the cellular antioxidants, and alters the inflammatory system, but no significant genetic 
damage is reported88.

The presented setup and the roughness investigation procedure have the capability of being used for various 
single cell investigations, such as morphology based cell identification or study of the effect of important organic 
and synthetic compounds, such as cholesterol and lead, or external field effects, such as magnetic field effect, 
on structural properties of cells. Moreover, high-throughput single-cell analysis is a challenging task in flow 
cytometry, and in order to response to this requirement, in recent years DHM has been suggested as a label-
free tomographic approach for observing, analyzing and separating objects in a liquid sample89,90. This is done 
by combining DHM with a microfluidic channel and by exploiting the random rolling of cells while they are 
flowing along the channel continuous-flow cytotomography, which is suitable for practical operation and has 
high throughput. Therefore, the DHM part of our method can be used for the cytometry oriented task itself. 
When, instead, the cell is immobilized by the use of OT the orientation of the cell can be more precisely and 
programmably done by reconfiguring the OT trap sites. To that end the present setup, which incorporates 
multiple OTs through addressing proper diffractive optical elements onto a SLM is very useful. Moreover, the 
integrated DHM-OT approach can be similarly used to study the effects of other types of pollution. Several 
clinical researches have demonstrated that the extended exposure to increasing levels of different particulate 
air pollution, such as wildfire smoke and lead-based particles, or non-particulate pollution, such as nitrogen 

Fig. 4.  The relative volume (V/V1, V1 being the volume at t = 0) change of individual RBCs with (red color 
dots) and without (blue color dots) particulate air pollutant. Each data point is the average of at least 6 
measured cells. The volume of each cell is calculated through having the height information, derived from the 
hologram reconstruction and considering the equation ϕ = 2π

λ
nL, and multiplying the height of each pixel 

by the pixel area. The size of each pixel is obtained by a simple calibration test using a resolution test target 
(R3L3S1N, Thorlabs).
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dioxide, is associated with greater odds of anemia2. The association is modified by the place of residence, linking 
the anemia risk to the air pollution. Our approach may be generalized to provide a complementary single-cell 
investigation to the aforementioned clinical studies.

Conclusion
In conclusion, we experimentally simulated the effect of particulate air pollution on red blood cells (RBCs). 
We investigated the impact of Fe3O4, as the most dominant constituent of airborne pollution in big cities. 
The single RBCs are immobilized by a blinking multiple trap apparatus. Multiple traps along with blinking 
trapping laser light ensure minimization of possible laser caused photo-damages to the cells. The study on RBCs 
was performed through real-time morphometry of several individual cells exposed to particulate pollution. 
Also controlled experiments when the cells are in their normal physiological solutions were performed. The 
morphometry procedure includes acquisition of digital holograms of the cell in trap for over 3 min, 3D post-
process reconstruction of the holograms, and computation of several morphometric and statistical parameters. 
The digital holography system is based on the self-referencing Gates’ arrangement, which is highly robust against 
environmental vibrations and noises. It also facilitates integration of holographic imaging setup with multiple 
blinking optical trapping setup. Our research has conclusively shown that injecting particles into the medium 
where RBCs are suspended causes a change in their structure and volume over time. It is evident that the surface 
structure of the RBC is highly altered and its roughness increases as a result of the presence of air pollutants 
in the medium. The effects are attributed to the local shrinkage of the cell membrane or decrease in its rigidity 
due to the presence of the attached external particles, and partly to the electro-magnetic interaction of Fe3O4 
particles with the hemoglobin molecules of the RBC, and the induced oxidative damage in peripheral of the 
cells. The presented integrated system and the experimental procedure have the capability of being used for 
various single cell investigations, such as morphology based cell identification or study of the effect of important 
compounds or external fields.

Data availability
The datasets used or analyzed during the current study available from the corresponding author on reasonable 
request.
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