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3D quantitative phase imaging via the transport of
intensity equation: applications for studying red
blood cells
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Quantitative phase imaging (QPI) is a versatile, label-free technique for investigating the morphological and
biophysical properties of biological cells. Here, we used 3D QPI to study the behavior of human red blood
cells (RBCs) across a saline gradient from 1% to 0%. RBCs are osmotic-sensitive, and their phase profiles
provide important measures of membrane integrity, shape transitions, and lumen hemolysis. Deducing
phase alterations across each concentration allowed us to quantify the osmotic impacts on RBC
morphology and assess the corresponding biophysical changes. Other studies on osmotic shock
contributed to understanding the behavior of RBCs in hypotonic environments and their applications in
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Introduction

Red blood cells, or erythrocytes, are essential for the trans-
portation of oxygen from the lungs to tissues and the return of
carbon dioxide to the lungs. This knowledge of RBCs is crucial
for diagnosing and treating disorders, such as sickle cell disease
and anaemia. In these diseases, RBC count, size, shape, and
haemoglobin content are often abnormal.' Moreover, there is
also potential for exploring the biophysical properties of RBCs,
such as membrane deformability, which is essential for exam-
ining their function in oxygen delivery and identifying disease
markers. RBCs are analysed in clinical laboratories using
automated haematology analysers for complete blood counts
and a peripheral blood smear for visual observation of cell
shape. However, such methods are unable to capture single-cell
idiosyncrasies or structural and biophysical components, thus
falling short of providing a thorough analysis of individual
RBCs necessary for interpreting complex blood diseases.* Given
the complexity of these cells under different conditions,
research into RBCs continues to be a key area of study. This will
only be possible once we gain a deeper understanding of their
behaviour and function. Imaging of RBCs, combined with the
analysis of their cellular function, enables the acquisition of
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hematological and biomedical fields.

new insights into RBC characteristics with potential therapeutic
benefits. The predominant research approaches today are based
on light microscopy, including bright field,” phase contrast,*
and differential interference contrast (DIC) microscopy,* which
are used to visualize RBC size, shape, and count.

Fluorescence microscopy,”® such as standard fluorescence and
confocal laser scanning microscopy,® offers detailed views of
cellular components and dynamics. It provides insights into
specific cellular components through labelling and is one of the
most widely used methods. By using various fluorescent agents,
such as organic dyes (DAPI, FITC, rhodamine, etc.), it offers
specific information on cellular components. Genetically enco-
ded fluorescent proteins (GFP, mCherry, etc.)” and nanoparticle-
based probes, such as quantum dots,® enable targeted imaging of
specific cellular structures. However, these agents have major
limitations. Organic dyes may photobleach over time, leading to
a loss of signal intensity, while genetically encoded fluorescent
proteins can disrupt normal cellular functions. The use of
external labelling agents can also degrade cell viability and may
not successfully label all types of cell compartments, rendering
them unsuitable for live-cell imaging over extended periods.

Super-resolution microscopy techniques, such as STED,>*
SIM, PALM, and STORM," provide molecular-level insights
beyond the diffraction limit. Holographic microscopy, particu-
larly digital holographic microscopy (DHM),"* offers non-invasive
3D imaging and provides label-free 3D imaging by capturing
phase shifts of light. While the term “non-invasive” is often
applied to DHM, it primarily emphasizes DHM's ability to obtain
quantitative phase data without the need for dyes or physical
contact, similar to the label-free nature of other optical tech-
niques. Optical coherence tomography (OCT) provides high-
resolution 3D images based on optical scattering," revealing
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structural details; however, its lateral resolution is lower than
those of the super-resolution methods. Raman microscopy***
combined with optical imaging allows the chemical mapping of
RBCs without labelling. While bright field microscopy is
commonly used to assess RBC size and shape, its inability to
provide contrast without staining limits its application for
transparent samples like RBCs. Phase contrast microscopy
improves the visualization of such samples but introduces halo
artefacts that obscure fine details and does not yield absolute
quantitative data. DIC microscopy, though effective for edge
contrast, struggles with isotropic structures, offering a pseudo-3D
view that may lead to the misinterpretation of cellular height.

To address these challenges, we present an imaging method
grounded on the principles of the Transport of Intensity
Equation (TIE). TIE is a high-resolution, label-free imaging
technique to visualize nanoscale cellular structures while
keeping the integrity of the cell. In contrast to fluorescence
imaging, TIE-based techniques yield quantitative phase infor-
mation, enabling the measurement of cellular morphological
features, dry mass distribution and dynamic processes within
living cells without an exogenous contrast agent. This allows for
its wide application in non-invasive imaging, such as the
characterization of cancer cells or the enhancement of image
contrast using nanoparticles,'® as well as other applications,
such as tissue engineering and regenerative medicine."”

In this study, we present 3D quantitative phase imaging (QPI)
via the Transport of Intensity Equation (TIE), enabling label-free
3D characterization of single RBCs at high detail. TIE recon-
structs phase maps from defocused images," which encode rich
information about the morphology, membrane dynamics and
internal constituents of the RBC without any staining or label-
ling.* This method allows for in situ imaging of living cells at high
resolution for a detailed understanding of the mechanism and
structural properties of RBCs. A system used to study RBCs must
be sensitive, maintain single-cell assessment capabilities and not
alter morphology. This granular-level analysis of individual cells is
critical to system efficacy for it to be considered a diagnostic and
research tool, especially for blood disorders that might have vague
symptoms but can be life-threatening to patients of any age. We
demonstrate the use of our, 3D QPI system that employs the TIE to
study red blood cells with high precision at various saline
concentrations, allowing us to detect small, differential changes
in RBC volume and morphology. This system fulfils the minimum
requirements of sensitivity and specificity and enables the evalu-
ation of single cells without impacting their physiological state. By
detecting slight differences in the shape of cells, this method
demonstrates the potential for broad biomedical applications.
Overall, its capacity to provide accurate, label-free data about cell
dynamics has potential value in clinical diagnostics and research,
which can help explore, for instance, cell responses to changes in
the environment, disease progression, or the effects of a drug on
the morphology of cells.*

Materials and methods

In this study, we have employed 3D QPI using TIE to study red
blood cells under various saline concentrations. To optimize the
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system, polystyrene-based microparticles of size 8 + 0.2 um
from Sigma-Aldrich were purchased initially. For the RBC
studies, 3 mL of blood was collected from healthy volunteers at
Kasturba Medical College, Manipal, India, with informed
consent (IEC No: IEC-651-2020). To avoid clotting of the blood,
we used ETDA vacutainers. For the erythrocyte study, saline
solutions of different concentrations ranging from 1% to 0%
were used. About 3 puL of the blood was added to each solution
and allowed for about 30 minutes before imaging. After 30
minutes, about 1 pL each of the solutions at different concen-
trations were suspended in glass slides and imaged. Using the
same samples, the UV-visible spectroscopic study was
performed.

Instrumentation

Fig. 1a and b show the optical setup for phase imaging based on
the Transport of Intensity Equation (TIE). We used an upright
microscope (Nikon JAPAN model ci-L plus). The illumination
source was a white LED, and the light then passed through
a condenser lens, which collected and focused the light onto the
sample. The slide was mounted on a stage for accurate place-
ment and motion. After examining the sample and reading
information, the light was next collected using a 60x objective
lens, which is important to generate a high-magnification
image. The light path could then be manipulated with a series
of extra optical elements, even by passing through an additional
tube lens in this whole setup. The lenses used here served to
focus and direct the light to accurately pass through an optical
system. A critical part of this system was a phase modulation
element, which introduced controlled defocusing in the light
path. The TIE algorithm requires this defocusing since it
enables recording the intensity variations at different focal
planes, which can then be employed in the phase retrieval of
samples.”* The light finally reached a detector (d'Bioimager
camera from d'Optron Pvt. Ltd), and the intensity images were
captured. Finally, these phase images recorded at different
defocused positions were then analysed through computational
algorithms built on the TIE to recover the quantitative phase
map of the sample.'®** The resulting phase image was thereby
decoded into a three-dimensional view of the slice. TIE offers

b) Schematic of the microscope and camera
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a) 3D Quantitative Phase Imaging using TIE instrumentation

Fig. 1 (a) 3D quantitative phase imaging using TIE instrumentation; (b)
schematic of the microscope and camera components.
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Fig. 2 Focused image of the polystyrene beads.

the advantage of obtaining structural information and is non-
invasive, which makes it a powerful technique for 3D
imaging.****

Fig. 2 shows a focused image of the polystyrene beads. Using
TIE and the d'Optron Bioimager camera, we could image all the
polystyrene beads in a single capture in real-time and extract
information about all the beads, thus demonstrating a real-
time, high-resolution, high-throughput and robust 3D
imaging technique.

Results and discussion

The measurements of polystyrene beads using the optimized 3D
Quantitative Phase Imaging (QPI) system revealed distinct
quantitative parameters. 2D images of the polystyrene beads
were captured using a Nikon DS-Fi3 camera. These images
served as a valuable reference for our research. Following
precise measurements of the diameters of 50 beads, the average
diameter was determined to be approximately 7.653 pm, with
a standard deviation of +0.32 um. Fig. 3a displays the image of
a polystyrene bead captured with the Nikon camera, while
Fig. 3b shows the focused image obtained using the d'Bio-
imager camera. Additionally, measurements using the d'Bio-
imager camera yielded an average diameter of 7.73 um, with
a standard deviation of £0.25 pm. A key distinction between the
two cameras is that the Nikon camera could provide only the
diameter, whereas the d'Bioimager camera enabled the
measurement of additional parameters, such as the thickness
and volume of the beads, as discussed in subsequent sections.
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Fig. 3 (a) Image of the polystyrene bead captured using a Nikon
camera. (b) Image of the polystyrene bead captured using a d'Bioim-
ager camera.
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Fig. 4 (a) and (c) Defocused images; (b) focused image; (d) intensity
derivative image; (e) phase image; (f) height profile (g) 3D profile of the
polystyrene bead (top view) and (h) 3D profile of the polystyrene bead
(side view ).

This measurement, along with the specifications provided by
Sigma-Aldrich, served as a baseline to validate our data and
confirmed the accuracy of our quantitative phase imaging
method. One focused image and two slightly defocused images
of the polystyrene beads were captured with a defocus distance
of +£3.5 pm, as shown in Fig. 4a—c.

These three images were combined using the Transport of
Intensity Equation, followed by the reconstruction of the phase
image. From the phase data, quantitative features, such as
height, surface area, and volume, of the bead were extracted.
Fig. 4d shows the intensity derivative image, Fig. 4e displays the
phase image, Fig. 4f depicts the height profile, and Fig. 4g and h
illustrate the 3D profile of a single polystyrene bead. The
average height of the 100 measured polystyrene beads was
determined to be 7.9 micrometres, with a standard deviation of
about +0.25 um. The volume of the beads was calculated to be
138 cubic micrometres on average, showing minimal variability
across the sample set, with a standard deviation of about +5.85
pum. To calculate the volume, the region of interest (ROI) was
first identified. The height of each pixel within the ROI was
measured and multiplied by the area of the pixel to evaluate the
volume contribution of each pixel. The total volume of the ROI
was then determined by summing the volumes of all individual
pixels within the selected region.

Quantitative analysis of erythrocyte
morphology

We performed a quantitative morphological analysis of the 3D
TIE QPM images of erythrocytes under different saline
concentrations. Under hypertonic conditions, at an elevated
concentration (1% NaCl), the erythrocytes had a shrivelled
appearance, and a marked decrease in cell volume, indicative of
cell dehydration. On the other hand, concentrations of isotonic
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Fig. 5 Variation of RBCs in different saline concentrations.

saline between 0.9% and 0.65% showed erythrocyte mean cell
volumes matching the values reported for isotonic saline in the
literature,” confirming the stable cellular morphology and
osmotic balance. Bulging of the erythrocytes was noted from
0.6% Na(l, indicating a mild hypotonicity (an increase in cell
volume by the influx of water). As the concentration of the
hypotonic solution increased, a greater proportion of erythro-
cytes exhibited signs of membrane deformation and compro-
mised structural integrity. Notably, at 0.4% NaCl concentration,
a significant number of erythrocytes underwent haemolysis,
characterized by rupture of the cell membrane and the release
of haemoglobin into the surrounding medium, leaving behind
ghost cells devoid of intracellular contents, as shown in Fig. 5.
Additionally, phase imaging using 3D TIE QPM enabled the
visualization of cellular variations of erythrocytes under
different osmotic conditions. The height profile maps revealed
the bulging of the cell membrane by hypotonic stress, as shown
in Fig. 5.

A quantitative analysis of the erythrocyte images provided
insights into changes in key morphological parameters, such as
cell height and cell volume. These parameters were computed
across different saline concentrations to characterize the
osmotic fragility profile of erythrocytes.

Fig. 6 shows the average volume of about 100 RBCs for each
NaCl concentration along with the standard deviation. Under
hypotonic stress, we observed that as the saline concentrations
decreased and water concentrations increased, the erythrocytes
started swelling, leading to an increase in their average volume.
Beyond 0.4% saline concentration, the cells ruptured, and no
cells were observed, indicating haemolysis. Therefore, in Fig. 7,
we have extrapolated up to 0% concentrations and considered
the volume to be zero as no cells were observed. Fig. 7 also
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shows the trend of the increase in volume with the increase in
water concentration. This rupture and subsequent decrease in
volume further support the occurrence of haemolysis.
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Fig. 6 Variation in the average volume of erythrocytes due to the
effect of hypotonic stress.
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concentrations.

UV-visible absorption spectral studies with saline at various
concentrations were conducted to support the above findings.
The absorption of beta and alpha heme at 540 nm and 575 nm,
respectively, increased rapidly beyond 0.4% NaCl concentra-
tion, indicating hemolysis, as shown in Fig. 8.

Fig. 9 illustrates that the volume obtained from the 3D QPI
system aligns closely with the normalized absorption data of
beta and alpha haemoglobins from the UV-visible spectra. The
graph in Fig. 9b provides a zoomed-in view of the plots of alpha
and beta Hb. Since the errors were minimal, a 10-time expanded
scale was required to observe the error bars for the alpha band,
and for the beta band, about a 3-time expanded scale was
required to visualize the error bars, which highlighted the
accuracy of the data. The observed trends demonstrate that
haemoglobin absorption increased after 0.4% saline concen-
tration, stabilizing at 0%. Simultaneously, the RBC volume
expanded up to 0.5% saline, signifying cellular bulging, and
subsequently decreased beyond 0.45%, indicating cell rupture.

Here, we have used 3D Quantitative Phase Imaging (QPI)
based on the Transport of Intensity Equation (TIE) to quantify

(@) UV-visible absorption of beta and alpha haemoglobins under various concentrations of saline; (b) zoomed-out scale athigher

the volume of a single RBC across a continuum of sodium
chloride concentrations (1% to 0%) and study morphological
changes with high precision. No previous study has reported
this type of imaging analysis across all concentrations, thus our
work is unique in its comprehensiveness.

Current literature has investigated theoretical modeling
approaches and 3D imaging techniques to provide insights into
the morphology of RBCs. One of the studies has evaluated RBC
shape at specific saline concentrations (0%, 0.15%, 0.3%,
0.45%, 0.6%, and 0.75%), relying on cDOT-based qualitative
analysis. While this work highlights the stabilizing role of
glucose and mannitol, our study provides direct volume
measurements, allowing for precise quantification of morpho-
logical variations across a finer concentration gradient.>® In
another study, the use of spherical harmonic parameterization
allowed theoretical predictions to be compared with 3D images
of live cells, emphasizing the mechanical role of the membrane
skeleton (MS) in stabilizing the shape of RBCs.”” Moreover,
Shape-From-Shading (SFS) in combination with holographic
reconstruction has been explored to estimate the concave RBC
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(a) Combined UV-visible and volume data; (b) inset of 9 (a) showing a 3x zoomed-out scale for normalized beta Hb band.
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shape, and the advantage of this method is in recovering the
concave surfaces versus traditional SFS.”® While these studies
yield important insights into RBC structural dynamics, they
either focus exclusively on specific shape transformations or
examine discrete NaCl concentrations, rather than a systematic
exploration of morphological changes across a fine gradient.
Although 3D refractive index tomography (3D-RIT), confocal
microscopy and holographic interference microscopy (HIM)
enable high-accuracy morphological analysis, they usually
depend on complex instrumentation and computational
resources, as well as advanced sample preparation. In
comparison, our TIE-based method is a straightforward, low-
cost, and label-free method, and enables fast real-time volume
extraction, with minimal installation effort. As such, it is very
useful for regular laboratory activity and diagnostic use.

Significantly, no studies prior to this have performed
a detailed imaging analysis across all concentrations of
a concentration gradient. This approach allows for the obser-
vation of subtle morphological changes that may have been
missed in discrete sampling methods. Our results validate the
importance of osmolyte-induced stabilization of RBCs and can
assist in the formulation of blood storage solutions and intra-
venous infusion protocols. This suggests that future work on
long-term RBC viability and deformability under these condi-
tions can lead to a richer understanding of membrane
mechanics and cytoskeletal interactions.

Conclusion

In this work, we applied 3D Quantitative Phase Microscopy
(QPM) based on the Transport of Intensity Equation (TIE) to
investigate the morphology of erythrocytes at different saline
concentrations. We found differential changes in the cell
volume and function under different osmotic conditions.
However, hypertonic NaCl concentrations (1% NaCl) caused
dehydration of erythrocytes, marked by a decline in cell volume,
indicating osmotic stress. At isotonic conditions (0.9-0.65%
NaCl), the mean cell volume matched with the literature
values,* demonstrating a stable morphology and equilibrium.
Yet, as with other solutes, at low concentrations of saline (lower
than 0.6% NaCl), the cells continuously swelled in osmolyte-
reduced media until water-induced membrane deformation
occurred. At 0.4% NaCl, extensive haemolysis was observed,
which was further confirmed by imaging and UV spectroscopic
analysis. At this critical concentration, the UV spectra empha-
sized a significant enhancement of the B and a haemoglobin
absorption bands, corroborating with the rupture of
membranes and haemoglobin release. This work elucidates the
dynamics of erythrocyte responses to different magnitudes of
osmotic stress and highlights the potential of TIE-based QPM
for cellular applications. These findings show that 3D QPI
exhibits strong sensitivity in the non-invasive detection of small
changes in red blood cell volume in saline. Our study demon-
strates the capability of the 3D QPI system in detecting minor
fluctuations in cell volume in response to hypotonic stress and
determining critical points for cell swelling and rupture.
Finally, the ability of the system to correlate the large changes in
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volume with haemolysis, as confirmed using UV-visible
absorption spectra, further highlights the potential of this
bio-imaging system for the detection and monitoring of cellular
abnormalities. The Transport of Intensity Equation (TIE) also
has strong potential for applications in cellular imaging, which
are outside the scope of this work. Due to its non-invasive, label-
free nature and its capacity to extract quantitative phase infor-
mation, this technique provides a unique nanometre-scale
spatial-temporal resolution of sub-cellular dynamics in
a variety of biological situations. TIE can be very useful for the
early identification of pathological changes in cells, such as
those observed in blood diseases, cancer, and neurodegenera-
tive diseases. It is adaptable for high-throughput and real-time
imaging, extending its applicability to drug screening and
personalized medicine. On the other hand, cellular imaging
with TIE is a relatively less explored domain, however, with
limitless opportunities for addressing future needs and even
new developments.
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