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Abstract

Histopathological examination of blood cells plays a crucial role in the diagnosis of various
diseases. However, it involves time-consuming and laborious staining procedures required for
microscopic review by medical experts and is not directly applicable for point-of-care diagnosis
in resource-limited locations. This study reports a dilution-, actuation- and label-free method for
the analysis of individual red blood cells (RBCs) using a capillary microfluidic device and
quantitative phase imaging. Blood, without any sample treatment, is directly loaded into a
micrometer-thick channel such that it forms a quasi-monolayer inside the channel. The
morphological and biochemical properties of RBCs, including hemoglobin concentration,
hemoglobin content, and corpuscular volume, were retrieved using the refractive index
tomograms of individual RBCs measured using 3D quantitative phase imaging. The
deformability of individual RBCs was also obtained by measuring the dynamic membrane
fluctuations. The proposed framework applies to other imaging modalities and biomedical

applications, facilitating rapid and cost-effective diagnosis and prognosis of diseases.
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Introduction

The monitoring and assessment of the morphology and biochemistry of blood cells are the most
fundamental laboratory analyses for screening and diagnosing various diseases, such as sepsis™ 2
and leukemia®. Complete blood count (CBC) tests based on absorption spectroscopy, impedance
measurement, and fluorescence flow cytometry are used routinely at wet labs and clinical sites®
* While these standard techniques assess important hematological parameters, such as
hemoglobin (Hb) concentration, mean cellular volume, and differential counts of several white
blood cells, they are complex and expensive®. Furthermore, additional microscopic review of a
stained blood smear must often be performed manually by medical professionals to handle any

flagged specimens, necessitating a significant amount of sample treatment that requires time and

labor®.

Label-free methods for imaging and characterization of blood cells, such as Raman microscopy’
and quantitative phase imaging (QPI)**3, have been extensively investigated to circumvent the
abovementioned issues. These methods exploit the intrinsic contrast of a blood cell to probe its
morphological and biochemical properties without using any labeling agents, simplifying the
sample preparation steps significantly. Nonetheless, a simple yet critical impediment to a rapid
point-of-care (POC) hematological test has remained unaddressed in previous approaches
wherein the sample concentration must be controlled manually for optimal imaging. To fully
analyze individual blood cells, the cells need to be prepared with optimal concentrations, both
laterally and axially, for 3D imaging. Additionally, blood cells in a suspension must be
sufficiently static while being captured. The steps associated with practical constraint in blood

cell imaging require additional time-consuming and laborious troubleshooting processes.
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In recent years, microfluidic technologies have been exploited to simplify such sample

14-16

preparation steps, enabling precise cell control and separation While conventional

118 ‘magnetic'®

microfluidic controllers and separators with external pumps, exploiting electric
2 or acoustic forces?™ %, have played a major role in diverse POC tests, recent microfluidic

biosensors that do not require any external actuators have also been explored using finger

23, 24 25, 26 24, 27 28, 29

actuation , capillary force , paper substrates , degassed systems , and gas-
generating systems®® *!. Among these, capillary-force-based microfluidic devices have been
considered user-friendly and straightforward. Additionally, the device does not require any
external actuators. Its fluid properties, such as the sample filling rate, can be directly determined
using the device’s dimensions and material properties®” %, enabling consistent and

straightforward POC tests.

This study presents a dilution-, actuation- and label-free framework for the characterizing of
morphological, biochemical, and mechanical properties of individual red blood cells (RBCs)
using refractive index (RI) tomography and capillary microfluidic devices to enable rapid and
cost-effective blood tests (Fig. 1). Using a SiO2 microfluidic device, which is capable of
generating a quasi-monolayer of blood cells through capillary action from the whole blood, we
performed 3D QPI imaging of RBCs and subsequently obtained important parameters of RBCs,
such as Hb concentration, content, and cellular volume analyzing the reconstructed 3D RI
tomogram of individual cells** *. Furthermore, the approach allowed us to study the mechanical
deformability of RBCs, which has been used to reveal the etiology of human diseases®*. We
acquired dynamic topographic maps of RBCs, stably captured by our device, and quantified their
membrane fluctuation values using the maps. We also explored different device dimensions and

quantified the extent to which the blood cells filled and overlapped in the microchannel without
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any actuators to provide a reference point for optimal device specifications. We believe that the
proposed blood-testing platform, which does not require expensive and destructive labeling
reagents and instruments, will enable various POC applications beyond those presented in this

work.

M ethods

Microfluidic device fabrication

The capillary flow-driven microfluidic device developed in this study, which enables dilution-
free RBC imaging, was fabricated based on photolithography (Fig. 1e). A 50x70 mm? SiO.
microscope cover glass (Matsunami, Japan) was used for the bottom of the device. A surfactant
(OmniCoat, Kayaku Advanced Materials, USA) was applied following the manufacturer’s
protocol to increase the adhesion between the glass and the negative photoresist. The SU-8 2005
or 2007 negative photoresist (SU-8 2000, Kayaku Advanced Materials, USA) was then spin-
coated to match the target height of the device. After soft-baking it on a hot plate, the cover glass
coated with SU-8 was subjected to UV exposure to create the desired height microchannel. The
device substrate was then bonded with a 24x50 mm? SiO, microscope cover glass (Thickness
No. 1, Matsunami, Japan) via plasma treatment. In this study, 2, 5, and 7 um devices were
fabricated. The 2 um device was used to obtain the main results from the characterization of

various RBC properties.

Channel height measur ement

The device channel height was measured using a surface profiler (Dektak-8, VEECO, USA), as

shown in Fig. 1g. As the surface profiler is in physical contact with the device surface to profile
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its height, no cover glass was bonded over the negative photoresist for the devices used to

measure the channel height.

Contact angle measur ement

The contact angles of the materials constituting the device were measured using a contact angle
analyzer (Phoenix 300 Plus, SEO Co., Korea). A 3 uL water droplet was placed on the surface of
each material, and the built-in software was used to calculate the contact angle. The key
difference between the conventional devices and the one developed in this study is the use of
SiO; to achieve the capillary flow of blood cells inside the channel. The low contact angle

achieved using our device enables the fluid to flow autonomously without any external forces.

Channel flow measur ement

The time required for the liquid to fill the device and its flow front position were measured to test
the fluid dynamics inside our device. Instead of the whole blood, the viscosity of which changes
over time, red-dyed distilled water was dropped through the inlet. The time required to reach the
outlet (24 mm) was measured and used to calculate the filling rate. The Fiji software was used to
measure the flow front position (https://imagej.net/Fiji). Finally, the experimental flow front over
time was compared to a theoretical model (for more details, see also Supplementary Information)
that considers liquid properties such as density, dynamic viscosity, surface tension coefficient,

and channel specifications.

I maging system and reconstr uction procedure

For 3D QPI imaging, we used a commercialized optical diffraction tomography (ODT)

microscope (also known as holotomography), based on Mach-Zehnder interferometry, equipped
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with a digital micromirror device (DMD) for angle-scanning illumination (HT-2H, Tomocube,
Inc., South Korea) to image the blood cells inside our device®. A schematic of the optical setup
is shown in Fig. 2a. The interferometric setup utilizes a diode-pumped solid-state laser beam
with the wavelength 4 = 532 nm and splits the input beam into a sample beam and reference
beam via a fiber coupler. The sample beam was angle-modulated by a DMD (DLP65300FYE,
Texas Instruments, USA) and impinged on the blood cells inside the microfluidic device through
an objective lens (UPLASAPO 60XW, Olympus Inc., Japan). The scattered light, 4-f-relayed by
an objective lens (UPLASAPO 60XW, Olympus Inc., Japan) and a tube lens, interfered with the
reference beam transmitted by a beam splitter to form an interferogram at the camera plane after

being filtered by a linear polarizer.

Forty-nine interferograms were obtained and processed to retrieve each complex field image
using a spatial-filtering-based phase-retrieval algorithm z and the Goldstein phase unwrapping
method to reconstruct the Rl tomograms of RBCs, as depicted in Fig. 2b*. A 3D RI map was
then reconstructed from the complex field images based on the Fourier diffraction theorem with
the Rytov approximation“®**. The 3D RI distribution of a sample was reconstructed from the
retrieved amplitude and phase images. A non-negativity regularization algorithm was applied to
the reconstructed 3D tomogram to overcome the missing cone problem due to the limited
numerical apertures of the objective lenses *°.The theoretical resolution of our imaging system
was 1107 nm (lateral) and 330 nm (axial) according to the Lauer criterion ***’. The detailed
principles and the reconstruction algorithms of the tomographic reconstruction can be found

elsewhere®® 4°.

Quantification of RBC parameters
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Figure 2c shows the process of obtaining the quantitative parameters of RBCs. Hemoglobin (Hb)
concentration, content, and cellular volume were obtained from the reconstructed 3D RI
tomogram. Cytoplasmic Hb concentration was computed by exploiting the linear relationship
between the RI of the Hb solution and its Hb concentration, assuming that RBC cytoplasm is
mainly consisted with HB proteins, as follows: <n — no> = o [Hb], where n and n, are the RI
values of the voxel and medium, respectively, and o is the refractive index increment (RII)>*°".
Setting o = 0.18 mL/g and no = 1.35, measured using a refractometer (Atago™ R-5000, Japan),

the Hb content was directly obtained from the Hb concentration using the cellular volume

computed by thresholding the tomogram.

The membrane fluctuation of the RBC was obtained from time-series phase measurements® >3,

As the membrane height of an RBC is directly related to its optical phase delay under normal
illumination, we guantified the membrane fluctuation by computing the temporal change in the
RBC height profiles h(x,y,t) converted from the optical phase delay A, as Ap = (2m/A)An- h,
where An is an RI difference between a RBC and a surrounding medium. The 2D membrane
fluctuation map, on.y), is defined as the temporal standard deviation of the RBC height profiles,
as follows: onxy) = [<(h(X,yt) - <h(%,Y,t)>time)*>time] 1/2, and the membrane fluctuation quantity

on is a spatially averaged value of Gnx.y) Over the sample area: Gn = <Gn(x,y)>space-

Sample preparation and imaging
Six milliliters of blood were collected via venipuncture from five healthy donors and equally
divided between two 3 mL tubes of ethylenediaminetetraacetic acid (EDTA) (BD Medical

367856 Vacutainer®, United States) at the KAIST Clinic Pappalardo Center. One 3 mL sample

of blood was tested using a CBC analyzer (XT-2000i, Sysmex Co., Kobe, Japan), and the other
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was tested using label-free tomographic imaging. Blood samples were stored in a refrigerator at

4°C and imaged using a tomographic microscope within 30 h after collection.

One micrometer of whole blood was loaded into the inlet of the developed device for imaging
and filled into the entire microfluidic channel through capillary action. The blood samples in the
EDTA tubes were placed at room temperature for imaging in a laboratory orbital shaker (SHO-
2D, Daihan Scientific Co., Korea) to avoid blood coagulation. All experiments were approved by

the Internal Review Board at KAIST.

Quantification of RBC overlaps

We defined a metric that indicates the number of RBC layers based on the ratio of the sum of
individual cell areas to the union of the cell areas as follows, to quantify the number of RBC
layers using our scheme: oo = ); 4;/U;A;, where i, A, and U are the indices of a cell, its area, and
the union symbol, respectively. We manually segmented an individual cell and evaluated the
metric for the three groups of devices fabricated with different channel heights to compute the
area of each RBC because it was challenging to extract a cell mask for the highly overlapped

RBCs using an automated segmentation algorithm.

Results and discussions

Fluid dynamics of capillary microfluidic device

Actuator-free capillary flow driven-microfluidic device was fabricated by utilizing glass

substrate and SU-8 photoresist. As shown in Fig. 1f, one device is composed of 4 independent

channels and has the total thickness less than 500 um for the compatibility of 3D QPI imaging.

The channel thickness of the device is about 2-3 um, which makes it possible to observe RBC as
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a quasi-monolayer given that the thickness of the RBC is about 2 um (Fig. 1g). The water contact
angles of SiO, and SU-8 constituting the surface of the channel are 69.6+2.7° and 94.1+1.9°,
respectively (Fig. 1h). Since most of the channels are surrounded by SiO,, there is a flow due to
negative capillary pressure that allows filling of the microchannel once the liquid is dropped at
the entrance of the device without any external pump or actuators. The independence of actuators

could facilitate usage of the device as a POC platform.

Figure 3 presents the dynamics of fluid in the microfluidic device using capillary forces with
different heights. As our device relies on the negative capillary pressure arising from the
interaction between the whole blood and the SiO; channel, unlike many existing microfluidic
devices with a flowing-rate-controllable pump, it is crucial to design the microchannel accurately
to control its filling rate, which directly affects the blood testing time. The time required for the
sample loading process to fill the channel was measured manually. Figure 3a presents the
average filling rates of the three devices (device #1: 0.93+0.09 mm/s, device #2: 1.49+0.2 mm/s,
and device #3: 2.67 mm/s). As expected, the filling rate is proportional to the device’s height
because the negative capillary pressure-driven acceleration is inversely proportional to the
channel height. However, the hydraulic resistance-driven acceleration is inversely proportional to
the square of the channel height. As the liquid flow in the microchannel can be characterized by
the channel dimensions and properties of the liquid, such as density, dynamic viscosity, and
surface energy, the flow front position can be theoretically analyzed and compared with the
experimental results (Fig. 3b). The theoretical model of the micro-scale fluidic channel assumes
two dominant body forces induced by negative capillary pressure and hydraulic resistance,
except for the gravitational effect. The experimental fluid flow agrees with the theoretical model,

indicating that our microchannel devices were fabricated as designed.


https://doi.org/10.1101/2021.05.15.442583
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.15.442583; this version posted May 17, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

When we apply the system to whole blood, as shear-thinning fluid, increased shear stress makes
the viscosity of blood decrease, which contributes to the relieved hydraulic resistance. On the
other hand, since blood contains RBCs, WBCs, platelets, plasma proteins, and etc, the sticky and
viscous fluid would make the filling rate slower than water. In spite of these complex behaviors
of blood, we speculate negligible difference on our platform because of their relatively short

filling time and simple geometry.

Optimal device dimension for monolayer RBC imaging

To identify the optimal dimension of our capillary microchannel device to enable rapid imaging
of the monolayer of dilution-free RBCs, we fabricated devices with three different channel
heights and quantified the number of RBC layers using a metric that calculates the ratio of the

sum of individual cell areas to the union of the cell areas « (see Methods).

Figure 4a illustrates examples of RBC RI tomograms obtained using the three devices with the
corresponding o values. Note that the tomograms were visualized using maximum intensity
projection. While the RBCs spread out with analyzable density at the single-cell level as for
device #1 (top row), the axially overlapped cells prepared in devices #2 and #3 (bottom row)
obstructed the morphological characterization of individual RBCs, impeding biochemical and
mechanical quantification. Additionally, such dense RBCs deteriorate the imaging performance
of the diffraction tomography because the highly clustered cells may not just induce unexpected
flows within the microchannel while being imaged but may also have large or abrupt phase

delays that could degrade accurate tomographic reconstruction** **

. Figure 4b shows the
correlative scatter plot between o and the mean channel height of the three different devices. The

mean and standard deviation of o for the three devices are 1.086 + 0.074, 1.327 + 0.066, and
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1.728 + 0.137, respectively, indicating that device #1 was used to characterize various properties
of RBCs. We would also like to point out that it was challenging to fabricate SiO, microchannels
thinner than those used in device #1. Additionally, the flow of whole blood into such devices
was also challenging as the top cover glasses occasionally warped or even collapsed due to low

channel height.

Mor phological, biochemical, and mechanical quantification of RBCs

The morphological and biochemical properties of RBCs obtained from healthy donors were
quantitatively investigated to validate the developed dilution- and label-free RBC testing
framework. We reconstructed the 3D RI tomograms of RBCs in a wide field of view, using the
proposed capillary microfluidic device that generates a monolayer of RBCs and obtained various
properties from the RBC tomograms, including Hb concentration, Hb content, and cellular
volume at the single-cell level (see also Methods). Figures 5a—c compare these results with those
of the CBC test. The means and standard deviations of the Hb concentration, Hb content, and
cellular volume were 34.55 + 0.67 g/dL, 32.06 = 5.90 pg, and 92.47 + 17.20 fL, respectively. A
total of 316 data points were collected. While our test results agree with the corresponding CBC
results (orange dotted line), it is noteworthy that the Hb concentration results from our
framework tended to be slightly lower than those from the CBC test. This is attributed to the
underestimation of the RI values, which are linearly related to the Hb concentration, owing to the
inaccessible information of the 3D transfer function®. We postulate that improved regularization
algorithms that effectively compensate for the underestimated R1 could yield a more accurate Hb

concentration.
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The time-series phase of RBCs was measured to study cell deformability, which is one of the
important mechanical properties of RBCs, to validate the developed framework. As the
topographical information of RBCs can be inverted directly from their phase map, our
framework that retrieves the phase delay map of monolayered RBCs with normal illumination
can be a powerful tool for probing the dynamic membrane fluctuation of RBCs. The analysis
revealed that the dynamic membrane fluctuation of RBCs could be measured accurately using
quantitative phase imaging techniques for diverse hematological applications® >°. Figures 5(d-e)
depict the membrane fluctuation of RBCs measured using our system with a representative
topography map. The dynamic phase of RBCs obtained from one of the four healthy donors was
measured, and the membrane fluctuation of each cell (mean + std = 59.93 + 9.91 nm, 232 RBCs)
was quantified over a period of 2 s, which is in accordance with previous studies®. In this study,
the membrane fluctuation is defined by spatially averaging the temporal standard deviation of
each pixel’s height over an RBC area. A detailed calculation can be found in the sub-section

titled “Quantification of RBC parameters.”

Conclusions

This study reports a simple yet functional method for a completely reagent-free RBC analysis by
exploiting capillary microfluidics and optical diffraction tomography. The 3D RI tomograms of
RBCs are effectively obtained after the whole blood, without any treatment (e.g., dilutions,
labeling) or additional microfluidic instruments (e.g., a pump, a mixer), is directly loaded into
the microchannel, which generates a quasi-monolayer of RBCs. This enables the subsequent
acquisition of their morphological (cell volume, 3D imaging) and biochemical parameters (Hb
concentration and content) at the single-cell level. Our scheme also enables an RBC

deformability study, which requires temporal stability inside the microchannel for time-series
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phase measurements. As the current study confirms that dilution-free RBC samples can be
prepared within tens of seconds inside an ~2 um-thick microfluidic device for optimal 3D
imaging, it would be possible to further reduce the preparation time by fabricating a shorter
channel. We believe that the developed approach can save significant time, costs, and labor

involved in clinical settings, enabling point-of-care prognosis and diagnosis of various diseases.

Several directions for future work remain to improve the developed approach. Based on the
learnings from the microchannel developed for preparing RBC monolayers, we are attempting to
fabricate capillary microchannel devices compatible with different blood cells, including white
blood cells and platelets. Recently structured microchannels that exploit deterministic
hydrodynamics for WBC separation could be excellent references for expanding the capabilities
of our capillary-action-based device®*°. Additionally, advanced imaging processing approaches
can also be employed® or advanced cell segmentation algorithms for 3D imaging™ to achieve
fully automated, high-throughput blood cell characterization. In this study, as partially
overlapped RBCs inside the channel were captured in several FOVs, we manually segmented
cell masks based on MIP images to quantify the RBC overlaps and extract their quantitative
parameters. Improved algorithms that benefit from the full 3D information of RI tomograms may
resolve the labor-intensive segmentation, augmenting the throughput of our approach.
Furthermore, machine learning approaches can be readily combined with the present platform for
rapid classifications of blood cell types and diagnosis of hematologic disorders®” ®. Finally,
other imaging modalities could benefit from our capillary microfluidic device for low-cost, rapid

characterization of biological samples®* ®,
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Figure 1. Overview of our dilution-free, label-free RBC test framework. (a) Whole blood
cells loaded into the capillary microfluidic device without dilution or treatment. (b) Quasi-
monolayer RBCs inside the microfluidic channel for label-free refractive index (RI) tomographic
imaging. (c) 3D RI tomograms of RBCs. Two representative RBCs visualized from three
different perspectives and their iso-surface renderings. (d) Biochemical and mechanical
properties, including Hb concentration, Hb content, cellular volume, and membrane fluctuation,
obtained directly from the tomographic imaging (See Methods). (e) Fabrication of the
microfluidic device based on negative photolithography. (f) Device photograph. (g) Channel
height measured via a surface profiler (mean: 2.12 um, std: 0.23 um). (h) Contact angle of the

materials constituting the cross-section of the channel. Negative capillary pressure due to low

contact angle (<90°) allows the sample to be loaded into the channel withoutexternal forces.
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the three devices. Experimental results are compared to the theoretical model. The filling front
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