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Abstract: Blood cell analysis is essential for the diagnosis and identification of hematological malig-
nancies. The use of digital microscopy systems has been extended in clinical laboratories. Super-
resolution microscopy (SRM) has attracted wide attention in the medical field due to its nanoscale
spatial resolution and high sensitivity. It is considered to be a potential method of blood cell analysis
that may have more advantages than traditional approaches such as conventional optical microscopy
and hematology analyzers in certain examination projects. In this review, we firstly summarize
several common blood cell analysis technologies in the clinic, and analyze the advantages and
disadvantages of these technologies. Then, we focus on the basic principles and characteristics of
three representative SRM techniques, as well as the latest advances in these techniques for blood cell
analysis. Finally, we discuss the developmental trend and possible research directions of SRM, and
provide some discussions on further development of technologies for blood cell analysis.

Keywords: super-resolution microscopy; hematological diseases; diagnostics

1. Introduction

Hematological diseases are a series of diseases that originate or affect the blood
and hematopoietic organs [1]. In recent years, the number of deaths from hematological
malignancies has increased gradually [2]; therefore, accurate diagnosis and identification
are increasingly important for the treatment of hematological diseases. In hospitals and
clinical laboratories around the world, blood cell analysis has always been recognized as an
important tool for the diagnosis and identification of hematological diseases [3]. The most
common examinations are complete blood count and leukocyte classification in clinical
hematology laboratory, which include various information on the number, morphology,
structure, and component of blood cells [4,5].

The available techniques for assessing blood cell functions are limited, considering the
various types of blood cell and their diverse functions. Currently, the main approaches to
blood cell analysis include optical microscopy, electron microscopy, flow cytometry, and
hematology analyzers. However, these traditional approaches still have many limitations.
For example, optical microscopy requires a long examination time, while hematology
analyzers suffer from a low recognition ability and a high dependence on the experience of
the user. To improve the sensitivity and specificity of diagnoses and the efficiency of blood
cell analysis, researchers have been exploring new approaches to blood cell analysis [6].

It is interesting to identify quantitative features through digital image analysis for
morphological characteristics of blood cells. Super-resolution microscopy (SRM) is one
of the most significant breakthroughs in the field of optical microscopy in the last three
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decades. SRM breaks the resolution limit of optical microscopy and achieves a spatial
resolution in the tens of nanometers, and thus provides an unprecedented opportunity to
study life phenomena at the subcellular scale [7-9]. In 2014, the Nobel Prize in Chemistry
was awarded to three pioneering scientists, Willian E. Moerner, Eric Betzig, and Stefan Hell,
who made outstanding contributions to the theory and realization of SRM. SRM has the
desirable characteristics of ultra-high resolution, high sensitivity, and high biocompatibility,
and is now being applied in various biomedicine fields.

Not surprisingly, SRM provides new opportunities in hematology. It is common to use
ultrastructural features in the diagnosis of some hematologic malignancies. For example,
electron microscopy is often used to investigate platelet granule deficiency disorders [10].
However, the electron beam used in electron microscopy is harmful to cell samples, and
it is not possible to apply electron microscopy when studying living cells. Live-cell SRM
can provide various forms of dynamic information at the nanoscale, such as structural
changes, distribution abnormalities, interactions, and physiological processes, which can
provide crucial information on the pathogenesis, prevention, monitoring, and treatment
of hematological malignancies [11]. For example, how malaria parasites infect red blood
cells and further spread the disease is important in treating and blocking parasite develop-
ment [12]; while the regulation mechanism of related cytoskeleton during platelet shape
changes is the key to the development or prevention of thrombotic diseases [13]. SRM can
offer precise information on the ultrastructure and mechanisms of action within blood cells
at the macromolecular level without damaging sample structures [14,15]. Therefore, SRM
has the potential to be used in the monitoring and treatment of hematologic malignancies
in both translational research and clinical diagnostics.

In this paper, we review several traditional approaches to blood cell analysis, includ-
ing optical microscopy, electron microscopy, flow cytometry, and hematology analyzers.
After analyzing the advantages and disadvantages of each approach, we demonstrate the
necessity of exploring new approaches to blood cell analysis. Next, we introduce the basic
principles and characteristics of several representative SRM technologies, and present the
latest progress of these SRM techniques in blood cell analysis. Finally, we discuss future
research trends and possible research directions in SRM-based blood cell analysis.

2. Traditional Approaches
2.1. Optical Microscopy

Manual microscopic examination refers to the observation, analysis, and judgment
of clinical samples (e.g., blood smears and bone marrow smears) by a user under an
optical microscope [5]. Note that the typical blood volume is ~20-30 pL when preparing
a blood smear. For a long time, manual microscopic examination has been widely used
for diagnosing some common diseases, such as malaria, acute leukemia, and MM [16-18].
Recently, manual microscopic examination was applied in the study of coronavirus disease
2019, in which the effect of the virus on blood cells was checked using peripheral blood
smears, and early signs of inflammation could be identified from abnormal phenomena in
the number and morphology of platelets and leukocytes [19].

However, manual microscopic examination is highly dependent upon the experience
of the user, resulting in highly subjective conclusions with poor repeatability. With the
development of digital imaging and computer vision, various methods have been gradually
developed for blood-smear analysis using image-processing technology, in which human
eye inspection is replaced with automated image analysis. For example, Alzubaidi and
coworkers used a deep-learning model to classify patients with sickle cell anemia, and
achieved an accuracy of 99.98% [20]. Using image segmentation and a data-mining algo-
rithm, Acharya and coworkers detected acute lymphoblastic leukemia with an accuracy of
98.6% [21]. Umer and coworkers used a stacked convolutional neural network model to
classify malaria in thin blood-smear images with an accuracy of 99.96% [22].
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2.2. Electron Microscopy

Since the 1940s, the electron microscope (EM) has been used to observe the internal
structures of blood cells. With the development of sample preparation methods (e.g.,
tissue fixation and staining), EM has gradually become a powerful tool in the study of
platelets by providing new data on their morphology, physiology, and pathology. In a
review paper, White described the excellent performance of EM in the diagnosis of many
platelet dysfunctions [10]. For example, in Hermansky-Pudlak syndrome, which is caused
by a reduction in dense (or 6-) granules in platelets, the content of such dense granules
has a high electron density. Therefore, the use of an EM to diagnose Hermansky-Pudlak
syndrome can be more rapid and reliable. In another hematological disease, gray platelet
syndrome, in which patients have a lack of x-granules, the reduction in and absence of
a-granules can be clearly visualized under an EM, but it is difficult to distinguish these
situations with an optical microscope. In addition, an EM also performs well in observing
the 3D tissue information of megakaryocytes and the process of thrombosis [23,24].

However, an EM requires the preservation of biological samples in vacuum. Therefore,
an EM is not applicable to in vivo imaging. In addition, an EM can only provide the
structure of a sample at a certain time, without being able to observe the dynamic process
of that sample, and thus offers very limited opportunities for studying life activities.

2.3. Flow Cytometry

A flow cytometer is a tool that uses scattered light from different angles to analyze,
screen, and characterize single cells suspended in a liquid medium. Most flow cytometers
consist of four parts: a liquid flow system, an optical system, an electronic system, and
an analysis system [25]. Flow cytometers are widely used in the diagnosis of hematolog-
ical diseases due to their high throughput, fast speed, and flexible operation [26]. For
example, acute myeloid leukemia, lymphoma, platelet dysfunction, and MM can be well
characterized by flow cytometry [27-30].

Traditional flow cytometers use fluorophores as markers to label the antibodies to be
tested. The multicolor detection capability of flow cytometers is limited by the emission-
spectra overlaps of the fluorophores. To solve this problem, researchers have been develop-
ing several upgraded versions of flow cytometers. For example, a spectral flow cytometer
uses spectral unmixing to solve the emission-overlap problem, as well as to reduce the
complexity of the optical path. Spectral flow cytometers are now used to analyze mixed
populations of immune cells [31]. In another upgrade, a mass flow cytometer combines
flow cytometry with mass spectrometry, and is able to perform multiparameter detection
of single cells using the high resolution of mass-spectrometry detection. The mass flow
cytometer has a wide application in hematopoiesis, cancer, and drug screening [32,33]. An
imaging flow cytometer relies on multispectral imaging to collect a large number of static
images of cells, and is able to analyze the morphologies of rare cell subpopulations in a
mixed cell population, such as minimal residual disease and circulating tumor cells [34,35].

The throughput of a flow cytometer is generally high, and a large number of high-
dimensional datasets will be produced in daily usage. To solve the problems of low
efficiency and subjectivity of manual analysis, researchers developed computational flow
cytometry, which combines high-dimensional flow-cytometry data visualization with
automatic cell-population identification to analyze a large number of cell data, creating a
new and objective way for the visualization, interpretation, and modeling of flow-cytometry
data [36].

Nowadays, the microfluidic flow cytometer with a microfluidic chip as the core is a new
development direction with the advantages of high integration, low volume, portability,
full closure, and zero cross-contamination. The microfluidic flow cytometer is especially
suitable for disease monitoring and real-time rapid diagnosis, and thus plays an important
role in medical care [37,38].

Despite the promising developments mentioned above, flow cytometry still has much
room to improve, especially in detection sensitivity. In fact, the detection sensitivity of flow
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cytometry was estimated to be ~1000 antigen/ cell, which may not be sufficient for some
applications [39]. During the diagnosis and treatment of hematological malignancies, flow
cytometry can only detect CD19 (a very good target antigen for cancer immunotherapy) in
0.05% of myeloma cells, and cannot correctly classify myeloma cells [40,41]. To improve
the diagnosis accuracy and discrimination rate, the detection sensitivity of flow cytometry
needs to be further improved.

2.4. Hematology Analyzer

A hematology analyzer is mainly used to enable various blood cell counts, leukocyte
classification, hemoglobin content quantification, and detection of some parasites. The
detection principles of various hematology analyzers include electrical impedance, radiofre-
quency conductivity, laser-light scattering, and spectrophotometry [42]. A hematology
analyzer is simple to operate; the user sets the normal thresholds for various parameters,
and the instrument displays an alert message when the test results exceed the normal
thresholds. Currently, the BC-6800 Plus (Mindray, Shenzhen, China) hematology analyzer
can detect 200 samples/hour, which is approximately 50 times faster than manual micro-
scopic examination. A hematology analyzer is thus effective in reducing the workload of
the inspector. At the same time, a hematology analyzer is able to detect multiple parameters.
For example, the ABX PENTRA DX 120 (HORIBA, Paris, France) automatic hematology
analyzer can detects up to 49 parameters. However, many of the new parameters cannot be
applied to the clinic, and are limited to only laboratory or research use. However, with the
advantages of high throughput, multiple parameters, a fast speed, and simple operation,
hematology analyzers are widely used in hospitals at all levels, and greatly improve the
efficiency of clinical testing.

It is worthwhile to note that hematology analyzers are generally used as a preliminary
screening method for blood cell analysis, because this method cannot provide accurate
detection of the changes in blood cell morphology that may contain important information
for diagnosis. Therefore, hematology analyzers are suitable only for large-scale blood-
sample analysis. For the identified abnormal samples, it is necessary to use manual
microscopic examination to accurately identify the cell type and confirm pathological
changes. The HematoFlow platform (Beckman Coulter, Brea, CA, USA) was developed
by combining a hematology analyzer and a flow cytometer [43]. When an alarm message
appears on the hematology analyzer, the abnormal sample will be sent to the flow cytometer,
and subjected to manual microscopic examination if necessary, for further testing. Therefore,
the HematoFlow platform significantly improves the detection efficiency by reducing the
number of samples required for manual microscopic examination.

The advantages and disadvantages of the above-mentioned techniques for blood cell
analysis are summarized in Table 1.

Table 1. Comparison of different blood cell analysis techniques.

Type Sample Preparation Detection Speed Detection Accuracy Ease of Operation
Manual microscopic examination Easy Slow High Difficult
Electron microscopy Difficult Slow High Difficult
Flow cytometry Medium Fast Medium Medium
Hematology analyzer Easy Fast Low Easy

3. New Approaches: Super-Resolution Microscopy

In the past three decades, SRM has gained popularity in biomedical research due to its
ultra-high resolution, high sensitivity, and high biocompatibility. SRM technologies have
greatly enhanced the ability to study subcellular-scale structures, which is important for
hematological-disease detection and diagnosis [44,45]. Here, we present three represen-
tative SRM technologies for blood cell analysis: single-molecule localization microscopy
(SMLM) [46,47], stimulated emission depletion microscopy (STED) [48], and structured
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illumination microscopy (SIM) [49,50]. Table 2 compares the performance of several SRM
methods using some important parameters.

Table 2. Comparison of several SRM methods.

. . 1
SRM Method Res(zl;;lon Imagl?fn?)ep th Photodamage >  Sample Preparation  Ease of Operation  References
SMLM ~20~30 <10 Medium Difficult Medium [9,47]
STED ~50 >20 High Easy Medium [51,52]
SIM ~100 <20 Low Easy Easy [50,53]

! Imaging depth is defined as the distance range at which an object can be clearly brought into focus [54].
2 Photodamage refers to the phenomenon in which high-power or long-term laser irradiation destroys intracellular
fluorescent molecules [55].

3.1. Single-Molecule Localization Microscopy

SMLM is an advanced fluorescence microscopy technique that combines single-
molecule fluorescence imaging with single-molecule localization to break the diffraction
limit. SMLM is also a mainstream SRM technology, and includes photoactivated localiza-
tion microscopy (PALM), stochastic optical reconstruction microscopy (STORM), direct
STROM (dSTORM), point accumulation for imaging in nanoscale topography (PAINT),
and many other variants. SMLM adopts the time-for-space strategy to randomly activate
fluorophores labeled with biological structures, so that the fluorophores observed at the
same time are sparsely distributed in space. Single-molecule fluorescence images of the
sparse fluorophores are captured and processed with a suitable single-molecule localization
algorithm to find the nanoscale spatial locations of the fluorophores (Figure 1), which
are further used to reconstruct a final super-resolution image with a typical mean lateral
resolution of 20~30 nm.

—>

|:> . b = Stacking

Labeling

Super-resolution image

Blinking Localization

Figure 1. Schematic diagram of SMLM principle.

In 2006, Betzig and coworkers invented the so-called PALM technique, in which
the resolution is determined mainly by the number of fluorescent molecules (N) and
the localization precision [46]. Specifically, the localization accuracy can be theoretically
estimated using the following formula [56]:

2, 2 412
2 s°+a“/12  8ms*b
<(Ax) >7 N a2N2
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where s represents the standard deviation of the point spread function (PSF) of the optical
imaging system, a represents the pixel size on the sample plane, N represents the number
of photons emitted from a fluorescent molecule, and b represents the background noise. If
N is large enough, the resolution can be infinitely improved. Note that this formula has
been updated to work with different types of low-light cameras.

PALM can provide nanoscale imaging of subcellular structures or cellular components
(e.g., proteins) with a resolution 10 times that of conventional optical imaging. Rust
and coworkers invented a similar SRM technique called STORM, which explores the
photoswitching properties of chemical dyes, rather than the fluorescent proteins that are
used in PALM [47]. The resolution of STORM is determined by the same factors as those in
PALM. Van de Linde and coworkers proposed dSTORM [57], which relies on conventional
chemical dyes instead of special dyes. In this case, the experimental setup was simplified.
Another important SMLM technique, called PAINT, relies on the intermittent phenomenon
of bimolecular collisions to localize fluorescent molecules [58]. As reported by Brockman
and coworkers, PAINT can be used to map molecular mechanical events with up to a 25 nm
resolution [59].

Researchers also have been attempting to enable 3D SMLM. Currently, the most
popular approach to 3D SMLM is by introducing astigmatism in the PSF, which can achieve
an axial resolution of ~50 nm and an imaging depth of ~1 um [60]. Other approaches to axial
resolution enhancement in SMLM include 4Pi microscopy and multiplane detection [8].
The highest axial resolution obtained by applying 4Pi in SMLM that has been achieved was
10-20 nm inside thick cells (~10 pm) [61]. However, combining 4Pi microscopy with SMLM
is extremely complicated, and suffers from reduced stability.

Furthermore, to explore the interactions of intracellular components, multicolor super-
resolution imaging has been developed. The mainstream methods of multicolor SMLM
include spectral splitting, sequential excitation, chromatic dispersion, and PSF engineer-
ing [62]. In addition, 6-7-color SRLM has been achieved, but the crosstalk rate was high
(10-20%) [63,64]. Recently, Wang and coworkers invented a joint encoding scheme for the
emitter location and color using a customized RGBW camera, and demonstrated two-color
SMLM with ~20 nm resolution and <2% crosstalk, while the complexity of the optical
system was significantly reduced [65].

In the past several years, many researchers have tried to apply SMLM to blood cell
analysis. Pan and coworkers analyzed the ultrastructure structure of an erythrocyte mem-
brane skeleton using STORM [66], and revealed a junction-to-junction distance of ~80 nm
(Figure 2a). These works provided a new approach to studying the rheological properties
of erythrocytes, and helped clarify the pathological processes of diseases such as hemolytic
anemia, ischemic disease, and malaria. Nerreter and coworkers used dSTORM to detect
CD19/CD20 (two good target antigens in immunotherapy for multiple myeloma), and
performed a statistical analysis of the density changes of CD19/CD20 during immunother-
apy [40]. They found that in the detection of antigens (CD19/CD20), dSTORM was several
hundred times more sensitive than flow cytometry (Figure 2b). In addition, dSSTORM
can more accurately identify false-negative patients with minimal residual disease than
flow cytometry. Wang and coworkers used dSTORM to obtain the nanoscale distribution
and changes in CD47 on an erythrocyte surface during thrombospondin-1 (TSP-1)/CD47
interactions [67], and revealed the mechanism of TSP-1/CD47 binding on removal of aged
erythrocytes (Figure 2c). This work provided direct evidence of the role of TSP-1 in the
phagocytosis of aged erythrocytes, which may help in the treatment and prevention of
anemia and iron toxicity. Recently, Chung and coworkers used STORM to observe the
platelet-activation process at the nanoscale (Figure 2d), and revealed the spatiotemporal
changes in platelets under phorbol 12-myristate 13-acetate activation [68]. They proved
that STORM was more suitable than transmission electron microscopy in 3D intact imaging
of activated and aggregated platelets. Some applications of SMLM in blood cell analysis,
along with the data-analysis methods and the main results, are summarized in Table 3.
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Figure 2. Applications of SMLM in blood cell analysis. (a) The ultrastructure of erythrocyte membrane
skeleton revealed by STORM. Reprinted from [66]. (b) Detection and analysis of CD19 in multiple
myeloma cells by dSTORM and flow cytometry. Reprinted from [40]. (c) Colocalization of TSP-1 and
CD47 in aging erythrocytes by two-color dASTORM. Reprinted from [67]. (d) STORM and SEM images
of microtubules in platelets. Reprinted from [68].

However, there are still many difficulties in the practical application of SMLM tech-
nology. On the one hand, the use of reducing agents (such as (3-mercaptoethanol) in the
imaging buffer leads to a hypoxic environment in which live cells cannot be imaged for
a long period of time. Therefore, it is crucial to develop new fluorescent probes with
desirable photophysics for fast imaging [69]. On the other hand, SMLM relies on single-
molecule localization algorithm to obtain the center locations of fluorescent probes, and
thousands or even tens of thousands of raw image frames are required for reconstructing
a single super-resolution image. Therefore, SMLM usually suffers from a low imaging
speed. Replacing the traditional single-molecule localization algorithm with high-density
localization algorithms is a good strategy to improve the imaging speed of SMLM, because
the latter can identify more center locations in a raw image, and thus reduces the total
number of raw images. However, the data-processing speed of high-density localization al-
gorithms is usually slow, and thus will result in severe data accumulation, especially when
a scientific complementary metal-oxide—semiconductor camera is used as the detector in
SMLM. To solve this problem, Ma and coworkers proposed a fast noniterative high-density
localization algorithm called WindSTORM, but this algorithm is not applicable to 3D raw
images [70].
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Table 3. Some applications of SMLM in blood cell analysis.
Sample Imaging Method  Data Analysis Main Results Reference
e  Physiological length of
e Nearest-neighbor distance analysis hemoglobin is ~80 nm
e 2D cross-correlation e Intermediate fibers exhibit
RBCs STORM e 2D auto-correlation higher dynamics than [66]
e  Theoretical model microtubules and filaments
under hypotonic stimulation
Myeloma dSTORM : i?p}lf;(?xf .iri thm Detection limit from 1350 CD19/cell [40]
cells P pea's (FC 2) to 3.1 CD19/cell (ASTORM)
e  Anderson-Darling test
On aged RBCs:
e  Image] plugin including e  Total number of CD47
1 colocalization finder, PC-PALM 3, molecules decreased
RBCs dSTORM uick PALM, and GDSC-SMILM e  (CD47 molecules formed larger (671
Q 4 g
e  GraphPad Prism 6.0 and denser clusters
e  Enhanced binding ability of
TSP-1/CD47
e Image] plugin including a e  The centralization of double
Platelets STORM directionality plugin membljane—bound Qrganelles [68]
e Otsu’s thresholding algorithm e A cuplike or shell-like scaffold

of autophagosomes

1 RBCs, red blood cells; 2 FC, flow cytometry; 3 PC-PALM, pair-correlation photoactivated localization microscopy.

Li and coworkers combined the divide-and-conquer strategy with a set of maximum
likelihood estimation localization algorithms and presented a high-density localization
algorithm called QC-STORM [71], which achieved real-time processing of high-density
images from a scientific complementary metal-oxide—semiconductor camera with an ex-
posure time of 10 ms and a field of view of 1024 x 1024 pixels. QC-STORM is two orders
of magnitude faster than the popular high-density localization algorithm called Thunder-
STORM [72]. QC-STORM is applicable to both 2D and 3D raw images, and would be
useful in SMLM. However, it is still desirable to develop new localization algorithms or
techniques for higher emitter densities, localization accuracies, and wider fields of view.

Balzarotti and coworkers invented the MINFLUX technology, which achieved ~1 nm
localization precision [73]. Similar to STORM/PALM, MINFLUX requires random and
sparse blinking of single molecules. However, to achieve such a high localization preci-
sion, MINFLUX relies on a ring beam with a central intensity of 0, rather than the normal
Gaussian beam used in STORM, to excite fluorescence molecules. Cnossen and cowork-
ers developed the SIMFLUX technology to improve the localization accuracy by nearly
two times that of STORM [74]. SIMFLUX uses an orthogonally oriented sinusoidal illumi-
nation pattern (which is similar to that used in SIM) to overcome the limited field of view
and throughput in MINFLUX.

3.2. Stimulated Emission Depletion Microscopy

Hell proposed the theory of STED microscopy for SRM [48]. STED microscopy is built
upon traditional confocal microscopy, except that a depletion light path is added to the
excitation path to realize a doughnut light distribution in the focal plane, which effectively
reduces the size of excitation light, and thus enables super-resolution imaging [75]. A
schematic diagram of the STED principle is shown in Figure 3. STED microscopy was
experimentally demonstrated in 2000, and has developed over the last two decades [9].
Recently, Li and coworkers used carbon dots as an STED probe to achieve an ultra-high
resolution of 19.7 nm in live cell imaging [76].
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Excitation Depletion
beam beam

Figure 3. Schematic diagram of STED principle: (a) mechanism of the excitation beam and depletion
beam; (b) optical setup of STED. TL, tube lens; EM, emission filter; DM, dichroic mirror; OB],
objective lens.

The axial resolution of STED has also been enhanced. For example, 3D-STED achieved
a resolution of 43 nm in the lateral direction and 125 nm in the axial direction through
two superimposed incoherent STED beams [77]. In addition, isoSTED provided an isotropic
3D resolution of 40 nm using a dual-objective-lens architecture [75]. In addition, with the
further development of new probes and imaging schemes, STED has achieved four-color
imaging of platelets with <40 nm resolution and low crosstalk [78].

A unique characteristic of STED microscopy is that the resolution is controlled by
adjusting the depletion-light intensity. However, the high intensity of STED light can
cause photodamage to biological samples. To reduce the photodamage without sacrificing
the resolution, researchers have been developing various techniques to reduce the STED
light intensity; for example, G-STED based on time gated detection [79], RESCue STED,
and DyMIN STED based on adaptive illumination [80,81]. Compared with other SRM
techniques, STED microscopy can generate a super-resolution image immediately after the
image acquisition. No additional data processing is required, and the time resolution can
reach the millisecond scale. In addition, the 3D-sectioning capability of STED microscopy
allows for a deeper imaging depth, which is particularly useful for imaging thick tissues
and live animals [82].

The development of STED microscopy has provided new chances for studying plas-
modium falciparum in blood, which is the most deadly of the human malaria para-
sites [83,84]. Schloetel and coworkers invented guided STED [85], a new STED microscopy
based on adaptive illumination, to image the whole life cycle of plasmodium with an
unprecedented 35 nm resolution without destroying any surrounding cellular structures
(Figure 4). Compared to RESCue STED and DyMIN STED, guided STED uses the reflection
signal from hemozoin particles, which are highly reflective and insoluble crystals produced
when parasites digest hemoglobin, to identify the most photosensitive regions of the sam-
ple. When hemozoin particles are presented in the cell, guided STED can effectively help
researchers explore the state of the parasites.
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Laser power: 0.49 mW 71 mwW 94 mW

Guided
STED

EXP2 SBP1

Figure 4. Sample damage at different laser power in STED and guided STED. Reprinted from [85].

3.3. Structured Illumination Microscopy

Gustafsson proposed and developed SIM [49], which relies on moiré fringes to trans-
form the high-frequency information (normally invisible in an image) in the sample to
a low-pass band (visible in an image) (Figure 5). Unlike SMLM, which requires tens of
thousands of original frames to reconstruct a super-resolution image, SIM requires only
several original images to reconstruct a super-resolution image, and thus greatly improves
the time for resolution [86]. In addition, SIM requires a significantly lower light intensity
than SMLM and STED microscopy, and thus enables long-term imaging of live samples.

(a)
+ =
Object Structured illumination Moire fringe
(b)
»~ 7&: o A
4 ! Wi 'l\\ “

Figure 5. Schematic diagram of SIM principle: (a) generation of moiré fringes; (b) implementation of

two-dimensional spatial frequency expansion.

Typically, the lateral resolution of SIM is about 100 nm and the axial resolution is
about 300 nm [87]. However, 3D-SIM with two-objective detection allowed for better axial
resolution, and achieved an isotropic resolution of ~100 nm [88]. It is worth mentioning
that SIM is compatible with many common fluorophores, which have been used for a long
time in wide-field fluorescence microscopy and confocal microscopy [89]. For multicolor
SIM, Fiolka and coworkers realized two-color imaging of living cells with 120 nm spatial
resolution and 8.5 s temporal resolution [90].
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(a)

SIM realizes a balance of resolution and biocompatibility: the resolution of conven-
tional optical microscopy is usually too low to study subcellular structures or organelles,
while electron microscopy is not suitable for studying dynamics in living cells. Due to these
advantages, SIM has been recognized as the first choice for long-term in vivo imaging of
cell samples.

SIM has been widely used to diagnose platelet granule deficiency disorders. Platelets
contain various types of granules, such as x-granules, A-granules, and dense granules.
Dense-granule defects lead to an impaired clotting response. Knight and coworkers used
SIM to image dense granules, and found that SIM could detect platelet granule deficiency
at a speed tens of times faster than that of electron microscopy analysis [91,92]. The
analysis of dense granules on 1008 platelets using TEM took 6 hours, while the detection
of CD63 (a marker for dense granule) on 2812 platelets using SIM took less than 5% of
the time (that is, ~18 min) (Figure 6). In addition, the blood volume required in SIM was
reduced to less than 1 mL. Using acupuncture samples, SIM analysis could even be further
reduced to less than the 1 mL volume level that is typically used in flow cytometer. For
another example, Swinkels and coworkers developed a platform for quantitative analysis
of platelets using SIM [93]. They used SIM to image blood samples from patients with von
Willebrand’s disease (VWD), isolated individual «-granules and dense granules in platelets,
and reconstructed and analyzed the samples with Zen software [94] and the Image] plugin.
They revealed that the key mechanism of VWD was the inability of VWD patients carrying
the C1190R mutation to assemble the von Willebrand factor into a-granules.
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Figure 6. Detection and analysis of dense granules in platelets using EM (a) and SIM (b). Reprinted
from [91].

In summary, we can confidently conclude that, for diagnosing platelet granule defi-
ciency syndromes, SIM provides a superb performance that exceeds traditional tools such
as electron microscopy and flow cytometry. However, researchers are still not satisfied
with the spatial resolution of SIM, and have been pursuing further improvements in its
spatial resolution without sacrificing its capability in live cell imaging. Instead of relying
on free-space optics, photonic-chip SIM (cSIM) utilizes a photonic chip to generate the
desired light pattern to illuminate the sample, which is beneficial to producing uniform
and stable illumination patterns [95]. At the same time, high-refractive-index silicon nitride
waveguides improve the spatial resolution by 2.3 times when compared to traditional
SIM. As such, cSIM is better for super-resolution imaging over a large field of view. On
the other hand, grazing incidence SIM (GI-SIM) overcomes the imaging depth limitation
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of TIRF-SIM [96]. GI-SIM confines light closer to the critical angle, and produces a thin
illumination layer that matches the depth of focus of a high numerical aperture objective,
thus achieving the goal of illuminating the entire volume of the basal cell cortex. Compared
to conventional SIM, GI-SIM achieves a sample depth that is ~10 times thicker, and obtains
fluorescence signals that are 10 times stronger. GI-SIM enables fast (266 frames/s) and
high-resolution (97 nm) super-resolution imaging of living cells, and provides a new way
to resolve cellular organelles and their interactions in cells.

3.4. Fusion of Deep Learning and SRM

Technological advances in artificial intelligence and machine learning have opened up
new opportunities for SRM. A technique called DL-SIM combines SIM with deep learning,
and reconstructs a super-resolution image with only three original images under very
low light (at least 100 x photon reduction), thus greatly reducing the acquisition time and
photobleaching [97]. A deep-learning-based upgrade of PALM, called ANNA-PLAM, can
achieve super-resolution imaging of >1000 cells in ~3 h, thus alleviating the incompatibility
between high resolution and high throughput [98].

Super-resolution images contain rich biochemical information. Deep learning provides
good opportunities to accurately interpret such information through mining and learning
the images [99]. In recent years, deep learning has been combined with SRM to investigate
biomedical questions [100]. However, currently, there is still a lack of research on the
application of deep-learning-based SRM in blood cell analysis. We believe that the situation
could be improved soon after collecting extensive, accurate, and high-quality image datasets
of blood cells and related diseases, which are necessary for the algorithm adjustment and
training in deep learning.

Table 4 presents representative technological achievements in the field of SRM, with
notes summarizing the advantages and disadvantages of each technique.

Table 4. Comparing the advantages and disadvantages of representative SRM methods.

Type Method Advantages Disadvantages
) ) e Longimaging time
PALM ¢ High resolution e  High photobleaching
e  Simple optical system . L
STORM High resolution e Longimaging time
e  Noneed for immunolabeling e  Limited internal information
PAINT . L
SMLM Ultra-low photobleaching e  Long processing time
. o e  Low throughput
MINFLUX e  Ultra-high localization accuracy e Limited FOV !
o  High imaging throughput . . .
ANNA-PALM e  Short acquisition time e  High-quality image dataset for training
SIMFLUX e  Fasterimaging e Only for 2D imaging

Ultra-high localization accuracy
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Table 4. Cont.

Type Method Advantages Disadvantages
. . High laser power
3D-STED e  Improved imaging depth High photobleaching
Low lateral resolution
G-STED s Lowlaser power Few detected photons
RESCue STED *  Low photobleaching e  Beam cross-talk
e  Low laser power
STED Low photobleachi
DyMIN STED H(i);vhpSl\cI)Roz eaching e  Complex scanning system
. . . Complex optical system
isoSTED e Improved imaging depth High cost
Guided STED . Automatlc. a}v01dance of e High laser power
. photosensitive area
3D-SIM High ﬂuorf)pho.re compatibility e Limited resolution
Improved imaging depth
TIRE-SIM L(?w background signal Limited imaging depth
High frame rate Complex optical system
GI-SIM Improy ed magme depth e  Only for 2D imaging
SIM Short imaging time

. . A e  Waveguide design to predetermine
° Uniform illumination . . . . ..
cSIM o Improved spatial resolution imaging area of fringe illumination
P P e  Limited use of low NA 3 objective

e Rapid reconstruction

DL-SIM
Low laser power

° High-quality image dataset for training

LFOV, field of view; 2 SNR, signal-to-noise ratio; 3 NA, numerical aperture.

4. Other New Approaches

In recent years, other approaches to blood cell analysis have also been developed,
including, but not limited to, Raman microscopy, phase microscopy, atomic force mi-
croscopy (AFM), super-resolution optical fluctuation imaging (SOFI), real-time quantitative
polymerase chain reaction (qQPCR), and HemoScreen analysis.

Raman microscopy is a noninvasive, label-free technique that uses the inelastic scatter-
ing of light to provide unique biochemical information. Raman microscopy combined with
multivariate statistical analysis can detect blood hemozoin in patients with malaria [101],
identify small hemoglobin changes in patients with sickle cell anemia [102], and classify
leukocyte subtypes in blood [103]. However, because a Raman cross section is typically
six orders of magnitude smaller than the absorption cross section, Raman scattering signal
is weak and the acquisition time is long (0.5-10 s per spectrum), making it unsuitable for
high-throughput clinical analysis [104].

Phase microscopy uses the amplitude and phase changes that are produced by light
passing through transparent samples to achieve fast, nondestructive, and high-dimensional
imaging of unlabeled samples. Currently, phase microscopy combined with machine learn-
ing can accurately classify leukocyte subpopulations [105], and screen erythrocyte-related
diseases [106]. However, phase microscopy is susceptible to environmental perturbations
that degrade the image quality.

AFM uses a microcantilever with a probe to scan the surface of a sample. Using the
deflection or vibration of the microcantilever, the morphology or mechanical properties
of the surface can be characterized. AFM provides a horizontal resolution of ~0.1 nm
and a vertical resolution of ~0.01 nm, but lacks specificity [107]. Currently, AFM is often
used to study the morphological changes in pathological red blood cells and the structural
changes in red blood cell membranes [108-110]. It is worth mentioning that a combined
imaging using AFM and SMLM can offer enriched spatial information on a sample. This



Photonics 2022, 9, 261

14 of 19

combination is currently used to study the distribution pattern and relationship between
different proteins [111,112].

SOFI relies on the high-order statistical analysis of real-time fluorescence signals, which
are used to distinguish different single molecules [113]. SOFI uses a shorter acquisition time
and a lower laser intensity to achieve super-resolution imaging; it has realized simultaneous
three-color super-resolved imaging of living cells, and is suitable for studying the dynamic
process of living cells [114]. For example, some researchers explored the function of
microvilli in T-lymphocyte activation by SOFI [115]. However, the resolution of SOFI
was limited by the complex high-order moment calculations, with a lateral resolution
of ~100 nm and an axial resolution of 500 nm [116].

gPCR analysis has significant equivalence with flow cytometry, allowing analysis of
human leukocyte subpopulations and immune cell counts [117]. gPCR expands the ability
to screen immunodeficiency, and has no special requirements for blood-preservation conditions.

HemoScreen analysis is based on machine vision and artificial intelligence, and can
be used for a complete blood cell count [118]. HemoScreen analysis provides a good
correlation with that of a hematology analyzer. Due to its small size, convenient carrying,
and ease of use, HemoScreen analysis is most suitable for building mobile laboratory or
community health stations, or use in remote areas.

5. Conclusions and Prospects

This review first described traditional approaches to blood cell analysis. Manual
microscopic examination, the most popular approach, has a high accuracy, but cannot be
used to observe intracellular ultrastructure and organelle interactions. Electron microscopy
provides a higher resolution, but has difficulty in measuring dynamic information in live
cell samples. Flow cytometry provides high throughput in cell analysis and screening, but
the detection sensitivity is not high enough to detect a low number of single antigens (that
is, less than 1000 antigen/cell). Hematology analyzers have improved detection speed, but
the detection accuracy is not high.

Compared with traditional blood cell analysis approaches, SRM has advantages in
imaging speed, spatial resolution, and biocompatibility. However, the performance and
imaging modality of current SRM techniques are still not fully optimized. There is still a
lot of room for technology development; for example, in real-time imaging, 3D imaging,
thick-sample imaging, and multicolor imaging. A major bottleneck in SRM is 3D imaging of
thick samples, which offers great potential to enable super-resolution pathology of tissues
and large cells (e.g., megakaryocytes). Nowadays, although SRM technology is not yet
popularly used in clinical laboratories, with continuous development and improvement in
SRM technologies, we believe that SRM will become a powerful tool in blood cell analysis,
and surely gain popularity in diagnosing hematological diseases.
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