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Abstract

Optical microscopes are an important imaging tool that have effectively advanced the development
of modern biomedicine. In recent years, super-resolution microscopy (SRM) has become one of
the most popular techniques in the life sciences, especially in the field of living cell imaging.

SRM has been used to solve many problems in basic biological research and has great potential

in clinical application. In particular, the use of SRM to study drug delivery and kinetics at the
subcellular level enables researchers to better study drugs’ mechanisms of action and to assess the
efficacy of their targets in vivo. The purpose of this paper is to review the recent advances in SRM
and to highlight some of its applications in assessing subcellular drug dynamics.
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1. Introduction

Many drugs need to enter specific sub-organelles in order to reach their targets. Furthermore,
the uptake and movement of these micro- and macromolecules into cells significantly
control some of the pharmacokinetic and pharmacodynamic parameters thus regulating cell
responses to exogenous and endogenous stimuli[1-3]. Classical pharmacokinetic theory is
based on plasma drug concentration measurement; however, with this approach it is often
difficult to predict drug efficacy in vivo, as many drugs must penetrate multiple biological
barriers and bind to targets within cells to be effective[4—6]. Therefore, since the subcellular
operation and metabolism of drugs are the basis of drug function[7], it is urgently needed
for pharmacokinetic studies to go from the “macroscopic” plasma drug concentration to

the “microscopic” cellular/subcellular level. Furthermore, this ability of pharmacologically
active molecules to selectively discover their targets is closely related to their potential as
successful therapeutic agents[8, 9]. In addition to potentially achieving a higher therapeutic
index than targeting tissues and cells, subcellular targeting also considers the limitations of
systemic drug delivery and significantly improves drug dynamics[10, 11]. Thus, the study
of drug dynamics at the subcellular level has become a strong basis of the development of
clinical pharmacokinetics.

In recent years, optical microscopy has been widely used to study pharmacokinetics at
the subcellular level[12-14]. However, conventional optical microscopes are limited by
Abbe diffraction and lack sufficient spatial resolution to observe smaller biomolecules and
structures[15-17]. With the advent of scanning electron microscopy, scanning tunneling
microscopy, and atomic force microscopy, nanoscale resolution has become possible[18—
20]. However, these techniques are not suitable for the observation of biological samples,
especially living samples, because they are destructive and can only observe the sample
surface. In recent decades, a series of super-resolution microscopy (SRM) techniques that
break the optical diffraction limit have become a powerful tool in cell biology to study
the fine structure of organelles, the interactions between organelles, and the function of
proteins[21-24].

There are three main types of SRM techniques: stimulated emission depletion microscopy
(STED), which is imaged by point scanning with two beams of light[25], single-

molecule localization microscopy (SMLM)[26], represented by photoactivated localization
microscopy (PALM) and random optical reconstruction microscopy (STORM)[27, 28], and
structured illumination microscopy (SIM), which is based on structured light illumination
imaging[29]. Using these advanced technologies, researchers not only locate and monitor
the behavior of drugs at the subcellular level but also track drugs’ changes within different
organelles and their effects on organelle interactions[30-32]. This includes (1) observing
drugs’ route and ease of transmembrane entry[33, 34], (2) evaluating the accumulation and
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metabolism of drugs in different organelles[30], and (3) determining the key proteins of
regulation and organelle specific targeting[35]. However, in pharmacokinetic studies at the
subcellular level, the systematic presentation of imaging strategies for each organelle is rare.
Here, we give a brief review of these techniques and their applications in pharmacokinetics.
We expect that this review will help researchers identify the technical advantages and
relevant applications of various SRM techniques, thereby helping researchers successfully
utilize these novel technologies in their future work.

2. SRM techniques
2.1 The advent of SRM

Light microscopes are an important tool that help people see the microscopic world[36]. In
order to advance this exploration, the resolution of microscopes continuously advances so
that people can see smaller and smaller things[37]. However, the diffraction of light limits
the resolution of the optical microscope, making it unable to distinguish the microstructure
within 200 nm[38]. To overcome the diffraction limit, starting in the 1990s, the unremitting
efforts of scientists such as Stefan Hell, William E. Moerner, Eric Betzig, Xiaowei Zhuang,
and Mats G. L. Gustafsson led to the maturity of SRM technology—including STED,
SMLM, and SIM—around 2008[39-41]. In the past 20 years, SRM technology has been
successfully applied to major research projects in the life and material sciences, and it has
shown prospects of broad application[42-47].

2.2 Development of SRMs

2.2.1 STED—The STED technique was the first far-field super-resolution imaging
method to be proposed theoretically and realized experimentally[48]. Drawing on Einstein’s
theory of stimulated emission, German scientist Stefan W. Hell created STED in 1999 by
suppressing spontaneous fluorescence radiation through stimulated radiation[49]. The basic
principle of STED is that two laser beams are used to irradiate the sample at the same time.
One laser beam spurs the transition of the fluorescence molecules within the Airy disc in
the focus of the objective lens from the ground state to the excited state. Another circular
quenching light (also known as STED light) makes the excited fluorescent molecules in the
edge region of the Airy disc in the focus of the objective lens return to the ground state
through the process of radiation loss; the excited molecules in the Airy disc in the focus are
not affected and continue to return to the ground state by way of spontaneous fluorescence.
In this way, the excited fluorescent molecules in the center can be distinguished from the
ground state fluorescent molecules in the surrounding edge. The fluorescence spots beyond
the diffraction limit are obtained by reducing the diffraction spots of the fluorescence point,
thereby improving the resolution of the microscope[50]. This principle can actually be
illustrated by a more graphic example. As shown in Fig. 1A, the green circles represent
excited light, while the red circles with a white center symbolize quenching light. The red
doughnut-shaped ring with a white center works as an eraser, blocking the emitting photons
from the edge of the green circles. As a result, only the central points of the green circle
remain illuminated and observable, hence, the resolution of the microscope has been greatly
increased.
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Some advantages of STED technology include that samples can be imaged by scanning
without a need for later image reconstruction and real-time changes in living cells can be
observed quickly[25]. In addition, STED data processing only arranges corresponding points
in specific locations of the images[51], so it has no false positives and is more reliable. At
present, the main drawback of STED imaging is that the laser power depletion is too high,
which makes it easily susceptible to photobleaching[52]. In response to this problem, in
2011, Vicidomini et al. proposed time-gate-based STED (g-STED) microscopy technology
(Fig 1A)[53]. g-STED removes short-lived spontaneous fluorescence at the edge of the
excitation light through real-time filtering of fluorescence signals. This greatly reduces

the required fluorescence intensity (attenuation by a factor of 3) and improves the system
resolution[53]. Then, in 2014, Hao et al. proposed a method to control the spot size in the
middle of the ring depletion light: they used a pair of prosthesis prisms to realize image
inversion and phase modulation to control the size of the middle spot of the ring depletion
light, so that the size of the middle spot can vary between 0.555 and 0.830[54, 55]. If the
resolution does not need to be improved, the intensity of the depletion light can be reduced
by 33% compared to the common depletion light.

Moreover, an additional drawback of STED microscopy is that it uses single-photon
excitation (linear excitation) of fluorescent probes, which has poor optical penetration. This
results in the production of large aberrations and overall reduction in the system’s resolution
when imaging thick biological samples. Consequently, STED microscopy can only be used
for tissue surface imaging (<100 um)[56]. To address the imaging needs of thicker biological
samples, in 2009, Hell et al. developed TPE-STED microscopy by combining two-photon
excited fluorescence microscopy with STED, thereby replacing the single-photon excitation
in conventional STED microscopy with two-photon excitation [57]. The spatial resolution
was greatly improved to less than 50 nm for all sides in the focal plane, and the imaging
depth was extended (Fig 1B)[58]. Without an emphasis on super resolution, the resolution
of general STED can be obtained by reducing the intensity of light depletion. In addition,
two-photon excitation and stimulated emission depletion can be achieved by using a laser of
the same wavelength instead of single-molecule excitation. Thus, only one laser is needed to
realize high-resolution imaging, which not only reduces the system cost but also simplifies
the imaging system[59]. Then, in 2011, Harms et al. were the first to combine selective
planar microscopy (SPIM) with STED[60]; this maximized the advantages of fast STED
imaging speed, deep SPIM imaging depth, and low light intensity, and it improved the

axial resolution by 60%. In this way, rapid and high-resolution imaging of living organisms
with thickness of >100 pm can be achieved (Fig 1C)[61]. In 2012, Hell’s group achieved a
lateral resolution of 2.4 nm using solid-state immersion technology (NA = 2.2), which is the
highest resolution ever reported for STED microscopy[62].

2.2.2 STORM/PALM—SMLM is an imaging technique that uses fluorescence to obtain
super-resolution images of biological samples. SMLM includes PALM, STORM and
imaging technologies derived from these two technologies. In 1994, Eric Betzig proposed
PALM and achieved PALM SRM imaging in 2006[63]. In the same year, Zhuang’s

group developed STORM, a super-resolution imaging technique based on single-molecule
fluorescence detection and applied it to achieve 3D super-resolution imaging[63]. The basis
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of SMLM is total internal reflection illuminated light path. First, a specific wavelength

of laser is used to activate the fluorescent molecules, and then another wavelength of

laser is used to excite them. Because the intensity of the laser is controlled, only a few
random, discrete fluorescent molecules are activated in the imaging region at a time. A
single molecule positioning algorithm (such as two-dimensional Gaussian fitting) is used to
accurately locate the central position of a single molecule, and super-resolution images can
be obtained by superimposing and reconstructing the collected image information (Fig 2A)
[63]. In simple terms, high-resolution imaging is achieved by using the scintillation signal
emitted by a single fluorescent molecule. This signal helps pinpoint the location of a single
molecule within a sample. The main difference between PALM and STORM is the labeling
method with PALM technology utilizing the photoactivation effect of fluorescent proteins,
while STORM technology uses fluorescent probes and immunofluorescence [64].

SMLM technology has the highest spatial resolution of the current super-resolution imaging
methods[65]. Its spatial resolution primarily depends on the positioning accuracy of
monomolecular imaging and in theory can reach 1 nm. Yet, limited by many factors, the
current transverse and longitudinal resolutions of SMLM can only reach 20 nm and 50

nm, respectively. Additionally, the cyclic imaging process requires repeated activation and
quenching of fluorescent molecules, which leads to a longer imaging time and a lower
temporal resolution[65].

In recent years, researchers have worked hard to improve its resolution. In terms of spatial
resolution, in 2008, Zhuang et al. realized 3D-STORM imaging by using the cylindrical
mirror diffusion method to make the transverse and longitudinal ratio of point spread
function (PSF) change with the axial depth for the first time. At present, this is the most
commonly used 3D-SMLM imaging method, with an imaging depth of approximately

1um and an axial resolution of about 50 nm. In the same year, Huang et al. used optical
astigmatism to achieve a resolution of 20 ~ 30 nm on the 3D-STORM xy-plane[66]. In
2010, Matsuda et al. used PALM technology to pre-process the acquired images through
denoising and deconvolution, and they observed filament-like substances at 30 nm in the
mitotic chromosomes of Drosophila melanogaster, greatly improving the spatial resolution
of super-resolution imaging[67]. In 2017, Liu et al. developed a method that can effectively
reduce autofluorescence and photobleaching of cyanobacteria and plant cells, and they
obtained a transverse resolution of ~10 nm in Prochlorococcus spheroides and the flowering
plant Arabidopsis using STORM[68]. In 2019, Ji et al. proposed a novel single-molecule
interferometric localization super-resolution imaging method, which determines the precise
position of fluorescent molecules through the phase relationship between fluorescence
molecular intensity and interference fringe. DNA origami arrays with 5-nm spacing were
successfully resolved at a resolution of approximately 3 nm[69]. Combining STED and
SMLM, Stefan W Hell’s group proposed a super-resolution imaging technique with Minimal
Photon Fluxes (MINFLUX) (Fig 2B), which could achieve a location accuracy of ~1 nm
(Fig 2C) and an imaging accuracy of ~6 nm. This is currently the highest resolution single
molecule localization imaging technology[70].

Meanwhile, the time resolution can be improved by increasing the laser intensity, but too
high of a laser intensity will cause photobleaching and even damage living cell samples.
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In 2011, Zhuang et al. achieved 3D imaging of living cells by tagging cell transferrins

with SNAP tags using a photoconversion dye; they achieved a lateral resolution of 30 nm,
an axial resolution of 50 nm, and a temporal resolution of 1~2 s[71]. In 2017, Xu et al.
developed Quick-3B algorithm, which increased the computing speed by a factor of 17

and greatly improved the time resolution[72]. Additionally, this algorithm can be applied
to various microscopy techniques, such as total internal reflection fluorescence microscopy,
PALM, STORM, and laminar microscopy.

2.2.3 SIM—In 2000, Gustafsson et al. experimentally obtained transverse spatial
resolution of approximately 115 nm, which increased the resolution of super-resolution
imaging to twice the diffraction limit resolution[73]. In 2005, Gustafsson’s group developed
a SRM imaging technique called SIM[74]. The basic principle of SIM imaging is the

use of a spatially structured light beam to excite fluorescence and modulate the high
frequency signal. Fluorescence results are determined by changing the direction and phase
of the pattern. Since the high frequency signal cannot be detected directly by the imaging
objective to the detectable low pass band of its optical transfer function (OTF), the

target high frequency signal is extracted from the original data and reconstructed by the
algorithm to obtain the final super-resolution image. In short, two high frequency signals
are superimposed to obtain a low frequency signal, and then the method is to use the low
frequency signal and a known high frequency signal to restore the unknown high frequency
signal to achieve high precision detection of a fine structure. The complete SIM imaging
process includes high-quality raw data acquisition, PSF/OTF calibration of the system

to match the imaging conditions, and SIM algorithm reconstruction processing. SIM’s
resolution in the focal plane is about twice that of conventional fluorescence microscopy,
i.e., about 100 nm[75].

Compared with STED and SMLM, SIM has the advantages of fast imaging speed,

strong dye compatibility, and simple sample preparation. It is a super-resolution imaging
technology that is especially suitable for dynamic imaging of living cells[76, 77]. However,
its resolution is far behind that of STED and SMLM[21].

Recent years have seen some important improvements in SIM resolution. In 2005,
Gustafsson et al. proposed saturated structured illumination microscopy (SSIM), which is
based on the nonlinear effects of fluorophorescence under laser light[78]. The horizontal
resolution of traditional SIM is improved to about 40 nm; however, due to the long
excitation time and the high excitation power, the use of this technique is limited in live
cell imaging applications. In 2008, Gustafsson et al. developed 3D-SIM technology, which
increased the horizontal resolution to about 100 nm and the vertical resolution to about
300 nm (Fig 3)[79]. Then in 2012, Gustafsson et al. developed a nonlinear structured
illumination microtechnique (NLSIM) by capitalizing on the fluorescent protein Dronpa’s
ability to reversibly activate and deactivate its signal. In comparison to fluorescence
saturation, this simultaneously reduces the excitation light intensity and realizes nonlinear
structural light illumination. They used this reversible fluorescent protein to observe purified
microtubules, nuclear pore complexes, and actin fibers in stationary cells. This technique
simultaneously reduced the required excitation light intensity by six orders of magnitude
and achieved a spatial resolution of approximately 50 nm thus revealing the possibility of
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imaging living cells of < 50 nm[80]. In 2015, Li et al. proposed a novel nonlinear SIM
technique combined with pattern activation, which achieved a spatial resolution of 62 nm in
imaging of living cells[81].

However, as a widefield-based SRM technology, SIM still contains some challenges. To
start, the energy density of the excitation mode based on widefield illumination is low, which
makes it easily affected by sample scattering during SIM imaging. In addition, its low tissue
penetration depth mostly confines its application to the single-cell level. To address some

of these limitations, in 2016, Legant et al. developed LS-Paint by combining lattice layer
optical microscopy with point accumulation of nanoscale morphology microscopy imaging.
This technique achieved high-precision localization of nerve mound in 20 pm-thick dense
samples (including cell division and zebrafish embryos), greatly improving SIM penetration
in tissue imaging[82].

Another flaw that conventional SIM exhibits is the difference observed between
experimental data acquisition and post-acquisition data processing[38]. In particular, SIM
image reconstruction is a pathological inverse process, which easily produces artifacts. To
address this limitation and reduce the artifacts of reconstruction, almost all SIM algorithms
have stringent requirements on the quality of the original image, the matching degree of the
PSF used, and the parameters set by users. In 2023, Li et al. developed a high-fidelity SIM
reconstruction algorithm based on PSF engineering[83]. By processing raw data of different
quality, this method effectively overcomes the algorithm problems of conventional SIM that
result in reconstruction artifacts and poor optical layer cutting ability, thereby producing
high-quality super-resolution images and improving the fidelity of SIM imaging.

Yet despite these drawbacks, SIM imaging has become the most popular technology in the
life sciences particularly for the multiple advantages it presents in live cell imaging.

2.3 Comparison of SRM techniques

By retaining the advantages of fluorescent microscopy while simultaneously surpassing the
diffraction limit, SRM has revolutionized biological imaging and theoretically should have
unrestricted spatial resolution[84]. The various techniques are essentially the same: each is
photostressed and manipulates fluorescent radiation by switching fluorescent dye molecules
on and off nonlinearly, and then records the details of the entire observation area in sequence
over time[30]. Each of these technologies can achieve lateral resolution of more than 100
nm, and when combined with 3D technology, they can greatly improve axial resolution[85].

However, these technologies have obvious differences in their parameters and performance,
and each has its own advantages and disadvantages[21]. First, laser scanning confocal
microscopy technology is the basis of STED super-resolution imaging, so STED technology
inherits the former’s characteristics of fast imaging speed and no need for later image
reconstruction[25]. However, STED technology requires high-energy laser power, which not
only increases the complexity of the optical system but also limits the types of dyes that can
be used for imaging as well as its application in live-cell imaging[86].
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Meanwhile, PALM/STORM technology can achieve much higher resolution than STED and
SIM; however, its wide-field imaging requires the reconstruction of multiple original images
to obtain a super-resolution image, resulting in poor temporal resolution, thus affecting its
ability to observe dynamic processes in living cells[26, 65]. Moreover, the effectiveness

of PALM/STORM technology varies based on application with the image acquisition of
particles and fine fibers exhibiting higher quality than that of color slices.

Regarding SIM technology, it has been shown to be useful for 3D real-time imaging in
multicellular organisms, with the advantages of fast speed, low phototoxicity, and the need
for special fluorescent labeling[87-89]. However, compared to the other two technologies,
its low horizontal and vertical resolutions still need to be further optimized[90].

At present, each of the three technologies has its own advantages and disadvantages (Fig 4),
and none of them shows a clear lead: the choice of technology depends on the biological
phenomenon under study and the characteristics of the sample. Yet, across the board, the
highly specific and clear cellular and subcellular resolution offered by these techniques

has realized high-quality imaging of intracellular ions, organelles, and living cells, leading
to continuous leaps in biology. Of particular note here, the continuous improvement of
these technologies has led more and more researchers to apply imaging towards the study
of subcellular pharmacokinetics, making SRM a powerful tool for drug development and
evaluation.

3. SRM techniques for tracking drug dynamics at the subcellular level

3.1 Application of SRM techniques for tracking drug dynamics at the subcellular level

The effect of a drug is not only related to its concentration in the target tissue but also to its
release at the specific target site, as a drug can only be effective if it is released at a specific
site and binds to its target[3, 91]. Therefore, SRM technology is used to visualize the drug’s
route of entry into the cell and its content in intracellular and subcellular targets as well

as to analyze the kinetic processes of drug absorption, transport, distribution, metabolism,
and excretion in the cell (Table 1). The ability to illuminate these features through SRM
technology is of great significance, as elucidating drugs’ mechanisms of action in cells can
permit the prediction and evaluation of drug efficacy thereby increasing the success rate of
drug research and development.

3.1.1 SRM techniques for tracking absorption and transport of drug at the
subcellular level—The dynamic process of a drug in the body includes absorption
(except in intravascular administration), distribution, metabolism, and excretion[8, 92].
These processes involve the absorption and transport of drugs by biofilms, such as cell
membrane and intracellular membrane[93]. High drug absorption and transport efficiency
can improve the efficacy of drugs or reduce their side effects[94, 95]. With conventional
drug absorption and transport detection methods, it is difficult to visually see drugs’
dynamic process at the subcellular level. In recent years, more and more researchers have
used SRM imaging technology to visualize the route and efficiency of drug implantation.
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Modifying drug molecules with specific and sensitive ligands targeting biomolecules is the
key to achieving super-resolution visualization of the drug’s dynamics. To this end, the
most commonly used method involves combining fluorescent molecules with effective drug
molecules or drug carriers to form a drug-carrying fluorescence system[96].

Dhruva et al. incubated macrophages with LL-37-TAMRA, an antimicrobial peptide drug
with fluorescent molecules, and observed the uptake and intracellular localization of
macrophages 30 min later via confocal microscopy and STED microscopy. Both imaging
techniques clearly show effective uptake of LL-37 by macrophages. The uptake of LL-37
may be an active process rather than passive diffusion, as a significant reduction in
intracellular peptides was observed on flow cytometry when the culture was incubated at

4 °C. The confocal imaging shows spot-like but uniform markings within the macrophages,
indicating that LL-37 is internalized. STED microscopy not only showed the uptake of
LL-37, but also found distinct clusters of LL-37 in the ring structure, demonstrating the
advantage of STED microscopy in identifying different subcellular structures[97].

In terms of drug delivery, the ideal system would have high membrane penetration and be
able to efficiently reach specific subcellular targets[8, 98, 99]. Yet, since most drugs are
organic compound molecules, their water solubility and biocompatibility are poor[100]. To
address this challenge, the nanodrug-carrying system makes drug delivery more compatible
with biological tissues by enclosing the drug within a lipophilic capsule followed by a
hydrophilic exterior[101]. This increases the biocompatibility of the system while protecting
the drug from hydrolysis or enzymatic hydrolysis, thus increasing the biological stability

of the drug. Therefore, the use of nanoparticles as drug carriers that enter cells through
endocytosis and other mechanisms can improve drug penetration through membrane tissues,
promote drug transdermal absorption, and enhance drug efficacy in cells.

More generally, relevant considerations for the drug carrier system include the carrier
properties, particle size, shape, etc.[102, 103]. For example, Metal-organic frameworks
(MOFs)—which have the advantages of clear structure, high specific surface area and
porosity, adjustable pore size, and easy chemical functionalization[104]—are a very
advantageous nano-drug carriers. Teplensky et al. developed a MOF to slow the release rate
of model drugs (calcein) from pores through temperature treatment of Zrbased organometer-
metal frames NU-1000 and NU-901 and used SIM to study the route of MOF cellular entry
(Fig 5)[105]. The results suggest that uptake of MOFs by HelLa cells can occur through
different active transport mechanisms depending on the surface chemistry of the MOF

and the charge and size of the MOF complex. For both MOFs tested in their study, the
fosse-mediated pathway plays an important role in cellular uptake. This information can be
used in the future to design MOFs as nano-carriers as to maximize the amount of MOF
absorbed by cells and to ensure the most effective targeted drug delivery.

Another critical factor is particle size. Schubbe et al. used STED to determine the polymer
size of fluorescent drug carrier silica particles (diameters 32 and 83 nm) in human colon
cancer cells (Caco-2) and compared the differences in particle absorption into the cells
across different particle sizes[106]. The results showed that the content of particles with a
size of 32 nm was significantly higher than that of particles sized 83 nm, and particles with
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a size of 32 nm migrated into cells more quickly. This indicates that the particle size is a key
factor affecting the cell entry velocity.

The characteristics of the drug delivery system are also related to cell type. Chen et al.
prepared thiolated poly (methacrylic acid) (PMASH) polymer capsules with fluorescent
labeling, then tracked their uptake in HeLa, RAW, and dTHP-1 cells using SIM[107]. The
results showed that PMASH capsules could be absorbed by all three types of cells and could
also bind to cell membranes. The polymer capsules were also compared during ingestion
and found to undergo different degrees of deformation as a result of the different mechanical
forces generated by the different cell types. This proved that the intracellular forces exerted
during internalization of particles is one of the key parameters for successful delivery.

According to the results of cellular drug and drug delivery system dynamics, researchers
can try to change the drug absorption and transport pathway by changing the properties of
the preparation, such as carrier type and particle size when designing carrier drugs so as to
improve the drug’s absorption in the body.

3.1.2 SRM techniques for tracking distribution of drug at the subcellular
level—Biodistribution and pharmacodynamic biodistribution of a drug is the phenomenon
wherein a drug is absorbed into the blood and transported to the tissues. In order to

be effective, a drug needs to pass the blood-tissue barrier as well as successfully locate

its target organ[108-110]. However, the in vivo study of drug distribution ignores the
differences between individual cells and cannot accurately describe the characteristics

of drug distribution within a single cell. In recent years, researchers have studied the
distribution characteristics of different drugs and drug carriers in cells by means of SRM
imaging.

Factors that affect the intracellular distribution of a drug include the properties of the drug
carrier (such as the size of the drug carrier), the properties of the drug itself (such as the
specificity) and the regulatory role of related proteins[111-113]. For example, Kraegeloh

et al. combined fluorescent molecule Atto647N with drug carrier SiO, using the covalent
method and assembled SiO, drug carrier nanoparticles with a particle size of 128 £ 7 nm.
They used STED to monitor the distribution of the SiO, drug carrier nanoparticles after
entering the cells[114]. Although particle aggregation was visible in the cytoplasm after a
long incubation, no agglomeration or particles were detected in the nucleus. Previous reports
have shown that it is only possible to transport nanoparticles to the nucleus when they are
smaller than 40 nm[115]. Therefore, the inability of the SiO, drug carrier nanoparticles to
enter the nucleus may be caused by the size of the particles used. This indicates that the size
of the drug carrier is one of the factors affecting its entry into the cell.

Chen et al. applied SIM to capture the distribution of Cy5-Dextran at different incubation
periods in living cells. They examined the distribution of Cy5-Dextran in cells at 0.5,

1, 3, 6, and 12 h. The SIM image of the cell taken 0.5 h after Cy5-Dextran treatment
demonstrated a weak fluorescence that was evenly distributed throughout the cytoplasm.
During the subsequent 3 h incubation period, there was no significant change observed in the
distribution of fluorescence. Three hours after Cy5-Dextran treatment, part of the subcellular
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localization of Cy5-Dextran could be attributed to localization within the lysosomes of
the cell. However, 6 h following treatment, the Cy5-Dextran was localized within the
mitochondria[116].

Additionally, Wei et al. observed that MF was present in HeLa cells via using fluorescence
confocal microscopy. However, due to the limited resolution of traditional microscopes,
the visualization of MF in living cells at the nano-level remains unsolved. Later, SIM was
used to trace the distribution of the natural fluorescent drug molecule magnoflorine (MF) in
cells. Recent research found that MF was distributed in mitochondria and it could bind to
hypochlorite (CIO) targets during the process of ferroptosis (Fig 6)[35]. This finding shows
that the specificity of a drug can affect its distribution in cells. In addition, to observe the
effect of MF on ferroptosis and the morphological distribution of mitochondria under SIM,
researchers used a commercial inducer called erastin to treat HeLa cells, aiming to initiate
ferroptosis within HeL a cells. Compared to the mitochondrial morphology in untreated
HeLa cells, mitochondria during ferroptosis appeared to be a thinner and more fibrous
morphology, accompanied by the disappearance of the mitochondrial cristae structure.
These distinct subcellular nanoscale changes cannot be observed in conventional confocal
microscopy.

Michael Hartley et al. labeled therapeutic polymers (HPMA polymer) with four different
synthetic fluorophores and used dSTORM to track the location of therapeutic components at
different time points. Affected by the protein CD20, the internalized polymer conjugate was
localized in clusters at 4 hours. After 24 hours, the polymer was released into a fluorophore
in the cytoplasm by enzymatic degradation of the peptide. The pair correlation function of
the dye attached to the polymer and the released dye indicated a change in attenuation length
between 4 and 24 h, and the pair correlation function of the released dye showed a random
distribution after 24 h [117].

Another important consideration is that different targets and different drug properties may
cause changes in intracellular transport paths, which cause drugs to have different effects.
Let us take DOX and paclitaxel as examples: their physical and chemical properties

are relatively stable, and they can be effectively delivered into the cell to have an
effect[118]. However, biomolecular drugs (peptides, proteins, sSiRNA) are unstable in a
low-pH microenvironment with abundant enzymes in lysosomes. Liu et al. designed and
synthesized a platinum-based complex Pt,L with photoactivated prodrug potential and
tracked the distribution of PtyL in cells using SIM[119]. The results showed that Pt,L was
distributed in autolysosomes before light stimulation and escaped from the autolysosomes to
the nucleus after light stimulation. This indicates that the properties of PtyL are affected by
light exposure which in turn indicates that the photoselectivity of Pt,L has the potential to
improve the treatment’s specificity. Therefore, stability (such as lysosome escape) should be
considered in the design of drug molecules in accordance with the therapeutic purpose of the
drug.

It is worth noting that different microscopes have different visualizations of intracellular
pharmacokinetics. Shivaprasad et al. visualized the distribution of cytomegalovirus (HCMV)
viral mitochondrial localization inhibitor of apoptosis (vMIA) proteins in cells via
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using a combination of confocal microscopy and SRMs. Deconvolution of confocal
microscopy images revealed that vMIA was located at the mitochondria-endoplasmic
reticulum interface, away from the mitochondrial matrix. It is not possible to determine
VMIA distribution within sub-mitochondrial compartments using conventional confocal
microscopy. To do this, the researchers turned to SRMs, which enable imaging beyond

the diffraction limitations, providing improved insights into vMIA’s distribution in sub-
mitochondrial compartments. By using gSTED imaging, they found that vMIA distributed
in clusters along the interface. Using a multi-color and multi-focal structure illumination
microscope (MSIM), researchers found that the vMIA cluster was positioned away from
MitoTracker Red, indicating its OMM localization. GSTED and MSIM imaging reveal
that vMIA is present in clusters of ~100 to 150 nm, which is consistent with cluster

sizes determined by PALM. With these different super-resolution methods, the researchers
visualized the cluster distribution of vMIA at OMM near the ER. The obtained results
directly compare the relative advantages of each super-resolution imaging modality of MAM
and submitochondrial compartmentimaging components. These findings provide valuable
references for the study of the pharmacokinetics at the subcellular level[120].

Given that not all drugs work equally well at the same plasma concentration and that a
drug’s effect is closely related to its mechanism of action and intracellular distribution,
SRM imaging has demonstrated many advantages for uncovering these important features.
Moreover, this knowledge about the intracellular environment can be applied to guide drug
design for controlled subcellular distribution.

3.1.3 SRM techniques for tracking metabolism and excretion of drug at the
subcellular level—After a drug enters the body as a foreign matter, the body must
mobilize various tissues and organs to create a reaction. For most drugs, this process
involves being catalyzed by specific enzymes before they can have their relevant effect[121].
At the subcellular level, these enzymes are mainly located on lysosomes, mitochondria, the
endoplasmic reticulum, the nuclear membrane, and the plasma membrane[122, 123]. After
breakdown, excess drug material should be quickly excreted out of the body [124]. This
elimination process involves both metabolism and excretion[125, 126]. Through the study
of the metabolism and excretion of intracellular drugs with SRM imaging technology, the
utilization and accumulation of drugs in cells can be observed more directly.

Some drugs modified or labeled with fluorescent groups may exhibit changes to their
transport pathway after entering cells as well as changes to their elimination process and
efficacy. Wang et al. designed a pH-responsive prodox micelle and quantified its distribution
in both the endocytosomes and lysosomes[127]. The micelles showed different intracellular
transport pathways from DOX. Free DOX first diffused through the cell membrane into

the cytoplasm. While most drugs accumulate in the nucleus at early time points and are
slower to accumulate in the lysosome, drug-carrying micelles first formed endocytic vesicles
through endocytosis and then fused with lysosomes. DOX was released in response to an
acid trigger in the lysosome, diffused through the lysosome membrane into the cytoplasm,
and then reached the nucleus to exert its efficacy.
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Nevertheless, the metabolic path of many drugs will not change after being modified

or labeled with fluorescent groups. Previous studies have shown that cellular uptake of
exosomes is dependent on endocytosis and phagocytosis[128]; once endocytosis occurs,
large amounts of exosomes are then transported to lysosomes for degradation[129]. Chen
et al. labeled exosomes of SKBR 3 using Alexa Fluor 647 IF and used LysoTracker

Red to label lysosomes of MRC-5 cells. PALM/STORM imaging was used to monitor
the metabolism of SKBR 3 exosomes in MRC-5 cells. They found that most exosomes
were localized in lysosomes. It provides more powerful evidence for the conclusion that
after binding to recipient cells, exosomes will be transported into lysosomes for further
degradation. This indicates that the metabolic process of fluorescently labeled exosomes
does not change, a factor that is very important for the maintenance of the original drug
effect[130].

Due to the actions of various efflux proteins, drugs can easily enter normal cells but have
difficulty aggregating in cells, resulting in a short half-life[93]. This can be improved
through drug modification. Mu et al. compared the drug accumulations of Taxotere and
docetaxel micelles in sensitive human oral epidermal carcinoma (KB) cells and resistant oral
epidermal carcinoma (KBv) cells[131]. The results showed that in KB cells, there was no
significant difference in the intracellular content of docetaxel between the two preparations
at 4 h. However, in KBv cells, the intracellular content of docetaxel micelles at 4 h was
approximately 1.5 times higher than that of its free drug. The researchers believed that

this result could be explained by the carrier material (Pluronic) of the docetaxel micelles
inhibiting P-pg protein and affecting drug efflux, thus increasing the intracellular content of
docetaxel micelles.

Additionally, using STED, Schubbe et al. observed that 32-nm fluorescent drug carrier
silica particles entered the nucleus and formed 200 nm adherents 48 hours later, and then
accumulated in the nucleus and formed 300 nm adherents 72 hours later (Fig 7)[106]. The
results indicate that the fluorescent silica particles of this size had a long half-life and were
suitable to be used as long-acting sustained-release nanoparticle drug carriers.

Therefore, it is of great importance to study the elimination process of drugs at the organelle
level in order to improve drug efficacy and design new preparations. Although SRM imaging
technology can determine the elimination of drugs, due to the limitation of strong excitation
light intensity, it still faces great challenges in tracking drugs’ and drug carriers’ dynamic
changes in living cells over a long time period.

3.2 How to select appropriate SRM techniques for tracking drug dynamics at the
subcellular level

The imaging of drug dynamics at the subcellular level using SRM is of great significance
to understanding the structural design of drug molecules as well as the interactions between
drug molecules and cells.

SIM uses a lower intensity of excitation light than other SRM technologies; therefore, SIM
is the best choice when imaging drug molecules in living cells in 3D or over long periods of
time[21, 43, 132]. However, its resolution is relatively low, which requires stable calibration
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of the system. In addition, postprocessing requires a quality check to avoid artifacts. Drugs
that require high resolution and high imaging system stability are not suitable for SIM
imaging.

STED does not have these drawbacks because it does not need image reconstruction and

can avoid errors caused by later image processing[25, 43, 133]. However, STED still

uses a point-scan method, and its high laser intensity can cause light damage. Thus,

its fast dynamic imaging is limited to small frame sizes[134]. In addition, STED’s high-
intensity laser irradiation may cause drug molecules containing nanomaterials (such as metal
nanoparticles) to generate heat. For drug molecules with poor stability, this may affect the
dynamic process of the drug and the drug’s effect. Therefore, STED can be used for imaging
when the fluorophore is relatively stable and high-quality resolution is required.

Currently, SMLM provides the highest resolution for observing nanoscale cellular
interactions at the single-molecule level[135]. The resolution of SMLM is primarily
determined by two factors: localization accuracy and molecular density. The localization,
or positioning, accuracy is the position of the target molecule on the transverse dimension,
and the molecular density is the density of the target molecule in the sample; both are
equally important in determining resolution. On the basis of higher molecular localization,
drugs with higher molecular density are suitable for SMLM imaging. For applications
with live cells, PALM using fluorescent proteins is the preferred method[136]. Ideally,
each protein of interest would be quantified with a fluorescent protein[137]; however,
fluorescent proteins exhibit lower light stability and photon counting than organic dyes,
which reduces positioning accuracy and generally requires longer acquisition times. With
the use of SMLM, the selection of fluorescent molecules, excitation wavelength, and the
drug label density are crucial and must be extensively optimized. Nevertheless, SMLM can
image living cells in three dimensions with high spatial and temporal resolution.

All in all, each of these techniques has its own advantages and disadvantages; therefore, it is
very important to select a suitable SRM technique for observing intracellular drug dynamics
according to the imaging requirements and the characteristics of the drug molecules.

3.3 The scope of application of SRM techniques for tracking drug dynamics at the
subcellular level

An extension of traditional drug dynamics is the study of cellular drug dynamics using
SRM. However, this research method has its own scope of application, as using SRM
technology for studying cell drug dynamics is not suitable for all drugs. A drug for

which SRM can be used for cellular pharmacokinetic study must have a number of
characteristics. First, the drug should have groups that emit fluorescence (the drug itself can
emit fluorescence, or the drug must be labeled with fluorescent molecules)[138]. Second, the
target of a drug’s action should be inside the cell, not outside the cell or on the membrane,
as only when a drug enters the cell through the biofilm to complete the kinetic process of
intracellular absorption, transport, distribution, metabolism, and efflux can it have a basis for
the study of its kinetic parameters[139]. Finally, the dynamics of the drug in the cell and

the combination of the drug with the target should be the determinants of drug efficacy[18,
91, 140]. Therefore, the intracellular targets of the drugs should be specific rather than
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widespread—that is, the drug has a specific target when it enters the cell and binds with
organelles, nuclear receptors, various kinases, DNA, metabolic enzymes, etc. before exerts
its effect.

3.4 Significance of tracking drug dynamics at the subcellular level using SRM techniques

Optimize pharmacokinetic properties of drugs.—Pharmacokinetic studies have
proven that changing drug dosage forms can prolong drug retention time in vivo, enhance

a drug’s passive targeting, and improve its pharmacokinetic behavior in vivo[141-143].
Teplensky et al. delayed the release of the model compound caleflavin and the anticancer
therapy alpha-cyano-4-hydroxycinnamic acid (alpha-Chc) by causing partial collapse of the
pores of NU-1000 and NU-901 through mild temperature treatment. To better understand
the release of MOF payloads in vitro, they used SIM to visualize the interaction of MOF
with living cells[105]. This study provides a solid theoretical and technical basis for the
modification of dosage form and the optimization of kinetic parameters.

Accelerate drug screening and research and development.—In the process

of new drug development, approximately 40% of drugs are eliminated due to poor
pharmacokinetic parameters[144]. Screening and optimization of drug dynamics at the
subcellular level using SRM imaging can not only provide analysis indexes that cannot

be detected by traditional pharmacokinetics but can also reduce analysis errors caused by
individual cell differences as well as provides more comprehensive parameters to screen out
ineffective drug molecules that are difficult to detect with traditional pharmacokinetics. The
PALM/STORM technique has been used to achieve super-resolution imaging of exosomes
of cancer origin. Compared to traditional field microscopes, PALM/STORM provides better
spatial resolution in the observation of exosomes at scales up to nanometers. Researchers
can thus more precisely visualize the intracellular location of the added exosomes (Fig
8)[130]. This provides a firm foundation for the study of drugs’ action in cells and drug
screening which greatly reduces the cost and risk of enterprise research and development.
Drug screening based on cell models has been widely used, and the study of cellular
pharmacokinetics using SRM imaging technology can accelerate the process of drug
screening and drug development.

Optimize the parameters of SRM techniques.—The design and synthesis of
fluorescent drug molecules with excellent optical properties can reduce the impact of

SRM technology drawbacks, such as photobleaching and fluorescent background as well
as improve the imaging resolution[90, 138]. Stefen W. Hell et al. designed and synthesized
fluorescent tubulin probes consisting of fluorescent dyes (510R, 580CP, GeR, and SiR) and
chemotherapy drugs (taxane, docetaxel, carpacel, and larotaxel). Optimization of the probe
enabled the authors to achieve a resolution of 29 £ 11 nm using STED microscopy images
of microtubule networks in living fibroblasts[145]. This is the highest resolution of STED
imaging of living cells to date.
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4. Prospects and Conclusion

The study of drug dynamics infuses the whole process of new drug discovery, preclinical
research, and clinical research, and it plays an important role in the development of
innovative drugs[146-148]. It has been reported that more than one-third of drug targets

are located within cells[35]. Drugs with such targets must penetrate multiple barriers, such
as tissues and cell membranes, to effectively deliver the drugs to the in-cell targets in order
to have an effect[149-151]. Therefore, it is of great importance to improve the efficiency
and success rate of new drug research and development by more accurately studying the
dynamic behavior of drugs in cells/sub-organelles so as to reflect the process and mechanism
of drug action.

Recent years have seen the development of a variety of SRM techniques and specialized
fluorescent probes that enable direct observation of subcellular structures and protein
arrangements at a resolution that exceeds that of conventional light microscopy[42, 152—
155]. They have revealed the absorption, distribution, metabolism, and transport processes
of drugs at the cellular/subcellular level in an intuitive and visual way, which has great
significance for drug research and development, screening, and clinical application[30, 154,
156]. Here, we introduce several classical SRMs, systematically elaborate their principles
and development, and compare their advantages and disadvantages. We also describe the
application of these techniques in the study of drug dynamics at the subcellular level. By
summarizing previous studies that detailed the absorption, distribution, metabolism, and
excretion of drugs in cells using SRM, this article provides the basis for studying drug
metabolism at the subcellular level, the design of drug molecules, and the selection of SRM
techniques.

Nevertheless, there are still many problems to be overcome in the research of
pharmacokinetics at the subcellular level using SRM. In terms of drug molecules, the
properties of the drug itself—such as targeting, chemical modification, size, and polarity—
will affect its metabolism in the cell[8, 10, 94, 157]. Drug metabolism may also significantly
differ between cell lines (such as intestinal cells and liver cells), exert different pathways in
tumor cells, and be affected by a host of other factors such as differing metabolic enzymes
and pH environment[158, 159]. For the drugs whose targets contain cellular localization
sites, it is necessary to avoid the interference of these factors with the pharmacokinetics as
much as possible in the process of SRM imaging: only in this way can we more effectively
and comprehensively evaluate and predict the efficacy and possible side effects of drugs as
well as provide important references for the preliminary design of drug molecules.

In terms of super-resolution imaging, the study of pharmacokinetics at the subcellular
level using SRM requires long-term dynamic imaging in living cells. However, SRM
technology still has the disadvantage of requiring high laser emissions for imaging, a
factor that greatly limits its use in research[160]. In addition, live-cell imaging also has
very stringent requirements for the imaging environment, which demands strict control of
experimental temperature, humidity, and other conditions[161]. Cells can only maintain
cell activity during a very short exposure time with long exposure resulting in cell death.
In experiments, the selection of light intensity must avoid excessive irradiation and light
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damage in order to maintain cell activity for a sufficient time period. In addition, the
sampling frequency during imaging must be high enough to observe cell dynamics without
losing information. Therefore, many challenges remain in the use of SRM for subcellular
drug dynamic imaging.

Although some concerns remain, SRM, like other fluorescence microscopy techniques,
relies on the expression of fluorescent molecules within cells[162, 163]. Imaging is
usually performed by introducing external groups that directly affect cell physiology, and
therefore the process may not reflect “true” drug molecular action. Nevertheless, the
development of super-resolution technology represents a major advance and a powerful
tool for understanding how drug molecules behave on their journey through biological
substances[33, 154, 164, 165]. Comprehensive study of the intracellular disposal process
of drugs can effectively screen and evaluate new intracellular-targeting drugs, improve
the accuracy and efficiency of drug evaluation, and reduce the risks involved in drug
development. It also guides the design of targeted prodrugs or preparations to improve
targeting, reduce toxic side effects, increase the success rate of new drug research and
development, clarify the interactions and mechanisms in cells, and provide a basis for
clinical rational drug use.
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Abbreviations

SRM super resolution microscopy

STED stimulated emission depletion microscopy
SMLM stochastic optical reconstruction microscopy
PALM photoactivated localization microscopy
STORM random optical reconstruction microscopy
SIM structured illumination microscopy
g-STED time-gate based STED

MINFLUX Minimal Photon Fluxes

OTF optical transfer function

NL-SIM nonlinear structure illumination obvious microtechnique
PSF point spread function
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PSF engineering point spread function engineering
MF magnoflorine
Clo hypochlorite
alpha-Chc alpha-cyano-4-hydroxycinnamic acid
MOF Metal-organic framework
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Highlights:
1. Super-resolution microscopy (SRM) techniques can track drug dynamics at
the subcellular level
2. Significance of tracking drug dynamics at the subcellular level using SRM
techniques
3. Selection of appropriate SRM techniques for various tracking systems.
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Figure 1.
Principle and application of SRM based on STED microscope. (A) Principle of STED. (B)

Principle of g-STED. (a) Microscope setup with pulsed excitation and CW-STED lasers.

(b) Fluorescence images of a single isolated NV center for confocal (left) and CW-STED
(right, PSTED=47 mW). (c) g-STED (right, Tg=15 ns) and a fluorescence lifetime image
for the CW-STED recording (left). Fig. 1B reproduced from Ref [53]. (C) Principles of the
reported implementation of TPE-STED microscopy. (a) Energy diagram of the 3 processes
involved. (b) Light intensity distribution of the two-photon excitation spot (left) and of the
STED doughnut (right) in the focal plan. (c) Setup of TPE-STED. Fig. 1C (b) reproduced
from Ref [58]. (D) (a) Principles of SPIM and STED-SPIM. (b) Comparison of SPIM and
STED-SPIM imaging of actin in zebrafish embryos stained with ATTO647 phalloidin. Fig.
1D reproduced from Ref [61]. Scale bars: (B) 200 nm, (C) 500 nm, (D) 20 ym.
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Figure 2.

Principle and application of SRM based on SMLM. (A) Principle of SMLM. (B) MINFLUX
optical arrangement. An excitation beam (shown in green) is electro-optically deflected in
X,y plane, spatially phase-modulated for conversion into a donut-shape, overlapped with

an activation beam (purple), and after passing a deformable mirror and a galvanometer
scanner in a 3D scanning assembly, it is focused into the sample on top of an all-purpose
inverted microscope stand. Fluorescence from the sample (red) is descanned by the scanning
assembly and passed to a variable confocal pinhole for detection using two avalanche
photodiodes (APD). A stabilization unit based on both near-infrared scattering from fiducial
markers and active-feedback correction provides sub-nanometer stability. (C) Principle of
MINFLUX nanoscopy. MINFLUX fluorescence imaging of labeled cellular ultrastructure
down to 1 nm (standard deviation) in fluorophore precision. o: the precision obtained from a
combined analysis of the statistical localization spread (standard deviation) in x and y. Fig. 2
B, C reproduced from Ref [70]. Scale bars: 200 nm.
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Figure 3.
Principle and application of SRM based on SIM. (A) Simplified diagram of the structured

illumination apparatus. Scrambled laser light from a multimode fiber is collimated onto a
linear phase grating. Diffraction orders -1, 0 and +1 are refocused into the back focal plane
of an objective lens. The beams, recollimated by the objective lens, intersect at the focal
plane in the sample, where they interfere and generate an intensity pattern with both lateral
and axial structure. (B) Principle of three-dimensional SIM. (a—e) Observable regions for

(a and b) the conventional microscope, and for structured illumination microscopy using
two illumination beams (c), and three illumination beams in one (d) or three (e) sequential
orientations. (f) The three amplitude wave vectors corresponding to the three illumination
beam directions. All three wave vectors have the same magnitude 1/I. (g—h) The resulting
spatial frequency components of the illumination intensity for the two-beam (g) and three-
beam (h) case. The dotted outline in panel h indicates the set of spatial frequencies that are
possible to generate by illumination through the objective lens; compare with the observable
region in panel a. An intensity component occurs at each pairwise difference frequency
between two of the amplitude wave vectors. (i, j): xz (i) and xy (j) sections through the

OTF supports in panel b (shown in white), panel ¢ (light shaded), panel d (dark shaded),

and panel e (solid). The darker regions fully contain the lighter ones. (C) Maximum intensity
projections through a three-dimensional structured illumination reconstruction of the actin
cytoskeleton in an HL-60 cell, shown in top view (a) and side view (b). Fig. 3 reproduced
from Ref [79].
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Figure 4.
Comparison of SRM technologies.
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Figure 5.
Super-resolution microscopy techniques for tracking absorption and transport of drug at the

subcellular level. (A) SIM 3-color image of HeLa cells demonstrating NU-1000 (150 nm)
uptake into cellular boundary. Nucleus colored in blue, early endosomes colored in magenta,
NU-1000 colored in green. (B) SIM images of HeLa cells incubated with calcein-loaded
temperature-treated NU-901 (cal@t.t.NU-901) at 30 min, 1 h, 2 h, 6 h, 8 hand 24 h.
Lysosomes colored in magenta, cal@t.t. NU-901 colored in green. Fig. 5 reproduced from
Ref [105].
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Figure 6.
Super-resolution microscopy techniques for tracking distribution of drug at the subcellular

level. (A-B) MF targets the mitochondrial CIO- altering its subcellular distribution. (A)
Fluorescence images of mitochondria in HeLa cells incubated with MTDR and MF (10 uM)
for 30 min, followed by incubation with exogenous CIO- (50 pM) for another 30 min. (B)
Fluorescence images of mitochondria in HeLa cells incubated with lipopolysaccharide (LPS,
1 pg/mL) for 12 h and phorbol myristate acetate (PMA, 1 pg/mL) for 30 min. (C-D) MF
show a definite response and bind to its target in ferroptosis. (C) Fluorescence images of
mitochondria in HeLa cells incubated with erastin (20 uM) for 12 h and MTDR (Aex=640
nm) and MF (10 pM) (Aex=405 nm) for 30 min at 37 °C. (D) Fluorescence images of
mitochondria in HeLa cells incubated with MTDR and MF (10 pM) for 30 min at 37 °C.
Fig. 6 reproduced from Ref [35].
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Figure 7.
Super-resolution microscopy techniques for tracking metabolism and excretion of drug at

the sub-cellular level. (A-B) High resolution STED confocal fluorescence images of Caco-2
cells incubated with 1 pg mL~1 32 nm silica particles for 3 days. Samples were taken after
5h (Al), 24 h (B1), 48 h (C1), and 72 h (D1). (A) A2-D2 display enlargements of the
orthogonal view to visualize nanoparticles inside (*) and outside (+) the nucleus. D3 depicts
an enlargement of the aggregated particles shown in D1. (B) A2-D2 depict enlargements of
the orthogonal view to demonstrate that nanoparticles are outside the nucleus. Particles that
appear to be localized inside the nucleus in the xy section actually represent signals from
an image plane above the nucleus, as can be seen in the enlargements of the orthogonal
view (B2 and D2). The nucleus is shown in blue, the cell membrane in yellow, and silica
nanoparticles in red. Images are deconvolved and oversaturated for better visualization. The
scale bar represents 2 um. Fig. 7 reproduced from Ref [106].
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Figure 8.
TIRF and PALM/STORM imaging of HeLa exosomes. (A) (a) Schematic illustration of

indirect IF labeling of CD63 and exosome membrane stained with CM-Dil. (b) TIRF
image of HeLa-derived exosomes stained with CM-Dil. (c) IF labeling of CD63 with
Alexa Fluor 647, conventional diffractionlimited image (upper right) and PALM/STORM
image (low left). (d) Immunofluorescence control sample without primary antibody for
specificity detection, CM-Dil channel. (e) Immunofluorescence control sample without
primary antibody for specificity detection, Alexa Fluor 647 channel. (B) Colocalization of
SKBR3 exosomes and MRC-5 lysosomes. (a) TIRF image of internalized SKBR3 exosomes
(red) and MRC-5 membrane (blue). (b) PALM/STORM image of the same region as shown
in (@). (¢) TIRF image of MRC-5 lysosomes (green) and MRC-5 membrane (blue). (d)
PALM/STORM image of the same region as shown in (c). (e) Colocalization of MRC-5
lysosomes (green) and internalized SKBR3 exosomes (red). Fig. 8 reproduced from Refs
[130].
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Current studies of drug dynamics using SRM techniques.
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Drug
Dynamic Types of drugs and
mode drug carriers SRMs Mechanisms Refs.
The uptake of LL-37 may be an active process rather than passive
diffusion. STED microscopy also showed distinct clusters of LL-37 in
Protracted release drug, the ring structure, demonstrating the advantage of STED microscopy in
LL-37-TAMRA STED identifying different subcellular structures. [144]
The uptake of drug (NU-1000 and NU-901) carrier MOFs in cells can
Protracted release occur through different active transport mechanisms depending on the
) drugs, NU-1000 and surface chemistry of the MOF and the charge and size of the MOF
Absorption and NU-901 SIM complex. [105]
transport
The size of particles affects the uptake of fluorescent drug carrier silica
particles (diameters 32 and 83 nm) into cells (Caco-2) and particles
Drug carrier, silica with a size of 32 nm exhibited faster migration into cells compared to
particles STED particles sized 83 nm. [106]
The uptake of PMASH in HeLa, RAW, and dTHP-1 cells under
Polymer capsules, SIM demonstrated that various cell types produce different mechanical
PMASH SIM forces during the process of capsule ingestion. [107]
Drug carrier, SiO2- After a long incubation, SiO2-Atto647N is only distributed in the
Atto647N STED cytoplasm due to the influence of particle size. [114]
MF is distributed in mitochondria and binds to hypochlorite (CIO)
natural fluorescent targets during iron poisoning, suggesting that the specificity of the drug
drug molecule, MF SIM can affect its distribution in cells. [35]
Affected by the protein CD20, the internalized polymer conjugate was
localized in clusters for 4 hours. But after 24 hours, the polymer was
Therapeutic polymers, released into a fluorophore in the cytoplasm via enzymatic degradation
Distribution HPMA polymer dSTORM of the peptide. [117]
Pt2L is distributed in autophagolysosomes before photostimulation.
Then it escapes from the autophagolysosomes to the nucleus after
Photoactivated prodrug SIM photostimulation due to the influence of pH. [119]
Confocal It is not possible to determine the distribution of vMIA in the
Mitochondrial microscopy, submitochondrial chamber via confocal microscopy. However, gSTED,
localization inhibitor gSTED, MSIM and PALM imaging showed that vMIA exists in clusters of
of apoptosis, (VMIA) MSIM, ~100 ~ 150nm, indicating that SRMs have as higher resolution for
proteins PALM studying pharmacokinetics. [120]
Immunofluores cently
labeled exosomes, The clear presence of exosomes in lysosomes provides compelling
SKBR3 exosomes- PALM/ evidence supporting the conclusion that exosomes are transported to
Metabolism Alexa Fluor 647 STORM lysosomes for further degradation after their binding to recipient cells. [130]
and excretion The silica particles accumulated in the nucleus and formed 300 nm
adhesion after 72 hours, indicating that the fluorescent silica particles
Drug carrier, silica of this size had a long half-life and were suitable for use as long-acting
particles STED slow-release nanoparticle drug carriers. [106]
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