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ABSTRACT

Intravital microscopy (IVM) expands our understanding of cellular and molecular processes, with appli-
cations ranging from fundamental biology to (patho)physiology and immunology, as well as from drug
delivery to drug processing and drug efficacy testing. In this review, we highlight modalities, methods
and model organisms that make up today’s IVM landscape, and we present how IVM - via its high spa-
tiotemporal resolution - enables analysis of metabolites, small molecules, nanoparticles, immune cells,
and the (tumor) tissue microenvironment. We furthermore present examples of how IVM facilitates
the elucidation of nanomedicine kinetics and targeting mechanisms, as well as of biological processes
such as immune cell death, host-pathogen interactions, metabolic states, and disease progression. We
conclude by discussing the prospects of IVM clinical translation and examining the integration of
machine learning in future IVM practice.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

In the last three decades, advances in microscopy technology
have boosted the integration of IVM in preclinical research. In par-
allel, the production of high spatiotemporal resolution data
enabling the real-time in vivo monitoring of (nano-) drug behavior
and biological processes has considerably improved. Initially, IVM
was based on brightfield imaging that was allowing the imaging
of (semi-) transparent systems. As such, the earliest applications
focused on the characterization of blood flow and immune cell
recruitment in easily accessible regions, such as the vasculature
of the open cremaster muscle.

Exploration of tissues with higher structural complexity and
less accessibility arose later, with the advent of fluorescence micro-
scopy and the development of fluorescent probes. In this regard,
confocal and multiphoton microscopy (MPM) initially dominated
the IVM landscape, allowing for visualization of multiple fluo-
rophores at a considerable penetration depth. In addition, the abil-
ity of IVM to function at sub-second temporal and sub-micrometer
spatial resolution has provided researchers with the tools to record
dynamic biological processes in vivo. Considering the clear trend in
the medical imaging field to go towards multiscale and multimodal
imaging, IVM complements traditional non-invasive imaging
modalities, such as MRI, PET, FMT and CT, which allow for
real-time whole-body imaging at a much larger (millimeter) scale
[1-7].

IVM has reinforced our ability to answer scientific questions
that seemed inaccessible a decade ago. Such challenges e.g.,
include the visualization of drug distribution at the tissue level,
of swift metabolic responses upon applying certain stimuli, of indi-
vidual immune cells’ behavior, as well as of alterations in tumor
microenvironment (TME) composition during disease progression
or (targeted) therapy. IVM has contributed prominently to the field
of nanomedicine, by deciphering the various passive and active
targeting mechanisms that drug delivery systems employ to inter-
act with host organs and cells, as well as with target tissues. A
broad timeline of technologies and achievements in intravital
microscopy is presented in Fig. 1 [8-30]. In this manuscript, we
provide an overview of contemporary IVM technology and applica-
tions, exemplifying its value for investigating complex drug deliv-
ery and biological processes in vivo at very high spatiotemporal
resolution.

2. Intravital microscopy: technical aspects and model
organisms

2.1. Technical aspects

In intravital microscopy (IVM), the biological process to be
investigated very much determines the methodology used. Factors
such as penetration depth, spatial resolution, recording speed, and
sensitivity are important selection criteria. In addition, accessibil-
ity and preparation of the area of interest play a crucial role in
IVM based on brightfield microscopy. Indeed, it is limited to trans-
parent and thin tissues (5-10 pm), which restricts the application
to for example mouse mesenteric tissue and cremaster muscle. It
requires special sample preparation, e.g., externalizing and flatten-
ing of the tissue. Advanced IVM is typically based on the principle
of fluorescence emission of the sample. Fluorescence microscopy
enables selective staining, however, is still limited to relatively thin
specimens (5-10 pum). In thicker samples, scattered light interferes
with the detection of the primary signal and results in blurry
images.

This problem is solved by the more advanced fluorescence
microscopy methods, such as confocal or multiphoton laser scan-
ning microscopy. These expand the list of possible applications
by achieving greater penetration depths, while simultaneously
reaching significantly improved subcellular resolutions. The exact
value of tissue penetration depends on the technique used, tissue
optical properties, and preparation of the animal.

In confocal laser scanning microscopy (CLSM), laser light is
focused on the sample to sequentially point-scan a region of inter-
est. Axial sectioning of the sample is achieved by using a pinhole,
which rejects out-of-focus light, and axially translating the objec-
tive, thus focusing at different depths inside the sample. This
improves resolution (~200 nm) and contrast but at the cost of
speed since each point is individually imaged [31,32]. It is impor-
tant to note that the advantage of confocal microscopy is lost at
higher depth (over 50 pum), due to scattering of both the excitation
and emission light. Therefore, only IVM applications with a rela-
tively low penetration depth are feasible.

Multiphoton laser scanning microscopy (MPLSM) is based on
the absorption of two or more photons by a fluorescent marker.
In Two-photon microscopy (2PLSM), two photons of half the
energy than normally needed (i.e., double the wavelength)
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Fig. 1. A timeline of key advances and technologies beginning from one of the earliest uses of GFP in intravital microscopy of primary and metastatic tumors. The listed events
are characterized by the use of new technologies that have enabled the discovery of novel processes and (patho)physiological events.

together excite the molecule, followed by deexcitation through the
emission of fluorescence [33]. Due to the nominal probability of 2
photon absorption, the excitation can only occur in the narrow
focus of a pulsed near-infrared laser with short pulse duration
(100 fs) and high repetition rate (80 MHz). This omits the need of
a pinhole, allowing detectors to be placed closer to the sample.
In addition, near-infrared light penetrates deeper into scattering
tissues, allowing excitation deeper inside the sample. As a result,

2PLSM has an improved penetration depth with excellent resolu-
tion in three dimensions, even at larger depths [34]. This makes
2PLSM preferable over other fluorescence microscopic techniques,
for visualizing structures in three dimensions regarding IVM.
New broad range lasers open up the utilization of far-red dyes,
which allow for even deeper penetration, due to less light scatter-
ing within the sample. Furthermore, at longer excitation wave-
lengths, the possibility of three-photon excitation becomes viable
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[35,36]. Comparable to two-photon excitation, in three-photon
excitation, the fluorophore simultaneously absorbs three photons
of one third the energy normally needed (i.e., three times that
wavelength). In 3PLSM, the fluorescence that follows is thus even
more localized than in 2PLSM. Intravital 3PLSM has mostly been
used in neuroscience to visualize vascular and neuronal structures
[11,37].

With the use of pulsed lasers in MPLSM, fluorescence lifetime
imaging microscopy (FLIM) is emerging as another promising con-
trast method [38]. FLIM uses the unique fluorescence lifetime of
fluorescent dyes for imaging and represents a decisive advance in
microscopy, enabling the representation of different dyes, even
with spectral overlap, or physiological changes of the fluorescence
reporters. In FLIM, image contrast is created using the fluorescence
lifetime of a fluorophore instead of (and entirely independent
from) fluorescence intensity. The fluorescence lifetime of a fluo-
rophore changes, with differences in its (bio-) chemical environ-
ment (e.g., changes in pH, viscosity and interactions with
proteins). After a pulsed laser excitation, the exponential decline
in fluorescence of counted photons per pixel is measured. So far,
its translation into IVM has proven challenging, owing to the
extensive offline analysis needed and the associated slow imaging
speed. Though, with the implementation of fast FLIM imaging, the
adaptation into IVM has come in reach [38]. FLIM has already been
extensively used in autofluorescent molecular imaging, where it
can be used to study cellular metabolism. FLIM therefore increases
the image information in a single IVM experiment, which is rele-
vant in view of the complexity of experimental set-up of IVM
experiments and the need of animals.

In recent years, light sheet microscopy (LSM) has come to be the
leading IVM technique for imaging developmental biology and
pathology in embryos, C. Elegans, zebrafish, and Drosophila. In light
sheet microscopy, the sample is illuminated with a thin sheet of
light that serves as single-photon excitation source for the fluores-
cent probe. In this sheet, fluorescence emission takes place, while
no fluorescence excitation occurs outside of the sheet. The fluores-
cence is then detected with an objective perpendicular to the exci-
tation source [39,40]. Specific advantages of light sheet microscopy
are the low light doses needed (thus limiting photodamage), its
intrinsic speed, and its rather simple widefield geometry. However,
it is only applicable in transparent samples due to its need for the
light sheet to penetrate and its detection under 90 degrees. Fur-
thermore, sample inclusion often is difficult. Recently the imple-
mentation of lattice light sheet microscopy a super-resolution
variant of LSM has also been demonstrated. Big volume IVM imag-
ing of dynamic process has been demonstrated with resolution in
the order of 300 nm [41].

The advent of super-resolution microscopy, i.e., techniques that
overcome the traditional diffraction-limited resolution of roughly
half the wavelength used, has opened further possibilities for
IVM, by increasing the resolution to the nanometer range. While
lateral resolutions in diffraction limited techniques as discussed
so far are between 250 and 400 nm range, techniques such as
PALM/STORM can provide a resolution of around 20 nm, however
they are based on widefield configuration with limited depth capa-
bilities, therefore limiting their applicability for IVM. Structured
illumination microscopy (SIM) on the other hand only offers a 2-
fold lateral resolution improvement (~120nm) over classical
widefield microscopy, however when combined with scanning
techniques it can have sectioning capabilities and therefore pro-
vide 3D imaging [42]. Its attractiveness is based on the possibility
to use standard fluorescent probes. Stimulated emission depletion
(STED), based on the confocal principle, employs additionally a
depletion laser to shrink the effective point spread function (PSF),
narrowing down its dimension to 50 nm. As in confocal micro-
scopy, for IVM its penetration depth often is the limit, but that
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can further be enhanced by combining it with two-photon excita-
tion. STED has been employed for IVM, particularly for brain imag-
ing [43]. However, the problem of STED is often the high light
doses needed and the availability of, at least currently, a limited
set of fluorescent markers, since these require special properties.

Fairly new is the use of confocal and multiphoton endoscopy to
image intravitally in locations not accessible via an external path,
such as bladder, placenta. This field started with the development
of small confocal endoscopes (with all the (dis)advantages
described above), followed by a move towards the field of multi-
photon endoscopy, specifically via the development of small
brain-attachable microscopes for imaging brain activity while mice
are active. Multiphoton endoscopic IVM promises to combine all
the advantages of multiphoton bulk microscopy with easy access
to locations inside the animal. However, the realization of proper
guidance of the excitation source through a fiber to arrive at truly
flexible endoscopes has appeared to be a tough issue. The imple-
mentation of optical fibers has enabled true flexibility in general
endoscopic imaging. However, due to the fundamental nature of
nonlinear optics, implementation of this technology in such imag-
ing systems remains challenging.

All the various microscopic modalities used for intravital imag-
ing ultimately aim to monitor and elucidate dynamics of cells and
dynamic biological processes in multiple organs that cannot possi-
bly be gained using ex vivo methods. In this regard, IVM is a step-
ping stone towards in-patient imaging. The development of these
techniques depends on suppression of experimental motional arti-
facts. Even anesthetized animals show motions (breathing, heart
beat), which may result in decreased spatial and temporal resolu-
tion, and can limit acquisition time. Furthermore, tissue-
preparation artifacts like shrinkage, dehydration, and tearing are
relevant processes to consider, as such artifacts will significantly
alter the histological landscape and will therefore distort discerni-
bility of depicted features. The same accounts for imaging-induced
artifacts, such as photobleaching, autofluorescence, low signal to
noise ratio, and light absorbance by blood. Photobleaching, espe-
cially, can significantly limit the choice of fluorophore and modal-
ity, as well as restrict the range of exposure/acquisition time and
imaging depth. Indeed, the usefulness of IVM depends on not inter-
fering with normal biological processes. These issues can only be
addressed by acknowledging and trying to minimize them, e.g.,
by adaptations in the experimental setup, such as anesthesia by
mechanical ventilation, image triggering for reducing motion arti-
facts, and use of resonant scanning microscopy. Where necessary
also post-acquisition image processing can be used for correction
and is a prerequisite for reliable data evaluation [44]. There exist
a number of examples in literature discussing suitable protocols,
methodologies and equipment for intravital microscopy [45-47].

2.2. Model organisms

There are several key model organisms routinely employed in
IVM. The most common ones are small and transparent organisms,
such as C. elegans and zebrafish embryos, although, small rodents
such as mice and rats also find frequent application, especially in
biomedical research [2]. IVM has been applied to larger animals
such as rabbits or macaques for imaging external organs such as
the eye [48,49]. Similar applications have also even been consid-
ered possible in humans in vivo [50]. For preclinical research, the
choice of model depends on the research question posed and
how efficiently it can be addressed by the chosen technique and
model. The application and availability of such models has been
extensively reviewed [47,51].

Commonly, small and/or transparent animals are used to image
surficial structures or structures well visible within their body for
which purpose they are frequently adopted in developmental stud-
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ies. C. elegans, drosophila larvae, and zebrafish embryos offer sev-
eral key advantages as model systems in the study of physiological
processes [52-57]. Optical transparency in combination with a
broad toolset for genetic modifications (temporal and spatial con-
trolled gene expression of fluorescent reporters) led to many novel
insights into development and differentiation. Especially micro-
scopic techniques such as light sheet microscopy allow for pro-
longed imaging with minimal direct interference with the
imaged tissue.

Small rodents are very attractive models due to their genetic
relation to human, short reproductive cycles, and availability of
disease models. They are regularly used to study easily accessible
organs, either superficially (i.e., skin, cornea) or through small inci-
sions (i.e., abdomen, cardiovascular system, subcutaneous and sur-
ficial tumors). Adequate preparation of the tissue under study is a
crucial step before exposing it to light microscopy imaging. This
relates to the mechanical accessibility (e.g., the objective) as well
as to the anatomical preparation of the tissue to be examined,
especially in larger, non-transparent animal models. This is partic-
ularly challenging in IVM, since physiological and cellular pro-
cesses in living organisms should not be influenced by
preparation. Various preparation techniques have been developed
(e.g., skin flaps, cranial/tissue windows, skinfold chambers, and
surgically exposed tissues) to meet the requirements of IVM in liv-
ing mice [58,59]. IVM has also been applied to awake mice under
visual or haptic stimulation. For time-lapse imaging, special win-
dows are installed on the skin surface, which allow the excitation
light and signal to be transmitted without absorption by the skin
or skull. These windows offer the possibility of imaging the same
region at different time points, enabling longitudinal monitoring
of the consequences of pharmacological or sensory interventions.

Modern IVM techniques rely on fluorescence detection. Label-
ing techniques using fluorophores facilitate the selective visualiza-
tion of biomolecules, single cells, and cell populations, dynamic
physiological processes, and even the development of entire organ-
isms. The fluorescent signal can be endogenous or exogenous. The
endogenous autofluorescence signal of tissues is often used for
contrast. Transgenic animals offer attractive benefits, for which
reason they are popular models for intravital imaging. Such ani-
mals are genetically modified to express a fluorescent protein
(FP) at the site of interest, thereby adding specific, temporally
and spatially controlled contrast. Direct labelling of the structures
under investigations (e.g., proteins, organelles) with dyes is also
possible, and they are typically based on direct interactions with
biomolecules (i.e., synthetic fluorescent probes) or on antibody
labeling (i.e., immunofluorescence). The application of the fluo-
rophores to the region of interest often requires special preparation
of the organism, e.g., intravenous injection of the solution with flu-
orescent probe in mice.

A Glucose uptake (2-NDBG)

i I high
I low

hypoxia

normoxia
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3. Imaging versatility: From small molecules to nanoparticles
and from immune cells to the tissue microenvironment

IVM has substantiated itself as a powerful tool, distinguishing
itself from other imaging modalities, due to its spatial accuracy
at high temporal resolution. In the following section, we highlight
the capability of IVM to visualize different levels of organization,
extending from the visualization of metabolites, small molecules
and nanoparticles, up to individual cells and components of the tis-
sue microenvironment.

3.1. Imaging metabolites

The reprogramming of metabolism is one of the fundamental
hallmarks of cancer [60,61]. Therefore, to understand carcinogene-
sis, metastasis and resistance to therapy, it is paramount to under-
stand the mechanisms behind cellular energetics. Beyond cancer,
also the pathogenesis of afflictions such as Crohn’s disease or Alz-
heimer’s disease [62,63] involve disruptions in energy metabolism.
Apart from diseased states, understanding energy metabolism of
regular biological systems, such as the energy balance of T cells
[64], serves as a benefit in itself. Metabolic profiling is the leading
tool to study the response of metabolites and their intermediates
to various stimuli and grants scientists functional and physiologi-
cal information on the state of cells and tissues.

In metabolomics, mass spectrometry (MS) and PET/MRI are the
standard techniques used to study the ratio of glycolytic to oxida-
tive metabolism. These techniques, though, either require sample
destruction, they cannot provide dynamic information (MS), or
they cannot achieve cell-level resolution (PET/MRI). IVM has been
demonstrated to bridge the gap between these drawbacks. In a
recent study, it was used to visualize the spatiotemporal correla-
tion of glucose uptake and mitochondrial metabolism optically
[65]. Through the use of IVM on dorsal window chambers in mice,
near-simultaneous imaging of two molecules, namely 2-NBDG
(fluorescent glucose derivate) and tetramethylrhodamine ethyl
ester (TMRE; mitochondrial membrane potential) was achieved,
which function as indicators of glucose uptake and mitochondrial
membrane potential and activity, respectively. It was shown that
TMRE intensity, under hypoxic conditions, decreases significantly
as compared to normoxic conditions (Fig. 2A). Contrarily, under
comparable conditions, 2-NBDG signal intensity increases
(Fig. 2B). Interestingly, both TMRE and 2-NBDG showed an
increased intensity compared to healthy tissue in the 4T1 triple
negative breast cancer (TNBC) mouse model, indicative of a distinct
metabolic pattern.

In an early account, metabolic imaging by means of intravital
MP-FLIM was applied to hamster cheek pouch models for oral car-
cinogenesis, in order to investigate the benefit of such a system for

Mltochondnal activity (TMRE)

%,""'? X

normoxia

Rl l high
I low

hypoxia

Fig. 2. IVM visualization of metabolites. (A) Spectral IVM heat map of relative glucose analogue (2-NDBG) uptake and distribution in normoxic or hypoxic tissue, revealing
increased uptake under hypoxic conditions. Conversely, (B) uptake of the mitochondrial membrane potential probe TMRE decreased in the hypoxic tissue. All images were

adapted with permission [65].
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Trastuzumab engagement with HER2 receptor

Fig. 3. IVM visualization of small molecules and macromolecules. (A) Rapid extravasation of fluorescent PARP inhibitor following complete perfusion of the tumor
vasculature. The extravasated PARP inhibitor (green) initially bound non-specifically to the tumor tissue (H2B-RFP, red). However, non-specific accumulation was cleared
over time, leaving only PARP inhibitor specifically bound to the nucleus of H2B cells. (B) Time lapse IVM showed trastuzumab (red) perfusion in the tumoral vasculature
30 min p.i. After 3 h, a substantial fraction of trastuzumab had already entered the tumor around the periphery of nearby blood vessels. After clearance of unspecifically
bound drug, intratumoral signals for trastuzumab were shown to decrease after 24 h, with the residual drug being more significantly co-localized with HER2 receptor positive
cells (green). All images were adapted with permission [70,74]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

the in vivo detection of epithelial dysplasia [66]. The technique pro-
vided structural and metabolic information, which was used to dis-
cern healthy from dysplastic tissue in vivo. By exploiting the
premise of the Warburg effect, and considering the tendency of
neoplasia to switch from oxidative phosphorylation to glycolysis
under anaerobic conditions [67], dysplastic tissue was differenti-
ated based on the NADPH redox state. The redox ratio of NADPH
is highly dependent on and can be shifted by the inhibition of
either glycolysis or oxidative phosphorylation.

While the data analysis of FLIM imaging can pose a significant
challenge [68], methods have been explored to circumvent this.
Through phasor plot transformation of FLIM data, identification
of distinct fluorescence lifetime values is made possible [69]. These
data were subsequently used to differentiate between functionally
distinct kidney structures, such as the proximal tubules S1 and S2,
and resolve structures not discernable from intensity contrast
alone. This demonstrates that structures can be distinguished with
relative ease and considerable confidence, in terms of their meta-
bolic microenvironment using intravital FLIM.

3.2. Imaging small molecules and macromolecules

IVM’s excellent temporal resolution at high spatial resolution
has been exploited to study the distribution and target-binding
of drugs. In this regard, IVM was used to monitor in real-time
the distribution of an olaparib-based fluorescent poly (ADP ribose)
polymerase (PARP) inhibitor (PARPi). Olaparib is a PARP inhibitor
commonly used in the clinic for the treatment of advanced
BRCA-mutated ovarian cancer. The rapid extravasation of fluores-
cent PARPi was demonstrated after complete perfusion of the func-
tional tumor vasculature, distributing non-specifically in histone-
H2B-RFP expressing cells. While target binding occurred promptly,
non-specifically bound PARPi cleared within the first hour post
injection, demonstrating optically the specificity of PARP target
binding by the Olaparib-analogue in vivo (Fig. 3A) [70,71]. In a sim-
ilar manner, the cellular pharmacokinetics and tissue distribution
of a fluorescent eribulin analogue was analyzed using IVM [72].
Eribulin is a cytotoxic drug developed to treat taxane-resistant
cancers, however, for reasons yet unknown, it does not work in a
subset of patients. By assessing the cellular PK of cytotoxic drugs
such as eribulin using IVM, it is postulated that mechanisms of
drug resistance can be determined, leading to the discovery of
novel strategies to tackle resistance. Here it was discovered that
the efflux of the eribulin analogue and therefore eribulin resistance
relied on the expression and activity of multidrug resistance pro-
tein 1 (MDR1).

The development of resistance to chemotherapy is one of many
challenges encountered when treating cancer. Most research on
how the microenvironment influences the development of drug
resistance examines the resistance behavior under in vitro or xeno-
graft conditions. While in vitro approaches are valuable, IVM allows
for the visualization of treatment outcome in vivo. In an effort to
elucidate the microenvironmental response of progressive cancer
upon chemotherapy, a mammary tumor virus (MMTV),
promoter-driven polyoma middle T oncogene murine model was
studied using IVM. Intravital imaging revealed that sensitivity to
doxorubicin was dependent on tumor stage and that cancer cell
proliferation is not a comprehensive indicator for drug sensitivity.
On the contrary, drug distribution was suggested as a superior
marker of drug sensitivity [73].

Transitioning from small molecules to macromolecules, a
robust example involved the use of confocal IVM to investigate
the pharmacology of the therapeutic monoclonal antibody trastu-
zumab, a treatment for breast and gastric cancer, in a mosaic xeno-
graft tumor mouse model which variably expresses the HER2
receptor [74]. As trastuzumab targets HER2, the increased accumu-
lation in HER2-overexpressing cells compared to HER2-deficient
cells came to no surprise. However, the majority of drug distinctly
accumulated in tumor-associated phagocytes, achieving 80% accu-
mulation after a period of 48 h post injection. The extravasation of
trastuzumab from the vasculature to the tumor interstitium as
well as the quantification of its subsequent clearing was demon-
strated specifically via IVM (Fig. 3B).

3.3. Imaging nanoparticles

A key advantage of IVM is the ability to conduct multichannel
imaging with adequate spatiotemporal resolution. This facilitates
the tracking of nanoparticle tissue distribution, thus providing an
option to simultaneously visualize parts of the tissue microenvi-
ronment as reference (e.g., blood vessels) [7].

Pharmacokinetic analysis of therapeutic nanoparticles was con-
ducted [75], utilizing time-lapse confocal IVM in a dorsal window
chamber model of HT1080 xenograft tumor models expressing a
fluorescent protein labeling the nucleus. The research demon-
strated the possibility of tracing the distribution of both nanopar-
ticles and payload (Fig. 4A). Likewise, the capacity of IVM to
distinguish the more gradual and reduced nanoparticle uptake of
cancer cells compared to the perivascular cells of the host was dis-
played. Furthermore, by labeling tumor-associated macrophages
(TAMs) with fluorescent dextran-coated nanoparticles, the authors
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Fig. 4. IVM visualization of nanoparticle distribution and targeting kinetics. (A) Time-lapse confocal IVM of microvasculature half-life and tissue accumulation of
therapeutic nanoparticles (cyan) and payload (yellow) in a dorsal window chamber model of tumor cells expressing fluorescently tagged 53BP1 (red). Initially, the loaded TNP
co-localized significantly to the microvasculature while a fraction of the payload extravasated into the tissue independently from the nanoparticle. After 3 h, extravasated
payload had been cleared, while TNPs continued in circulation. At 24 h, the TNP was no longer in circulation, though the payload has accumulated heterogeneously within the
tissue. (B) MP-IVM of size dependent nanoparticle (red) distribution in a dorsal skinfold chamber model of mU89 melanoma bearing mice. The 12 nm NP had extravasated
heterogeneously though at a much greater rate as compared to the 60 nm NP. The larger nanoparticle, by contrast, showed only minimal extravasation within the immediate
perivascular space. White, dashed lines indicate the position of the vasculature. (C) Two distinct extravasation patterns by fluorescent liposomes (red), in a 4T1 orthotopic
tumor model, termed microleakage (left panel) and macro-leakage (right panel). The more frequent microleakage (yellow arrow) is characterized by a confined spread.
Macro-leakage (yellow dashed line) was shown to spread much further and more diffuse into tissues. (D) Co-administration of passive and active-targeting nanomedicines
(i.e., control and cRGD-decorated liposomes) in a wound-healing inflammation model, shows the first to diffuse through vasculature, and the latter to hitchhike in the
vasculature with phagocytes (star “*”). All images were adapted with permission [75-78]. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

demonstrated significant co-localization of therapeutic nanoparti-
cles with TAMs.

A study investigating a size series of nanoparticles (10-
150 nm), determined the dependency of nanoparticle distribu-
tion in solid tumors on particle size using multiphoton laser-
scanning IVM [76]. Smaller nanoparticle size resulted in
improved distribution and penetration depth, as validated
through penetration depth analysis (Fig. 4B). This work illus-
trates the benefit of IVM in a real-time set-up and meaningfully
demonstrated the importance of nanoparticle size in its tumor
accumulation properties.

In addition to visualizing and timing nanoparticle accumula-
tion, IVM allowed for the discovery of more complex extravasa-
tion patterns by which nanoparticles (e.g., liposomes)
extravasate in different xenograft tumor models as well as
healthy skin tissue [77]. These patterns have been coined
microleakage and macroleakage. Macro-leakage is characterized
by a rapid formation of extensive egress, while microleakage is
defined as focused and localized egress of liposomes (Fig. 4C). It
is shown that microleakages, which occur primarily around the
vasculature of both tumor and healthy tissue, do not seem to
result in nanoparticle distribution to cancer cells. Contrarily,
macro-leakages grant for deeper penetration depths into the
tumor. It is hypothesized that shifting the extravasation pattern
from microleakage to a macro-leakage-dominated one, could
facilitate drug delivery. Of note, the significance of neutrophil
extravasation (i.e., very motile immune cells with high tumor
infiltration properties) on both macro-leakage and microleakage
was demonstrated, as it was revealed that neutrophil extravasa-
tion is accompanied by liposomal extravasation.

A follow-up study investigating the kinetics of passively and
actively targeted liposomes and oil-in-water nanoemulsions in a
wound-healing inflammation model revealed a difference in the
extravasation patterns between control and cRGD-decorated ana-
logues. Specifically, co-injection of passively and actively targeted
nanoparticles showed the control formulation to extensively extra-
vasate from specific spots on the vasculature (resembling micro/
macro-leakage), while the active targeting formulation formed
“clusters” in the circulation that later migrated to angiogenic
endothelium (Fig. 4D). This high-resolution IVM (temporal resolu-
tion of 256 ms), together with ex vivo microscopy and flow cytom-
etry, revealed these “clusters” to be cRGD-nanoparticles taken up
by circulating myeloid cells [78].

Furthermore, imaging using MP-IVM has demonstrated the high
frame-rate visualization and tracking of unlabeled gold-
nanoparticles (AuNPs) within the unperturbed, in vivo vascular
environment [79]. The employed method exploits the inherent
contrast of intrinsic luminescence induced via multiphoton
absorption by AuNPs as well as second harmonic generation and
autofluorescence of the vasculature, thus absolving the use of
exogenous labeling. Currently, examination of NPs’ circulation
half-lifes by means of sequential blood draws (analyzed by induc-
tion coupled plasma mass spectrometry) is a standard method for
the visualization of NPs in vivo [80,81].

3.4. Imaging immune cells

IVM has granted remarkable insights into immune cell dynam-
ics [82]. It is currently the sole real-time method for investigating
inter- and intracellular events in vivo.
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Fig. 5. IVM visualization of endogenous and administered immune cells. (A) Intravital single-plane LLSM, at 200 frames per second, showing rolling of a neutrophil
(magenta) on the vascular endothelium (green) in zebrafish. (B) Multiphoton IVM of the murine ear demonstrated interstitial neutrophil (red) and monocyte (green)
recruitment on sites of focal injury (blue dashed circle), as inflicted via two-photon laser. Neutrophils were shown to immediately localize and accumulate at the site of
injury. Monocytes/ macrophages tended to accumulate much later and only at the periphery of the earlier formed neutrophil/ stroma complex. (C) Depletion of the
mononuclear phagocyte system via clodronate treatment significantly prolonged circulation and increased the accumulation in the tumor interstitium of administered
BMDM. (D) Spinning disk confocal IVM of the liver microcirculation in an intravascular coagulation model showed the impaired perfusion (blue) of vessels (thrombin, green)
in wildtype (PAD4**) mice. In PAD4-deficient mice, perfusion remained unaffected by the coagulation model, likely due to the failure of neutrophil extracellular trap
formation. All images were adapted with permission [83,85-87]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

A study on leukocyte dynamics has introduced the benefits of
lattice light sheet microscopy (LLSM) to the immune cell physiol-
ogy in zebrafish, allowing for the visualization of dynamic pro-
cesses and morphological changes of leukocytes proximally to
the vasculature. LLSM imaging captured the swift rolling of neu-
trophils along the luminal wall at 200 frames/second (Fig. 5A).
LLSM has shown to capture rapidly moving neutrophils, uropod
extension during interstitial migration, and formation of lamellipo-
dia by intravascular neutrophils [83]. Such IVM observations are
valuable considering that intravascular neutrophils are known to
form fine, elongated membrane protrusions, which function as
tethers to the stationary environment in order to stabilize or halt
their rolling motion [84].

In an effort to investigate actively targeted nanoparticle
extravasation kinetics, high-speed dynamic IVM granted the visu-
alization of free cRGD-nanoparticles traveling fast across the field
of view, or taken up by and traveling together with circulating
phagocytes. Nanoparticle-targeted immune cells were seen to roll
along the vascular lumen, and halting their motion when encoun-
tering an already stationary phagocyte attached to the vascular
lumen [78]. In a similar set-up, IVM allowed the visualization of
neutrophil extravasation that consequently contributed to
nanoparticle leakage [77].

Interested in the signaling-specific neutrophil recruitment in
tissue damage, a study demonstrated the role of leukotriene B4
and integrin in the neutrophil swarming dynamics [85]. The coor-
dination of neutrophil swarming towards sites of injury was
observed using MP-IVM following two-photon induced focal and
sterile skin injury on the murine ear. Neutrophils were shown to
chemotax efficiently through the interstitial space and cluster at
the injury site upon which the recruitment halts. Macrophages
showed divergent behavior with slower migration speeds and only
performed chemotaxis towards the site of injury after the

formation of the neutrophil cluster, eventually cumulating on its
periphery (Fig. 5B).

In addition to the observation of endogenous immune cell
behavior, administration of exogenous bone marrow-derived
monocytes (BMDMs) was monitored via confocal IVM in order to
investigate their applicability as “chariots”, i.e., ex vivo cargo load-
ing and subsequent tumor delivery. It was shown that BMDMs
migrated vastly in the tumor microenvironment when the endoge-
nous phagocytes where depleted via liposomal clodronate [86].
The visualization of exogenous BMDMs was achieved via DiD and
Hoechst double-labeling and facilitated by co-injecting the
endogenous-tumor associated macrophage tracer tetramethylrho-
damine labeled 40 kDa dextran (Fig. 5C).

While ex vivo analysis and blood sampling has provided invalu-
able insights into the involvement of coagulation and the immune
system ensuing sepsis, in vivo imaging is mandatory for monitoring
the dynamic processes in the sepsis microenvironment. Spinning
disk and resonance scanning confocal intravital microscopy in
combination with fluorescently labelled thrombocytes revealed
the dependence of microvascular dysfunction and organ damage
on a neutrophil extracellular traps (NET)-platelet-thrombin axis
in sepsis (Fig. 5D) [87].

3.5. Imaging the microenvironment

Our definition of cancer has evolved from dysregulated cellular
proliferation to also include intricacies in the tumor microenviron-
ment (TME) [73,88-90], which comprises of cancer, endothelial,
stromal, and immune cells, as well as the extracellular matrix
[91,92]. The TME is characterized by a milieu of distinctive cellular
and acellular components and their interactions. Although ex vivo
and in vitro analyses offer important insights, they are limited
due to the absence of dynamic information. In this regard, IVM
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Fig. 6. IVM visualization of cells, vessels, and extracellular matrix in the TME. (A) IVM was utilized simultaneously for visualizing cancer cells (green), the vasculature
(blue) and TAMs (red) in separate channels, demonstrating its capability to image and track the interactions of the different TME components, relevant to nanoparticle
delivery. (B) IVM of Lewis lung carcinoma in mannose receptor (MR) expressing as well as MR deficient mice illustrated the mannose receptor mediated endocytosis of
collagen (white) by tumoral cells (nuclei, blue). Fluorescent collagen in MR expressing mice was shown to co-localize with macrophages, unlike in MR deficient mice, where
collagen was diffusely distributed throughout the observed tissue. (C) Intravital imaging of an orthotopic GL261 glioma (tumor cells, green) demonstrated vessel
normalization upon anti-VEGFR-2 treatment. Treatment improved the tumor vasculature (dextran, red) by reducing vessel tortuosity and density. (D) FRET imaging of an
ERK-biosensor and two-photon second harmonic generation of collagen in orthotopic melanoma revealed BRAF-independent ERK activation and ‘paradoxical’ TME
remodeling following BRAF inhibition. ERK activity was elevated following 11-14 days of BRAF inhibition and melanoma cells co-localized with niches in the remodeled
collagen structure, as compared with the DMSO-treated control. All images were adapted with permission [93-96]. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

has introduced its capacity of multichannel in vivo imaging to the
study of the TME.

The first important benefit of IVM is the simultaneous imaging
of key components of the TME. Intravital imaging of the TME has
shown its potential to visualize the three primary components of
the TME for NP delivery: tumor cells, tumor-associated macro-
phages, and the vasculature [93]. The TME can be easily imaged
at the scales of cells as well as tissues, while simultaneously visu-
alizing the abovementioned components in three separate chan-
nels (Fig. 6A).

The visualization of the extracellular matrix (ECM) and its
remodeling can be highly complementary to the sole visualization
of cells. In a subcutaneous Lewis lung carcinoma in syngeneic wild
type and mannose receptor deficient mice, fluorescent collagen
was injected to ascertain the function of mannose receptors in
the endocytic collagen degradation in tumors [94]. Imaging and
subsequent analysis discovered that a number of cells were cap-
able of performing endocytosis of the injected collagen in mannose
receptor expressing mice, while hardly any cells were engaged in
the same process in mannose receptor deficient mice (Fig. 6B). In
concurrence with these IVM images and by combining imaging
with flow cytometry, the significance of TAMs in the interstitial
degradation of collagen was demonstrated; thus, further highlight-
ing the role of TAMs in the remodeling of the extracellular matrix
of the TME.

Another significant advantage of IVM is the ability to swiftly
detect changes upon treatment at the tissue/cellular resolution.
In an effort to visualize vascular normalization in the brain tumor
tissue upon treatment with an anti-VEGFR-2 antibody (DC101),
MP-IVM was employed on DC101-treated mice bearing orthotopi-
cally implanted GL261 glioma [95]. A reduction in blood vessel
4tortuosity and density became evident after treatment with the

anti-VEGFR-2 antibody in comparison to the control group
(Fig. 6C). Close inspection of the vasculature revealed a gradual
increase in pericyte coverage, which constituted to a decrease in
vascular egress.

In an effort to investigate the rapid progression of BRAF inhibi-
tor (PLX4720) tolerance of melanoma cells, IVM of a FRET-
biosensor (EKAREV) for BRAF activity through monitoring of the
ERK/MAPK signaling pathway was used to evaluate the response
of tumor stromal distribution to BRAF [96]. It was observed that,
although two melanoma models (A375 and WM266.4) exhibited
sensitivity for PLX4720 treatment at first, a residual tumor mass
remained throughout the duration of treatment. Based on results
from preceding experiments, it was hypothesized that stromal
changes may provide protection from treatment to the otherwise
sensitive residual tumor cells. The answer was revealed through
IVM of the FRET-biosensor, which established that the post-
treated, residual tumors have shown comparable levels of ERK
activity to the same tumors prior to treatment. This indicates
BRAF-independent ERK activation. Furthermore, significant remod-
eling of collagen was observed upon treatment with PLX4720 as
indicated by second harmonic generation (SHG) imaging, when
compared to the non-treated group (Fig. 6D).

In the elucidation of the TME, both multiphoton and confocal
IVM have been extensively used. A comparative analysis of two
microscopy modalities, confocal and multiphoton microscopy,
has compared and contrasted these modalities for IVM use in intra-
muscular tumors by capturing a common field of view between the
two [97]. Both platforms grant adequate visualization of the vascu-
lature, cells and overall topography. This is done through the uti-
lization of a computer driven microscope stage which allows for
the capture of several fields of view that together form a mosaic
image. Due to rapid acquisition speeds, the complete mosaic can
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Fig. 7. Investigating nanoparticle targeting mechanisms and targeting kinetics with IVM. (A) Intravital CLSM of an orthotopic BXPC3 tumor showed individual bursts of
30 nm NPs from the vasculature. The bursts were shown to occur transiently and unpredictably throughout the tumor vasculature. The 0 min time point marks the initiation
and the white arrow indicates the position of the vascular burst. (B) Intravital spinning disk confocal microscopy in MMTV-PyMT and 4T1 tumors demonstrated co-
localization of gold nanoparticles (green) with the vasculature (red), leading to suggest nanoparticle extravasation via a transcytosis pathway. The formation of nanoparticle
hotspots on the vessel lumen was observed, as indicated by the white arrowheads. (C) Intravital CLSM of a TNBC orthotopic mouse model reveals active targeting
nanomedicine to occur via hitchhiking with circulating phagocytes. Specifically, cRGD-decorated lipid nanoparticles are taken up my circulating phagocytes (especially
neutrophils), which dynamically penetrate through the endothelium, extravasating to the TME. (D) Imaging of lung tumor cells in an Cx3cr1GFP/* reporter mice revealed
increased therapeutic nanoparticle uptake by host TAMs (white), as indicated by the co-localization of nanoparticles with TAMs. Imaging of an HT1080-mApple tumor model,
demonstrated an increased payload (yellow) concentration in close proximity to TAMs. (E) MP-IVM of B16F10 tumor bearing mice 8 h post injection with an HDL
nanobiologic and fluorescent dextran (vasculature, green) showed clear uptake of HDL nanobiologic (red) with myeloid cells of the calvarium bone marrow (white). All
images were adapted with permission [75,104,107,110,116]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

be imaged several times in short time intervals (sub-second range) visualized the pharmacodynamics and pharmacokinetics of a
composing, in essence, a relatively high framerate video. Between nanocarrier-conjugated antibody [99]. It was demonstrated that
the two modalities, multiphoton derived images allowed for more the liposomal anti vascular cell adhesion molecule 1 (anti-VCAM)
visualization at higher depth (800 pm for MPM as compared to interacted with the endothelium rather than with leukocytes, in

150-200 pm for confocal), and therefore a more detailed 3D TME the inflamed brain tissue. Besides, two photon and three photon
representation. microscopy of the BBB enables the in vivo study of its endothelial
Additionally, intravital microscopy has expanded our under- barrier, allowing for the real time examination of its structural

standing of the blood brain barrier (BBB) and the exploitation and functional aspects.
thereof for drug delivery purposes. Albumin, for example, has been
considered as a potential companion diagnostic or even as a ther-
anostic tool in the delivery of drugs across the BBB. The ratio of
albumin levels in the blood and the cerebrospinal fluid can be uti-
lized to assess the integrity of the BBB. Recently, fluorescent label-
ling of albumin in mouse models for cerebrovascular accidents has
allowed for both visualization of bovine serum albumin (BSA)
transport across the BBB [98]. In a different study, IVM through
cranial window implementation, coupled with flow cytometry

4. Visualizing new nanoparticle targeting mechanisms

Many nanoparticle targeting processes can be described as
dynamic and short-lived events. Cell-nanoparticle interactions
within the bloodstream, by nature, are mostly transient occur-
rences, demanding in vivo imaging techniques with emphasis on
high spatiotemporal resolution [100]. When studying processes
of drug delivery, in particular, IVM has facilitated the discovery
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of novel targeting mechanisms. The following subsections will give
examples of how IVM has allowed for the study of various drug
delivery processes in unprecedented detail, and extend our under-
standing on nanoparticles targeting kinetics and mechanisms
[100].

4.1. Vascular bursts

Traditionally, the retention of nanomedicines in solid tumors
was described as a homogeneous extravasation of nanomedicines
from the leaky and pericyte-deprived tumor vasculature
[101,102]. With time, evidence had emerged demonstrating uncer-
tainty of the clinical relevance of the above phenomenon [103].
Deviating from this static view of passive drug delivery, a recent
account has utilized IVM to extend our understanding and reveal
a rather dynamic process instead.

By utilizing intravital laser scanning confocal microscopy (IV-
LSCM) on hypovascular human pancreatic BxPC3-GFP tumors
implanted in BALB/c nu/nu mice, a phenomenon referred to by
the authors as vascular bursts was revealed [104]. By this mecha-
nism, vascular bursts accompanied by transient eruptions translo-
cate fluids into the tumor environment (Fig. 7A). It was further
demonstrated that NPs below 30 nm in size make use of static
pores and eruptions alike, while NPs approximately 70 nm in size
are translocated to a greater extent via eruptions. Separately, high
resolution intravital imaging, following local tumor irradiation, has
reported TAM elicited dynamic bursts of extravasation and a resul-
tant increase in drug uptake by adjacent tumor cells [105].

Another study concluded that such vascular eruptions can also
be extensive and local, described as macro- and microleakages,
respectively, and occur in correlation with the extravasation of
neutrophils [77]. Further investigation demonstrated the relevance
of vascular bursts in the delivery of liposomes and has hypothe-
sized about the significance of a porous vasculature in the accumu-
lation of liposomes in healthy skin tissue, albeit conflicting
inferences, in which endothelial transcytosis is suggested as the
predominant mechanism [106].

The nature of these dynamic, vascular eruptions implies the
possible extravasation of even larger NPs into the tumor intersti-
tium, where the lack of mobility, though, impedes deep tumor
penetration.

4.2. Endothelial transcytosis

Diverging from the current paradigm of drug delivery mecha-
nisms, an alternative mechanism of NP transport into solid tumors
is being proposed. Majorly investigated via electron microscopy,
evidence for an alternative process to vascular bursts or leakage
through vasculature pores, suggested the delivery of nanoparticles
into solid tumors to occur primarily via endothelial transcytosis.
Intravital micro-lensed spinning-disk confocal microscopy across
two murine tumor models corroborated the transmission electron
microscopy (TEM) data, supporting the process of endothelial tran-
scytosis as mechanism of extravasation for PEGylated gold
nanoparticles (Fig. 7B). Furthermore, computational analysis cou-
pled with 3D imaging and TEM indicated inconsistencies between
observed gap frequency and measured tumor nanoparticle accu-
mulation. Taken together, these results suggest passive drug deliv-
ery processes to confer a less significant role than active processes
[107], at least for the inorganic nanoparticles investigated in this
study.

Nonetheless, a more detailed intravital microscopy of the
observed focal nanoparticle hotspots on the endothelium is needed
to serve as corroborative evidence for endothelial transcytosis. This
includes investigating the potential involvement of immune cells
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and explicitly demonstrating an interaction of these hot spots with
endothelial cells.

4.3. Hitchhiking with immune cells

Active targeting to the tumor by nanomedicines (i.e., targeting
of a specific receptor) provides an attractive concept for drug deliv-
ery. Nanoparticles demonstrated to actively target certain tumors
selectively, for example, are currently being investigated for clini-
cal use [108,109]. To examine the complex in vivo behavior of these
novel active targeting approaches requires means of real-time
in vivo elucidation, as can be offered by intravital imaging.

In a recent study, IVM (combined with in vivo PET/CT imaging,
flow cytometry, ex vivo microscopy, and histology) was used to
study the fate of two lipid nanoparticle platforms targeting ot,fs-
integrin through a cyclic arginine-glycine-aspartate (cRGD) ligand
[110]. It was discovered that targeting of active cRGD-decorated
nanoparticles to the tumor vasculature is facilitated by the phago-
cytic hitchhiking of these nanoparticles (Fig. 7C). Furthermore, it
was shown that phagocytes had extravasated into the tumor and,
in the process, distributed the internalized nanoparticles. Flow
cytometry data corroborated the extensive engagement between
nanoparticles and phagocytes, and especially neutrophils. In an
earlier account, IVM had enabled the discovery of RGD-decorated
single-walled carbon nanotubes uptake by circulatory monocytes
[111].

Following the discovery of cRGD-nanoparticle uptake by circu-
lating phagocytes and subsequent tumor homing, the process was
studied in an inflammatory setting [78]. In an acute wound-
derived inflammatory murine model, IVM (complemented with
ex vivo microscopy and flow cytometry) revealed a similarly tar-
geted phagocytic hitchhiking of decorated NPs to inflammatory
regions. Despite the mechanistic similarities to the tumor-
homing hitchhiking, targeting to inflamed tissues occurred com-
paratively organized. On top, the nanoparticle-loaded phagocytes
displayed an extensive vasculature homing in comparison to can-
cer, where their extensive extravasation to the malignant tissue
was recorded. Similarly, an earlier study has shown, using IVM,
the in situ targeting of activated neutrophils by bovine serum albu-
min NPs and the subsequent extravasation into inflammatory
lesions in the lung [112].

To elucidate the extravasation kinetics of various nanoparticles
as well as to monitor the different engagement with circulating
phagocytes, IVM can be supported through antibody labeling
[113]. Here, an approach for an MRI-based liposomal companion
drug is discussed. It was validated, using intravital confocal micro-
scopy that the loading with maghemite nanoparticles and a thera-
peutic payload did not interfere with the biodistribution and
extravasation behavior of liposomes, as well as its interactions
with immune cells in vivo.

In light of the presented active targeting mechanisms via
immune cell hitchhiking, a clear demand is shown for an improved
understanding of nanoparticle behavior in vivo. Further study of
this phenomenon may facilitate a rational approach for the appli-
cation of nanomedicines by uncovering the interactions between
immune cells and NPs. This could potentially be exploited for the
development of novel immunotherapies.

4.4. Macrophages as nanoparticle reservoirs

The study of nanoparticle in vivo behavior primarily focuses on
targeting mechanisms, with the goal to achieve enhanced perme-
ability in the targeted tissues. However, another very important
field of interest centers around the identification of mechanisms
that result in high retention of nanomedicines in malignant
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regions, this concept has been traditionally attributed to lymphatic
impairment.

In a study employing intravital TPLSM in tumor-bearing mice,
two model therapeutic nanoparticles (TNPs) were investigated
for their pharmacokinetic and immune cell interactions. Here, a
platform was created that has enabled the simultaneous intravital
imaging of 100 nm nanocarriers and their therapeutic payload, and
in the process visualized therapeutic outcome at the cellular level.
This work implicated tumor-associated macrophages as cellular
drug reservoirs, by demonstrating an increased accumulation of
TNP in these immune cells. Progressively, the nanoparticle payload
seemed to diffuse from TAMs towards the surrounding tissue,
revealing the TAMs to act as slow-release reservoirs (Fig. 7D). This
potentially shifts the focus from nanoparticle retention by lym-
phatic drainage away to retention by TAMs [75].

Time-lapse intravital confocal microscopy in a tumor and
immune cell specific fluorescent reporter mouse model has shown
the potential involvement of TAMs in immune checkpoint blockade
therapy (aPD-1 mAb) [114]. While co-localization of aPD-1 mAb
with cytotoxic T cells was visualized as expected, further imaging
of drug pharmacokinetics revealed the reduction of labelled T cells
via the transfer of antibody from T cells to TAMs, despite their
inability to accumulate the free antibodies in circulation.

The presented paradigm of TAMs as slow-releasing reservoirs
may prove beneficial in the development and translation (i.e.,
patient stratification based on peritumoral TAM content) of TNPs
in the future. Furthermore, IVM enables to further study this prin-
ciple in the context of therapies that modulate (increase or
decrease) TAM content [73,115].

4.5. Targeting cells in hematopoietic organs

The innate immune system, contrary to our previous under-
standing, is shown to exhibit long term memory, labeled as trained
immunity mediated by metabolic and epigenetic alterations. The
regulation of trained immunity occurs through the functional
reprogramming of myeloid cells.

Recently, nanoimmunotherapeutic targeting of the bone mar-
row was shown to elicit trained immunity, suppressing tumor
growth, while modulating the susceptibility of the immune system
to checkpoint blockade therapy [116]. Here, intravital microscopy
revealed associations of nanoparticles with myeloid cells of the
spleen as well as the calvarium bone marrow, suggesting nanopar-
ticle uptake by these structures. SHG in the bone marrow visual-
ized bone structures, while in the spleen and the tumor it
uncovered the collagen structure. Additionally, TAMs near the
tumor vasculature were found to accumulate nanoparticles and
the internalized dextran allowed for their delineation from the vas-
culature (Fig. 7E).

Complementary to the IVM, flow cytometry, gating for bone
marrow, spleen and the tumor, was used to dissect the nanoparti-
cle accumulation amongst different subsets of immune cells in
these tissues. Increased uptake was shown for hematopoietic stem
cells (HSCs) and multipotent progenitors (MPPs) in all measured
tissues. However, for each tissue, lymphocytes only showed mini-
mal uptake. By the combinatory use of IVM and flow cytometry,
this study demonstrated the epigenetic rewiring of HSC and MPP
cells and a robust and rapid system wide increase of myeloid cells
caused by myelopoiesis, both of which are hallmarks of trained
immunity.

5. Imaging complex and dynamic biological processes

Current advances in the field of microscopy as applied to intrav-
ital imaging have allowed for the investigation of even the most
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puzzling in vivo processes. This section will highlight different bio-
logical processes and show how each process has been character-
ized under the scrutiny of IVM.

5.1. Cell death of immune cells

Although the vast majority of imaging-derived knowledge
stems from in vitro and ex vivo studies [117-121], recent studies
attempt to visualize cell death in vivo using IVM. The bulk of
intravital microscopy has visualized cell death by staining the
observed tissue with markers of cell death (i.e., propidium iodide)
or exploiting the benefits of FLIM or FRET microscopy [122-125].

Capitalizing on the high spatiotemporal resolution of LLSM, the
immobility, nuclear fragmentation and subsequent clearing by
adjacent phagocytes of neutrophils in living tissue had successfully
been visualized (Fig. 8A). A stationary phagocyte with a hyper-
segmented nucleus was shown to get recognized by neighboring
phagocytes. The adjacent neutrophils appeared to clear out much
of the cytoplasm and the entirety of the nucleus of the expiring
neutrophil. It was deduced that the hyper-segmentation may pre-
sent a feature of an unknown cell death pathway. However, neu-
trophil hyper-segmentation has been described as a common
morphological feature of tumor associated neutrophils [126], as
well as evidence for neutrophil heterogeneity during cell aging
and disease [127,128] and may therefore be incidental. However,
intravital LLSM bears potential to further investigate specific cell
death pathways, by using applicable markers for candidate path-
ways of cell death.

In a different study, multi-laser spinning disk confocal IVM was
utilized to examine the generation, persistence, and biological rel-
evance of neutrophil extracellular traps (NETs) in bacteremia
[129]. NET formation within the liver sinusoids from recruited neu-
trophils upon intravenous methicillin-resistant Staphylococcus aur-
eus (MRSA) infection is associated with extensive liver injury,
which was diminished through the inhibition of NET formation
rather than clearance of DNA by DNAses.

Based on in vitro data, taxane-induced apoptosis was believed
to occur due to aberrations of mitotic progression. However,
research investigating drug-induced tumor cell death demon-
strated that docetaxel-induced apoptosis does not necessarily
occur through mitotic defects [124]. Using IV-MPM of caspase-3
Forster resonance energy transfer (FRET) probes and a histone-
fused photo-switchable probe, progression of apoptosis was
tracked, but was shown to not coincided with mitotic progression.
This serves to exhibit the power of intravital imaging to enable the
study of the mode of action of cytotoxic agents in their intended
environment.

5.2. Cellular navigation and phagocytosis

The respiratory tract is continually exposed to non-sterile air.
This evokes the question as to how the lower respiratory tract
deals with inhaled pathogens. Most pathogens will be cleared by
the upper respiratory tract, though bacteria that manage to pass
through, still bear the potential to infect alveoli in the lower tract
[130]. For the better part of research, alveolar macrophages have
been thought of as sessile, non-motile immune agents [131-133]
and due to being outnumbered by the sum of all alveoli [134], were
not considered as the primary means of innate defense responsible
for the lower respiratory tract. However, an alternative explanation
provided by the engagement of neutrophils would imply a state of
constant respiratory inflammation, which is far from what is being
observed.

Research employing multichannel spinning-disk intravital
microscopy through an intercostal lung window in mice gives cre-
dence to the hypothesis of motile alveolar macrophages [135].
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Fig. 8. Visualizing dynamic biological processes with IVM. (A) Intravital LLSM of a dying neutrophil with a hypersegmented nucleus and its subsequent clearing by
neighboring neutrophils. While the nucleus is entirely cleared, only fragments remain. (B) Visualization of PKH26 labelled alveolar macrophages migrating from one alveolus
to a neighboring one and migrating towards and phagocytosing pathogenic P. aeruginosa. (C) IVM time-lapse of a tumor cell performing transendothelial migration at the
tumor microenvironment of metastasis and a 3D reconstruction of the intravasation process. (D) MP-IVM of a glioblastoma trough an implanted brain window in mice shows
fluorescent punctae resembling extracellular vesicles and their colocalization with glioma cells. (E) Intravital imaging of the kidney shows the intracellular changes occurring
after administration of gentamicin. Changes in the green autofluorescence suggest enlargement of lysosomes, while changes in morphology and intensity of NADPH
autofluorescence are evidence for dysfunctional and dysmorphic mitochondria, which is corroborated by changes in the TMRM signals. (F) MP-IVM of mice intravenously
injected with COL3A1 silenced dormant D-Hep3 cells indicates a significant increase in proliferation and metastasis as compared to mice injected with control D-Hep3 cells.
All images were adapted with permission [83,135,143,147,156,157]. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Here, the authors have not only revealed the ability of alveolar
macrophages to migrate between alveoli through the pores of
Kohn, but have further demonstrated their ability to chemotax
towards and phagocytose pathogenic bacteria (Fig. 8B). Apart from
increasing our understanding of alveolar macrophages, this appli-
cation of IVM has demonstrably affirmed its potential to settle
questions on the dynamics of otherwise experimentally inaccessi-
ble processes. The study of host-pathogen interactions has not
been limited to the respiratory setting, however. The impact of
IVM on the imaging of such interactions as they occur in the brain
has been captured elsewhere [136].

13

5.3. Tumor cell intravasation

The mechanisms behind cancer cell motility and cell state plas-
ticity, although essential to the understanding of metastasis and
tumor cell invasion, are still largely unknown. Both processes are
influential in the anticancer drug response, and comprehension
of these processes could lead to the discovery of new druggable
targets or therapeutic strategies for the treatment of metastasis.
The discovery of these processes surrounding metastasis has ben-
efited greatly from the ability of IVM to track and visualize migrat-
ing tumor cells over time at cellular resolution (the impact of IVM
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on cell motility and cell state plasticity has been reviewed else-
where [137,138]).

The significance of perivascular macrophages in the tumor
microenvironment of metastasis (TMEM) as well as their implica-
tion in tumor cell intravasation has been widely described
throughout the literature [18,139-142]. However, beyond their
functional association, nothing substantial was previously known
about the mechanism of interaction. In a study employing high-
resolution MP-IVM the aforementioned interaction as well as
tumor cell intravasation was more closely visualized [143]. Not
only was it discovered that incidences of intravasation of motile
tumor cells occur at the TMEM but further that transient local
blood vessel permeability mostly occurred in combination with
these intravasation events (Fig. 8C).

5.4. Tumor promotion via extracellular vesicles

It has been long postulated that oncogenic extracellular vesicles
serve as the mediator of brain malignancies to subvert their
microenvironment towards the promotion of carcinogenic and
metastatic phenotypes [144]. Glioblastomas, albeit only rarely
metastasizing, exploit this mechanism to promote their own tumor
growth [144]. There is growing evidence that glioblastomas,
among other means, transfer instructional, extracellular RNA via
extracellular vesicles to recipient cells in the TME [145,146],
amongst which microglia play a significant role.

IVM in a syngeneic GL261 murine glioma model [147] was used
to investigate, in situ, the internalization of glioma-derived extra-
cellular vesicles by microglia and macrophages. GL261 tumors,
manipulated to release fluorescent extracellular vesicles (red), in
C57BL/6 CX3CR1%f"* mice producing GFP-expressing microglia
and macrophages, were imaged by MP-IVM via a cortical brain
window (Fig. 8D). Red fluorescent dots and other structures
encompassing the tumor cells were observed, resemblant in mor-
phology of extracellular vesicles. The presumed extracellular vesi-
cles were of relatively large size ranging from above- to somewhat
sub-micrometer dimensions. The inability of the imaging system to
visualize smaller extracellular vesicles imparts the assumption
that the detected extracellular vesicles may only constitute to a
fraction of existent extracellular vesicles. Nonetheless, the princi-
pal findings demonstrate the co-localization of extracellular vesi-
cles with microglia and macrophages, either on the cell surface
or intracellularly. This serves as evidence for the in vivo internaliza-
tion of extracellular vesicles by recipient cells such as microglia in
the glioma-bearing brain using IVM.

5.5. Structural and functional tissue alterations

Cell death provides an essential function to many tissues [148].
In the renal tissue, the dysregulation of CD plays an important role
in the etiology of major renal diseases [149,150], commonly esca-
lating into life threatening conditions in patients [151] (NB: tech-
niques of IVM applicable to the study of renal cell death
dynamics are already extensively reviewed [122]). Over the course
of two decades [152,153], MP-IVM has substantiated itself as the
gold standard technique [154] to produce not only informative
images of renal systems, but moreover helps to elucidate the
dynamic physiology of the kidney from a tissue to a subcellular
scale.

MP-IVM was applied in Munich Wistar Fromter rats to visualize
glomerular filtration after a bolus injection of lucifer yellow. The
filtration of lucifer yellow into the Bowman’s space and its subse-
quent accumulation in the proximal tubule was observed. Further-
more, the visualization of necrotic cell death (using propidium
iodide) of the glomerular vasculature in response to laser-
induced damage in the rats, illustrates how cells in the glomerulus
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undergo a necrotic pathway following photo laser injury, as indi-
cated by the nuclei PI staining of cells adjacent to the site of injury.
Intravital imaging has been shown to resolve select fundamental
renal structures in rats, such as the distal tubule (DT) and glomeru-
lus (G), while also distinguishing the two substructures of proximal
tubules, namely S1 and S2. Imaging of the plasma streaming
through the peritubular capillaries of the renal cortex in mice,
illustrates its application in the study of renal capillary blood flow
using line scanning. Reactive oxygen species (ROS), a common by-
product of mitochondrial metabolism, play a significant role in
specific pathways of regulated cell death. Ischemia-reperfusion
injury in the kidney can cause a peak in ROS generation, however,
whether the peak occurred during ischemia or subsequent reperfu-
sion remained unknown [155]. MPM of ROS generation in the
proximal tubules upon ischemia-reperfusion injury, visualized
using the superoxide-sensitive dye dihydroethidium, demon-
strated a steady peak of ROS generation throughout the duration
of ischemia well into the process of reperfusion (Fig. 8E). In this
experimental setup, dihydroethidium, in the presence of superox-
ides, dehydrates and subsequently localizes to the nucleus, where
it can be detected via its fluorescence [156].

5.6. The influence of extracellular matrix on tumor dormancy

The extracellular matrix is a conglomerate of different proteins,
arranging structural support for tumors while further engaging in
the modulation of tumor metastasis. The structure of the ECM, in
particular of collagen, itself has been shown to correlate with poor
prognosis of i.e., breast cancer patients. Revealing how collagen
structure correlates with for example metastasis and tumor dor-
mancy, may provide greater insight on these mechanisms as well
as present novel approaches on the intervention of these
malignancies.

Using SHG of collagen in intravital multiphoton microscopy, it
was revealed that tumor cells contribute to and localize with
pro-dormant ECM niches and further confirmed the plasticity of
said niches [157]. Intravital imaging in immunocompetent as well
as immunodeficient mice further identified that the dormancy of
tumor growth can be triggered by the enrichment of collagen type
Il (Fig. 8F).

6. Outlook

The range in scale and resolution made available by intravital
microscopy is certainly powerful. Nonetheless, many of the pro-
found discoveries were achieved when IVM was not used as a stan-
dalone tool, but rather when combined with techniques such as
whole-body imaging and flow cytometry. Indeed, studies tackling
the clinical success of nanomedicines will certainly get closer to
the bigger picture through a multimodal and multiscale approach
to, for example, reveal the spatially heterogeneous distribution of
nanomedicines. Flow cytometry, on the other hand, will further
elaborate on the cellular populations and subpopulations involved
in the processes observed using IVM and in the process reveal the
intricate interactions and involvements of e.g., immune cells in
drug delivery and release. Similarly, increasingly smaller and more
capable multimodal reporters will further bridge the gap between
IVM and whole-body imaging [158,159].

The ability to dynamically visualize therapeutic and diagnostic
procedures makes intravital microscopy a strong asset in the
assessment and development of (nano)therapies, diagnostic imag-
ing probes, and theranostic agents. In the current perspective, this
asset will gain further potential when accompanied by functional
reporters. Especially the advent of multiplex labelling of window
chambered tumor models [160], which is akin to in vivo flow
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cytometry, may open up further opportunities, especially for the
study of the TME and other complex cellular milieus. This method
utilizes a scission-accelerated fluorophore exchange (SAFE) to
entirely remove a fluorophore from previously labeled cells within
dorsal and cranial window chambers in mice. This allows for the
ability to perform cyclic imaging of specific cell types in vivo, as
was demonstrated via 12 color imaging of immune cells in live
mice.

While IVM directly benefits from advances made in fields such
as microscopy, it is equally exposed to their pitfalls. The pro-
nounced caveats of IVM are (1) its limited tissue penetration, (2)
as well as the required interventional preparation of the subjects
of study, (3) the difficulty of using fluorescent probes in tissues
with high influx and efflux of liquids and interfering metabolites
(such as the kidneys), (4) the lack of direct fluorescence intensity
based quantification over time, (5) and the challenge of monitoring
chronic events in the same mouse over an extended period of time.
While the limits of penetration depth are challenged through the
application of i.e., three-photon microscopy and improvements in
surgical methodologies, they still remain distinct limits of IVM.
In the meantime, combining IVM with other in vivo (whole body)
imaging modalities may showcase an alleviation of said
shortcomings.

Currently, the majority of studies using IVM provide mostly
observational as opposed to experimental information. To drive
the utility of IVM forward, it is essential to steer IVM into a more
interrogatory direction. For instance, through the development
and use of IVM-suitable probes (e.g., FRET-biosensors), molecular
processes such as intra- and intercellular signaling and the devel-
opment of chemotherapeutic resistance are topics on the horizon.
Likewise, additional mice and tumor models are needed that reflect
the aforementioned approach [161-163]. This goes hand-in-hand
with the prospect of translational IVM. The majority of current
tumor models used in IVM neither reflect the natural oncogenesis
nor the morphology and microenvironment of human tumors in
the clinic. Correspondingly, in order to facilitate the transition
towards more translatable IVM, preclinical models for IVM have
to become clinically more relevant. In that regard, IVM in the clinic
will certainly find its niche in the non-invasive and diagnostic
imaging of cancerous lesions and may find significant use as an
intraoperative guide for targeted biopsies and therapy prognosis.

Generally, IVM has proven essential in the discovery of many
in vivo processes and mechanisms in the past, as has been high-
lighted in the previous chapters, and its utility may expand with
an ever-growing arsenal of tools and techniques. In the following
sections, the efforts and hurdles of clinical translation regarding
IVM, as well as the advantages of machine learning as applied to
intravital imaging will be put into perspective.

6.1. Clinical translation

Intravital microscopy enables the preclinical study of both
quantitative and qualitative aspects of biology or biomedicine with
excellent proficiency. Given this premise, there is a clear incentive
for its translation into the clinic. There, it is anticipated to provide a
detailed analysis of individual patients, consequently laying
ground for personalized medicine and informing about therapeutic
outcome [164,165]. However, this premise does not take into
account that, unlike whole body imaging, many observations in
IVM necessitate surgical intervention and in many preclinical set
ups even exteriorized tissue and organs. The invasive nature of a
significant portion of IVM procedures is usually not offset by its
benefits, in a clinical setting. With improving technology and
therefore financial and procedural convenience, however, we are
beginning to see a shift towards the intraoperative application of
IVM. In a recent pilot trial, intraoperative and intravital (probe
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based) confocal laser endomicroscopy was used to study the tumor
vasculature of peritoneal carcinomatosis (PC) patients [166]. As
aberrancies in the tumor microvasculature are known to interfere
with drug delivery of chemotherapeutics, it was proposed that dur-
ing cytoreductive surgery and preceding hyperthermic intraperi-
toneal chemotherapy, IVM could be performed on the patient.
The hypothesis stated that by directly acquiring vessel characteris-
tics using IVM, a potential link between these vessel properties and
oncological outcome could be drawn. However, the outcome of the
study did not confirm said hypothesis, as no such link could be
identified in the scope of this pilot trial, despite successful IVM
on all patients. Nonetheless, larger clinical trials are currently aim-
ing to determine the clinical use of IVM in PC and solid tumor
patients (NCT03517852 and NCT03823144) [167,168].

Currently, the majority of translational IVM comes in the form
of fiber-optic, probe-based endoscopy (mostly confocal laser-
scanning endoscopy). This circumvents many of the invasive issues
tied to IVM but also greatly reduces the pool of application [2]. Also
sidestepping the need for invasive procedures, there are commer-
cially available intravital multiphoton FLIM (IV-MP-FLIM) setups,
which are intended for use in the clinical setting. There have been
multiple recent reports claiming clinically translatable methods
that apply IV-MP-FLIM, though mostly on malignancies of the skin
and other external cancerous lesions [169-173]. These efforts may
represent early attempts; hence, success or mere feasibility have
not been demonstrated yet. Even in the event of verified feasibility,
translation to the clinic will pose other significant challenges along
the way, leaving it as a topic for the still distant future.

6.2. Potential impact of artificial intelligence

With the steady increase of improvements made to IVM comes
an upsurge in the size of data and the complexity of its acquisition.
This, in turn, raises the complexity of and therefore time spend in
post-imaging data processing and analysis. Especially with the rise
of quantitative IVM analyses and the added potential for more
detailed statistical investigation and reduced personal bias through
less user dependence, does machine learning lend itself as a viable
solution. Deep learning, as a class of machine learning, comprises a
group of algorithms equipped to compile raw data inputs into a
network of multiple layers from which a greater level of features
are derived from. IVM, as a data-rich field, inherently faces the
challenge of complex and at times ill-understood and misleading
results. Hence, the application of machine learning, especially deep
learning, presents itself as an increasingly fitting technique to com-
bat said challenge. Though, despite these confident claims and the
impressive impact of deep learning in medical research as a whole
[174], deep learning is comparatively speaking still in its infancy as
applied to intravital microscopy. Nonetheless, the use of e.g., cor-
rection tools for tissue movement and similar tasks can currently
be partially automated, reducing operator and confirmation biases.
Furthermore, the generation of multidimensional imaging data is
alleviated through the use of such automation algorithms. Like-
wise, the extended examination of increasingly prevalent quantita-
tive data in IVM may uncover patterns previously hidden by
convolution and complexity of the data.

As an example, cell cycle deregulation has been shown to
contribute to a host of diseases. It is especially recognized as
one of the hallmarks of cancer and its study has gained an
increase in interest accordingly. Traditionally, our knowledge of
cell cycle regulation and progression stems from 2D and
ex vivo experimentation. However, IVM has caught notice as a
means to study these systems under precise physiological condi-
tions. Though the current best practice is the manual annotation
and analysis of arbitrarily sampled data. The following proof-of-
concept study has profiled cell cycle progression in xenograft
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tumors using quantitative IVM [175]. An integrated workflow is
shown in which cell cycle effects of several antimitotic cancer
drugs in HT1080 fibrosarcoma xenografts were quantified and
compared in living mice over the duration of 8 days. The results
demonstrate that not only the quantity but further the quality of
data can be significantly increased via deep learning assisted
data acquisition and analysis. Especially the scoring of numerous
single events enables researchers to better put such data into the
correct biological context and significantly decreases time spent
on data analysis.

Moreover, the morphology in size and shape as well as behavior
are properties of immune cells that vary greatly from one organ to
another and even from session to session in intravital microscopy.
Unlike in live cell imaging, here, cells of interest are intertwined
with the heterogeneous background of unpredictable patterns. As
in the previous example, manual counting and interpretation is
still the most widespread technique. In a study, a convolutional
neural network was developed, leaning on an existing single stage
object detection network called RetinaNet, to automate and stan-
dardize leukocyte detection and further their recruitment for
IVM. This immunoinformatic tool generated results absent of over-
fitting and proved invariant to the variability of cells [176]. In order
to facilitate longitudinal tracking of cell populations, these popula-
tions first require segmentation from the background. A group of
multicolored cancer cell lines have been generated to provide reli-
able segmentation capabilities using automated, hue selection
based algorithms [177]. The application of these or similar
machine learning algorithms are scarce as of yet. Nonetheless,
semiautomated machine learning analysis on segmented migrat-
ing tumor cells was utilized in a study on the link between the
TME and tumor cell phenotype [178]. The predictive power of
these analytic methods was demonstrated by their ability to clas-
sify heterogeneous TMEs and consequently correlate tumor cell
behavior with localization.

Despite the apparent suitability and clear demand, Al and
machine learning in particular are still emerging tools utilized only
scarcely within the field of intravital microscopy. In the overarch-
ing fields that influence intravital microscopy, such as microscopy,
biology and biomedicine, these algorithms are gaining ground in
both application as well as technology (as comprehensively
reviewed elsewhere [174,179-181]). In light of growing demand,
rising availability and ease-of-use, it is expected for machine learn-
ing to have a much greater impact in the near future.

7. Conclusions

As amply exemplified in the preceding sections, IVM has
enabled the exploration of numerous processes in their native
environment. Importantly, considering its high spatiotemporal res-
olution (i.e., real-time dynamic information at the tissue and cellu-
lar level), it has served as a link between whole-body imaging
techniques (e.g., PET, MRI), and fundamental ex vivo analytical
techniques at the cell level (e.g., flow cytometry). Due to this, it
has substantially improved our possibilities to uncover novel pro-
cesses, as for example was demonstrated in the discovery of
nanoparticle active targeting mechanisms, immune cell behavior,
and cellular organization [182]. These notable developments
declare an upsurge of exciting new discoveries yet to come.
Nonetheless, while some effort is made towards a meaningful
translation of IVM to the clinic, as of yet, no significant milestones
have been achieved. With regard to data acquisition and process-
ing, the increasing magnitude of data produced is currently being
countered by the development of machine learning and in particu-
lar deep learning algorithms that allow for fast and less biased
screening and quantification.
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Taken together, IVM has been and will continue to be instru-
mental in the discovery and clarification of structure and function
of living systems. For this reason, the integration of IVM into a mul-
timodal network of tools (i.e.,, combined with flow cytometry,
whole-body imaging, etc.) will considerably boost its utility in drug
delivery and bioengineering applications.
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