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Abstract

Therapeutic nanoparticles (NPs) can deliver cytotoxic chemotherapeutics and other drugs more
safely and efficiently to patients; furthermore, selective delivery to target tissues can theoretically
be accomplished actively through coating NPs with molecular ligands, and passively through
exploiting physiological “enhanced permeability and retention” features. However, clinical trial
results have been mixed in showing improved efficacy with drug nano-encapsulation, largely due
to heterogeneous NP accumulation at target sites across patients. Thus, a clear need exists to better
understand why many NP strategies fail /n vivo and not result in significantly improved tumor
uptake or therapeutic response. Multicolor /n vivo confocal fluorescence imaging (intravital
microscopy; VM) enables integrated pharmacokinetic and pharmacodynamic (PK/PD)
measurement at the single-cell level, and has helped answer key questions regarding the biological
mechanisms of /77 vivo NP behavior. This review summarizes progress to date and also describes
useful technical strategies for successful IVM experimentation.
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1. Introduction

A large number of nanoparticles (NPs) have been developed to deliver therapeutic
compounds more safely and effectively to solid cancers and other target tissues [1-3]. Non-
encapsulated cytotoxic compounds (e.g. doxorubicin, daunorubicin, taxanes, eribulin,
epothilones, maytansines, camptothecins, platinum, irinotecan) along with some anesthetics
(e.g., morphine), anti-fungals (e.g., amphotericin B), anti-helminths, antibiotics, and
photosensitizers (e.g., verteporfin, used to treat macular degeneration) are often plagued by
poor pharmacokinetic (PK) properties, and several of these must be intravenously
administered over a prolonged periods because of side effects. A large body of work has
demonstrated the possibility, and in some cases clinical success, of using NPs to encapsulate
these drugs and pro-drug formulations, thereby eliminating the need for harmful solvents,
extending the circulating half-life, and enabling controlled drug release [4-8]. Clinically
approved NPs demonstrating such properties include liposomal formulations of doxorubicin
(DOXIL, Caelyx, Myocet), irinotecan (Onivyde), amphotericin B (AmBisome, Fungisome),
verteporfin (Visudyne), morphine (DepoDur), bupivacaine (Exparel), along with the
nanoparticle albumin-bound paclitaxel (nab-paclitaxel, Abraxane), and many more NPs have
progressed to clinical trials [8,9]. Despite this achievement and a demonstrated ability of
NPs to reduce side-effects [6,10], the results of some clinical trials have been difficult to
predict, particularly with regards to efficacy [11]. Furthermore, selective delivery of NPs to
tumor cells has not substantially improved in the last 10 years by some measures [12]. These
shortcomings largely arise from our limited understanding of /n vivo NP transport and
activity, along with an inability to predictably and robustly engineer such behavior, and thus
highlight the need for better tools and perspectives into how NPs actually behave /n vivo.

Particularly in cancer application, extensive studies have demonstrated nano-encapsulation
can effectively i) facilitate precisely engineered combination therapies through co-
encapsulation with additional drugs [13-16]; ii) enable the administration of more lipophilic
compounds [17] and iii) modify tissue distribution and enhance intratumoral accumulation
[7,12,18]. The latter is thought to occur through enhanced permeability and retention (EPR)
effects that arise from interrelated physiological factors including abnormal and leaky
vasculature at sites of inflammation and tumor growth; dysfunctional lymphatics and fluid
drainage; unbalanced interstitial pressures from cancer and stromal cells impacting
extracellular matrix (ECM); and mononuclear phagocytic system (MPS) activity within the
tumor and inflammation sites, including from tumor associated macrophage (TAM).
Collectively, the EPR effects contribute to what has been termed “passive NP targeting”
[19]. In theory, enhanced permeability of the abnormal tumor vasculature or at a site of
inflammation should allow NPs to enter the interstitial space, while suppressed lymphatic
filtration and increased cellular uptake should allow them to stay there [18]. For many
therapeutic NPs undergoing clinical trials in oncology [8,20,21], mixed results have
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presumably arisen from heterogeneous EPR effects combined with limited experimental data
from patients on the effectiveness of EPR-mediated drug accumulation [22]. Furthermore,
the inter-related /n vivo pharmacokinetics and pharmacodynamics (PK/PD) of therapeutic
NPs are more difficult to understand than those of the unencapsulated drug. NP drug
delivery is inherently a multi-step process, defined by PK of the NP vehicle, drug release
dynamics that may change depending on the /in vivo environmental context, and PK of the
cytotoxic payload itself. Little experimental evidence describes how this multi-step drug
delivery sequence performs /in vivo and within tumors despite its critical importance to
overall therapeutic outcome. This lack of understanding clearly represents a bottleneck in
the design and development of more efficacious therapies.

The active targeting of NPs to specific cell populations (including tumor cells) via affinity
ligands on the NP surface has been proposed for directing specific NP retention and cellular
uptake. Ligands are typically selected to bind surface molecules or receptors over-expressed
in diseased organs, tissues, cells or subcellular domains [1]. Examples include prostate
specific membrane antigen (PSMA) [3], somatostatin receptor (SSTR) [23,24] or folate
receptor (FR) among others [1,25]. While early animals studies often show convincing
differences in tumor accumulation between targeted and non-targeted preparations (or target
expressing tumors vs non-expressers), on average the benefit of targeting is highly
heterogeneous [12], highly dependent on the tumor model and tissue type [26], and clinical
results are often not strongly convincing [8,27-29]. This begs the questions of whether the
more limited clinical efficacy is due to different human PK, human heterogeneity poorly
modeled in mice, different target expression levels in humans, or different human entry
criteria into trials.

Compared to the vast literature on the synthesis of new nano-preparations and the common
conceptual frameworks applied to how they might work (mostly derived from older
biophysics measurements often on liposome and proteins), detailed analyses of how these
materials actually work /n vivo at the single cell level has traditionally been much more
scant and largely confined to the last few years [30-53]. This is not entirely surprising as the
technology to obtain this single cell data data has only recently matured and now allows high
resolution imaging in orthotopic environments [54-56].

Our lab has invested considerable effort in developing /n vivo imaging approaches at single-
cell resolution necessary to resolve heterogeneous cell populations (intravital microscopy;
IVM), with application to the integrated pharmacokinetic (PK) and pharmacodynamic (PD)
properties of therapeutic NPs (Figs. 1, 2). The advantages of IVM over other approaches are
summarized in Box 1 and essentially entail the ability to resolve cellular detail over time in
live systems. As such, IVM is not a high throughput method (that is, large cohorts of mice
are often infeasible) but rather a high-content method (that is, IVM produces detailed
multiplexed measurements of physiology, pharmacology and biology). By imaging the
localization of drugs, NPs, and ensuing cellular effects, IVM has helped demonstrate i) that
nanotherapeutics can actively co-opt host phagocytes — primarily TAM — for drug delivery
[39,43,55], ii) that clinical TAM imaging can stratify tumors for predicting therapeutic NP
accumulation and longitudinal response to nano-encapsulated taxanes [54], iii) that TAM
depletion can reduce both intratumoral accumulation and efficacy of the therapeutic NPs
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[55], and iv) how taxane transport and efflux governs efficacy in vivo [56-58], all of which
have important implications for further NP design and for selecting patients into NP trials.
Beyond these initial observations - summarized below - the technology is ready to be
applied to other pharmaceutical nano-preparations, other disease applications and different
model systems. Box 2 summarizes some of the current questions for which IVM is
particularly suited to obtain answers.

Box 1
Advantages of IVM over other analytical methods

1. Allows temporal analysis over hours - days

2. Allows spatial resolution often not detectable by whole body imaging
techniques

3. Allows analysis of cellular heterogeneity

4, Allows mapping of cellular PK and PD across populations of cells

5. Yields mechanistic insight into NP drug actions

6. Through multichannel imaging, allows simultaneous analysis of different
compounds, cells or biological processes

7. Allows rapid and unequivocal evidence whether newly designed
nanoformulations work in vivo

8. Each mouse serves as it’s own control; allows reduction of large cohorts of
animals

9. Compatible with expanding array of genetically engineered mice, cells and

humanized models

10.  Allows concomitant analysis of host response in addition to tumor

Box 2
Critical questions in nanomedicine that can be addressed by IVM

1. What are the physiological and mechanistic barriers to therapeutic NP
accumulation in target cells?

2. What determines cellular patterns of NP uptake and distribution?

3. Do “tumor targeted” therapeutic NPs (both NP vehicles and their payload)
reach their intended target (cancer cells) or do they accumulate in host cells
(and if yes in which types)?

4. How much does molecular targeting with affinity ligands help in terms of NP
distribution and effectiveness?

5. Can NP targeting and efficacy be optimized by other (e.g., adjuvant)
strategies?
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6. What is the cellular correlation between local drug concentrations and anti-
tumor effects?

7. Are there bystander effects that explain the local anticancer effects of some
nanotherapeutics such as taxanes [Mitchison, 2012, Mol Biol Cell, 23, 1-6]?

8. What biological mechanisms govern NP clearance and toxicity?

The intent of this review is to summarize i) the technical advances in the field of intravital
imaging as they apply to nanotechnology drug testing, ii) our knowledge of NP distribution
(PK) in mouse models and iii) how PD measurements can be made and be translated into
clinical trials. In as second section we provide some of the technical aspects on nanoparticle
labeling (Figs. 3, 4).

2. Discovering NP action by high resolution IVM imaging

2.1. How do nanoparticles selectively gain access to target cells?

Generally the most apparent and clinically evident advantages of drug nano-encapsulation
arise from its ability to eliminate the need for harmful solvents, extend drug half-life in
circulation (Fig. 5), and enable reduced dosing and peak drug concentrations that cause
systemic toxicity [4—6]. At the same time, extended systemic drug exposure and serum half-
life correlate with improved exposure profiles in target sites such as the tumor [59,60], and
this observation generally applies not just to NPs, but to small molecule payloads, antibodies
[61] and other biologics [62] as well. Although systemic PK and clearance can have
profound impacts on drug safety and efficacy, the vast majority of NP-based drug delivery
research has focused at the target site of drug action itself, asking the key question: how can
selective NP uptake and drug release at the target site be maximized? This question is
typically addressed by exploiting a variety of strategies, from enhanced permeability and
retention (EPR) effects, to molecular or cellular targeting, to environmentally responsive
drug release.

2.1.1. Microvasculature and permeability at target sites—IVM has become a
standard tool for assessing changes in vascular structure and neovascularization at drug
target sites, and especially as a response to therapeutic intervention, for example in response
to anti-angiogenesis treatments such as anti-vascular endothelial growth factor receptor (a.-
VEGFR) antibody therapy [63]. In the context of NPs, IVM has helped parse the competing
positive and negative influences of a-VEGFR treatment on NP transport. While a-VEGFR2
treatment normalizes vascular structure and allows for greater tumor perfusion by NPs, the
treatment also reduces vessel permeability and therefore restricts tumor penetration,
especially for larger NPs [34]. However, for NPs 40 nm and smaller, the former effect
dominates and anti-angiogenic therapy improves NP delivery [34]. Other IVM studies
support these general conclusions, showing that small NPs can diffuse into even poorly
permeable tumors such as often found with pancreatic cancer, but that larger nanoparticles
(50 nm diameter and greater) can become substantially limited in these cases [50]. In poorly
permeable tumors, treatments with transforming growth factor  (TGFp) increase
permeability and improve penetration of larger NPs [50]. Nevertheless, when tumor
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vasculature is highly permeable, both small and large NPs readily accumulate even without
adjuvants like TGFB [50]. NP differences in tumor penetration are most pronounced at the
microscopic single-cell level, as measured by IVM [50,54]; in contrast, correlation in
macroscopic tumor uptake between NPs of contrasting size (~20 nm vs. ~100 nm) and
coating (dextran vs. PEG) can still be strong [54]. Similarly, another study used IVM to
examine differences in tumor uptake between filamentous and spherical PEGylated virus
NPs, and found nearly identical uptake averaged across the entire tumor, but substantial
differences in penetration at microscopic (~100 um) length scales, particularly in the tumor
core [49]. Precisely synthesized PRINT (Particle Replication in Non-Wetting Templates)
NPs have been used to tightly control NP dimensions and minimize polydispersity, and one
recent report investigated the distribution of distinctly shaped (55%70 nm compared to
80x%320 nm) NPs within tumors. As expected, the smaller NPs were taken up by a somewhat
greater fraction of macrophage and cancer cells, which suggested greater NP penetration.
Yet surprisingly, the NP shape had little impact on uptake in other cell types such as the
endothelium, and little effect on how much NP was taken up overall [31]. These results
collectively suggest that primary EPR effects, particularly those related to microvascular
structure, convection, perfusion, and phagocyte infiltration, may broadly apply to multiple
NP types [54], whereas local NP extravasation, free diffusion, and penetration into tissue is
much more size and shape dependent [34,50]. Future high-resolution imaging may
eventually allow for greater mechanistic understanding of transport processes, particularly
extravasation and the role of movement through intercellular gaps, transendothelial cell
pores, and transcytosis [12].

Dynamic permeability and perfusion: With respect to vessel permeability, recent studies
have elucidated how NP [30] and macromolecular [64] extravasation is a highly dynamic
process characterized by transient bursts of NP tissue penetration, with significant
contribution from perivascular macrophages that extend cellular processes through the
endothelium [64] and that can even rapidly accumulate NP [54] within minutes.
Furthermore, recent studies have shown that staggering the injection of differently colored,
but otherwise identical, NPs by two hours leads to disparate penetration into tumor tissue at
the microscopic scale, which underscores how burst-release patterns and even vascular
perfusion change over time [33]. Overall, IVM has revealed that microvasculature structures
and the process of NP transport from vessels into tissues is highly complex and dynamic at
the microscopic length scale. To better understand such complex transport processes, /17 vivo
imaging datasets have been useful for quantitative modeling and kinetic parameter
estimation, which in turn describes differences between NPs and key limiting factors in their
transport [30,54,65].

2.2. Are tumor targeted NPs better than EPR-mediated NPs for tumoral delivery?

Active molecular targeting of NPs to certain cellular populations, including tumor cells,
immune cells, and endothelial cells, has been extensively developed for both therapeutic and
diagnostic applications [1]. For targeted NPs, generally the first PD reaction consists of the
NP’s molecular targeting ligand binding to its receptor, which in drug delivery applications
includes prostate-specific membrane antigen (PSMA); folate receptor (FR); epidermal
growth factor receptor (EGFR) and the closely related HER2; the a.,B3 integrin; epithelial
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cell adhesion molecule (EpCAM); the blood platelet gC1gR; the mannose receptor
expressed on macrophage; ECM components collagen IV and fibronectin; the transferrin
receptor and others [1]. Strategies to target NPs are diverse, with targeting ligands that range
from small molecules to sugars, polypeptides, protein fragments, nucleic-acid aptamers, full
proteins and antibodies. Selective binding /7 vivois highly complex and depends not just on
ligand specificity and binding kinetics (k,/k,7), but on ligand density, orientation, charge,
hydrophobicity, size, and shape on the NP. PK, plasma-protein binding, opsonization,
degradation, and aggregation also impact the binding ability. Thus, effective target binding is
a multifactorial product of various /n vivo physicochemical factors, and 1\VM addresses this
complexity by allowing direct /n situ visualization. Unfortunately, although early preclinical
studies often show the beneficial impact of NP-targeting, results in orthotopic animal
models, particularly in metastatic breast cancer [26] and in the clinic [28] are frequently less
convincing. In a recent meta-analysis of over 100 studies, active targeting increased tumoral
NP uptake by an average of 50% (from 0.6 to 0.9 % injected dose), but with extreme
heterogeneity such that >25% of all passively targeted NPs performed better than >50% of
all actively targeted NPs [12]. This raises questions of which mechanisms actually govern
NP targeting efficacy /n vivo, how these depend on tissue-type, and how mouse model
results translate to the clinic and human pathophysiology.

2.2.1 Passive versus active NP targeting—IVM promises to be an important tool for
parsing the impact of molecular NP targeting on otherwise passive EPR-driven
accumulation, and several studies have already highlighted its potential. Molecularly-
targeted agents, most prominently antibodies, are known to be susceptible to the “binding
site barrier” effect, whereby successful binding to tissue near vasculature actually blocks
penetration deeper into tissue [66]. To some extent, similar observations have been made
with targeted NPs. For instance, /7 vivo imaging of PEGylated folate in tumors that
overexpress folate-receptor has revealed poor tissue penetration compared to non-PEGylated
folate-rhodamine. Perivascular tissue uptake and apparent PEG-folate endocytosis could be
blocked by saturating the folate receptor with a folic acid derivative, which thus
demonstrated the dependency of NP accumulation on target binding [25]. One study recently
examined the trade-off between PK and receptor-binding PD using NPs that targeted tumor
tissue via hyaluronic acid (HA) [67]. In this instance, NP PEGylation was found to adversely
decrease the binding affinity of HA-NP to tumor cells in vitro; however, in vivo, the greatly
extended plasma half-life, decreased liver clearance, and presumably enhanced EPR effects
actually led to more tumoral accumulation with the PEGylated HA-NP, which was
visualized by 1VM and quantified by whole-organ imaging ex vivo [67].

For some applications, NPs are targeted to the vasculature itself. For instance, the peptide
Arg-Gly-Asp (RGD) is frequently used to target neo-vasculature via a3 integrin binding,
and IVM allows for high-resolution measurement of NP binding and retention on the
capillary walls of a tumor [68] and inflamed skin in a model of adjuvant-induced arthritis
[69]. Imaging of RGD-functionalized quantum dots (Qdots), which bind a3 integrin on
inflamed or newly formed vasculature, has shown that NPs indeed bind to tumor vasculature
with 2.5-10 fold selectivity over matched healthy vasculature, depending on the dose and
tumor model [52,70], while the low-affinity peptide variant RAD does not. Interestingly,
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these [52,68,70] and older studies with doxorubicin-encapsulated RGD-liposomes [71] show
uneven RGD-NP hinding and uptake on microvasculature, possibly related to heterogeneous
integrin availability, variable fluid dynamics, or a potential favorability towards multivalent
binding with aggregates of large surface area.

Examination of RGD-targeted NPs has elucidated the importance of binding and receptor
dynamics in governing the balance between EPR and active targeting. In one study, tumoral
accumulation of RGD-functionalized single-walled carbon nanotubes (SWNT) was
compared by 1VM with the low affinity RAD-functionalized control. Perhaps unsurprisingly,
the targeted NP exhibited greater tumor accumulation at early time points within six hours of
administration, while passive tumor penetration and EPR effects dominated accumulation at
later time points. Unexpectedly however, NP targeting again led to enhanced tumor retention
at very late time points (>1 week post-administration), while non-targeted NPs were no
longer detectable [72]. These results are somewhat consistent with another study that found
RGD-liposomes could transiently saturate binding sites on vasculature. Using a combination
of time-lapse IVM, time-lapse DCE-MRI, and /n vitro experiments with repeated NP dosing,
researchers found that RGD-NPs rapidly bound target, then stalled in uptake due to receptor
saturation, and then began accumulating again once the binding sites were recycled or re-
synthesized [44].

2.2.2. Receptor-mediated intracellular NP transport—The above study highlights
the importance of receptor-mediated endocytosis and recycling in governing the
effectiveness of NP targeting. Receptor trafficking, cell-membrane dynamics, and resultant
cell behavior can depend on local mechanical and environmental context [73], and IVM
addresses this complexity by enabling direct visualization of intracellular NP transport
within /n vivo contexts themselves. In fact, measurements of intracellular NP trafficking
reveal striking divergence between /n vitro models and complex behavior /in vivo. For
instance, in a study of Qdots targeting cancer cells by binding protease-activated receptor 1
(PAR-1), IVM tracked the movement of NPs across the cell surface /n7 vivo. These
measurements enabled calculation of mean-square-displacement and effective diffusion
coefficients for surface-bound Qdots at subcellular resolution, and reveal a startlingly
dynamic membrane fluidity. As invading tumor cells extend pseudopodia during migration
and intravasation, protruding membranes become increasingly fluid, and fluidity reaches a
maximum once cells actually enter circulation [51]. Receptor endocytosis is also complex; at
the simplest level, imaging shows that the model compounds dextran and transferrin both
exhibit measurable differences in internalization kinetics in vivo compared to in cell culture
[74]. IVM of HER2-targeted Qdots has revealed a more complete and dynamic model of NP
binding and receptor trafficking: once targeted NPs have extravasated into the tumor tissue,
they bind to surface receptor and traffic to perinuclear endocytic vesicles in a discrete
stepwise fashion characterized by periods of relative immobility followed by spurts of
directional transport [75]. Similar stepwise “diffuse-and-go” or “stop-and-go” intracellular
vesicle movement has been observed /in vivo for Qdots taken up by neutrophils in a model of
inflammation [76]. Ultimately, understanding how receptor-mediated NP binding and uptake
occurs /n vivo has helped show key limitations to targeted-NP efficacy, and may help guide
new strategies for more efficiently targeted NP strategies.
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2.3. Is there a competition between tumor cells and TAM and what does it mean?

NPs are primarily cleared from the body through the MPS, which includes macrophages of
the liver (Kupffer cells) and spleen. In most applications MPS clearance is intentionally
minimized to extend serum half-life and allow NPs more time to reach their intended targets;
such immune avoidance is typically accomplished via PEGylation [59], although new
strategies such as self-peptide presentation have also reduced unwanted MPS clearance [60].
IVM has been useful in parsing the effect of macrophages and other phagocytes on NP
clearance, for instance showing how systemic PK of NPs is influenced by mouse strain and
corresponding propensities for Th1 vs. Th2 immunological responses [77]. Th2-prone mice
clear NPs at a faster rate than Th1-proned strains, which is logical considering Thl
responses are typically associated with intracellular pathogens, while the Th2 response is
associated with targeting extracellular pathogens including bacteria, parasites, and other
naturally occurring NPs [77]. Imaging after pharmacological depletion of phagocyte
populations furthermore shows that both granulocytes and macrophages profoundly impact
systemic PK, and macrophage polarization from an inflammatory/M1 phenotype to a
wound-healing/M2 phenotype corresponds with increased NP uptake [77]. In the same vein,
tumor inoculation and progression in mouse models cause an increase in tumor-promoting
M2 macrophages, which then causes increased NP clearance [78].

Despite a recognized role in NP clearance, macrophages and other phagocytes are
increasingly being appreciated as actively migrating conduits for targeted NP delivery, and
IVM studies have been critical for discovering these new roles (Fig. 6, Fig. 7). Furthermore,
many solid tumors contain large populations of infiltrating macrophages and other
phagocytes, which themselves are therapeutically targeted to convert their behavior from a
tumor- and metastasis-promoting M2 phenotype to a tumor-killing M1 phenotype [79]. Thus
for cancer and other diseases where phagocytes play important auxiliary roles, it is an open
question as to whether NPs should co-opt or completely avoid phagocyte uptake.

2.3.1. Directly targeting phagocytes—It was long ago appreciated that NP affinity
towards phagocytes could actually be exploited for drug delivery. Some of the earliest nano-
formulation strategies were developed to directly target macrophages in the context of
adjuvant immune stimulation [80,81] and in infections such as leishmaniasis,
histoplasmosis, staphylococcus, and cryptococcosis [82,83]. New immunological
applications in infectious disease, oncology, rheumatology, vaccine development, and basic
science continue to be developed for NPs, and high-resolution VM has contributed to
improvements in both biological understanding and therapeutic strategy.

Intravascular phagocyte delivery: /nn vivoimaging offers insight into how NP uptake in
phagocytes actually governs their behavior and ultimate drug response, for instance
revealing new concepts of chemotactic cellular transport of NPs into target tissues by
activated immune cells. In one recent study, high aspect-ratio SWNTSs are rapidly taken up
by monocytes in circulation, and these cells then extravasate into tumor tissue [43]. The
surprising cellular-based dynamics of SWNT uptake while still in circulation represents a
generalizable concept of active drug delivery and substantially complicates how systemic PK
is interpreted. As a similar example, IVM was used to discover that a denatured-albumin
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based NP is taken up selectively in activated neutrophils at sites of inflammation. More
specifically, neutrophils in post-capillary venules accumulate the NP before migrating into
the inflamed tissue, thereby actively transporting NPs selectively from circulation into target
inflammation sites [39]. In a zebrafish model of tuberculosis, /n vivo imaging showed that
nano-encapsulated antibiotics could be actively delivered to granulomas via initial
accumulation in circulating macrophage, which then extravasate at sites of infection [84]. As
another instance of NP uptake within phagocytes, simultaneous /n vitroimaging of DiD-
labeled liposomes and their endogenously fluorescent daunorubicin payload shows that
bone-marrow engrafting leukemia cells accumulate substantial NP in endosomal/lysosomal
vesicles, from which daunorubicin releases and accumulates in the nucleus [85]. Thus, NP
uptake in circulating cell populations, including monocytes, tuberculosis-infected
macrophages, but also leukemia cells and circulating tumor cells [86] from solid cancers,
may comprise an important and general feature of plasma PK and an advantageous feature
for selective NP delivery.

Extravascular phagocyte delivery: Once NPs reach their target by vascular perfusion and
extravasation, their uptake and retention in cells often becomes the next step in delivery, and
IVM has been a helpful technology for quantifying the kinetics of NP uptake and payload
release at the single-cell level. Many NP vehicles are targeted to immune cells, and
fluorescence imaging has been used to visualize uptake in phagocyte populations including
circulating monocytes [43,72], TAM [55], M2-like tumor promoting macrophages [87], M1-
like inflammatory macrophages [88], atherosclerotic-plaque associated macrophages [89],
neutrophils [90], dendritic cells [91], and tuberculosis-infected macrophages [84].
Fluorescent genetic reporter mice enable single-cell imaging of NP uptake into defined host
cell populations. For instance, monocyte-derived cells including macrophages, dendritic
cells, and neutrophils have been imaged using c-fmsYFP/*and CX3CR1SFP/*genetically
engineered mouse models (GEMMSs) [54,55,88], showing that phagocytes lining vessels in
adipose [88] or tumor [54,55] tissue avidly accumulate NPs within minutes. For targeted
latex NPs that have been coated with phosphatidylserine (PtDSer) and the oxidized
cholesterol derivative cholesterol-9-carboxynonanoate, macrophage uptake is even faster in
the M1-phenotype adipose macrophage of obese mice, compared to the M2-polarized
macrophage in lean adipose tissue [88]. Changes in NP size, for instance as precisely
manipulated using PRINT technology [31], likewise shift the relative propensities of NPs for
different cell populations including neutrophils and macrophages [31]. Similar comparisons
using 1VM have shown that smaller dextran NPs are much more avidly taken up by
phagocytes compared to larger PEGylated NPs, which accumulate in both tumor cells and
phagocytes alike [54]. Collectively, these studies show that extravascular and especially
perivascular phagocytes accumulate a substantial amount of NPs in target tissues; that
physicochemical NP modifications can bias uptake to various phagocyte populations; and
that the Kkinetics of cell uptake can vary enormously, ranging from minutes to days
depending on the particle characteristics.

NP degradation and payload liberation: Even if NPs have accumulated at or near their
target tissue or in associated phagocyte populations, the concordant biodistribution and
bioavailability of their therapeutic payload still determines ultimate drug activity. To address
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this issue, the NP vehicle and its therapeutic payload can be simultaneously tracked using
multicolor fluorescence microscopy. As one example, dual imaging of a polymeric NP
vehicle and its therapeutic platinum payload shows that even though TAM accumulate
substantial NP, the chemotherapeutic payload is still able to diffuse to and influence
neighboring tumor cells within a ~25 um radius [55]. However, such local redistribution of
drug payload from one cell to another depends on properties of the nano-formulation. In
contrast to the previous example, PEGylated liposomal doxorubicin (DOXIL) was found to
largely sequester in lysosomes where it co-localizes with its DiD-labeled liposomal vehicle
[48]. Detrimental doxorubicin sequestration can be improved by stimulating NP degradation
and drug release, as demonstrated recently by using a thermosensitive liposome and
inducing local hyperthermia [37,47]. In this case, multicolor IVM measured the combined
PK of the NP vehicle and its payload. Hyperthermia causes rapid doxorubicin release from
the vasculature out into the tumor tissue, leading to 1.7-fold enhanced drug accumulation in
the tumor. Ultrasound has also been used to stimulate local tissue hyperthermia and increase
vascular permeability, and imaging reveals the process to be very rapid. Within 3 minutes,
local ultrasonication enhances the extravasatation of large nanodroplets (>200 nm) by 4.7
fold, and leads to a near emptying of smaller 20 nm polymer NPs from capillaries into the
neighboring tumor tissue [36].

Although dual-color imaging of the NP vehicle and its payload allows for divergent PK and
spatial distributions to be observed, this approach does not directly reveal how the structure
and components of the NP itself change or degrade. As a solution, FRET-based methods
reveal chemical or physical transformations of the NP by their influence on separating
FRET-paired dyes or bringing them close together. For example, FRET between a NIR-
emitting, PEGylated Qdot core and its Cy7-lipid coating was monitored by 1VM and
revealed a surprising and rapid decrease of FRET in circulation. In this case, lipids on the
Qdot rapidly exchanged or transferred to plasma protein components in the blood. Also
surprisingly, extravascular NPs degraded at a slower rate compared to those in circulation,
likely reflecting the different abundances in plasma components and lipoproteins [92].
Similarly rapid dye exchange was observed using the lipid dye FRET pair DiD and DiR in
poly(ethylene oxide)-b-polystyrene NPs, but the rate in FRET decrease could be slowed 5-
fold by doping additional lipids into the nano-formulation [93]. Overall, IVM is a useful tool
for visualizing stability, uptake, and re-distribution of NPs and their payload, which can
determine whether phagocytes serve as a source or sink of drug delivery to neighboring
target cell populations.

2.3.2. Cellular PD response reveals extent of TAM drug-depot effects—In many
cases, the mere spatial distribution and binding of a drug or NP to its target fails to influence
downstream biological pathways and cellular behaviors in predictable manners.
Consequently, it is generally necessary to monitor distal cellular and disease phenotypes
after drug treatment, and this especially applies to complex /n vivo environments where
neighboring cells (including TAM) can cause indirect or bystander drug effects through cell-
cell signaling events [94] and oxidative stress [95]. Multicolor imaging supports
simultaneous correlation of cellular PD responses with PK on a cell-by-cell basis; provides a
quantitative means of assessing dose-response PK/PD relationships; gauges how
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heterogeneous cell responses are to a given drug exposure; and determines how reliably a
given PD response correlates with downstream phenotypic change. For instance, in one
study the PK of a dual-labeled polymeric nanoparticle and its cytotoxic cisplatin-related
prodrug were simultaneously monitored with tumor-cell PD responses. Single-cell DNA
damage response was assessed by foci formation of a fluorescent DNA-damage response
protein, which was also monitored over time for its co-segregation with DNA to indicate
mitosis [55]. As expected, time-lapse 1VM data showed highly heterogeneous drug exposure
and cellular response driven by drug nano-encapsulation. Yet surprisingly, automated
computational analysis was able to attribute much of the variability to host phagocytes
including TAM, and a clear correlation was found between local phagocyte density and the
amount of drug accumulation and DNA damage in neighboring tumor cells. From these
data, further experiments were performed to confirm that TAM served as cellular depots for
accumulating NPs and locally releasing their DNA-damaging payload [55]. As another
example of dual PK/PD imaging, the delivery of a fluorescently-labeled nano-encapsulated
inhibitor of P-glycoprotein (P-gp; also known as multidrug resistance protein 1, MDR1) was
monitored simultaneously with its PD effect on chemotherapeutic efflux from individual
tumor cells [56]. Similar to the example above, in this case tumoral NP delivery was very
heterogeneous and localized primarily to tumor vasculature and neighboring tumor-
associated phagocytes. However, in stark contrast to the cisplatin and DNA damage
example, the MDR1 inhibitor homogeneously blocked MDR1 activity and drug efflux across
the vast majority of tumor cells. This occurred despite heterogeneous uptake of the NP
vehicle itself, presumably because the drug was efficiently liberated from its NP vehicle and
broadly redistributed to the rest of the tumor [56]. These two studies underscore the
importance of combined PK/PD imaging, demonstrate how mere emphasis on PK or
upstream PD effects alone may yield an incomplete understanding, and exemplify how local
NP delivery to TAM can lead to distinct spatially-dependent effects on neighboring tumor
cells.

2.4 How can NPs overcome delivery barriers?

Drug resistance is an inevitable feature of many cancers and infectious diseases, and occurs
through mechanisms related to PK and PD. PK-driven resistance occurs largely through
upregulation of drug-transport proteins, especially P-gp/MDR1, and through physiological
barriers to drug delivery, such as the development of fibrous tissue (desmoplasia), and nano-
formulation is an important consideration in both instances.

2.4.1. Resistance through drug efflux and metabolism—IVM supports quantitative
measurements of drug efflux within tumors at the single-cell level, as was recently
demonstrated in a study of a fluorescently-labeled microtubule-targeting agent, eribulin
mesylate [56]. Surprisingly, fluorescence imaging revealed that although eribulin has been
clinically developed for treating taxane-resistant cancers, taxane treatment and subsequently
emergent resistance likewise affects eribulin sensitivity as well, principally through shared
mechanisms of drug efflux. Other resistance-inducing transport mechanisms have been
similarly studied using fluorescent-drug conjugates, including those related to platinum such
as the copper transporter pathway [96,97] and subcellular (for instance, mitochondrial)
accumulation of platinum derivates [98]. NP delivery represents a promising strategy to
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overcome resistance related to intracellular drug transport and efflux. In the case of platinum
therapies, NPs have been developed to selectively dissociate and deliver oxaliplatin-prodrug
within late endosomes, which is thought to enhance delivery to the nearby nucleus where it
forms cytotoxic DNA adducts [53]. IVM enabled visualization of fluorescent NP transport,
and fluorescence de-quenching revealed selective NP disruption in perinuclear endosomal/
lysosomal compartments in the tumor [53]. In contrast, un-encapsulated oxaliplatin is more
susceptible to cytoplasmic detoxification systems such as metallothionein and methionine
synthase, and hence is less potent, especially in resistant tumor models [53]. With regards to
eribulin and similar P-gp/MDR1 substrates (most notably doxorubicin), many MDR1
inhibitors have been developed to overcome drug resistance but with limited efficacy and
with toxic increases in systemic drug exposure [99]. Nano-encapsulation of MDR1-
inhibitors including tariquidar [100] and HM30181 [56] enhances the activity of MDR1-
substrate chemotherapeutics such as doxorubicin [100], and has been imaged /n vivo [56].

2.4.2 Stromal and mucosal barriers to efficacy—Outside of and surrounding target
cell populations, stromal and mucosal barriers to drug penetration often contribute to drug
resistance in infectious disease [101] and cancer [102]. Many nanoencapsulation strategies
aim to improve penetration through physiological pulmonary, nasal, orogastric, intestinal
[103], transdermal, and blood-brain barriers [104], along with pathological obstructions such
as mucus [105], desmoplastic tissue [102], and microbial biofilm [106]. /n vitro NP imaging
and particle tracking has been useful for quantifying the effect of physicochemical NP
properties, including charge and PEGylation, on effective transport through biofilm [106],
cystic-fibrosis sputum [107], and ECM [108]. In cancer development, a confluence of
stromal factors contribute to poor NP penetration, including NP ionization via acidic tumor
microenvironment; electrostatic particle filtering by charged ECM components such as the
negatively-charged heparin sulfate along with the positively charged perlecan complex and
nidogen; ECM thickening, stiffening, and cross-linking; and increased interstitial fluid
pressure via high density tumor-cell packing, dysfunctional vascular/lymphatic perfusion
and fluid drainage, and fibrosis [102]. Fluorescence and multiphoton microscopy have
enabled direct visualization of some of these features [109]. For instance, fibers of collagen
(and particularly collagen 1V) are key components of the basement membrane, which is a
fibrous barrier to NP delivery that separates many neoplastic and healthy tissues from
underlying stroma, and are readily visualized by second harmonic generation (SHG)
multiphoton microscopy. Recent ex vivo studies have found correlation between NP
permeability and the degree of basement-membrane collagen that surrounds tumor
capillaries, especially as they varied across different tumor phenotypes [110]. SHG has
likewise been used in the visualization of enzyme-degradable Qdot formulations through
synthetic collagen gels /in vitro [111]. With /n vivo imaging, one study correlated SHG with
local vascular perfusion, and found that collagen deposition and general fibro-inflammation
induces high interstitial pressures and vascular collapse in pancreatic cancer [112]. Even for
un-encapsulated small molecule drugs such as gemcitabine, this desmoplastic reaction
created a substantial barrier to tumoral drug accumulation, and could be ameliorated using
recombinant hyaluronidase to degrade ECM [112]. Alternatively, treatment with TGFp
inhibitor has been shown to especially improve the penetration of large (>30 nm) NPs in
pancreatic tumors [50], through increased recruitment of perivascular cells to tumor
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vasculature, improved vascular perfusion, and reduced collagen | deposition [113]. Other
treatments aimed at overcoming stromal barriers include ultrasound; vasoactive treatments
such as relaxin, thrombin and angiotensin Il; heparanase inhibitor; treatment with
degradative enzymes including hyaluronidase and collagenase; inhibition of kinases
including VEGF and PDGF (platelet derived growth factor); and targeting cancer associated
fibroblasts through FAP (fibroblast activation protein) [102]. Outside of cancer applications,
IVM of ECM features and collagen deposition has been useful in inflammatory diseases like
dermatitis [114], atherosclerosis [115] or models of arterial injury [116]. In the latter, SHG
was used to visualize collagen deposition; in contrast to the studies in desmoplastic cancers,
collagen deposition actually correlated with local NP delivery to macrophages at sites of
endovascular injury and wound response [116]. Going forward, stromal and ECM imaging
will be important in guiding the development of NPs and adjuvant strategies that overcome
physicochemical delivery barriers.

2.5. What governs NP clearance and toxicity?

Although /n vivoimaging has elucidated details of NP behavior at target sites, typically
>95% of injected NPs are sequestered or cleared from the body via MPS and the renal
system and fail to actually accumulate in the tumor [12]. 40-50% of NPs are typically
excreted, and the remaining may accumulate in the body for weeks or longer, especially for
NPs composed of non-biodegradable inorganic materials [117]. Although long-term safety
has been demonstrated for many NPs, it is nevertheless critical to understand their transport
and biotransformation in off-target tissues [117]. To this end, IVM approaches provide
unique insight into biological mechanisms of NP clearance and ways to improve or
minimize it.

Cellular mechanisms of systemic clearance: The liver and kidney comprise two of the
most important organs for drug and NP clearance, and fluorescence imaging of both has
been useful for studying cellular clearance mechanisms of NPs and model therapeutic
payloads. While NPs or large proteins have been found to accumulate in liver hepatocytes
via endocytosis, negatively-charged Qdots (~4 nm diameter) are completely absent from
hepatocytes and instead accumulate in resident liver phagocytes (Kupffer cells) and liver
sinusoidal endothelium [40]. Similarly, larger (100 nm diameter) mesoporous silica NPs also
lack hepatocyte uptake and rapidly aggregate within the sinusoid [40]. In contrast, the model
fluorescent small molecules rhodamine-123 and fluorescein are readily taken up by
hepatocytes and excreted into bile [40]. Non-fluorescent derivatives of fluorescein have been
used with VM to monitor metabolism into fluorescent byproducts in hepatocytes, which can
be done at sufficiently high resolution to discern nuclear versus cytoplasmic localization
[118]. Drug transport studies in the kidney [32] show early Qdot accumulation in the
peritubular capillaries and glomerular arterioles, followed by transport to fenestrated
glomerular endothelium and eventual uptake by mesangial cells. In contrast to negatively-
charged Qdots, cationic Qdots readily pass through the anionic glomerular basement
membrane and are rapidly excreted into urine [32]. In both studies, multiphoton 1VM was
combined with fluorescence lifetime imaging microscopy (FLIM) to selectively image
Qdots, which have long fluorescence lifetimes compared to organic dyes and autofluorescent
tissue. Other studies have monitored transport of different folic-acid conjugates through the
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kidney. Clever comparison of conjugates labeled with dyes that are either pH-sensitive
(fluorescein) or pH-insensitive (Texas Red) allowed inference of pH in endocytic
compartments as the drug transcytoses from apical to basal surface of proximal tubule cells
[119]. Taken together, these results bear relevance to renal and hepatic toxicity, manipulating
clearance rates through NP engineering, and predicting drug-drug interactions.

Imaging molecular transporter activity: Drug efflux pumps are a class of transmembrane

transporters that most prominently include P-gp/MDR1, and are found at high levels in key
barriers of the body such as the blood-brain barrier and intestine, along with sites of drug
clearance including the renal proximal tubule and the liver. Efflux pumps regulate systemic
PK of multiple drugs, their upregulation or inhibition can impact the bioavailability of co-
administered drugs, and their upregulation also contributes to drug resistance (as discussed
above). Drug efflux analysis is a natural application of IVM, considering many fluorescent
compounds themselves are efficient efflux pump substrates. As a P-gp substrate,
Rhodamine-123 has been used with IVM to assess P-gp function in hepatocytes and the
impairment of said function by co-administered drugs known to interact with P-gp
[120,121]. Such analysis has shown not just how P-gp inhibition influences systemic PK, but
also how impaired drug efflux enhances drug accumulation in individual hepatocytes and
slows drug clearance to the bile [120]. Fluorescent drugs and dyes (including
borondipyrromethene, BODIPY) serve as transport markers for an array of efflux proteins,
including ABCB1/MDR1/P-gp (calcein-AM; BODIPY labeled forskolin, verapamil,
vinblastine, prazosin, paclitaxel, eribulin, daunorubicin, doxorubicin, hoechst33342,
BCECF-AM, Rhodamine-123); ABCC1 (calcein-AM; fluro-4-AM; mitxantrone; BCECF-
AM; daunorubicin; doxorubicin; fluo-3); ABCC2 (doxorubicin; carboxy-2",7’-
dichlorofluorescein); ABCC4 (BCECF); ABCCS5 (fluorescein; 5-chloromethylfluorescein
diacetate [CMFDA], BCECF); and ABCG2 (mitoxantrone; hoechst33342) [122]. IVM
application to drug efflux is of particular relevance to nano-formulations, considering i)
nano-encapsulation has been frequently used as a strategy to bypass drug efflux pump action
[123]; ii) many of the above-listed drugs have served as NP payload for therapy; iii) NP
vehicles and degradation products can influence efflux pump expression and are themselves
pump substrates [124]; and iv) nano-encapsulation has been used to efficiently deliver P-gp
inhibitors, which exhibit notoriously poor PK properties as un-encapsulated compounds, to
resistant tumor cells [56].

2.6. What clinical lessons have we learned from IVM imaging

In vivo imaging may offer insight into how nano-materials and drugs apply to biological
systems, yet it can be a challenge to translate understanding at the microscopic level into the
clinic. As a preclinical tool, IVM helps guide the development of new NPs and
corresponding NP-targeting or adjuvant strategies. Beyond this, IVM clinically translates in
two principal manners: i) through clinical VM systems being developed for dermatology,
endoscopy, and intra-operative applications; and ii) through guiding implementation and
interpretation of clinical MRI and PET/CT in patients.

Clinical IVM systems include endoscopic confocal fluorescence [125] and multiphoton
[126] microscope systems that have been used for various measurements including capillary
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structure, perfusion, and permeability [125]. Confocal endomicroscopy is additionally used
to examine various tissues for dysplasia, including the cervix [127], lung [128], along with
colon and rectum [129], and is available through commercial vendors (for example, Mauno
Kea Technologies). Intra-operative confocal microscopy is also performed to evaluate tumor
margins, for example in brain [130] and urologic [131] cancers using 5-aminolevulinic acid.
Targeted fluorescent molecular probes for instance targeting the cancer markers prostate-
specific membrane antigen (PSMA) [132] and cathepsins [133] enable intraoperative
fluorescence imaging at the time of tumor resection to identify tumor margins. Bedside IVM
systems have also been developed for cutaneous imaging in melanoma, and have been
primarily useful for quantifying the tumor vasculature’s structure, permeability, and
perfusion [134]. IVM has not been widely used for NP imaging in the clinic; however, the
progress in endoscopic and laparoscopic fluorescence imaging [126,132,133] combined with
the demonstrated safety and routine use of various NPs and fluorescent dyes in patients
suggests that such applications are feasible.

Clinical NP imaging is possible using magnetic iron oxide NPs such as the dextran-coated
ferumoxytol (Feraheme), which has been approved by the FDA for the treatment of anemia.
Ferumoxytol is a long-circulating NP that accumulates in phagocytic immune cells and in
solid tumors via the EPR effect, and various studies have used it to image abnormal
vasculature in stroke [135]; inflammation in type | diabetes [136]; lymph node metastasis
detection [137,138]; and heterogeneous EPR effects in solid xenograft tumors [54]. In the
latter example, EPR effects measured by ferumoxytol-MRI were able to accurately predict
the tumoral accumulation and response to a subsequently administered taxane-NP across
cohorts of xenograft mouse models [54] (Fig. 8). In effect, this study shows the potential for
companion-imaging approaches to select patients into therapeutic NP trials. NPs have also
been developed for PET/CT imaging, often based on modified magnetic NPs including
ferumoxytol [139], and have the potential for clinical application but as of yet their use has
been fairly restricted in the clinic. For example, only recently have pilot studies been
performed that use PET/CT to examine tumor uptake of a drug-loaded liposome, in one case
a %4Cu-doped HER2-targeting liposomal doxorubicin for breast cancer treatment [28].
Cyclophosphamide adjuvant was used to improve tumoral liposome accumulation (also
monitored by PET/CT in patients) [140]. As another example, RGD-functionalized 24|
silica NPs were safely imaged by PET/CT in cancer patients, which in one instance revealed
NP accumulation at the margin but not in the core of a hepatic metastasis [141]. Overall,
IVM can provide insight into the molecular and cellular mechanisms that govern NP
accumulation, along with what the time-scales of those mechanisms are. It thus provides
important context for the interpretation of the lower resolution clinical imaging modalities,
and subsequently guides the dosing, timing, and acquisition parameters for optimal and
interpretable results.

2.7. Why use IVM to study new NP formulations?

High resolution and multicolor capabilities allow VM to capture a large amount of
information regarding the behavior of NPs and their impact on disease biology (Box 1). By
directly imaging /n vivo, IVM avoids many artifacts and complex variables associated with
modeling NP behavior /n vitro, and allows observations of NP behavior and biological
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response just as they happen within naturally complex microenvironments. As discussed
further below, improvements in imaging stability, resolution, multicolor imaging, and
biological modeling have led to increasingly rich datasets that capture the spatiotemporal
behavior of thousands of cells over the course of hours, days, and weeks. To interpret this
often highly quantitative data, machine-learning and multivariate statistical approaches have
been developed for efficiently deriving new biological insight. In fact, one of the most
powerful applications of IVM is its ability to statistically correlate multiple image features
with each other over time, and in the case of NP imaging this includes directly observing the
relationship between NP delivery and its impact on subsequent cell behavior at the single-
cell level. For instance, imaging has been used to monitor the /in vivo delivery of NPs to
phagocytes and monitor their migratory response to NP-encapsulated piceatannol, which
blocks integrin adhesion signaling in phagocytes [90]. In this study, VM was useful in
identifying not just what immunologically-defined neutrophil populations accumulated NPs,
but what their migratory, cell signaling, morphological, and intravascular adhesion behaviors
were at the time of treatment. Time-lapse measurements then showed how loss of adhesion,
commencement of cell rolling, and morphological cell rounding all occurred in neutrophils
that lined inflamed vasculature and accumulated NP. Because this study did not
simultaneously measure PK/PD but rather examined them in separate serial experiments, it
was not possible to quantify relationships between heterogeneous NP accumulation and
resulting migratory changes, which may be especially important in more heterogeneous
disease models or when examining off-target or off-site drug effects. As discussed further
above, other studies have performed simultaneous PK/PD imaging, which reveal spatial
relationships between perivascular NP accumulation and the effects on both neighboring and
further extravascular tumor cells [55,56].

In the context of diseases related to neo-vascularization such as cancer and ophthalmic
disorders including macular degeneration, vascular structure is often itself a PD response,
thus making /n vivoimaging a natural approach for combined PK/PD analysis. For instance
in application to corneal neo-vascularization, IVM was used to image the elution of a model
fluorescent drug, doxycycline, from its polymeric nano-wafer scaffold [38]. After
establishing that the wafer could release drug gradually over the course of 24 hours, PD
imaging of corneal vascularization was then used to select an optimal VEGFR kinase
inhibitor. Additional IVM was performed to monitor vascularization and treatment thereof in
a corneal burn model [38]. In another example, NPs comprised of a silica core, gold shell,
and VEGEF targeting ligand were used to photo-thermally ablate tumor vasculature, and the
success of this treatment was monitored by IVM [142]. PK/PD imaging can also be applied
to monitor the combined delivery and effect of adoptive cell therapies, such as was done
with fluorescent alginate-encapsulated cells that secrete the anti-angiogenic agent endostatin
[143]. In this work, VM simultaneously visualized the local deposition of a cellular implant
and its impact on local vasculature. Although nanomedicines have routinely demonstrated
clinical safety benefits compared to traditional therapies, improvements in efficacy have
been stubbornly difficult to consistently prove [11]. Thus a major current challenge in
nanomedicine has been to understand barriers to efficacy. Especially for nano-encapsulated
medicines, both the delivery and drug action at target tissue sites can be highly
heterogeneous and may fail for multiple reasons. IVM enables direct and integrated insight
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into the complexity of NP biological activity, and with the help of appropriate image
processing, computational modeling, and statistical analysis tools, microscopy has the
potential to efficiently identify key factors in the success and failure of new nanomedicines.

3. The nuts and bolts of IVM nanoparticle imaging

3.1. Imaging

Several recent publications have summarized the integral components of intra-vital
microscopic imaging experiments in mouse models [109, 144-152]. Rather than the
reiterating the basic aspect, the reader is referred to practical summaries of window chamber
models [153], and device setups [151]. The sections below will therefore focus on unique
applications to imaging NPs in vivo.

cellular-level pharmacokinetics (PK) and pharmacodynamics (PD)

For a given fluorescent drug or NP system, time-lapse IVM enables concerted measurement
of both the kinetics of drug transport and the action of the drug at various targets in the body.
Although specific aspects of NP pharmacokinetics are discussed as applications further
below, in principal the basic features of L-ADME (Liberation, which is the process of drug
release from its NP vehicle, along with Absorption, Distribution, Metabolism, and
Excretion) can be tracked by IVM and complimentary fluorescence methods, with the
general exception of metabolism. Measurement of drug metabolite formation generally
requires analytical methods such as liquid chromatography - tandem mass spectrometry
(LC/MS/MS), although certain fluorogenic reactions have been designed in limited
applications for monitoring metabolic bi-products /n vivo [118]. With this caveat, IVM
enables PK understanding at a much greater temporal and spatial resolution than is typical
for traditional PK modeling, and can reveal drug uptake at sub-cellular resolution. Drug PD
is tightly coupled to its PK, as drug responses can be highly sensitive to concentration and
timing. Furthermore, PD responses often span multiple time and length scales across myriad
biological pathways. Through longitudinal multicolor imaging, IVM is thus positioned to
study interconnected relationships between PK and the multiple layers of PD, beginning
with drug-target binding, through downstream cellular pathway activity and response, to
disease progression and outcome.

3.1.1. Optical tracking of systemic PK—In its simplest form, time-lapse VM supports
non-invasive monitoring of systemic PK with high temporal resolution, such that traditional
PK parameters can be measured with the appropriate calibrations and controls that relate
imaging to concentration (Fig. 1). These parameters include the peak plasma drug
concentration (Cpax), time to reach Cax (known as ty,x), the lowest plasma concentration
before a subsequent dose is administered (Cpin), the volume of distribution (Vg), the
elimination half life (t1/») and elimination rate constants (kg), the clearance (CL), the area
under the concentration curve (AUC), and the bioavailability (f) when alternative routes of
administration are considered besides intravenous. Compared to traditional analysis that
usually involves periodic blood draw, /n vivoimaging is non-invasive when performed in the
thin skin of the ear; allows high temporal resolution for accurate PK parameter measurement
and facile detection of multi-phased PK mechanisms such as initial distribution, re-
distribution, and terminal half-life; allows for multicolor imaging and simultaneous tracking
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of multiple NPs or drugs in the same animal; and relaxes constraints on repeat dosing or
measurement in the same animal that would typically arise from serial blood collection.

Systemic PK analysis is the first step in gauging the effects of drug nano-encapsulation, and
IVM has been used to demonstrate that liposomal daunorubicin exhibits an extended plasma
half-life compared to its unencapsulated counterpart [85], or more recently that polymeric
encapsulation of a cisplatin-related prodrug exhibits a substantially longer plasma half-life
[55] compared to un-encapsulated fluorescent cisplatin- or carboplatin- derived Pt imaging
agents [154]. Consistent with /n vitro behaviors, in vivo imaging has also confirmed the
presence of an initial burst-phase of payload release immediately upon injection followed by
more gradual release profiles for several formulations, which may be attributed to altered
stability and thermodynamics upon NP dilution and serum exposure [36,55].

IVM has the potential to detect microscopic behaviors of NPs, even as they circulate in
blood. For instance, imaging has shown how red blood cells influence nano- and micro-
particle margination in flow through capillary beds [35], which is more pronounced for
larger (>100 nm) particles [46] compared to smaller NPs. Such margination impacts fluid
mechanics and stresses experienced by the particles, is a function of both NP size and shape,
and may actually be beneficial for extravasation at target sites [35]. IVM furthermore
supports measurement of NP aggregation and clotting processes, especially as they occur in
microvasculature, for instance as was seen with cationic siRNA-loaded hydrogel NPs [155].
Overall, the extended stability, low plasma clearance, and controlled extravasation all
contribute to an increased ability for NPs to deliver sustained levels of drug to target cells.

3.1.2. Imaging drug binding—The most proximal pharmacodynamic effect of a drug
can generally be defined as the biochemical reaction of the drug binding to its biological
target (or off-target), and developments in optical capabilities combined with selective
fluorescent drug-conjugates have made it possible to directly image NP or drug binding to
its molecular target /n vivo. Recent fluorescent-drug conjugates showing selective target
binding by IVM include ibrutinib-BODIPY targeting Bruton’s tyrosine kinase (BTK)
[156,157], olaparib-BODIPY targeting poly-ADP ribose polymerase (PARP) [158], folate-
Alexa488 targeting folate receptors (FR) [159], and the polypeptide exendin-4-VT750
targeting glucagon-like peptide 1 (GLP-1) in pancreatic p-cells [160]. Fluorophore-antibody
conjugates are also used for IVM applications [161], for example to image tumor cells that
over-express particular molecular targets [162-165], various immune-cell populations
[166,167], and thrombus components including platelets and clotting factors [168].

Drug binding can be inferred several ways by IVM. At the simplest and least accurate level,
fluorescent drug retention within target cells may be interpreted as drug binding. This
approach depends on appropriate controls, such as competition experiments with non-
fluorescent drug, and works best when the drug has a known target with predictable cellular
or subcellular localization, such as in the nucleus (as with the PARP inhibitor olaparib).
Accuracy of drug-binding measurement is improved by using animal models with transgenic
fluorescent target proteins. For instance, variable transgenic expression of BTK in originally
non-expressing tumor cells allows for robust co-localization analysis [156,157]. For NP
vehicles themselves, /n vivo co-localization analysis is possible for measuring NP uptake
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into fluorescently-tagged subcellular compartments such as endosomes or lysosomes [48].
For most accurate IVM drug binding measurements, new fluorescence anisotropy methods
have been developed to visualize the binding of fluorescent-drug conjugates to their larger
(and more anisotropic) protein targets [169]. Fluorescence intensity, anisotropy, and co-
localization with reporter proteins collectively discern not just how much drug is
accumulating in individual cells or subcellular compartments, but also how much drug-target
is expressed, how much drug is binding to its target, and how much drug is binding to off-
target proteins.

3.1.3. Fluorescent genetic reporters of tumor cell response—Subcellular
resolution imaging not only measures fluorescent NP uptake and action at the single-cell
level, but also enables simultaneous observation of fluorescent genetic reporters for
understanding which cell types accumulate NPs and how they biologically respond. Perhaps
at the simplest level, fluorescent genetic reporters can indicate the effects of nucleic-acid
based treatments including viral gene therapy [170], sSiRNA-loaded NPs [171], and more
recently CRISPR/Cas9 based NPs [172], that are designed to either activate or silence the
expression of particular genes. IVM helps define spatial and temporal patterns of gene
expression responses [173], and combined use in reporter GEMMs allows for assessment of
gene expression in specific target cell populations such as macrophage progenitors [174] or
myeloid cells in a tumor’s draining lymph node [175].

Anti-mitotic and cytotoxic therapy response can be visualized using various fluorescent
reporter systems. Key examples in VM include measuring cell-cycle using the GFP/RFP
FUCCI system [58,176]; chromosomal segregation and mis-segregation during mitosis using
histone 2B [55,57]; DNA damage response by visualizing punctate nuclear accumulation of
the DNA damage response protein 53BP1 [154,177]; apoptosis by imaging mitochondrial
outer membrane permeabilization (MOMP) [178]; and autophagy as seen through GFP-LC3
localization to autophagosomal vacuoles [179]. Additional fluorescent reporters relevant to
cytotoxic response show promise as demonstrated by /n vitro use, including reporters of
homologous recombination (Rad52 [180]) and cell stress using p53 [181].

Kinases are a major class of drug targets in oncology and inflammation, and
nanoencapsulated kinase inhibitors show promising therapeutic index [182]. FRET- and
Fluorescence Lifetime Imaging Microscopy (FLIM)-FRET reporter systems have been
developed for real-time monitoring of /7 vivo kinase activity at high spatiotemporal
resolution. For instance, a FLIM-FRET biosensor of Src activity was monitored in response
to the Src inhibitor dasatinib, showing /in vivo drug efficacy and Kinetics of Src inhibition,
distinct response depending on proximity to vasculature, along with regions with poor drug
penetrance in vivo, and thus poor drug-targeting efficacy [183]. In other examples, FRET-
reporters of the mitogenic Erk pathway identify influence of local fibroblasts in mediating
drug resistance [184], and highlight heterogeneity of Erk activity during cancer development
in a GEMM [185]. Additional FRET [186-188] and nuclear translocation-based [189,190]
fluorescent reporter systems have been developed and demonstrated /n vitro for targets
including the mitogenic kinases Erk, Akt, PKA; the stress-response kinases Jnk and p38; and
the DNA damage response kinases ATM and ATR, among others. As for many FRET-
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reporter systems, application to IVM is promising but challenging because signal-to-noise is
often lower than 20%.

3.1.4. Cell migration, host-cell interaction, and cell fate—Cell migration,
movement in and out of blood vessels, and cell-cell interactions including through
immunological synapses are all key processes of inflammation, metastasis, and drug
response and can be measured by IVM. Recent work has used time-lapse imaging to observe
tumor interactions with ECM [191] and with microvasculature [64]. Furthermore, Rho-
family GTPases Racl, Cdc42, & RhoA play key roles in governing cellular motility, and
their activity can be visualized by FRET-reporter systems and correlated with /n vivo cell
migration [192]. In the context of drug response, IVM has helped reveal how physical cell
protrusions and interactions with vasculature change in response to anti-angiogenic therapies
[64]. Other work has shown cancer cells in S/G2/M phase to be more invasive [193]. Many
more migration-related reporters have been described and demonstrated /in vitro, including
for activity of metalloproteinases MT1-MMP [194] and ADAM17 [195], both of which
importantly govern cell migration and response to therapeutics [196,197].

IVM of host-cell behavior, such as T-cell [198] and dendritic cell [199] migration dynamics
in the lymph node, has been ongoing for over a decade using fluorescent genetic reporters of
particular cell populations [200]. IVM enables useful 3D mapping of dynamic multicellular
structures, for instance of neuronal pathways [201]; cell-cell communication can be
observed by dynamics of cell-cell contact, for instance among antigen-presenting cells and
pathogens in the lung [42]; and even intercellular transfer of microvesicles from one cell to
another [202,203] are visualized. For greater versatility, fluorescent cell populations can be
adoptively transferred, as has been done with GFP-expressing granulocyte macrophage
progenitor cells (GMPs) [174]. Similarly, cells that have been labeled ex vivo with
fluorescent NPs including dextran NPs [204,205], Qdots [206], or more recently NIR-
emitting nanodiamonds [207] can be transferred and imaged by IVM. In the context of
therapeutic NP delivery, reporter GEMMs containing CX3CR1CGFP/* phagocytes, including
dendritic cells and macrophages, have been used with IVM to directly observe NP uptake in
tumor-associated phagocyte populations and map the dependency on vascular proximity
[54,55]. Ultimately, the advent of CRISPR/Cas genome engineering in mice promises to
greatly accelerate our ability to generate fluorescent reporter GEMMs for specific immune,
stromal, and cancer cell populations for IVM applications [208].

Cell fate: Several strategies have recently been developed to better delineate neighboring
cells, trace cell lineage, and monitor clonal outgrowth. Brainbow GEMMSs [209] and the
LeGO lentiviral system [210] are based on stochastic expression of multiple fluorescent
proteins, thus leading to multicolor cell populations [201]. In application to drug response,
LeGO enables selective labeling and monitoring of drug resistant cell lines [211], and
furthermore allows automated clonal tracking of single tumor cells within a xenograft by
IVM [212,213]. Brainbow-supported clonal analysis of hematopoietic stem and progenitor
cells [214] and antibody affinity maturation in germinal centers [215] has great potential in
application to therapies with target/off-target hematological toxicity or immunogenicity.
Photoconvertible fluorescent proteins such as in the Kaede-reporter GEMM [216] or the
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NIR lipid dye DiR [217] represent tools for cell tracking with 1\VM, for instance useful for in
vivo pathogen labeling [218] or tracking metastastic dissemination [146,147].

3.1.5. Physiological features of the microenvironment—IVM has long been used to
measure vascular structure and drug diffusion into surrounding tissue [219,220], including
for NPs such as liposomal doxorubicin that benefit from EPR effects [221]. ECM imaging
via multiphoton SHG [222] enables visualization of ECM structures including collagen
fibers, which influence cell behavior [191] and drug delivery [112]. SHG also enables
visualization of striated myosin and has been used to monitor sarcomere length during statin
treatment [223]. Less commonly used, in part do to requirement of longer wavelength
excitation source (~1300 nm), third harmonic generation (THG) enables visualization of
refractive index mismatches within tissue, which illuminates blood vessel walls, blood cells
and thus blood flow, nerve fibers and myelin [224], phagocyte migration, and cell nuclei in
some cases [225].

Vascular structure, perfusion, and permeability continue to be key features captured by VM,
and IVM studies have been useful in parsing the influence of various cell populations
including perivascular VEGF+ macrophages [64]; therapeutic adjuvants such as anti-VEGF
treatment [226], radiation [227], ultrasound [228], and hyperthermia [47,229,230]; and NP
physicochemical features such as size [50,219] and shape [231] impact transport from
vasculature to the target tissue. Reporter GEMMs enable clear and simultaneous
visualization of vascularity, for instance using Tie2-GFP GEMMs [230], and neighboring
cell populations. As an example, a two-color GEMM that ubiquitously expresses membrane-
anchored RFP, including in the endothelium, and GFP in CX3CR1+ phagocytes, was used to
visualize NP transport from tumor vasculature to adjacent perivascular phagocytic cells [54].
Fluorescent dextran conjugates of various molecular weight are often used to measure vessel
permeability in both cancer and inflammation, as was recently done in study of local tissue
heating [230], local macrophage accumulation [64], allergan-induced permeability from IgE
release [232], and interferon-gamma induced permeability in a model of colitis [233].
Increasing IVM resolution and stability have enabled much greater mechanistic insight into
the causes of macromolecular or NP extravasation, with recent insight into the role of
subcellular tumor-cell protrusions into vascular space [64] and highly dynamic bursts of NP
extravasation that last under 30 min for smaller NPs [30].

3.2. Intravital microscopy (IVM) techniques

IVM often requires a diverse set of tools and approaches depending on the scientific
question being addressed, with factors such as anatomical site, imaging time-scale,
resolution requirement, and throughput all influencing the optimal setup. Here we focus on
mouse imaging, although microscopy of lower organisms such as zebrafish and drosophila is
common and is reviewed elsewhere [234-236], including for application to high-throughput
drug development [237,238] and nanomaterial toxicology [239]. In its simplest form, IVM
in mice can be performed on the thin skin of the ear, which can be taped flat to the heated
microscope stage. This approach is fast, reliable, and enables facile assessment of PK and
extravasation in healthy model tissue. The mouse ear shares complimentary melanocyte
distribution compared to humans, and therefore serves as a useful site for intradermal
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melanoma xenograft implantation and subsequent imaging studies [240]. However, more
invasive surgical approaches are generally required for imaging deeper in tissue be it by
window chambers or intraoperative/endoscopic orthotopic imaging.

3.2.1. Window chambers—Surgically implanted window chambers are routinely used in
IVM to enable longitudinal imaging over days and weeks with relatively little setup, tissue
damage, inflammation, or animal discomfort caused after tissue has recovered from the
initial surgery [145]. In many ways, the skinfold chamber is the simplest and most reliable,
versatile method for making stable and clear images. This window consists of a metal
bracket sutured to a fold of skin, generally on the mouse back, with a glass cover slip
replaced over a surgically removed section of skin, and is typically used for imaging
subcutaneous tumor models, lymph nodes, and mammary fat pad tumors when placed over
the fat pad. Implantation into deep dermis helps avoid artificially constrained pseudo-2D
growth, and temperature effects can be ameliorated by heated housing facility and
environmental imaging chambers. The biggest benefit of the skinfold approach is the ability
to mount the chamber and tissue to the microscope stage and prevent nearly all motion
artifact from animal respiration and digestion. Compared to the dorsal skinfold chamber,
mammary imaging windows are smaller to accommodate more constrained anatomy, but
successful use is nevertheless more difficult. As an alternative, elizabethan-collared metal
frame windows between the skin and mammary fat pad offer less intrusive and obstructive
surgery but at the cost of motion stabilization. Abdominal imaging windows are similar in
structure to the mammary window but larger, and are useful for imaging abdominal organs
including the intestine [241], liver [146], kidney [145]. spleen [145], pancreas [145], and
ovary [242]. Due to extensive organ movement, it is frequently necessary to immobilize
target imaging sites to the window with cyanoacrylate glue, Vetbond tissue adhesive,
surgical suturing to the abdominal wall, and also to prevent the window from being occluded
by fluid pooling.

Inverted microscopes are best for mammary and abdominal window imaging to again
minimize motion artifact, although imperfect immobilization solutions for upright setups
have been described. In contrast, the dorsal skinfold chamber works with both upright and
inverted microscopes. Cranial imaging windows (CIW) are implemented for either the
frontal or occipital lobe using one of two approaches. The chronic CIW comprises a
craniotomy followed by a glued window, and the thin skulled window consists of a micro-
drilled skull thinning, which minimizes microenvironmental disturbances within the skull.
Compared to the thin skull method, the CIW is associated with increased spine turnover and
glial activation [243].

Although effective, many surgical approaches including window chamber implantations are
still invasive, unavoidably inflammatory to a degree, and require anesthetics for imaging
which is especially problematic for neurological studies. Recent work has attempted to
miniaturize optics and electronics for implanting imaging systems that eliminate the need for
anesthesia [244]. Several imaging methods have been developed, particularly for NPs, that
enable deep-tissue imaging without the need for surgery, including ultrasound,
luminescence, magnetic resonance, and CT; nevertheless, the resolution and ability to
imaging multiple distinct channels comes nowhere near to what is achievable by confocal
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and multiphoton approaches. Long-term imaging of the heart and lung still remains a
challenge, and new fluorophore schemes and surgical approaches are being developed to
reach deep tissue [245-249].

3.2.2. Orthotopic imaging and immobilization—In the absence of surgically
implanted windows, IVM supports orthotopic imaging at a wide range of anatomical sites.
Orthotopic imaging typically occurs during terminal non-survival imaging sessions,
although intra-operative survival procedures are also possible. Non-survival procedures
allow for the possibility of more invasive surgery, for instance involving opening the rib cage
for access to the lung and heart [247], and orthotopic sites can also be surgically
externalized, manipulated, and even mounted on a heated, compliant substrate for stable and
flexible imaging. Externalization procedures are most successful for abdominal organs such
as the intestine [54], liver, and pancreas, or superficial tissue structures including tumors of
the mammary fat pad [158].

Desiccation, thermal regulation, damaged vasculature, and movement are especially
important factors to address when performing VM surgeries. Tissue dessication and
evaporative heat loss can be addressed by applying warm isotonic Ringer’s solution and
minimizing the surface area of exposed tissue, for instance by minimizing surgical incisions,
organ externalization, and even by sealing exposed areas using plastic wrap [250]. Vascular
damage can be minimized by careful organ manipulation using damp saline swabs, blunt
tissue forceps, and microcautery when necessary. Once externalized or manipulated into
place, tissue can be stabilized by using a small suction window that diffusely applies a small
vacuum pressure around its window frame [249,251], as demonstrated for the pancreas
[250], lung [252] and heart [249]. As a caveat, excess negative pressure has the potential to
artifactually disrupt tissue physiology, for example through pressure-induced vessel collapse.
Narrow-shaped stick objectives, especially when combined with window-suction devices
[249] and micro-manipulation stages [179], are versatile and allow for stable imaging in
deep anatomical locations. As an alternative to suction, parenchyma can be glued onto the
imaging frame or cover slip [253,254]: however, this approach can lead to autofluorescence
[45], requires a relatively large flat outward surface for immobilization compared to stick
objectives, and limits the ability for repositioning and intentional tissue movement [251].
Real-time prospective gating to match image acquisition with rhythmic beating or breathing
also minimizes the movement between image frames, as done for instance to visualize
single-sarcomere movement in the beating heart [247,255]. In the same vein, synchronized
respiration and holder further improve stable acquisition [256]. Heuristic computational
approaches can be taken to optimize the time it takes to acquire images [257]. Although
discussion of microscope optics extends beyond the scope of this review, several adjustments
including objective collars [258], real-time wavefront detection and feedback [259,260], and
increased inter-pinhole distance [261] all correct aberration in thick specimens and have
been developed for deep-tissue IVM applications. IVM often involves imaging structures
that are large and bright next to structures that are equally important yet small and dim, for
example in the case of neuron nuclear bodies and their thin axon processes; high-dynamic-
range setups have been described to simultaneously capture these disparate features [262].
Photobleaching and phototoxicity are also prominent issues in time-lapse IVM, and light-
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sheet microscopy successfully addresses these issues but still does not readily accommodate
specimens larger than an embryo [263,264]. Overall, anatomical immobilization, surgical
manipulation, optical stabilization, and gated acquisition combine to improve IVM image
quality.

3.2.3. Image processing and analysis—Compared to /n vitro microscopy, IVM data is
complex both in terms of artifacts related to tissue autofluorescence, scattering, and motion,
and in terms of the complex biology of multiple cell types and structures behaving
dynamically in three dimensions. To deal with these issues, a host of computational methods
have been developed for refining and interpreting VM datasets. Image pre-processing
allows for the automated removal of motion artifacts including image translation and
distortion from tissue compression or expansion [245,248], and available standalone and
plugin software enable automated image filtering based on motion artifact [265,266].
Fluorescence attenuation from tissue scattering depends on the wavelength and optical tissue
properties, and corresponding correction techniques have been developed [267] that
complement noise-correcting methods in standard image analysis software platforms
including the academic/nonprofit ImageJ [268] and Cell Profiler [269] platforms, along with
commercially offered Matlab (Mathworks) and Imaris (Bitplane).

Once IVM data has been pre-processed to remove noise, motion, and scattering artifacts, a
major challenge remains to interpret the biological features of the data: what are the shapes
and movements of cells, vessels, and NPs over time?; what limits selective NP transport to
its target site?; and how does NP transport correlate with response at the single-cell and
macroscopic/clinical level? Manual image analysis is often limited in capability, time-
consuming, and prone to bias, and thus automated computational routines offer distinct
advantages. For VM, the first step in computational analysis typically involves automated or
semi-automated segmentation of different cell-types and vessels using thresholding
algorithms, and the most accurate applications contain an ability to manually train and
improve the segmentation parameters using iterative machine-learning [58]. Especially for
3D images, segmentation can be computationally intensive and require many hours to
complete, even with the use of a highly parallelized scientific computing cluster. To address
this issue, heuristic algorithms have been developed for rapid nuclear segmentation [270],
and resulting positional information enables high-throughput quantification of embryonic
development [271] and pathological cell invasion [197,272]. Once cells have been
segmented, intensity of fluorescent drugs [158,273] and NPs [55] can be quantified on a
single-cell basis; phenotypes of fluorescent genetic reporters can be used to sub-classify
individual cells, for example according to cell-cycle and mitotic catastrophe based on
FUCCI and histone reporters [58]; and statistical relationships between cell phenotype and
the local microenvironment can be calculated [55]. Segmentation of vasculature is highly
relevant to drug transport, and various programs exist to efficiently map vessels and analysis
properties such as diameter, branching features, and interconnectedness [274]. IVM of dyes,
particles, and cells in microvasculature, including through THG imaging, also enables direct
measurement of fluid flow and single-cell movement along capillary walls. These features
can then be mapped to vessel structure information to glean an array of mechanical
properties [134,275,276]. Computational studies of vascular perfusion [277] and its effect on
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tumor growth [278] or thrombosis [279] are all examples of VM data-driven modeling. In
the context of drug delivery, vascular features can be combined with single-cell
segmentation and 1VVM drug imaging to map the reaction/diffusion processes of drug
transport out of vessels and into individual cells [30,54,158] or even within subcellular
compartments of individual cells [280].

Future work will likely combine single-cell PK measurements and 1VM datasets with
complimentary ex vivo measurements and computational modeling of biological response
pathways. Towards that direction, one recent study has integrated I''VVM measurements with
immunohistochemistry of the same tissue for greater biological context [281], and new
methods for high-content immunofluorescence [282,283], multiplexed mass spectrometry
imaging [284], and /n situ RNA sequencing [285] will be powerful complementary tools.
Computational modeling of complex and stochastic biological networks has proven useful in
understanding cell behavior and drug response, for instance in the context of biomechanical
influences on cell signaling and behavior [286]; complex intracellular networks of kinase
[287-289] and/or transcriptional activity [290]; metabolic networks [291,292]; reaction/
diffusion processes of receptor signaling and antibody therapies [272]; dynamic feedback
and PD response [293,294]; along with multi-scale and agent-based models of multicellular
behavior [295,296]. In one recent example, IVM was used to populate a computational
model of T cell migration in the lymph node, which concluded that somewhat noisy,
probabilistic migration behavior actually improved the robustness of immune surveillance
[297]. Recent IVM advances have led to the creation of highly rich, quantitative datasets that
are of sufficient resolution to benefit enormously from computational tools for i) mapping
3D cellular distributions, vessel structures, and spatial/morphological relationships; ii)
classifying cell and vessel populations based on imaging phenotypes; ii) tracking single-cell
movement over time; and iii) simulating the combined pharmacokinetics and
pharmacodynamics of drugs moving from vessels to individual cells.

3.3. Creating fluorescent NP systems

Recent advances have expanded the range of tools available for fluorescently labeling NPs
for IVM applications, yet with each strategy comes with trade-offs in terms of versatility,
stability, and sensitivity. Compared to /n vitroimaging, IVM often requires short exposure
times to capture rapid cellular dynamics overcome motion artifacts from animal movement.
Thus quantum yield, extinction coefficient, dye concentration and non-leachability represent
especially important considerations (Figs. 3, 4). Dynamic /n vivo processes may occur on
the timescale of hours, and the inherent 3D nature of these processes typically requires
confocal z-stack imaging (Fig. 1). As a result, extended illumination places a high demand
on fluorophore photostability. Generally, BODIPY derivatives [298], silicon rhodamine
[299] and Alexa Fluor dyes such as Alexa488 exhibit superior environmental robustness and
photobleaching compared to alternative dyes such as Oregon green, the bulkier cyanine-
based dyes (Cy), and especially fluorescein [300] (Fig. 4). Secondly, /n vivo microscopy
generally requires fluorescent signals to penetrate through superficial tissues and anatomical
structures, especially for orthotopic sites, and tissue scattering increases with decreasing
wavelength of light. Consequently, development of two-photon excitable and near-infrared
emitting fluorophores have been of particular value, although shorter wavelength
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fluorophores are still effective in many applications. Third, IVM requires successful delivery
of the nanomaterial and its fluorophore to the anatomical site of interest, and influences on
NP stability and pharmacokinetics need to be considered, including fluorophore charge,
binding modality to the NP, hydrophobicity, lipophilicity, pH stability, and immunogenicity.
Especially for fluorescent labels that are large or are themselves NPs, such as Qdots, impacts
on NP size, shape, and stiffness also need to be considered. Unfortunately, very few if any
systematic studies compare fluorophore performances across VM methods, therefore
indicating the need to extrapolate from the successful case studies enumerated herein.

3.3.1. Fluorophore-conjugated NPs—Appropriate NP labeling strategies depend on
the NP type (Fig. 3). For polymeric micellar NPs with hydrophobic cores, the BODIPY
family of dyes offers selection of effective options ranging across the emission spectrum
from green to far-red, and their advantages and recent improvements have been reviewed
elsewhere [301]. In general, BODIPY dyes provide excellent stability in complex and often
challenging acidic or oxidative /n vivo environments [302]; BODIPY dyes photobleach
much less than other fluorophores including fluorescein [303]; BODIPYSs retain efficient
fluorescence across a range of lipid environments and solvent polarities [304]; and the
relatively narrow excitation and emission spectra compared to other organic fluorochromes
enables most common multi-channel imaging setups. Importantly, BODIPY dyes are highly
hydrophobic, and computed n-octanol:water partition coefficients (cLogP) for the dye series
range from 4-6.5. Recent BODIPY derivatives, such as MayaFluor, are much more
hydrophilic and have improved properties for in vivo imaging [305]. Red-shifting of
BODIPY fluorescence properties is accomplished through extending its pi-electron
delocalization via addition of vinyl, phenyl or thiophene groups, which in turn further
increases its hydrophobicity. For instance, anisole and thiophene additions to the core
BODIPY structure yield the near-infrared BODIPY-630 (Agy/Aem = 625nm / 643nm) with a
cLogP at the hydrophobic end of the spectrum (6.54). Although such high hydrophobicity
detrimentally impacts solubility and behavior in aqueous physiological solutions, this feature
allows for stable and efficient encapsulation within the hydrophobic cores of NPs based on
block co-polymers such as poly(lactic-co-glycolic acid)-b-polyethyleneglycol (PLGA-
PEG)55]. Encapsulation can be efficiently accomplished by covalent conjugation to a
hydrophobic polymer such as PLGA or polylactic acid, which can then be co-encapsulated
during emulsion or nano-precipitation reactions with the block co-polymer, therapeutic
payload, or other imaging contrast agents. Similar hydrophobic NP anchoring has been used
for SWNTs, where hydrophilic dyes (fluorescein, Cy5.5) are tethered to the SWNT surface
using lipid anchors [43,306,307]. Liposomes and other lipid-based NPs are likewise suited
for labeling with highly lipophilic dyes. Long-chain dialkylcarbocyanines efficiently label
lipid membranes of liposomes, micellar NPs, and other biological lipid membranes
including those of microvesicles and endothelial cell surfaces; DiD (Agy/Aem = 644nm /
665nm) and DiR (Aex/Aem = 750nm / 780nm) near-infrared dyes are especially useful for
intravital applications [54,308], and DiR exhibits irreversible photo conversion useful for in
vivo cell tracking [217].

In contrast to the above fluorophores, highly hydrophilic dyes should be used for labeling
NP surfaces that are exposed to aqueous solutions. Fluorescein is often avoided due to high
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photobleaching and poor brightness upon cellular uptake, while rhodamine green, and to a
lesser extent, Oregon green, can retain fluorescence /n7 vivo and within cells [302]. Among
near-infrared dyes, Vivotag-680XL, Vivotag-S 750 [54], Alexafluor dyes including
Alexa647 [309], along with cyanine dyes Cy5 and Cy5.5 [90] have all been successfully
used for intravital imaging applications, although Cy5 and Cy5.5 dyes exhibit more
photobleaching [300]. Ultraviolet-excitable dyes such as Alexa405 and Pacific Blue have
also been successfully used for intravital imaging, primarily in the context of simultaneous
multicolor imaging where other fluorescent channels are already occupied, and primarily for
applications such as vascular mapping where discernment of rapid dynamics or fine
subcellular structures are not as essential [54,154].

3.3.2. Intrinsically fluorescent NPs

Quantum dots: As macromolecular structures, NPs have the inherent potential to
accommodate larger fluorescent species including polymers and even small NPs. Qdots
exhibit extremely bright fluorescence and narrow excitation and emission spectra, including
in the NIR range, and thus allow for multi-channel imaging. Qdots have been extensively
used for deep tissue imaging, reviewed elsewhere [310-313]; long-circulating Qdots have
been useful for vasculature mapping, while molecularly targeted Qdots [314,315] have
applications in selectively labeling circulating immune cell populations [316] and sensitively
detecting cancer cells [317]. The lack of Qdot biodegradability increases their risk for
toxicity, yet recent reports show positive safety profiles in non-human primates [318,319].
As imaging agents for therapeutic NPs, Qdots have the capability to be co-encapsulated in
larger (>100nm) polymeric vesicles and core-shell polymer structures similar to those used
for drug delivery, and surprising this encapsulation can enhance the Qdot fluorescence
properties [320,321]. For instance, encapsulation of CdSeS/ZnS Qdots in poly(methyl
methacrylate)-co-methacrylic acid (PMMA-co-MAA\) increased the Qdot’s quantum yield
from 0.33 to 0.84, extended fluorescence decay lifetimes by blocking non-radiative decay
pathways, and allowed for two-photon imaging at 2mm depths [321].

New fluorescent NP systems: Qdots and organic fluorochromes have become cost-
effective, efficient, versatile, stable, and sufficiently bright tools for the vast majority of IVM
applications. Nonetheless, new specialized fluorescent NP systems have been developed
which show unique imaging properties and potential for some 1VM applications. For
instance, up-converting NPs (UCNPs) exhibit a characteristic anti-Stokes emission, which
enables tissue-penetrating near-infrared excitation and multiplexing with single-photon
fluorophores, reviewed elsewhere [322,323]. Primarily through pi-conjugated systems,
organic polymers themselves can be used for fluorescent, luminescent, and photo-acoustic
imaging applications [324-328]. Broad fluorescence spectra, short-wavelength absorption,
and photothermal conversion represent challenges for these “polymer dots,” although red-
shifted emission spectra [329] and near-infrared emission through FRET [330] are recent
improvements.

Although Qdots, UCNPs, and polymer dots exhibit theoretical advantages over traditional
fluorochromes, their co-encapsulation within larger polymeric drug delivery particles [331]
carries non-negligible risks of altering therapeutic NP properties including i) toxicity
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through introduction of non-biodegradable and/or reactive materials; ii) physicochemical
properties, particularly shape, stability and stiffness through the introduction of inorganic
crystals and distinct polymer systems; and iii) drug release rates, which are generally a
function of the NP physicochemical properties. In some cases these alterations can be
exploited. For instance, ultraviolet-degradable polymer NPs have been combined with
UCNPs to allow localized degradation in vivo upon local NIR-irradiation, then leading to
release of the drug cargo [332-334]. UCNP photothermal conversion has also been exploited
to enable photothermal in vivo imaging and localized photothermal therapy [329].

Aggregation induced emission NPs: Fluorophore quenching is a typical problem that
occurs when using excessive NP labeling concentrations [308], with Alexa Fluor dyes being
less susceptible to self-quenching [300], yet certain fluorophores exhibit the unusual
property of aggregation-induced emission (AIE) whereby steric restriction of intramolecular
rotation in tightly packed fluorophores enables enhanced fluorescence [335]. Silole
fluorogens are among the most prominent AIE dyes, and BODIPY-based dyes with AIE
properties have also been described to exhibit shifted photoluminescence spectra depending
on solvent polarity [336]. Multiple fluorescent AIE-dye labeled polymeric NPs have been
described [337-340], often with facile synthesis in one-pot reaction schemes [341-343], and
such materials have been used for intravital two-photon imaging of vasculature [344].
Relatively broad excitation and emission spectra represent a substantial limitation of this
approach, however.

3.3.3. Environmentally responsive NPs—Many NP platforms have been designed to
respond to local physicochemical cues at target sites for enhanced selectivity and efficiency
of delivery, and numerous imaging strategies have been developed to directly visualize how
such environmental cues and corresponding NP behaviors unfold in vivo. NPs have been
developed to respond to a diverse range of cues, for instance including use of carbon dots to
detect intracellular copper ions [345] and Qdot-encapsulated polymer to monitor
temperature [346]; however, the majority of environmentally responsive systems have been
directed towards measuring local pH, oxygen, and activities of enzymes such as proteases.

pH-responive NPs: Acidic pH is an important feature of hypoxic tumor environments and
endosomal/lysosomal NP trafficking, and in many cases plays important roles in controlled
NP degradation and drug release. pH-responsive drug loaded NPs have been extensively
developed and reviewed elsewhere [347-350], and nanoencapsulation or NP-surface labeling
has been a successful strategy for /n vitro delivery of pH-sensitive dyes, including the
typically cell-impermeant pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, HPTS) [351-
354]. /n vivoimaging of pH has been challenging, and the most successful strategies
typically have relied on ratiometric imaging of dyes and/or Qdots with differential pH
dependencies [355]. Given the success of BODIPY dyes in general for VM, BODIPY-based
pH-responsive systems may hold promise. Red / NIR aza-BODIPY
(tetraarylazadipyrromethene) [356] and the green-fluorescent BODIPY-appended calix
[4]arene [357] have been recently developed for improved physiological pH responsiveness.
Although new dye and Qdot systems show vastly favorable transport, photobleaching and
responsiveness compared to the long-used fluorescein BCECF, AM (27,7’ -Bis-(2-
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Carboxyethyl)-5-(and-6)-Carboxyfluorescein, Acetoxymethyl Ester) [358], in general their
application to IVM has been limited to date.

Oxygen-responsive NPs: Oxygen-responsive NPs have been developed for application to
ischemic injury and cancer, where hypoxia is a frequent and relatively selective feature of
the local tumor microenvironment. Oxygen-responsive NPs have been developed for over a
decade [359,360], and hypoxia-induced drug delivery from NPs has can be accomplished for
instance using quinone or nitroaromatics such as 2-nitroimidazole, which can reduce
through biological redox reactions and lead to more rapid drug release [361]. Fluorescent
probes based on similar chemistry [362,363] have enabled /n vivo fluorescence imaging that
co-localizes with tumor hypoxia markers such as HIF1-a [364]. Phosphorescent and
luminescent transition-metal (Ru/Pt/Pd/Ir) porphyrin systems also display oxygen responsive
properties, are frequently encapsulated on silica NPs [365], within endogenously fluorescent
polymer dots [366], or within polymeric NPs along with NIR reference dyes for ratiometric
imaging [367,368] with up to single-particle sensitivity /n vitro [369]. Strategies have also
combined pH sensing, O, sensing, and reference fluorescence within a 3-color NP system
[370]. /n vivo, Op-sensing NPs have been successfully used for sensitive imaging of
zebrafish when combined with up-converting NPs (Agx = 980 nm) [371]; as macromolecular
and polymer nanoencapsulated phosphorescent probes to sensitively detect hypoxia from as
few as several thousand cancer cells in mouse models [372,373]; and in ratiometric
fluorescent/phosphorescent biodegradable NPs for hypoxia imaging using IVM in a
window-chamber xenograft model [374]. In general, O, sensing NPs have been successfully
applied to high resolution ex vivo imaging, for instance in frozen tissue sections, and
relatively low-resolution live-animal fluorescence imaging, for instance to identify
macroscopic tumor features. Given such promising initial results, opportunity exists to
image O,-sensing NPs using high resolution IVM at resolutions that reveal effects from
microvasculature structure, local immune infiltrate, fibrosis, cellular behaviors, and
macromolecular diffusion/perfusion, all of which impacts hypoxia in malignant and
infarcted tissue.

Enzymatically-triggered NP degradation has also been heavily exploited for targeted drug
delivery for example through particle degradation [375] or aggregation [376] by tumor-
expressed proteases, and has been reviewed elsewhere [377-379]. NIR protease-activated
probes were first developed in the late nineties [380,381] and many are now commercially
available. In these applications, prominent degradative enzymes include the apoptosis
protease caspase-3 [382], lysosomal cathepsin peptidases [383], and collagenolytic
metalloproteinases [384]. Protease activity is especially important to the biology and
function of innate immune cells, and sensor-encapsulated NPs or macromolecules have been
successful for imaging such cell populations in ocular inflammation (uveitis) [385],
cardiovascular disease [386], and cancer [383]. Clinically, intra-operative imaging of
macromolecular protease-activated probes has been recently performed to detect tumor
margins [133].

3.3.4. Fluorescent labeling of therapeutic payload—Monitoring NP vehicle
pharmacokinetics elucidates how nano-encapsulation alters systemic drug clearance and
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directs cellular uptake; nonetheless, it is often critical to additionally monitor the therapeutic
NP payload itself, especially as it is gradually released from its NP vehicle, diffuses into
target tissue, and exerts its biological effects. Depending on physicochemical factors
including the NP release rate, the payload PK and biodistribution may diverge substantially
from the NP vehicle, as has been observed with drug-loaded liposomes [36] and polymeric
NPs [55]. Multicolor IVM addresses this need well, and multiple strategies have been
developed to use intravital fluorescence microscopy to directly and simultaneously visualize
transport in the NP, NP degradation, payload release, and even binding of the payload to its
therapeutic target.

IVM of drug payload is most straightforward with intrinsically fluorescent therapeutics
including anti-neoplastic DNA intercalators such as doxorubicin and daunorubicin [387],
mitoxantrone [388], along with tetracycline antibiotics such as doxycycline [389,389], all of
which exhibit easily accommodated excitation / emission spectra (Aex 450-490 nm, Aem
506-650 nm, depending on the drug and its derivatives). Endogenous fluorescence typically
exhibits poor brightness and broad excitation and emission spectra, thus requiring high
dosing and limiting multicolor imaging. Nonetheless doxorubicin has been repeated used as
a model chemotherapeutic for studying intratumoral transport via realtime IVM in tumors
[48,390]. In cases that the payload is not fluorescent, chemical conjugations with optimized
fluorochromes are required.

Conjugation of small molecule drugs with organic fluorescent dyes represents a highly
effective strategy for sensitively monitoring drug transport and imaging molecular drug
targets of nanotherapeutics /n vivo. Over the past decade the list synthesized, validated, and
utilized fluorescent-drug conjugates has grown to over a dozen unique compounds, many of
which have been successfully employed for IVM applications. Among the most commonly-
employed dyes, BODIPYs have been used to label cytotoxic chemotherapeutics including
gemcitabine [391], etoposide [392], the microtubule poisons eribulin [56] and docetaxel
[54], along with platinum (1) compounds related to carboplatin [154], cisplatin [154,393],
and platinum (1V) prodrug derivatives [55]. BODIPY-conjugates of other molecularly
targeted therapeutics have been successfully developed, including the kinase inhibitors
ibrutinib [156] and foretinib [394]; the poly-ADP-ribose polymerase (PARP) inhibitor
olaparib [158,280], and the class-1V antiarrhythmic verapamil [395,396]. Coumarin-
conjugated drugs have been effective for /n vitro analysis [397,398], but their UV excitation
and poor brightness generally limits /77 vivo applicability.

Chemical properties of the fluorescent tag, its chemical linker if present, and its conjugation
site on the parent compound all have potentially critical impacts on the payload’s
performance, much more so than for the actual NP labeling. For instance, labeling
vinblastine with BODIPY-FL unexpectedly created a high-affinity pregnane X receptor
(PXR) ligand with behavior distinct from either BODIPY-FL or vinblastine parent
compounds [399]. In another example, olaparib exhibits prolonged cytoplasmic retention
when labeled with the more hydrophobic NIR dye BODIPY-650, as compared to the green
emitting BODIPY-FL labeled compound [280]. To overcome similar observations with
BODIPY-docetaxel, whereby highly hydrophobic drug does not readily wash-out from cell
membranes and thus prevents imaging subcellular drug-target (in this case, tubulin) features,

Adadv Drug Deliv Rev. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller and Weissleder

Page 32

conjugation with the less hydrophobic green-emitting monoalkoxy-BODIPY (MayaFluor)
[305] allows imaging of microtubule structures including mitotic spindle formation in live
cells [54]. Silicon-rhodamine (SiR) dyes display even more favorable hydrophobic balance,
are extremely useful for their compatibility with super-resolution stimulated emission
depletion (STED) microscopy, and are NIR-emitting. Moreover, SiR-conjugates efficiently
wash-out from cells such that binding to targets such as tubulin [400], actin [400], and the
ibrutinib target BTK [157] is exquisitely specific and clear, the last target of which being
clearly imaged by IVM in a window chamber model. Nanoencapsulation and prodrug
strategies may change the fluorophore-labeling calculus, for instance by favoring
hydrophobic BODIPY over more hydrophilic dyes to achieve efficient drug loading and
slow drug release. In the case of a nanoencapsulated Pt(1V) prodrug, the BODIPY dye is
attached to an aliphatic chain that improves cellular uptake and toxicity and that releases via
intracellular Pt reduction to form a reactive dye-free Pt(I1) species [55,401].

In contrast to small molecule fluorophore conjugation, nucleic acid and protein delivery
often requires a less customized approach to labeling. Numerous strategies exist for protein
bioconjugation, including ultra bright bio-orthogonal approaches [402,403], and are
reviewed elsewhere [404]. Dye-siRNA labeling kits are commercially available and have
been performed for /in vivoimaging of sSiRNA-NP delivery [405,406] using Alexa Fluor and
cyanine dyes. Nonetheless, fluorescence quenching from RNA complexation has been noted
[407], and as with other applications, non-robust fluorophores such as fluorescein have been
problematic for intracellular siRNA imaging [408]. Just as with strategies for labeling the
NP vehicle itself, NP loading of fluorescent therapeutic payload above a certain density
generally leads to self-quenching [308], and so a trade-off exists between optimal imaging of
payload within intact NPs versus outside of NPs at much lower concentrations, with the
latter benefiting from highest loading. Overall, recent advances in fluorophore conjugation
have extended the breadth of tools and strategies available for imaging NP payloads /n vivo,
with increasing appreciation for how physicochemical labeling properties can be optimized
for both nanoencapsulation and drug performance outside of the its NP vehicle.

4. Future directions and Challenges

Despite the enormous advances in intravital imaging technology, a number of practical
challenges remain particularly with respect to NP imaging. It is perhaps easiest to group
these issues by chemical, biological, and technical challenges. The chemical challenges are
mostly related to conjugation chemistries, ensuring that fluorochrome modification does not
affect the biological behavior, that NPs remain intact and that syntheses are highly
reproducible. These issues are often easily surmounted given the growing literature on
fluorochrome types, conjugation methods, and their effect on biological behavior.

The biological challenges are still considerable. Tumor-associated macrophages (TAM) and
other phagocytic cells are often abundant in the tumor microenvironment and play important
roles in the efficacy of different nano preparations. TAM in particular can show considerable
plasticity by assuming phenotypes and functions that have different NP uptake patterns and
are either tumoricidal (M1-like) or tumor promoting (M2-like). We currently lack a cadre of
reporter mice with intact immune systems and where different cell populations express
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different fluorescent properties. Once established, these could be used to assign functions to
these cells with respect to NP behavior. Availability of these models will become all the
more critical as nano preparations will invariably be combined with immunotherapy in the
future. The ability to temporally and spatially define how different NPs and cells interact
with their environment, mediate cellular immunosuppressive or tumoricidal actions, and
alter the course of disease progression is required to understand response and resistance
mechanisms to nanotherapies, which will ultimately guide next-generation treatments.

Finally, there are a number of technical challenges that have been summarized in other
reviews [151]. In essence, it would be ideal to advance orthotopic imaging as opposed to
window chamber imaging which is occasionally criticized for its artificiality. Nevertheless,
the window chamber is a model system often capable of providing answers not easily
obtainable by conventional technologies. Newer fiber-optic approaches and immobilization
technologies are being developed to enable true orthotopic imaging without the need for
window chambers.

How will we use these emerging new technologies in the future? Box 2 summarizes some of
the critical questions that arise with each new therapeutic NP being developed. We argue that
IVM represents an invaluable technology to optimize and compare future preparations side-
by-side in the same animal. Importantly it is the tool to understand why and when NPs don’t
work as anticipated. Finally, we expect that IVM technologies will be used more extensively
to investigate off-target effects, excretion mechanisms and existing delivery challenges.
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Abbreviations

ADME
absorption distribution metabolism excretion

BODIPY
borondipyrromethene

BTK
Bruton’s tyrosine kinase

Ciw
cranial imaging window

DCE-MRI
dynamic contrast enhanced magnetic resonance imaging

DiO/ Dil / DiD/ DiR
dialkylcarbocyanine dyes

ECM
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extracellular matrix

EGFR
epidermal growth factor receptor

EpCAM
epithelial cell adhesion molecule

EPR
enhanced permeability and retention

FLIM
fluorescence lifetime imaging microscopy

FR
folate receptor

FRET
Forster resonance energy transfer

FUCCI
fluorescence ubiquitination cell cycle indicator

GEMM
genetically engineered mouse model

GFP
green fluorescent protein

HA
hyaluronic acid

HER2
human epidermal growth factor receptor 2

IVM
intravital microscopy

kon/koff
binding and dissociation Kinetic rate constants

LeGO
lentiviral gene ontology

M1
inflammatory/tumoricidal phenotype

M2
wound-healing/tumor-promoting phenotype
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MPS
mononuclear phagocyte system

MRI
magnetic resonance imaging

NP
nanoparticle

P-gp/ MDR1
P-glycoprotein / Multidrug Resistance Gene 1

PAR-1
protease activated receptor 1

PARP
poly ADP ribose polymerase

PD
pharmacodynamics

PEG
poly ethylene glycol

PET/CT

positron emission tomography / computed tomography

PK
pharmacokinetics

PLGA
poly lactic-co-glycolic acid

PRINT
Particle Replication in Non-Wetting Templates

PSMA
prostate specific membrane antigen

Qdot
quantum dot

RFP
red fluorescent protein

RGD
arginine-glycine-aspartic acid

SHG
second harmonic generation
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SSTR
somatostatin receptor

SWNT
single-walled carbon nanotube

TAM
tumor associated macrophage

TGFB
transforming growth factor beta

THG
third harmonic generation

UCNP
up-converting nanoparticle

VEGFR
vascular endothelial growth factor receptor
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Fig. 1.
From imaging to quantitative pharmacology. The schematic diagram illustrates the different

pharmacological compartments (for specific example see Fig. 2). 3D stacks are acquired
over time, often over many hours or even days. Image fiducials, rigid registration, motion
reduction and anatomic landmarks are all used to co-register image datasets. Information is
extracted manually (e.g. ROl measurements) or automatically through image processing
software. Data points are tabulated and used to calculate pharmacological parameters at the
single cell or population levels.
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Fig. 2.
Main compartments relevant to NP delivery in tumors. The three compartments are tumor

cells (green; HT1080-GFP), tumor associated macrophages (TAM; red; labeled with
Ferumoxyotol-VT680) and microvasculature (blue; containing Angiosense, a long
circulating NP). Timing after administration and type of NP are the primary determinants of
NP location (note that the red and blue NP are in different compartments since they were
administered 24 hours apart). The other important determinant of delivery is the
heterogeneity of the different compartments. All three compartments are heterogenous and
often unpredictable unless interrogated by real-time imaging: microvessels often show hyper
leaky areas, chaotic flow, non-perfusion, stagnant flow and shunting; tumor cells are highly
heterogenous, often have different NP uptake properties as well as different distances from
microvessels; and phagocytic cells comprise different types of TAM, monocytes, neutrophils
and dendritic cells, all with different properties and functions. The white box in the left
image represents the area of higher magnification on the right.
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Figure 3.
Strategy of fluorescent labeling for multichannel IVM imaging. Most modern confocal and

multiphoton imaging systems allow analysis of NP vehicle, payload, and physiological
features (e.g., vascular, stromal and immune cell populations) using 4-6 fluorescent
channels. Specialized equipment and analysis tools can expand this number. We commonly
employ different fluorochromes (see Fig. 4 for specific choices) for IVM; among the
generally robust dyes listed above, hydrophobicity is the main determinant of applicability to
a particular NP or payload system (rows). Multi-photon excitation can apply to many listed
fluorophores, and also enables second- and, less commonly, third-harmonic generation
imaging (SHG and THG, respectively) of tissue and cellular structures. In general, 400-450
nm emitting fluorophores are reserved for applications with low signal or resolution
requirement due to their relatively poor physicochemical properties and high tissue
scattering / autofluorescence.
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Commonly used fluorochromes for IVM and conjugation strategies.
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Fig. 5.
Pharmacokinetic analysis of a model nanoparticle shows extended microvasculature half-life

and heterogeneous tissue accumulation. Multichannel imaging allows temporal and spatial
analysis of both NP and payload distribution. In this example, we monitor the circulation
and release of a fluorescent Pt compound from a PEGylated NP [Miller et al., 2015, Nat
Commun, 6, 8692]. Nanoparticle concentrations are monitored (a) and quantified (b) using
time-lapse confocal fluorescence microscopy in the dorsal window chamber model.
Nanoencapsulation extends the initial microvasculature half-life to 55 min, which represents
a > 5-fold increase compared to unencapsulated Pt(11) compounds (cisplatin and carboplatin
related compounds) in the same animal model [Miller et al., 2014, Chem Med Chem, 9,
1131-5]. Scale bar 50 pm; thick lines and shading denote mean +/- s.e.m. (n=6). Modified
from ref. [Miller et al., 2015, Nat Commun, 6, 8692].
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Fig. 6. Multichannel PK/PD imaging of a therapeutic nanoparticle
A PLGA-PEG nanoparticle (cyan in microvessles) is observed as it enters tumor associated

macrophages (TAM) ~30 minutes after administration. TAM uptake is highlighted by white
arrows. TAM are marked by GFP in a reconstituted mouse model of 53BP1-mApple
containing fibrosarcoma cells (HT1080). Red cells with many nuclear puncta are undergoing
NP-associated DNA damage.
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Fig. 7. Different therapeutic NPs including those in clinical use often show prominent uptake in
TAM rather than in cancer cells

Nonetheless, therapeutic efficacy is achieved by slow release of payload from TAM to
neighboring tumors cells [Miller et al., 2015, Nat Commun, 6, 8692]. The specific examples
shown here relate to PLGA-PEG nanoparticles similar to those in clinical trials [Min et al.,
2015, Chem Rev, 115, 11147-90]. Note the predominant uptake of NPs in GFP+ TAM (left).
Even at lower magnification (middle), NP accumulation mirrors that of TAM distribution.
Right: quantitation of TNP uptake (modified from [Miller et al., 2015, Nat Commun, 6,
8692]).
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Fig. 8.

M?QI of magnetic NPs predicts therapeutic NP efficacy. Left: Example cross-sectional T2
images of tumors accumulating low and high intratumoral magnetic NP, with a pseudo-color
overlay to indicate the difference in T2 within the manually segmented tumor region. Right:
Pre-therapeutic MRI of magnetic NPs predicts accumulation and response to paclitaxel-
loaded NPs. Tumor progression in HT1080 tumors was ranked according to low, medium,
and high magnetic NP values as measured by MRI. Error bars denote S.E.M. (total n=33).
Modified from ref. [Miller et al., 2015, Sci Transl Med, 7, 314ra183].
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	Cellular mechanisms of systemic clearance: The liver and kidney comprise two of the most important organs for drug and NP clearance, and fluorescence imaging of both has been useful for studying cellular clearance mechanisms of NPs and model therapeutic payloads. While NPs or large proteins have been found to accumulate in liver hepatocytes via endocytosis, negatively-charged Qdots (~4 nm diameter) are completely absent from hepatocytes and instead accumulate in resident liver phagocytes (Kupffer cells) and liver sinusoidal endothelium [40]. Similarly, larger (100 nm diameter) mesoporous silica NPs also lack hepatocyte uptake and rapidly aggregate within the sinusoid [40]. In contrast, the model fluorescent small molecules rhodamine-123 and fluorescein are readily taken up by hepatocytes and excreted into bile [40]. Non-fluorescent derivatives of fluorescein have been used with IVM to monitor metabolism into fluorescent byproducts in hepatocytes, which can be done at sufficiently high resolution to discern nuclear versus cytoplasmic localization [118]. Drug transport studies in the kidney [32] show early Qdot accumulation in the peritubular capillaries and glomerular arterioles, followed by transport to fenestrated glomerular endothelium and eventual uptake by mesangial cells. In contrast to negatively-charged Qdots, cationic Qdots readily pass through the anionic glomerular basement membrane and are rapidly excreted into urine [32]. In both studies, multiphoton IVM was combined with fluorescence lifetime imaging microscopy (FLIM) to selectively image Qdots, which have long fluorescence lifetimes compared to organic dyes and autofluorescent tissue. Other studies have monitored transport of different folic-acid conjugates through the kidney. Clever comparison of conjugates labeled with dyes that are either pH-sensitive (fluorescein) or pH-insensitive (Texas Red) allowed inference of pH in endocytic compartments as the drug transcytoses from apical to basal surface of proximal tubule cells [119]. Taken together, these results bear relevance to renal and hepatic toxicity, manipulating clearance rates through NP engineering, and predicting drug-drug interactions.Imaging molecular transporter activity: Drug efflux pumps are a class of transmembrane transporters that most prominently include P-gp/MDR1, and are found at high levels in key barriers of the body such as the blood-brain barrier and intestine, along with sites of drug clearance including the renal proximal tubule and the liver. Efflux pumps regulate systemic PK of multiple drugs, their upregulation or inhibition can impact the bioavailability of co-administered drugs, and their upregulation also contributes to drug resistance (as discussed above). Drug efflux analysis is a natural application of IVM, considering many fluorescent compounds themselves are efficient efflux pump substrates. As a P-gp substrate, Rhodamine-123 has been used with IVM to assess P-gp function in hepatocytes and the impairment of said function by co-administered drugs known to interact with P-gp [120,121]. Such analysis has shown not just how P-gp inhibition influences systemic PK, but also how impaired drug efflux enhances drug accumulation in individual hepatocytes and slows drug clearance to the bile [120]. Fluorescent drugs and dyes (including borondipyrromethene, BODIPY) serve as transport markers for an array of efflux proteins, including ABCB1/MDR1/P-gp (calcein-AM; BODIPY labeled forskolin, verapamil, vinblastine, prazosin, paclitaxel, eribulin, daunorubicin, doxorubicin, hoechst33342, BCECF-AM, Rhodamine-123); ABCC1 (calcein-AM; fluro-4-AM; mitxantrone; BCECF-AM; daunorubicin; doxorubicin; fluo-3); ABCC2 (doxorubicin; carboxy-2′,7′-dichlorofluorescein); ABCC4 (BCECF); ABCC5 (fluorescein; 5-chloromethylfluorescein diacetate [CMFDA], BCECF); and ABCG2 (mitoxantrone; hoechst33342) [122]. IVM application to drug efflux is of particular relevance to nano-formulations, considering i) nano-encapsulation has been frequently used as a strategy to bypass drug efflux pump action [123]; ii) many of the above-listed drugs have served as NP payload for therapy; iii) NP vehicles and degradation products can influence efflux pump expression and are themselves pump substrates [124]; and iv) nano-encapsulation has been used to efficiently deliver P-gp inhibitors, which exhibit notoriously poor PK properties as un-encapsulated compounds, to resistant tumor cells [56].
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