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Abstract: Nanoformulations offer multiple advantages over conventional drug delivery, enhancing
solubility, biocompatibility, and bioavailability of drugs. Nanocarriers can be engineered with target-
ing ligands for reaching specific tissue or cells, thus reducing the side effects of payloads. Following
systemic delivery, nanocarriers must deliver encapsulated drugs, usually through nanocarrier degra-
dation. A premature degradation, or the loss of the nanocarrier coating, may prevent the drug’s
delivery to the targeted tissue. Despite their importance, stability and degradation of nanocarriers
in biological environments are largely not studied in the literature. Here we review techniques
for tracing the fate of nanocarriers, focusing on nanocarrier degradation and drug release both
intracellularly and in vivo. Intracellularly, we will discuss different fluorescence techniques: confocal
laser scanning microscopy, fluorescence correlation spectroscopy, lifetime imaging, flow cytometry,
etc. We also consider confocal Raman microscopy as a label-free technique to trace colocalization
of nanocarriers and drugs. In vivo we will consider fluorescence and nuclear imaging for tracing
nanocarriers. Positron emission tomography and single-photon emission computed tomography
are used for a quantitative assessment of nanocarrier and payload biodistribution. Strategies for
dual radiolabelling of the nanocarriers and the payload for tracing carrier degradation, as well as the
efficacy of the payload delivery in vivo, are also discussed.

Keywords: biological fate; degradation; drug delivery; molecular imaging; fluorescence microscopy;

Raman microscopy

1. Introduction

Nanoparticles (NPs) offer multiple possibilities for the advancement of medicine,
bringing solutions to problems that cannot be solved with standard medical approaches [1].
The use of nano- and microtechnologies in drug delivery provides many advantages for
the encapsulation of otherwise insoluble therapeutics [2], for programmed release [3] and
especially for cell and organ targeting [4]. Nanocarriers (NCs) have been designed for
cancer treatment [5] and gene therapy [6], for the treatment of Alzheimer’s disease [7],
and for the delivery of antibodies in rheumatoid diseases, to cite a few examples. Some
of the developments in the nanomedicine field have reached the market, while others are
presently in the clinical phase [8]. Transport and delivery of NCs and encapsulated drugs
or cargo are strongly affected by the physicochemical characteristics of the NCs, such as
their size, shape, surface charge, and chemical formulation. The most common materials
employed in the manufacture of NCs are polymers [9], lipids [10,11], and metals [12].
Inorganic metal or metal oxide NCs offer several advantages due to their unique properties
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for imaging and therapy; however, they are limited by their toxicity, slow degradation, and
rapid elimination when used for medical purposes [13]. An interesting type of inorganic
NPs with potential for drug delivery are mesoporous silica NPs (MSNs), which can be
loaded with cargo in nanoscale pores. Another example of porous materials with potential
for drug delivery are metal-organic frameworks (MOFs), which can be considered hybrid
materials formed by the complexation of organic linkers and ions to form three-dimensional
networks [14].

Phospholipids formulated into liposomes are probably the most successful organic
material used as a NC. It was in the early 1960s when liposomes were described for the first
time, eventually becoming a powerful tool for drug delivery. Liposomes are vesicles formed
by at least a single lipid bilayer. Multiple products based on liposomes have reached the
pharmaceutical market, such as Doxil® (breast cancer), Abelcet® (fungal infections), or
Marquibo® (lymphoblastic leukaemia) [15]. Hydrophilic drugs can be encapsulated inside
the aqueous phase cavity of the liposomes, while hydrophobic drugs can be embedded
within the hydrophobic regions of the lipid bilayer. Lipid and also polymeric NCs can
improve the therapeutic index of various water soluble/insoluble drugs by increasing their
bioavailability, their solubility in physiological environments, and retention time in the
tissue or organ of interest [16]. Biocompatible and biodegradable poly lactic-co-glycolic
acid (PLGA) and poly lactic acid (PLL) NPs are examples of polymeric NCs for drug
delivery that have reached clinics and which can be used for encapsulating hydrophobic
payloads in their cores [17]. Another interesting example of NCs based on biopolymers
are protein-based NCs, which are biodegradable, non-antigenic, metabolizable, and are
easily amenable for surface modification [18]. Protein NPs are already in the market. These
NCs are based on the assembly or covalent crosslinking of proteins, with bovine serum
albumin (BSA) or human serum albumin (HSA) being the most common protein employed
for this type of NC. The presence of hydrophobic and hydrophilic domains in the proteins
make them suitable for encapsulation of multiple drugs as well as therapeutics. There are
also polymer carriers based on the assembly of synthetic amphiphilic polymers in micelles
with a hydrophobic core and a hydrophilic coating, spontaneously formed in aqueous
media. In analogy to lipids, amphiphilic polymers can assemble into bilayers that close in
on themselves, forming the so-called polymersomes [4,19]. Highly hydrated crosslinked
polymer networks, called hydrogels, also in nano and micro, can also be used for drug or
therapeutic encapsulation.

The determination of systemic and intracellular degradation and biological fate re-
mains unexplored for most NCs, despite being fundamental for the successful transport
and delivery of encapsulated drugs. The design of NCs often requires complex engineering
of the NC surface, usually involving an external coating with a shell of polyethylene glycol
(PEG), proteins, sugars, or zwitterionic molecules to prevent plasma protein binding and
to enhance stability during circulation. The binding of plasma proteins is the primary
mechanism for the mononuclear phagocyte system (MPS) to recognize the circulating NCs,
causing a major loss of the administered dose; such effects can be dramatic following
specific administration routes (e.g., intravenous injection) [20]. The “stealth” coating is
also fundamental in preventing NC aggregation. The size of the NCs or the resulting
aggregates will ultimately determine their fate in vivo. While large aggregates may create
micro-emboli in the capillary vessels of the lungs and accumulate there, NCs with sizes
in the range 100-500 nm tend to accumulate in the organs of the MPS, mainly the lungs,
the liver, and the spleen. Hence, the stability of the coating during circulation is funda-
mental to prevent rapid clearance and to guarantee the accumulation of the drug in the
targeted organs. Moreover, targeting functions, such as peptides, antibodies, or proteins,
are attached to the surface of the NCs. Coating degradation would lead to the removal
of these targeting functions and consequently their recognition and enhanced uptake in
selected tissue and organs will be lost.

At the cellular level, polymer NCs are mainly visualized using Raman microscopy,
confocal laser scanning microscopy (CLSM), and flow cytometry (FC). The latter two
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require the fluorescent labelling of the NCs. To address NC degradation and intracellular
fate-related issues, the use and combination of sophisticated labelling strategies enabling
discrimination between (i) the core and the coating, and (ii) different depths in the core, are
required. NC degradation and aggregation can also be studied by fluorescence correlation
spectroscopy (FCS), a technique based on recording fluorescence fluctuations in a confocal
volume. FCS is based on the diffusion times of fluorescent molecules that correlate to the
diffusing species’ size. Aggregation or degradation of labelled NCs lead to changes in the
diffusion time of fluorescent species attached to the NCs [21].

Nanomaterial degradation, such as the loss of surface coatings or targeting functional-
ities, is often a burden for achieving NC targeting. However, it is also a means to deliver
encapsulated drugs, which are often only delivered when the nanomaterial degrades or
changes under specific environmental stimuli, such as a change in pH from the bloodstream
to endosomes. If the cargo drug is retained inside the NCs, it may finally not be delivered.
Colocalization studies of cargo and NCs bring fundamental information on the capacity
of the NC to provide the drug in the desired manner. Moreover, the fate of the NCs and
encapsulated drug must coincide until the desired tissue or cell for delivery. Tracing the
fate of cargo and NCs in vitro can be achieved by fluorescently labelling the NCs and cargo
with spectroscopically different dyes and tracking their spatial colocalization by CLSM. In
some cases, if the cargo can be labelled with dyes sensitive to differences in polarity or other
environmental conditions, it may not be necessary to label the NC, as from changes in the
fluorescence of the dye it would be possible to discriminate between the encapsulated and
free dye. Fluorescence lifetime imaging microscopy (FLIM) is particularly suitable for these
studies as the lifetime of fluorescence dyes is highly sensitive to environmental conditions
and usually changes if the dye is encapsulated in NCs or free in a cellular milieu.

Raman microscopy provides a means to track the fate of drugs and NCs in cells or
tissue without any labelling [22,23], relying on intrinsic Raman spectra from both the NCs
and drugs, which must not overlap completely with each other, and also with intrinsic
Raman bands from the biological matrix where they are located for their simultaneous
colocalization inside the cells.

Ex vivo and in vivo, NCs can be visualized using different imaging modalities in-
volving fluorescence and radiolabelling. Nuclear imaging techniques, such as positron
emission tomography (PET) and single-photon emission computer tomography (SPECT),
have gained relevance as they provide a means to quantify NC per organ through activity
measurements. Both techniques provide spatiotemporal information about the biodis-
tribution of radiotags with unparalleled sensitivity and are non-invasive. Alternatively,
fluorescent NCs can also be traced in small animals using sensitive cameras for in vivo de-
tection. As for intracellular studies, tracing NC degradation in vivo requires sophisticated
labelling strategies with dual or multiple labelling of the NC core and coatings. This review
will focus on the physico-chemical and biophysical methods that can be used to trace
NC degradation and release of encapsulated cargo in biological matrixes. Both aspects
require ingenious strategies of labelling and the application of non-standard techniques for
the characterization of NCs, especially in the case of in vivo studies. However, both NC
stability and the interplay between NC and drug fate are fundamental for the assessment
of the efficacy of carriers to deliver the cargo as planned, in targeted tissue and cells.

2. In Vitro Techniques
2.1. Confocal Laser Scanning Microscopy

CLSM is an optical imaging technique for obtaining high-resolution images with
depth selectivity. CLSM uses an illumination system that directs laser light onto a focused
spot in a sample, scanning point-by-point over an area and recording each spot’s intensity.
The laser light hits fluorescing molecules, and these molecules emit light at lower energies
that are picked up by a detector, usually a CCD camera. The optics inside the microscope
eliminate parts of the sample that are not in focus, accomplished by a pin-hole, which only
allows light from the in-focus region. The result is an image of a thin focal plane, otherwise
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known as an optical section. CLSM overcomes the fundamental problem of blurriness
associated with conventional fluorescence microscopy. The scanning of multiple areas at
different depths combined with computer calculation allows for 3D reconstruction of a
biological sample.

Tracing NCs in the cell is essential for evaluating their performance for drug deliv-
ery. CLSM can visualize NCs as they translocate with time, close to the cell membrane,
endosomes (early and late), and in the endoplasmic reticulum [24-26]. NCs must be fluo-
rescently labelled for their tracing by CLSM. Labelling can take place on the surface of the
carriers through conjugation of a fluorescent dye to the NC, or by entrapment of the dye
inside the NC. The first option is probably the most common approach. However, if the
dye detaches from the NC, this will result in a false indication of the NC localization [27].
The labelling of cell compartments, namely, the nucleus, mitochondria, endosomes, cell
membranes, etc., with spectrally distinct dyes allows for colocalization measurements.
CLSM is a useful tool to visualize trafficking of the NCs and drugs [28].

As previously stated, the degradation of NCs depends on their interaction with
biomolecules, changes in pH and ionic strength, and the action of enzymes. CLSM can
be used to trace NC degradation by labelling different components of the carriers with
spectrally distinct dyes, i.e., labelling the core and coating. The degree of overlap of the
two dyes would provide information on the stability of the NC. If the NC degrades, or
the dye on the coating detaches, colocalization will decrease. The detachment of the dye
per se is not necessarily indicative of degradation as it may not mean that the molecules
to which the dye is attached will also be released. Therefore, dual labelling studies must
be carefully planned or CLSM applied in combination with other techniques, such as the
Forster resonance energy transfer (FRET), FCS, or FLIM.

Di Silvio et al. studied the intracellular trafficking of NPs prepared by complexation of
poly allyl amine hydrochloride (PAH) and silencing RNA (siRNA), which were designed
for gene therapy [29]. For gene silencing to take occur, the complexes have to break, and the
siRNA must be liberated in the cytoplasm. After cellular uptake, complexes are translocated
in endosomal compartments with more acidic pH values, which favors their spontaneous
dissociation and the diffusion of siRNA in the cytoplasm. Complexes were prepared
with PAH labelled with green rhodamine and siRNAs labelled with the Cy5 dye. Green
rhodamine and Cy5 show no overlapping in their fluorescence emission and the stability of
PAH and siRNA as complexes can be evaluated from the colocalization of the fluorescence
of the two dyes. CLSM of cells exposed to the NCs was performed after 1 h and 24 h of
incubation in controlled conditions. Colocalization experiments performed at different time
points in the cells confirmed a significant decrease in the co-localization between the red
and green channels, corresponding to Cy5 and green rhodamine, respectively. After 24 h,
Pearson’s coefficient, r, and Mander’s coefficients, M1 and M2, decreased by about 50%,
suggesting that the complexes were dissociated. Pearson’s coefficient indicates the degree
of linear correlation between the red and green channels, while Mander’s coefficients
give the percentage of co-localization. CLSM data were confirmed by fluorescence cross
correlation spectroscopy (FCCS) data, as will be shown in the corresponding section.

2.2. Flow Cytometry

FC is a technique for detection and measurement of the biological and physical
characteristics of mainly cells and particles in suspension based on light scattering and flu-
orescence intensity emission. When focused light strikes particles or cells in a fluid sample,
it gives out signals picked up by forward- and side-scatter light detectors. These signals are
then converted for computer storage and data analysis and can provide information about
various properties, such as the cells’ size and granularity. Optical filters in a FC can capture
a range of wavelengths specific to fluorescent dyes. Fluorescent dyes that bind specifically
to cellular constituents, such as DNA and proteins along with immunological detection
of cell surface markers using antibody conjugated-fluorophores can indicate viable and
dead cells [30,31]. FC also enables to investigate all aspects of apoptosis, from induction via
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surface receptors to DNA fragmentation in the late stages [32,33]. FC that uses impedance
can detect necrosis without the need for fluorescent markers [34]. Therefore, FC is a widely
used technique for studying cell toxicity, and also has been applied for studying the cellular
response to nanomaterials.

FC is a high-throughput technique and allows the examination of tens of thousands
of cells, providing statistically meaningful data and relative quantification of NP uptake
inside a target cell [35,36]. FC data analysis, built upon the principle of gating, allows for
the sorting of cell populations with nanomaterial uptake. When measuring NP uptake, it
is essential to consider proper controls for gating parameters and threshold settings on
forward- and side-scatter and fluorescent channels for detection. Fluorescence intensity
histograms and two-parameter density plots are two ways of displaying this type of data
(Figure 1). FC allows for identification of different cell subpopulations, quantifies the
percentage of cells with NPs and without, and evaluates cell parameters such as granularity
in parallel with nanomaterial uptake.
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Figure 1. Flow cytometry analysis of cellular uptake of encapsulated anticancer drugs camptothecin
(CPT NPs) and doxorubicin (DOX NPs) in HeLa cells after different incubation times. The control
represents the unlabelled cells. The corresponding flow cytometry dot plots of HeLa cells after
treatment with CPT NPs and DOX NPs for different times. Reproduced with permission from [5].
CCby 4.0.
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FC can track the changes in fluorescence per cell in a population as a function of
time, quantifying the uptake kinetics [37]. The uptake of NPs begins with their initial
adhesion to the cell surface and that subsequently, an energy dependent mechanism must
be activated, which allows the internalization [38]. However, there are factors that hamper
the cellular uptake process. A study by Yue et al. shows a critical rate-limiting step for
NP internalization, which is the availability of cell surface area. In another case, NPs may
attach but do not penetrate [39]. A computational study of cellular entry pathways shows
NPs can be attached to the cells” inner surface or stuck within the cell membrane [40]. Such
scenarios would read out as false positives for actual uptake of NPs by FC. [41].

FC can provide information on the amount of NCs taken up by cells, mainly by
recording fluorescence coming from the labelled nanomaterials, and in some cases by
recording the increase in scattering from cells. FC can detect cells with fluorescently
labelled NCs contained on their surface or within them. A priori, the technique is not the
best to discriminate from NCs that are internalized or on the surface, for which microscopy
measurements are better suited. However, it is possible as long as stringent sample
preparation and proper controls are included. There are several steps to be taken before
FC analysis, including adequate removal of all cell culture media and washing the treated
cells with PBS, with cell fixation to preserve samples [38]. Treatment of cells at lower
temperatures to block NP uptake processes also creates an experimental control condition
for distinction between associated and internalized particles [35].

Once NPs are inside cells, FC can monitor their degradation kinetics. Romero et al.
attached rhodamine (RhdB) to PLGA molecules to reliably track their degradation [42].
The method uses the fluorescence emission intensity of RhdB, which increases under the
acidic environments found in lysosomes. As the PLGA NPs degrade, RhdB present in the
hydrophobic core of the NPs is exposed to the endosomal pH, and this will increase the
RhdB fluorescence inside the cell, reflecting the degree of exposure of the dye attached to
the polymer to the endosome and the degree of PLGA degradation.

In a different study, Romero et al. studied the cell uptake of fluorescein-labelled PLGA
NPs with encapsulated doxorubicin (DOX) in HepG2 cells, monitoring simultaneously the
fluorescence from the NPs and from DOX [43]. According to the fluorescence intensity
per cell and cellular uptake measurements, the amount of signal from the PLGA NPs
and DOX rapidly increases during the first hours of incubation. Subsequently, the signal
ratio increases as the fluorescence intensity of the fluorescein remains stable and the DOX
signal inside the cell begins to gradually decrease after 24 h. One explanation for the
disappearance of DOX is its capacity to stabilize the topoisomerase II complex in DNA,
quenching its own fluorescence. It could also be that the PLGA NPs were progressively
releasing DOX in the media and the uptake of non-encapsulated DOX follows different
kinetics. Exocytosis could play a role in removing DOX after being released from PLGA
NPs inside the cell. This work hints at the risks of following uptake of NPs by measuring
the fluorescence of the encapsulated molecules that could be released during the uptake
or intracellularly, which may lead to a false conclusion of the actual NP uptake. It could
also be that PLGA NPs were progressively releasing DOX in the media and the uptake of
non-encapsulated DOX follows a different kinetics. DOX could also be partially liberated
through exocytosis after being released from PLGA NPs inside the cell. This work hints
at the risks of following uptake of NPs by measuring the fluorescence of encapsulated
molecules that could be released during the uptake or intracellularly, which may lead to a
false conclusion of the actual NP uptake.

Imaging flow cytometers combine the speed, sensitivity, and abilities of flow cytometry
with the detailed imagery and functional insights of microscopy [44]. These capabilities
allow for the quantification of a fluorescent probes’ intensity and location on, in, or between
cells. A study on micelle-mediated delivery used FC-imaging shows the uptake of siRNA
into the cell cytoplasm [45]. The level of detail provided by such systems can track the
internalization of nanomaterials/NPs and drug molecules in rare sub-populations and
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highly heterogeneous samples. Therefore, FC, coupled with imaging, is state-of-the-art for
detecting NC internalization and drug release in live cells.

2.3. Forster Resonance Energy Transfer

The FRET technique is a fluorescence-based approach to study the interaction of
molecules. The basis for FRET is a long range non radiative energy transfer between two
light-sensitive molecules, one which is an excited fluorophore (the donor) and the second a
fluorophore (the acceptor) that is excitable by the energy emitted from the donor. In order
that FRET can occur, it requires a donor with an emission spectrum that partially coincides
with the acceptor absorption spectrum. The donor/acceptor pair must be sufficiently close
to each other (usually between 1 to 10 nm). Increasing the distance between the donor and
acceptor results in a progressive decrease in transfer.

FRET can be described as:

D*+A =D+ A* (1)

where the * denotes an electronically excited state. The rate constant of the energy transfer,
krreT, is a simple function of the distance in between the pair, R.
1 RO.°

KFRET = 5( =) @)

Here, Tp is the excited state lifetime of D in absence of A and Ry is the critical distance,
i.e., the D-A distance at which the FRET efficiency is 50%.
The FRET efficiency is defined as the quantum yield of the process:

kFRET

E - -
KFRET + Y k;

®)

where the sum is over all other decay processes but FRET from the excited state of D.

This dependence of FRET on distance, a molecular ruler, has been extensively used
in biology and chemistry to study molecular interactions and to determine active sites in
macromolecules. FRET can also be used to trace both degradation of carriers and the release
of encapsulated drugs. For this, the drug must be fluorescent and the NCs labelled with
another dye that can act as an acceptor or donor for the encapsulated drug. The attachment
of fluorescent dyes to nanomaterials is a prerequisite for their monitoring by FRET [46].
The changes in the energy transfer between two fluorescent dyes can provide information
about the intactness of NCs, their proximity inside the cell, and drug release, based on
the dependence of FRET on distance. CLSM is the preferred technique to visualize FRET
between different entities, including nanomaterials and the cargo, the core and coating
of NCs, and the interaction between cellular components. To assess NC degradation, the
donor and acceptor dyes must be associated to the molecular components of the NC. As the
NC degrades, the transfer decreases as a result of the acceptor and donor moving further
away from each other. FRET is also dependent on the number of donors and acceptors
present, so losing one of them can already decrease FRET without actually meaning that the
NC is degrading. Labelling conditions must be optimized for these types of experiments:
too much or too less of a donor or an acceptor can result in an excess of fluorescence of
one or the other and transfer may not be appreciated. FC can also measure changes in
FRET. In the following, we highlight some examples of FRET in the characterization of NC
delivery systems.

The design strategy of FRET donor and acceptor fluorophores are wide-ranging [47].
An important consideration is how fluorophores will withstand the cell culture medium,
temperature, and time. As a recent study points out, the dye’s presence can affect the
system’s physicochemical properties and vice versa [48]. Xiao et al. used FRET to distin-
guish how micelles release the cargo into the cell cytoplasm when they contact the cell
membrane [49]. In that study, DAF inserted into the cell membrane, and Nile red dye
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inside the core of poly(ethylene glycol)-poly(lactic acid) micelles, were the donor/acceptor
pair. These experiments elucidated that micelles effectively and quickly release a payload
into the cytoplasm after contact with the cell membrane.

There are several ways to assess the stability of NPs using a dual fluorescence labelling
strategy. Dil and DiD, two fluorophores able to interact by FRET, were encapsulated in
the core as a way of monitoring the degradation of NPs [50]. Dil and DiD were loaded
as the FRET donor/acceptor pair to show calcium alginate NCs deliver their contents
inside cells once internalized [51]. This same strategy was applied to micellar NCs using
a novel fluorescent dye pair [52]. Nuhn et al. used covalent dye labelling of separate
batches of polymers followed by co-self-assembly into micellar NPs [53]. In this case, the
fabrication of two fluorescent versions of a nanomaterial included the donor/acceptor
pairs Cy3 and Cyb5.

NC functions are tunable by substituting nanomaterials with different physicochemi-
cal properties. The successful application of NCs hinges upon their ability to carry cargo
while resisting extracellular environments. After cellular uptake, intracellular conditions
should degrade NCs and release the content. Thapaliya et al.’s study demonstrates the ba-
sics of an energy transfer scheme between cargo and NPs that simulates cargo release [54].
FRET provided information about the spatial association of the two dyes before and after
uptake and consequently NC stability.

FRET can take place between the labelling of the core and surface or particle and
drugs. Some NCs are designed to degrade progressively as a result of hydrolysis. Drugs
encapsulated in the core (hydrophobic) are liberated during core degradation, or through
defects in the polymer matrix as is the case with PLGA [55]. Other types of NCs are
susceptible to the cellular environment’s polarity, which mediates drug release. The release
of hydrophobic molecules from polymer-based carriers into cell membranes was studied
using FRET [56,57]. The degradation of NCs is traceable using the spectral properties of
drugs. DOX is a commonly used drug in FRET studies with a fluorescence emission of
an acceptor. Chen et al. used the FRET between Cy5 and DOX to track the disassembly
of NPs in cells [58]. Cy5-NPCS NPs loaded with DOX have a FRET on a high-efficiency
signal that finally disappears once DOX is released (Figure 2A). Spatial changes between
NCs and their cargo are also measured using the autofluorescent anticancer drug agents,
curcumin [59,60] and coumarin [61]. These works exemplify fluorescent labelling strategies
for successful monitoring by FRET.

Wang and co-workers used tetraphenylethene-functionalized (TPE) (aggregation-
induced emission luminogens, AIEgens) mesoporous silica NPs (FMSNs) as the FRET
donor and encapsulated DOX as the FRET acceptor [62]. Emission spectrum of FMSNs
(483 nm) overlaps with the absorption spectrum of DOX (480 nm), which enable the energy
transfer between the FRET donor and acceptor. TPE emits strong blue fluorescence. NPs
changed the colour from blue to red after encapsulation of DOX. Upon releasing the DOX,
blue fluorescence was slowly recovered. The CLSM images of HeLa cells incubated with
FMSNs indicated that the NCs were fast internalized inside the cells (1 h). The DOX
was released in a more acidic environment inside cell endosomes or lysosomes and then
transferred into the nucleus.

2.4. Fluorescence Correlation Spectroscopy/Fluorescence Cross-Correlation Spectroscopy

FCS is an advanced fluorescence microscopy technique based on recording temporal
fluctuations of the fluorescence intensity [63,64]. It can monitor the motion of the fluores-
cently labelled molecules or NPs within an optically defined focal volume (typically less
than 1 fL). Analysis of the recorded data yields information such as the translational diffu-
sion coefficients, flow rates, chemical kinetic rate constants, rotational diffusion coefficients,
molecular weights, and concentration [21,65-70]. FCS provides a suitable methodology
for measuring the mobility, association, and ligand kinetics of biological molecules in the
cellular environment.
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FCS has been widely used to evaluate the adsorption of proteins onto, i.e., NP protein
corona formation [71-73]. In a recent study, we looked at the influence of the surface
coating on the intracellular behaviour of gold NPs (AuNPs) via FCS [65]. This study
demonstrated that PEGylated AuNPs, in particular alkyl PEG600-coated AuNPs, which
have a lower affinity to proteins, show a lower tendency to form aggregates intracellularly.
In a similar vein, Eriksen et al. demonstrated the ex vivo diffusion dynamics of PEGylated
liposomes [74]. The authors used PEGylated neutral, anionic, and cationic liposomes to
measure the diffusion kinetics and biodistribution in a porcine eye.

FCS has also been used to monitor drug NCs in human blood using an NIR FCS
setup [75]. In this study, the authors used NIR FCS to determine the loading stability of
cross-linked polypeptide micellar NCs in blood (Figure 2B). The hydrodynamic radius
of the micelles was first determined in water and later in flowing blood. Following a
30-h incubation period, they showed that there was a two-component diffusion profile,
indicating the presence of free dye and micelle encapsulated dye, an important factor when
determining the release of loaded drugs.

FCCS is a variant of FCS [76]. In this case, two lasers with different wavelengths
excite a sample aiming to study the interaction of two species labelled with two different
fluorophores [77]. The fluorophores must be spectroscopically different to minimize signal
overlapping, cross excitation, or cross talk [78]. FCCS allows recording not only the
autocorrelation function of the two species but also the correlation function between them.
As such, it is possible to study species that are not distinguishable by their diffusive
properties. The cross-correlation signal is highly sensitive, providing information on the
interaction of small species, such as proteins in solution [79], although it is also possible to
obtain information of particles inside the cells [80]. In the recent study by Di Silvio et al. [29],
previously discussed in the section on CLSM, detailed information on the complexation of
PAH and siRNA was obtained by FCCS. It shows complexation, formation, and colloidal
stability of the complexes is dependent on the ratio of the charged amines in the PAH
to the charged phosphate groups of the siRNA, while also showing a dependence on
environmental factors such as pH and proteins present in media. Intracellularly, FCCS
revealed that the PAH/siRNA complexes rearrange, forming large aggregates shortly after
uptake before eventually disassembling and thus liberating the siRNA, which results in
the loss of cross correlation between the two labelled species (Figure 2C). This was verified
by the faster diffusion time of the liberated siRNA with respect to the complexed siRNA,
which displays a much slower diffusion time.

2.5. Fluorescence Lifetime Imaging

The fluorescent lifetime of a molecule is defined as the average time it spends in the
excited state before relaxation to the ground state via the emission of fluorescence [81,82].
The lifetime can range from picoseconds to hundreds of nanoseconds. This process is
sensitive to the local micro-environment in which the fluorescent molecule is present. The
fluorescent lifetime can be affected by changes in pH, changes in oxygen concentration, as
well as the presence of other fluorescence-quenching species. As such, fluorescence lifetime
imaging of inherently fluorescent or fluorescently labelled drugs/molecules can be easily
traced via FLIM.

FLIM uses the fluorescent lifetime to provide contrast in a captured image rather than
intensity. FLIM systems operate in one of two different domains, namely, the time domain
or the frequency domain. Conceptually, time domain systems are easier to understand as
they are direct measure of the fluorescence decay following pulsed excitation. Frequency
domain systems rely on measuring the phase lag between the excitation, which is frequency
modulated, and the fluorescence emission, as shown below. There are no differences in the
lifetime values recorded using either the time or frequency domain.

As mentioned above, the fluorescent lifetime of a molecule can be affected by its local
micro-environment. For example, changes in pH from one cellular environment to another
can lead to changes in the fluorescent lifetime of a probe, as well as being useless for
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triggering the degradation of a delivery vessel [83]. Similarly, the fluorescent lifetime can
also be affected by the polarity [84]. Temperature also influences the fluorescence lifetime
of a probe, as demonstrated in a study by Okabe et al. in which the authors used the
temperature-induced variation in the fluorescent lifetime as a type of fluorescent polymeric
thermometer [85].

This sensitivity of the fluorescent lifetime to the local micro-environment can be taken
advantage of to track the liberation of a fluorescent drug from a polymer NP, for example.
If we look at the case of DOX, a widely used chemotherapeutic drug that happens to be
intrinsically fluorescent, we can measure its fluorescent lifetime to determine whether
or not it has been liberated from its delivery vessel [86-90]. In a recent study, it was
demonstrated that the encapsulation of DOX inside PEO-PPO-PEO triblock copolymers,
which self-assemble into micelles above the critical concentration, was possible. The
encapsulation acts as a means to keep the DOX in an apolar environment, and as such
we can distinguish it from free DOX via the different fluorescent lifetime, i.e., apolar vs.
polar local micro-environment [90]. The lifetime value also distinguishes the location
of DOX located inside the polar interior of the micelles or in the PEO corona. Lifetime
measurements also provide a means to evaluate the breakdown of the polymer micelles, or
lack thereof, as we can directly visualise the change in fluorescent lifetime from apolar to
polar environments.

In these in vitro studies, the fluorescent lifetime of DOX inside polymer capsules is
first measured. Following cellular uptake of the DOX-loaded capsules, the fluorescent
lifetime is again measured to verify its release. The liberation process is triggered by the
change in pH from media to the endosomal environment. Once the DOX is released, it
intercalates which leads to a change in the fluorescent lifetime of DOX and serves as proof
of its release from the vessel. Similarly, two-photon FLIM was used by Ge et al. [91], to
monitor the delivery of coumarin-tagged polysaccharides in vitro. As in the case of DOX,
the delivery of the tagged polysaccharides results in a change in the fluorescent lifetime
of coumarin.

In another study, Jeong et al. demonstrated the use of two-photon FLIM with phasor
analysis to visualize multicomponent drug distribution with human skin, i.e., ex vivo [92].
This not only highlighted the use of FLIM for studying drug distribution, but also the
possibility of using two-photon FLIM to study drug distributions at greater depths while
excluding cellular autofluorescence via phasor analysis. To do this, the authors formulated
a topical gel solution containing minocycline (MNC) and tazarotene (TAZ), which have
distinct fluorescence lifetimes from the lifetime of the skin’s autofluorescence. Using phasor
analysis, they were able to demonstrate the local distributions and permeation of these
drugs in the skin (Figure 2D). A similar ex vivo study by Alex et al. also demonstrates
the power of FLIM for visualising the distribution and permeation of experimental anti-
inflammatory drug formulations based on the change in fluorescence lifetime of the drugs
in different environments [93].
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Figure 2. (A) Dual-emission fluorescence images of HT1080 cells; cells were incubated with DOX-loaded Cy5-NPCS
nanoparticles for distinct durations and fluorescence images were then taken by CLSM in optical windows between
560 and 600 nm (DOX imaging channel) and 660 and 700 nm (Cy5 imaging channel) when irradiating NC suspensions at
488 nm. Reproduced with permission from [58]. Copyright 2011 Elsevier. (B) NIR-FCS studies of the loading stability of
core-crosslinked micelle nanocarriers in blood. Normalized autocorrelation curves (symbols) and the corresponding fits
(lines) are shown for core-crosslinked micelles that were either covalently (M1, blue colour) or noncovalently (M2, green
colour) loaded with IRDye®800CW. Measurements in water (upper panel). The dye is mainly loaded to the core-crosslinked
micelles and only a small fraction of free dye was detected for both systems. Measurements in the blood flow (velocity
of 50 uL h™1) upon incubation with blood for 30 h (at 4 °C) (lower panel). The dye is fully released from M2, but still
loaded to M1. Reproduced with permission from [75]. Copyright 2018 Springer Nature. (C) Representative cross-correlation
experiment in live cells. A549 cells were imaged in transmission mode and cross-correlation was measured at specific
locations inside the cell (white cross). Cells were incubated with the nanoparticles (N/P = 2) in RPMI complete medium. The
cells were imaged just after incubation with the nanoparticles (Time 0), and after incubation for a further 24 h in complete
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medium under controlled conditions (37 °C and 5% CO,). The autocorrelation function in the red channel (ACF_R A¢x = 633 nm, red
markers) is associated with R-siRNA, and the autocorrelation function in the green channel (ACF_G Acx = 488 nm, green markers)
is associated with G-PAH. The cross-correlation curve is represented by black markers (FCCS) and is associated with PAH/siRNA
nanoparticles. Each location was measured in 20 runs of 10 s each. Average curves are reported after 20 s (runs 1-2) and 180 s (runs
3-20). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Reproduced with permission from [29]. Copyright 2019 Elsevier. (D) Quantitative visualization of individual API uptake (MNC
or TAZ) in the single component topical drug using the non-Euclidean phasor analysis algorithm. TSCPC-FLIM images of the ex
vivo facial skin samples treated with BPX-05 containing no APIs (vehicle), and either 1% MNC or 0.2% TAZ were obtained from
500-550 nm with 780 nm two-photon excitation and 90 s acquisition time. The MNC (left panel) or TAZ (right panel) uptake images
were computed using the non-Euclidean phasor analysis algorithm with two fluorescence references, including one endogenous (skin’s
autofluorescence) and one exogenous (MNC or TAZ dried form, respectively). The scale bar is 100 um. Reproduced with permission
from [92]. Copyright 2020 Springer Nature.

3. Confocal Raman Microscopy

Raman spectroscopy is based on the inelastic scattering of light upon interaction
with molecules [94], which provokes the vibration of chemical bonds resulting in specific
energy shifts in the back-scattered light. The Raman spectrum is a chemical fingerprint of
a molecule. Raman scattering is a weak effect, where most of the absorbed light by the
molecule is elastically scattered at the same energy at which it was absorbed, a process
called Rayleigh scattering. Only 1 in every 108 molecules are inelastically scattered. Raman
scattering is differentiated as Stokes scattering, observed when the photon transfers the
energy to the molecule, or anti-Stokes scattering, when the molecule transfers energy to the
photon. In spontaneous Raman spectroscopy, the sample is excited by the pump laser, and
the inelastically scattered photons are detected in Stokes shifts [94]. Raman spectroscopy
can be used for visualization of nanomaterials and their molecular components. Moreover,
from the stretching and bending of excited bonds, information on the nanomaterial’s struc-
ture, shape, size, and surface properties can be obtained, which makes Raman spectroscopy
a unique technique for studying the influence of the environment for nanomaterials in
biological matrixes.

Raman spectroscopy can be successfully used to study the degradation of nano/micro
particles. Li et al. took advantage of Raman spectroscopy to study in detail the degradation
mechanism of MIL-100(Fe) nano- and microparticles, a type of MOF particle [95]. Raman
spectroscopy was used to monitor changes in the microMOFs after incubation in PBS, as
well to study the composition of different regions in the same particle. The degradation
process of the microMOFs was slower in PBS than nanoMOFs, where particles degraded
after 8 days. The degradation was observed to start in the outer surface of MOFs, as
formation of a grey-coloured shell around a red-coloured core. While the Raman spectrum
in the core corresponds to the characteristic peaks of non-degraded MOFs, the shell area
exhibits only a broad peak, observed in degraded, amorphous sample. The mechanism of
the degradation was related to the progressive replacement of the trimesate ligands from
the MOF structure by phosphate ions present in high amounts in PBS. Moreover, Raman
spectroscopy was used to prove that the encapsulation of the anticancer drug, Gemcitabine
monophosphate, or coating of the external surface of the NP with cyclodextrin-phosphate,
did not lead to degradation of the MOFs.

In confocal Raman microscopy (CRM), a Raman laser is interfaced to an optical
microscope. CRM has been used to image cell uptake of NPs in a label-free manner [95].
One of the advantages of CRM that it does not requires cell fixation, and cells can be
kept alive. Klein et al. have demonstrated the advantages of the CRM compared to the
immunofluorescence (IF) staining [96]. The authors demonstrated that both methods allow
monitoring the nucleus, cytoskeleton, and Golgi apparatus of the cells. The information
from both techniques overlaps; however, only CRM can give the precise information of the
uptake of NPs in cells without labelling or any other modification. It can also be applied
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to trace the distribution of NPs in living cells, as well as for investigating drug delivery
inside cells.

CRM allows studying the intracellular degradation of NPs. In a pioneering work,
Apeldoorn et al. successfully demonstrated the degradation of PLGA microspheres inside
of macrophages [97]. The internalized microspheres showed signs of degradation after
1 week, while PLGA without presence of macrophages did not show any signs of degrada-
tion. The degradation of the PLGA NPs can be monitored by comparison of the two bands
representing the C-COO stretch of lactic acid (875 cm~!) and C=O vibration of the ester
group (1768 cm~1). Once degradation occurred, there was a decrease in the intensity at the
1768 cm~! band, due to the hydrolysis and reduction of the number of the ester bonds in
the PLGA. However, the hydrolysis did not affect the intensity of the band at 875 cm ™.
We mention here again, the study by Romero et al. which used CRM to study intracellular
degradation of the PLGA NPs in PBS and HepG2 cell [42]. The authors demonstrated
that the degradation rate depends on the copolymer composition by comparing the NPs
with 15% and 35% glycolide (PLGA15 NPs and PLGA35 NPs, respectively). PLGA15 NPs
exhibits the signs of degradation, while the PLGA35 NPs did not show the change in
intensity of the bands. Therefore, it was concluded that the PLGA35 NPs, which contain
higher amounts of glycolide, degraded more slowly than the PLGA15 NPs.

Cherneko et al. used Raman spectroscopy with optical microscopy to track the
intracellular delivery and the degradation of PLGA and polymers-poly(e-caprolactone)
(PCL) NPs in cervical carcinoma cell lines (HeLa cells) [98]. PCL NPs were quickly taken
up into the cells (7 h of incubation). The degradation of the PCL NPs was monitored at
two time points (7 h and 17 h) after NP uptake by the cells was stopped. The degradation
occurred via hydrolysis of the ester bonds, corresponding to a decrease in the 1735 cm !
band. In-depth analysis of the NPs’ distribution in the cells showed that the NPs tended to
aggregate after entering the cells and were randomly distributed in the cytoplasm. Lipid-
rich inclusions appeared along NP aggregations. These could be observed as subcellular
vesicle formations, showed in appearance of the phospholipid-character peaks in the C-H
stretching region (2920 cm~ 1) and the ester linkages region (1745 cm™1). The NPs, after
a longer time of degradation, were enwrapped in Golgi-associated vesicles of the late
endosomes. Later, peaks specific to PCL disappeared, while the phospholipid inclusions
were still present, before samples were fully degraded. Compared to PCL, the PLGA NPs
had faster degradation kinetics. NPs were endocytosed after 2 h of incubation in HeLa
cells. Degradation of PLGA NPs occurred in a similar process to PCL NPs after 3 h from
stopping the NP uptake.

Tolstik et al. also took advantage of CRM to investigate the uptake and degradation
of porous silicon NPs (SiNPs) with or without photoluminescence (PL) in breast cancer
cells (MCF-7 cell line) [99]. After 6 h and 9 h of incubation, NPs were detected mostly on
the cell membrane, and then after 24 h of incubation the NPs were localized in the cell
cytoplasm. Changes in NPs inside cells were then investigated for two weeks. Once the
NPs were detected in the cell cytoplasm, the band corresponding to the nanocrystalline
silicon present in the cells (520 cm~1) was shifted to lower wavenumbers (516 cm~!) and
broadens, hinting at a partial degradation of the SiNPs. Moreover, a signal typical for the
amorphous silicon (480 cm~!) could be recorded. After longer incubation times (13 h),
a significant decrease in the signal together with a further shift to 513 cm~! appeared
together with the growth of the amorphous phase. CRM has been used to track the uptake
and internalization of Laponite NPs, a synthetic layered clay, into the J774 macrophage
cell line [100]. Laponite NPs were functionalized with serum proteins from foetal bovine
serum (FBS). After 24 h of incubation, the NPs were found inside the cytosol of the cells.

Raman spectroscopy is also valuable to monitor the intracellular release of drugs in
living cells. Lee et al. investigated the drug release (DOX) from surface-capped MSNs
using label-free in situ Raman monitoring in human embryonic kidney 293 (HEK293) cells
and human renal carcinoma (A498) cells [101]. NPs were first functionalized with amine
groups by 3-aminopropyl triethoxysilane (APTES) (APTES-MSNSs), and then were further
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modified by AuNPs or BSA (denoted as GNP-MSNs and BSA-MSNSs, respectively). The
release of DOX from GNP-dMSN was investigated at pH 5 and pH 7. The observation of
the main Raman peak of DOX (454 cm~!) gave the information about the release process
from the NPs. At pH 5, the Raman peaks for DOX increased in intensity, while at pH
7 no increase in intensity was observed. This indicates that DOX was released in large
amounts only at a more acidic pH. Moreover, the cellular distribution of the delivered
drugs via Raman mapping (intensity at 454 cm~!) was observed. After short incubation
times (6 h) of the DOX-loaded capped-MSNs in A498 cells, the DOX signal in the cells
increased significantly, while after incubation in HEK293 cells, the DOX signal increased
slightly only after 24 h of incubation. This indicated that DOX was preferentially released
faster in the more acidic cancer environment.

Surface-enhanced Raman scattering (SERS) is a technique for enhancing the intensity
of weak Raman bands. SERS is based on the electromagnetic enhancement of Raman
signals by the interaction of molecules with a metallic surface [102]. SERS spectroscopy
was used to monitor the controlled release of the anti-cancer drugs azacitidine (AZA)
and decitabine (DAC) from AulNPs modified with mercaptobenzoic acid (MBA) and with
folic acid bound to para-aminothiophenol (PATP) in the shell of AuNPs [103]. Release
of both drugs in buffer solution was fast at a low pH (pH 4 and 5.5), while no release
was observed in pH 7.4. A strong Raman signal was enabled due to the presence of an
MBA linker, which is a well-known Raman marker. While drugs were immobilized on
the NPs, the signal was reduced due to the shielding effect. However, once the drug was
released, the SERS signal increased again. Santiago et al. also took advantage of SERS
to investigate the targeted delivery and controlled release of gemcitabine (GEM) from
NCs [104]. The authors covalently modified AuNPs with thiol linkers and immobilized
GEM on the NPs through a pH-sensitive amine bond. They further modified NPs with
folic acid or transferrin (TF) for optimal targeting. In a similar strategy to the previously
described work, AuNPs were modified with MBA. Kurzatkowska et al. used a plasmonic
NC-based SERS nanogrid sensor to investigate the targeted delivery and control release
of anticancer drugs (gemcitabine) [105]. The authors used the SERS sensor modified with
AuNPs with immobilized gemcitabine and folic acid. GEM was released only in more
acidic conditions, corresponding to a cancer-cell environment. GEM release was induced
by the presence of glutathione, which is located in high concentrations in many types of
cancer cells.

4. In Vivo Techniques
4.1. Fluorescence Imaging

One of the biggest drawbacks to in vivo fluorescence imaging is cellular autofluo-
rescence. However, with the advent of fluorescent probes that emit in the near-infrared
(700-2000 nm), the so-called second biological window, there has been renewed interest
in its use [106-108]. Such is the penetration depth in this optical window that applica-
tions can range from monitoring the biodistribution of NPs to performing liver tumour
surgery to in vivo information storage and decoding [109-111]. However, more traditional
applications are still the most common application of in vivo fluorescence imaging.

Li et al. used thermally activated delayed fluorescence (TADF) organic dots to realise
time-resolved and confocal imaging in live cells and in vivo [112]. These organic dots
consisted of the TADF fluorophore 2,3,5,6-tetracarbazole-4-cyano-pyridine (CPy), which
display a long fluorescence lifetime of approximately 9.3 us in water and are also very bright.
The green emission of the organic dots, coupled with the long fluorescence lifetime, makes
them easily distinguishable from autofluorescence. To demonstrate their effectiveness, the
organic dots were first tested in HeLa cells and later applied to zebrafish models to obtain
confocal and FLIM images.

Simultaneously, drug release and carrier degradation processes are trackable at mul-
tiple wavelengths using multispectral fluorescence imaging. Zhang and colleagues de-
veloped a dual fluorescent drug delivery system called DOX-loaded genipin-crosslinked
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globin and PEI NPs (Gb-G-PEI/DOX NPs), which included DOX as the fluorescent anti-
tumour drug and Gb-G-PEI NPs as the self-fluorescent NC [113]. Mice bearing tumours
were used as models and after the administration of the Gb-G-PEI/DOX NPs, the tumour
therapy effect was monitored in real-time.

FRET has also been applied in vivo studies. The FRET imaging criteria for in vivo are
much more demanding and challenging than those in vitro as it requires higher sensitivity
to pass through thick biological barriers. A FRET pair must withstand dynamic changing
environments. The strategy for incorporating fluorophores into the NCs is critical for the
application. For example, inserting the dye inside the NC will make it easier to discriminate
the NC’s integrity from fluorophore molecules that may have been detached using other
less robust incorporation methods.

Micelles produced from PEG-block-PCL and PEG-block-poly(D,L-lactide) (PEG-PDLLA)
were compared in vivo for how quickly and by what mechanism they were cleared [114].
Cy5 and Cy5.5 dyes attached to PEG molecules” hydrophobic chain ends were used to
fabricate FRET micelles for their subsequent tracing in mice (Figure 3A,B). Imaging taken
by the FRET fluorescence showed these micelles could enter tumours and were very stable
with cell membranes, but they eventually dissociated within cells. FRET can also be applied
for monitoring the delivery of drugs from NCs in tumours, and simultaneously monitored
by in vivo fluorescence imaging [115,116]. The incorporation of FRET in a photodynamic
therapy (PDT) paradigm was used to track NC performance and confirm the delivery of
photosensitizing agents in real time [117].

4.2. Nuclear Imaging: Positron Emission Tomography and Single-Photon Emission
Computed Tomography

PET and SPECT are two types of nuclear imaging based on recording beta and gamma
emissions, respectively, which can assess the biodistribution of the NCs and payloads in
animal models, as well as their biological fate. Both techniques are minimally or non-
invasive and require the administration of radiotracers to generate the signal. PET/SPECT
can also be applied for the study of the stability and degradation of radiolabelled NCs in
animals using proper labelling strategies [118]. PET and SPECT are entering clinical use
with potential applications for monitoring drug release. Several recent studies have shown
that liposomes containing DOX are taken up and retained in tumours, demonstrating their
enhanced permeability and retention effect [119,120].

Radiolabelling selected cargo and the NCs are prerequisites for PET and SPECT.
Mentioned below are some of the most common approaches. Mixing in trace amounts of
the hot precursor with cold precursor during the NC preparation assembly prep is a simple
way to generate radiolabelled NCs. There also is the physical entrapment of the radioactive
cargo in the NCs and attachment of radiotracers cation exchange and chelation. For metal-
based carriers, there is mixing in bulk metal with a small amount of the radionuclide. The
variation on all these radiolabelling methods and the different available radiotracers has
been extensively reviewed elsewhere [121-123].

In order to prevent the radiotracer’s detachment or leakage during harsh environ-
ments, surface functionalization, which allows for covalent bonding, is the most robust. In
the following, we will discuss studies by our lab that used PET and SPECT for quantitative
in vivo assessment and tracking of NPs. Detection of NPs using PET relies on the detection
of positron-emitting radionuclides. In Pérez-Camparia et al., radiolabelling was performed
by colliding protons into aluminium oxide NPs with sizes ranging from a few nanometres
to micrometres, changing some of the 'O atoms to radioactive '*N atoms [124]. After
incorporating the 3N atoms into the NPs, PET tracked their location in rats. The results
from these experiments were able to show that the size of the NPs can influence their
biodistribution and accumulation in different organs.
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Figure 3. (A) In vivo behaviour of two different polymeric micelles (PEG-PCL and PEG-PS) by FRET. PEG-PCL with its
PCL end conjugated with a FRET pair of Cy5 (donor) or Cy5.5 (acceptor). Mice were i.v. injected with PEG-PCL-FRET
at 10 mg/kg and imaged at 0.5, 2, and 6 h and then sacrificed and dissected. Reproduced with permission from [114].
Copyright 2018 American Chemical Society. (B) The polymer concentration in each tissue was analysed. Data are reported
as the mean (SD) for triplicate samples. The imaging was taken by the FRET fluorescence (Ex/Em = 640 nm /720 nm).
Reproduced with permission from [114]. Copyright 2018 American Chemical Society. (C) Schematic of the preparation of
dual-labelled [12°1/111In]NP1 NPs. Reproduced with permission from [125]. Copyright 2015 Royal Society of Chemistry.
(D) Coronal SPECT images of the biodistribution of [1251/111n]NP1 and (E) ['2°I]BSA after intravenous administration into
mice; red colour: 2°T; green colour: M''In. Images were co-registered with a CT image of the same animal to anatomically
localize the SPECT signal. CT images were adjusted in the Y axis at each time point for appropriate fitting with the tracer
distribution image. Reproduced with permission from [125]. Copyright 2015 Royal Society of Chemistry. (F) A schematic of

the different organs. Reproduced with permission from [125]. Copyright 2015 Royal Society of Chemistry.

Multiple-isotope labels and their overlapping signals can help to visualize the NC
degradation process; for example, the incorporation of positron or gamma emitters at the
core or the shell of the NCs. An advantageous feature of the SPECT technique is that it can
discriminate between multiple isotopes, provided that they have different spectral emission.
Previously, we studied the degradation of PLGA-NPs in vivo by energy-discriminant
SPECT [125]. The radiolabelling method combined encapsulation of 'In-doped iron
oxide NPs in the core with a BSA surface coating containing %I (Figure 3C). Notably,
1257 and "'In do not have coincident emission bands. SPECT resolved each radioisotope
independently after intravenous administration in rats. The labelling of the carrier and core
with different radionuclides makes possible the NCs’ stability and dynamics, determining
the fate of the core and coating. The two radionuclides co-localizing shows that while the
PLGA core accumulated in the liver and lungs and were relatively stable for long periods,
the BSA coating degrades and is progressively eliminated by the bladder (Figure 3D-F).

Bindini et al. have recently reported a study of the in vivo degradation of mesoporous
NPs coated with PEG by PET imaging [126]. Mesoporous silica hydrolyses at a neutral
and basic pH, which leads to its dissolution. Its degradation has been extensively studied
in in vitro simulating in vivo conditions. However, in vivo it becomes rather difficult to
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differentiate between the actual silica NP and the products that come from its degradation
for fate studies. The authors prepared core-shell silica NPs with a dense silica core and
a mesoporous silica shell and labelled either one or the other with low quantities of 8 Zr,
a positron emitter suitable for PET studies. The NPs were the same in both cases, just
differing in the location of the label. Because of this, when the distribution patterns in
the mice models for both situations were compared following intravenous administration,
conclusions about the degradation of the mesoporous silica shell could be obtained. When
897r is trapped in the hard core of the NPs, it is observed that NPs accumulate in the liver
and the biodistribution does not change for the first 6 h. When the label is placed in the
shell, a rapid release of the radioisotope is observed, with partial excretion already in the
first two hours post injection, followed by a slower accumulation in the bones. The fast
degradation kinetics in vivo can be extrapolated.

4.3. In Vitro vs. In Vivo Studies

In vivo studies, though more complex than in vitro ones, demand techniques not so
accessible such as PET/SPECT, but provide a more “realistic” picture of the fate of the NCs
and encapsulated drugs, which has a direct impact on the evaluation of the therapeutic
efficacy of the NCs and their clinical relevance. In vitro studies on the other hand are more
accessible in terms of availability of techniques, which are usually fluorescence based, and
provide a useful pre-screening evaluation of the potential of NCs to deliver drugs in cells
and tissues, and bring insight into the fate of NCs and drugs at the cellular level, which is
highly complementary to in vivo studies [127]. The advantages and disadvantages of the
different in vitro and in vivo techniques presented in this manuscript have been summa-
rized in Table 1, highlighting which information can be obtained from each technique for
the assessment of the fate of NCs and NC/drug conjugates, which we believe also hints at
the importance of combining in vitro and in vivo studies.

Table 1. Summary of the techniques presented, highlighting their advantages and disadvantages for fate studies in vitro

and in vivo.
Techniques Advantages Disadvantages Experimental Type References
Quantitative measurements of ~ Requires fluorescence labelling.
FC NC/ drug uptake in ? cell Cannot discriminate easily In vitro [34-37 47]
population measuring between NPs.

fluorescence at single cell level. inside or on the surface of cells.

Able to visualize the location =~ Requires fluorescence labelling.

CLSM of NCs and drugs inside Can give false results due to Mainly in vitro [23-27]
cell organelles. detached dyes from NCs.
Can determine the proximity
of two fluorescence molecules . .
in vitro and in vivo Requires labelling and
FRET N sometimes complex. In vitro/in vivo [50,51]
can be used for studying b
. Molecular design.
release of drugs or degradation
of NPs

Allows for studying diffusion

of fluorescent molecules and

the temporally correlate the ~ Requires fluorescence labelling.

FCS/FCCS association of labelled species. Photobleaching can In vitro [63,64,79,80]

Can be applied for studying
degradation of NCs or
Drug release.

difficult measurements
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Table 1. Cont.
Techniques Advantages Disadvantages Experimental Type References
Imaging is based on measuring
lifetime of fluorescence
molecules that can be traced . .
even with low intensity. Requires fluorescence labelling.
FLIM L ) Can give false results due to In vitro/in vivo [81-85]
Lifetime measurements are
L. . detached dyes from NCs.
sensitive to environmental
conditions such as pH, ionic
strength, temperature.
Long exposure to fluorescent
. . . light can cause bleaching.
Fluorescence Gives precise information Dye detachment can lead to a
. about NCs/drug distribution . In vivo [106-108]
Imaging RN L false localization of NPs
biodistribution (in vivo).
or drugs.
Not quantitative.
Minimal sample preparation.
Non-invasive.
Non-destructive. Limited confocality.
Label-free manner Time consumin
Raman visualization of NPs and drug e In vitro [94,96]
. . Fluorescence can interfere
in cells and tissues. with measurements
Co localization studies of NPs ’
and drug without
additional labelling.
Based on the detection of Requu‘gs radlolabgllmg
. . nanomaterials. Can give false.
radioactive element. L
Quantitative Information if
PET/SPECT . e radioisotopes detach. In vivo [118-123]
In vivo biodistribution of Molecules and imaein
NPs/drugs can be )

quantitatively determined.

techniques are not
easily accessible.

5. Summary and Perspectives

We have reviewed here different techniques that are employed for tracing the fate

of NCs for drug delivery, focusing on studies of the degradation of NCs and release of
encapsulated drugs. Both aspects are often correlated as in many cases encapsulated
drugs can only be delivered if the carrier degrades or breaks. We have seen that most
of the techniques used for these studies require the labelling of the carriers, mainly with
fluorescence tags but also with radio and Raman tags. There is not one technique that can
be used unequivocally for studying drug release or NC degradation in biological matrixes
and each nanomaterial formulation must be considered individually regarding the choice
of a technique and labelling strategy. Raman provides a means of tracing the fates of NCs
and drugs without labelling, relying on the intrinsic Raman bands of the nanomaterials
and drugs, when these are present and can be distinguished from Raman bands coming
from the biological environment. CLSM and FC offer the means to trace variations in
the fluorescence between labelled NCs and drugs or between two components in the NC
that can correlate with the release of drugs or the disassembly of the carrier, based on the
dependence of FRET on the distance between the species participating in the transfer. FLIM
imaging allows recording changes in the environment of a dye, such as polarity, pH, and
ionic strength, which can be used for the release of a fluorescent molecule from a carrier
to the surrounding biological environment. FCS and FCCS are spectroscopic techniques
that allow to trace the temporal fluctuations of fluorescence and between two different
fluorescence species in a confocal volume. From changes in the autocorrelation and cross
correlation curves, the release of fluorescent molecules from a carrier, the degradation of
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molecules or carriers to smaller sizes, or the separation of two fluorescent species (as in
FRET) can be inferred.

In vivo fluorescence imaging of the carriers and drug is possible, requiring dyes that
can be distinguished from the cell autofluorescence. Nuclear imaging techniques (PET,
SPECT), more quantitative than fluorescence, allow for measuring the time evolution of
the distribution of the radiolabelled carriers or drugs per organ through measuring activity,
which can be correlated with the dose of the materials administrated. Both fluorescence
and nuclear imaging have been applied to trace NC stability through multiple labelling
strategies, i.e., dual core and coating labelling, and labelling of several components.

Fate studies that correlate with changes in the NCs, such as their degradation, loss of
components and drug, or therapeutic delivery, are fundamental for the evaluation of the
potential of a nanoformulation to be effective in delivering a drug or therapy and necessary
for the translation of nanomedicines, especially in vivo. Strategies for tracing fate often
require complex labelling procedures and a combination of techniques that are not available
in every laboratory, such as PET/SPECT. However, in the future of nanotechnologies in
medicine, we believe this will play a fundamental role.
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