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Shining Light on Polymeric Drug Nanocarriers with

Fluorescence Correlation Spectroscopy

Sascha Schmitt, Lutz Nuhn, Matthias Barz, Hans-Jiirgen Butt, and Kaloian Koynov*

The use of nanoparticles as carriers is an extremely promising way for
administration of therapeutic agents, such as drug molecules, proteins, and
nucleic acids. Such nanocarriers (NCs) can increase the solubility of
hydrophobic compounds, protect their cargo from the environment, and if
properly functionalized, deliver it to specific target cells and tissues.
Polymer-based NCs are especially promising, because they offer high degree
of versatility and tunability. However, in order to get a full advantage of this
therapeutic approach and develop efficient delivery systems, a careful
characterization of the NCs is needed. This review highlights the fluorescence
correlation spectroscopy (FCS) technique as a powerful and versatile tool for
NCs characterization at all stages of the drug delivery process. In particular,
FCS can monitor and quantify the size of the NCs and the drug loading
efficiency after preparation, the NCs stability and possible interactions with,
e.g., plasma proteins in the blood stream and the kinetic of drug release in the

moderate number of nanocarriers have en-
tered clinical trials and just a few became
first line therapies.!®]

One of the major challenges in the de-
velopment of efficient drug NC-based ther-
apies is the need for precise monitoring of
the NCs characteristics such as size, surface
functionalization, drug loading, and stabil-
ity. Such monitoring is essential over the
entire delivery process: from the prepara-
tion of the NCs, through their circulation
in the blood system, until the drug release
in the target cells or tissues. For example,
it is important to control that the NCs do
not aggregate, degrade or prematurely re-
lease their cargo already during their shelf
life. These unfavorable processes can be-

cytoplasm of the target cells.

1. Introduction

Since Ringsdorf’s concept of pharmacologically active polymers
for improved drug delivery,[!! various types of polymer-based
nanocarriers (NCs) have been developed to enhance the per-
formance of small drug molecules, proteins or nucleic acids
clinics.l?l They can alter their pharmacokinetics by, e.g., protec-
tion from the environment during the transport through the
blood system, focused delivery to a target site-of-action and re-
duction of potential side effects.’] Over the last four decades,
NC-based drug delivery approaches have been applied in var-
ious fields ranging from cancer treatment!*°! to antiviral vac-
cine development,”] yet, despite large research efforts only a

come even more likely once the NCs are in-

jected in the blood system of a patient or

an animal model, where they face an envi-

ronment with high concentration of cells,
proteins and other solutes. Finally, it is important to monitor and
quantify the cargo release in the target cells and even follow the
fate of the delivered therapeutic agents into a specific cell com-
partment. Thus, the NCs have to be characterized in several dif-
ferent environments with increasing complexity. These include
i) aqueous buffer conditions for the preparation and storage, ii)
blood plasma and whole blood that are the relevant media while
NCs circulate in the blood system, and iii) the cytosol of the target
cells during the final, drug release step.

It is clear that a combination of complementary experimen-
tal methods has to be used in order to obtain a comprehensive
understanding on the fate of the NCs during the whole deliv-
ery process. While a broad range of such methods for NCs char-
acterization have been discussed in recent reviews,!”!% in this

S. Schmitt, L. Nuhn, H.-. Butt, K. Koynov
Max Planck Institute for Polymer Research
Ackermannweg 10, Mainz 55128, Germany
E-mail: koynov@mpip-mainz.mpg.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/marc.202100892

© 2022 The Authors. Macromolecular Rapid Communications published
by Wiley-VCH GmbH. This is an open access article under the terms of
the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited.

DOI: 10.1002/marc.202100892

Macromol. Rapid Commun. 2022, 2100892 2100892 (1 Of'lﬁ)

M. Barz

Leiden Academic Centre for Drug Research (LACDR)
Leiden University

Einsteinweg 55, Leiden 2333 CC, The Netherlands

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmarc.202100892&domain=pdf&date_stamp=2022-03-07

ADVANCED
SCIENCE NEWS

{M}glgc%br

Rapid Communications

www.advancedsciencenews.com

Confocal Q
volume .

Objective =g,

www.mrc-journal.de

Dichroic
mirror

Emission Lenses

filter

e« S
L=

Lense

F(t) [kHz]

Optical fibore ~ APD

Time [s]

Figure 1. Schematic representation of a typical confocal FCS setup and its principle of operation. Reproduced with permission.[?3l Copyright 2012,

Elsevier.

review we focus on the fluorescence correlation spectroscopy
technique, which can assist to provide a deeper insight, especially
in a complex biological environment. We show that due to its
single molecule sensitivity, selectivity, and very small (<1 um?)
probing volume, FCS can serve as a powerful and versatile tool
for the characterization of fluorescently labeled polymeric NCs
at all stages of the delivery process and provide information on
size, surface functionalization, drug loading efficiency, interac-
tions with plasma proteins or other species as well as on triggered
or premature decomposition and/or cargo release.

2. Basic Principles of Fluorescence Correlation
Spectroscopy

Fluorescence correlation spectroscopy (FCS) technique is com-
monly applied to study small (1-500 nm) fluorescence species
dispersed in fluid environments. FCS measures the diffusion
coefficient and hydrodynamic radius of the species, their con-
centration, and fluorescent brightness. The technique was intro-
duced in the early 1970s,['"13] but gained more attention in the
1990s, when it was combined with confocal microscopy!'*-1¢! that
enabled single-molecule detection sensitivity. Since then FCS
has become a powerful tool in various research fields ranging
from molecular and cell biology to polymer, colloid, and interface
science.['7-26] Nowadays, most commercial confocal microscopes
have the option for performing FCS studies.

The setup for FCS experiments is basically identical to that of a
confocal microscope (Figure 1). Briefly, a laser beam is expanded,
reflected by a dichroic mirror and focused into the studied sam-
ple using a high numerical aperture microscope objective. The
excited fluorescence light is collected by the same objective and
after passing through the dichroic mirror, an emission filter and
a confocal pinhole, it is directed to a fast and sensitive detector,
typically an avalanche photo diode or photomultiplier operating
in single photon counting mode. These settings result in the for-
mation of a very small (<1 um?®) confocal observation volume
Vs in the studied sample (Figure 1). Only fluorescence light

[
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originating from fluorophores in this volume can be detected.
In confocal microscopy imaging, the confocal volume is scanned
through a sample to detect the position of immobilized fluores-
cence species. By contrast, during an FCS experiment the confo-
cal volume is kept in a fixed place and the Brownian diffusion of
the studied fluorescent species through this volume is recorded.
As the species enter and leave the confocal observation volume
they create temporal fluctuations in the detected fluorescence in-
tensity, F(t), that are recorded and analyzed by an autocorrelation
function

Ly GF06F(t+1)
(F(1))’

G (z) 1)

Here 6F (t) = F(t) — <F(t)> and <> denotes time average.
A typical experimentally measured autocorrelation function is
shown in Figure 1. It has a characteristic decay time 7, (called
diffusion time) reflecting the average time, which the studied flu-
orescence species needs to diffuse through the confocal observa-
tion volume.

It has been shown theoretically that for an ensemble of m dif-
ferent types of freely diffusing fluorescence species, G(r) has the
following analytical form!(']

m

e—T/TT] lz ﬁ
N3 [1+i] 1+ 5

i S?ap;

Jr
1-fr
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Here, N is the average number of diffusing fluorescence
species in the observation volume, f; and 7 are the fraction
and the decay time of the triplet state, 7, is the diffusion time
of the ith species, f; is the fraction of component i. The diffu-
sion time, 7y, is related to the respective diffusion coefficient,
D;, through 7p,; = r2/4D;. The so-called structure parameter S
= 2,/1,, is defined as the ratio of axial to radial dimensions of
Vyps- Usually, the width of V  is 300-500 nm, its height 1.5

2 ym and thus S ~ 5. In a typical FCS experiment the measured
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autocorrelation function (Equation (1)) is fitted with the analyti-
cal expression (Equation (2)). In this way one obtains the diffu-
sion times and thus the diffusion coefficients of the fluorescent
species, their concentration (N/V,; ) and molecular (or particle)
fluorescence brightness (<F(t)>/N). Furthermore, the hydrody-
namic radii of the species can be calculated from their diffusion
coefficients using the Stokes—Einstein (SE) relation

kT
B 6znD

)

Here, k; is Boltzmann’s constant, T'is the temperature, and # is
the viscosity of the solution. It should be emphasized at this point
that both the SE relation (Equation (3)) and the viscosity term that
it includes depend on temperature. Even more importantly, the
behavior of various nanocarrier systems and biological fluids dis-
cussed below may have strong temperature dependence. That is
why temperature control during an FCS experiment is essential
for proper data evaluation.

3. FCS Characterization of NCs in Aqueous Buffer
Solutions

3.1. Measuring NCs Size and Drug Loading Efficiency

Probably the simplest, but also most commonly used application
of the FCS technique in NC-based drug delivery studies is to mea-
sure the hydrodynamic radii of NCs and therapeutic compounds.
In this respect, FCS is quite similar to the commonly used dy-
namic light scattering (DLS) technique, with one major differ-
ence: FCS is based on fluorescence detection. Thus, to enable
FCS, one should use either the intrinsic fluorescence of the stud-
ied species, e.g., for drugs like doxorubicin,2”?#! or label the NCs
or the therapeutic agents with fluorescent dyes. This is a relatively
simple task, because fluorescent labeling protocols are well es-
tablished nowadays and wide range of fluorescently labeled poly-
mers, antibodies or RNA molecules are commercially available.
Moreover, in many studies the NCs and their cargo must be fluo-
rescently labeled anyway for confocal laser scanning microscopy
or optical whole animal imaging.

On the other hand, it is the fluorescence-based detection that
enables the unique single molecule sensitivity and selectivity of
the FCS technique. Due to its sensitivity, FCS can be applied to
study species with diameters from roughly 500 nm to less than
1 nm at concentrations down to sub-nanomolar in sample vol-
umes of less than 20 pL. Due to its selectivity, FCS detects only
the fluorescent species, even if larger, but nonfluorescent species
are present in the studied solution. This makes the FCS tech-
nique particularly suited to monitor and quantify the loading of
fluorescent therapeutic molecules in polymeric NCs.

As an example, Figure 2 shows the results of FCS investiga-
tions of the encapsulations of Atto590-labeled siRNA into cationic
nanohydrogel particles.??! First, a solution containing only la-
beled siRNA was studied. The measured autocorrelation curve
(red) was fitted with Equation (2) (m = 1) yielding a diffusion time
of 130 ps that corresponds to a hydrodynamic radius of 2.3 nm
for this double-stranded oligonucleotide. However, upon mixing
the siRNA with the cationic nanohydrogel particles at a weight-to-
weight ratio of 80:1 NP/siRNA, the autocorrelation curve (blue)
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Figure 2. FCS autocorrelation curve of Atto590-labeled siRNA alone (red
symbols) and in the presence of cationic nanohydrogel particles (blue sym-
bols). The solid lines represent the corresponding singe component fits
(Equation (2), m = 1). Adapted with permission.[?’] Copyright 2012, Amer-
ican Chemical Society.

shifted significantly to higher decay times (Figure 2) indicating
that siRNA molecules are now not diffusing freely, but are asso-
ciated with the much larger and thus slowly diffusing nanohydro-
gel particles. The measured autocorrelation curve (blue) was fit-
ted with Equation (2) (m = 1) yielding a diffusion time of 1900 us
and thus an average hydrodynamic radius of about 33 nm for the
siRNA loaded nanohydrogel particles. These results clearly con-
firmed that the siRNA molecules were loaded in the nanocarri-
ers. Itis important to note that the loading cannot be investigated
in a similar manner with a nonselective method like, e.g., DLS,
because it monitors all species present in the solution (fluores-
cent or nonfluorescent) based only on their size and thus cannot
distinguish between loaded and empty NCs.

ECS can also be used to measure the NCs loading efficiency,
based on the so-called molecular (or particle) fluorescence bright-
ness of the studied species. This parameter estimates how strong
the fluorescence signal is that originate from an individual flu-
orescent molecule (or particle) under certain FCS experimental
conditions. It is defined as <F(t)>/N, where <F(t)> is the aver-
age intensity of the detected fluorescence signal and N is the av-
erage number of molecules in the confocal observation volume
(see Section 2 for details). Thus, the loading efficiency per parti-
cle can be evaluated by dividing the NC fluorescence brightness
by the fluorescence brightness of an individual cargo molecule.
For example, in the system discussed in Figure 2 the FCS experi-
ments performed in solutions containing only the labeled siRNA
yielded a value of 9 kHz per molecule for the fluorescent bright-
ness of an individual siRNA molecule. The fluorescent bright-
ness of the siRNA-loaded nanohydrogel particles was 370 kHz
per particle. Thus, dividing 370 by 9 the authors estimated an av-
erage loading efficiency of ~40 siRNA per nanocarrier. It should
be noted that the loading efficiency measured in this way can be
partially underestimated due to possible fluorescence quenching,
especially at very high loadings, at which the fluorophores can be
densely packed. One simple way to overcome such quenching ef-
fects is to combine fluorescently labeled siRNA with nonlabeled
ones in a well-defined ratio (e.g., 1 to 10) and therefore decrease

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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the overall density of the fluorophores. It can then be applied to
recalculate the real drug load by multiplying it with the respec-
tive dilution factor (e.g., 10). This approach can also be used for
evaluating the loading efficiency for other types of fluorescently
labeled therapeutic substances.

One of the first reports on applying FCS to investigate
loading of therapeutic molecules in nanocarriers was pub-
lished in 2001 by Delie et al.*®) who studied the loading of
rhodamine 6G-labeled 19mer oligonucleotides on preformed
cationic monomethylaminoethylmethacrylate nanoparticles. In a
follow up study,*" the loading of oligonucleotides on cationic
polybutylcyanoacrylat nanoparticles was addressed. In 2006,
Rigler and Meier®”] studied the encapsulation of small dye
molecules and fluorescently labeled Avidin in nanocontainers
prepared from amphiphilic triblock copolymers and introduced
the described above method to evaluate the drug loading effi-
ciency using molecular/particle fluorescence brightness. In the
last two decades, FCS has become a powerful tool to quan-
tify the loading of therapeutic molecules in various polymeric
nanocariers, including polymer nanoparticles,**=5 amphiphilic
copolymer micelles and aggregates, 3] polymerosomes, 6]
nanogels,[?>°1-* polymer brushes,!>>>®! dendritic core—shell star
polymers,[5’] etc.

3.2. Monitoring NCs Formation

FCS can be used not only to characterize preformed NCs, but
also to monitor the formation of polymeric nanocarriers such
as amphiphilic copolymer micelles or aggregates.[**-%] This can
be done by testing solutions with increasing concentration of
copolymers. To apply FCS at least part of the copolymers needs to
be fluorescently labeled. As an example, Figure 3 shows results
obtained by Bonne et al.[%! for amphiphilic gradient copolymers
P(MOx,,-g-NOx,) that consist of 2-methyl-2-oxazoline (MOx) and
2-nonyl-2-oxazoline (NOx) monomers.

The labeled copolymers’ concentration was kept low, at around
3 x 1078 M. The FCS autocorrelation curves measured at the low
overall copolymer concentration could be characterized by a one
single diffusing component model (Equation (2), m = 1). From
the fit the diffusion time the hydrodynamic radius (1.2 nm) of the
labeled unimers was obtained. However, above a certain thresh-
old in the overall copolymer concentration an additional (m =
2 in Equation (2)) slower diffusion process appears that origi-
nates from large species with a hydrodynamic radius of 4.7 nm,
namely, the formed micelles containing both labeled and unla-
beled copolymers. From the FCS data one can obtain not only
the size of the unimers and the micelles, but also their rela-
tive fractions (Figure 3b) and the critical micelle concentration
(gray line in Figure 3). This is also a valuable example illus-
trating the fact that for self-assembled (block) copolymer mi-
celles one should always realize that a certain fraction of non-
self-assembled unimeric copolymers are often present.

In a similar way, FCS can be applied to study the formation of
other common nanocarriers such as polyplexes or lipoplexes. For
example, already in 2001 Rompaey et al.[%] used FCS to character-
ize the complexation between oligonucleotides and cationic poly-
mers. They monitored the formation of polyplexes of rhodamine
labeled oligonucleotides and various cationic polymers including

Macromol. Rapid Commun. 2022, 2100892 2100892 (4 of 16)

www.mrc-journal.de

£ la
S 104 }
©
@ t st
0
g
g 14 3 z £z &2 3 t 3
©
o
©
>
z
b

S 06- ()
0
E %
Y
S 0.4
8 :
o
€
9 0.2 %
E) M
u) -

00 T i B T

108 107 10 10° 10 107

Concentration [M]

Figure 3. Monitoring the micellization of P(MOx40-g-NOx6) gradient
copolymers. The studied solutions contained a fraction of fluorescently la-
beled copolymers with concentration below 3 x 1078 m. FCS was used to
measure the dependence of a) the hydrodynamic radii and b) the relative
amplitude of the slow component on the overall copolymer concentration.
The gray bar shows the critical micelle concentration (CMC). Adapted with
permission.[%°] Copyright 2007, Wiley-VCH GmbH.

poly(2-dimethylamino)ethyl methacrylate, poly(ethylene glycol)—
poly(ethylene imine), and diaminobutane-dendrimer-(NH2)64
(DABG4). In the same year, Delie et al.?°l used FCS to mon-
itor the formation of another type of NCs, namely, proti-
cles that are agglomerates consisting of oligonucleotides and
cationic peptides. By performing experiments on mixtures of tho-
damine 6G-labeled 19mer oligonucleotides and protamine (an
endogenous, arginine-rich cationic peptide!®’)) the authors de-
termined the proticles’ hydrodynamic diameter and the oligonu-
cleotide:protamine ratio at which all oligonucleotides were com-
plexated. In 2004, Merkle et al.l®®] applied FCS to study the
formation of lipoplexes of a 40 bp oligonucleotide with the
cationic lipid, DOTAP. In the last two decades FCS was used
extensively to investigate various types of polyplexes!®®®>7°] and
lipoplexes.[6880-82]

3.3. Functionalization and Conjugations

The possibility to chemically add and modify single or multi-
ple types of reactive functional groups onto synthetic polymer
chain is one of the major advantages to generate functional poly-
meric nanocarriers compared to other drug delivery systems.

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. Confirming the presence and accessibility of azide-
functionalities on the surface of P(Lys)-b-P(HPMA)-N3(stat) polyplexes
by conjugation of AF647-DBCO. Normalized autocorrelation curves
measured for freely diffusing AF647 DBCO (blue symbols, Rh = 0.75 nm)
and AF647-DBCO conjugated to polyplexes by SPAAC (gray symbols, Rh
= 52 nm). Reproduced with permission.[3°] Copyright 2018, MDPI.

Such groups can be used to conjugate therapeutic molecules,
antibodies, fluorescent dyes, etc. or to crosslink the polymers
in order to increase NC stability and create stimuli responsive
degradation pathways. Due to its sensitivity and selectivity FCS
is very well suited to confirm the presence of functional groups
on a polymer chain or nanocarrier and to estimate the number
of functional groups.3283-8¢] Commonly, this is done by monitor-
ing the conjugation of fluorescent molecules bearing an orthog-
onal reactive group. The conjugation is confirmed in a similar
way as the drug loading discussed above—based on the appear-
ance of slowly diffusing species, namely, NCs carrying the conju-
gated fluorescent molecules. The number of functional groups
can be estimated from the number of conjugated fluorescent
molecules, which is obtained by dividing the fluorescence bright-
ness of the NCs by that of the fluorescent molecules. For exam-
ple, Beck et al.l®®] studied the presence and the accessibility of
azide-functionalities on the surface of polyplexes of pDNA and
P(Lys)-b-P(HPMA)-N, (stat) or P(Lys)-b-P(HPMA)-N; (end) block
copolymers. To this end the authors used FCS (Figure 4) to con-
firm the conjugation of a DBCO-containing fluorescent dye (AF
647 DBCO) to the polyplexes by strain-promoted alkyne-azide cy-
cloaddition (SPAAC).

It is important to emphasize that when performing such FCS
studies on the interaction between two types of species with sig-
nificantly different sizes, the small species should be fluores-
cently labeled. This ensures a significant increase in the size of
the fluorescent species upon complexation. On the other hand, if
two types of species with similar sizes are studied one can label
either of them. This is illustrated in Figure 5a,b, which shows re-
spectively the conjugation of a labeled aDEC205 antibody to non-
labeled P(Lys)-b-P(HPMA)-N3(stat) block copolymers and nonla-
beled aDEC205 antibody to labeled P(Lys)-b-P(HPMA)-N3(stat)
block copolymers.

In many cases, it can be useful to add two or more different
types of orthogonal reactive groups onto one NC. The presence
and availability of such functional groups on every nanocarrier
can be confirmed by monitoring the simultaneous conjugation
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of two types of fluorescent molecules bearing the respective or-
thogonal reactive groups. This can be done by using an exten-
sion of the FCS technique, namely, the so-called dual-color fluo-
rescence cross-correlation spectroscopy (dcFCCS).[#7:#81 In a com-
mon dcFCCS experiment, the excitation is done by two collinear
laser beams with different wavelengths, e.g., “blue” and “red” and
the respective fluorescence emissions are detected in two sepa-
rate channels (Figure 6a). This leads to the formation of two over-
lapping observation volumes (Figure 6b).

As “blue” and “red” fluorescence species diffuse through the
observation volumes they create fluctuations in the detect fluo-
rescence signals that are monitored and recorded independently
(Figure 6¢). From these intensity fluctuations autocorrelation
(AC) and cross-correlation (CC) functions are calculated (Fig-
ure 6d). If the individual NCs are conjugated with either “blue”
or “red” fluorescence molecules only, the respective CC curve will
have alow amplitude (Figure 6d left panel). By contrast, if all NCs
are conjugated with both “red” and “blue” fluorescent molecules
the CC curve will have a high amplitude and ideally lie between
the two AC curves amplitude (Figure 6d right panel).

As an example Figure 7 shows results of Schifer et al.® who
synthesized polysarcosine-block-poly(S-alkylsulfonyl)-1-cysteine
block copolymers that combine three orthogonal addressable
groups: heterotelechelic polypept(o)ides with azide and amine
end groups, and a thiolreactive S-alkylsulfonyl cysteine block in
the side chain of the polypeptide segment. These block copoly-
mers were used to create multifunctional disulfide core cross-
linked nanocarrieres with spatially separated functionalities. The
authors used the above described dcFCCS approach to confirm
the simultaneous attachment of two different dyes on the same
nanocarriers (Figure 7).

3.4. NCs Degradation and Drug Release

FCS can also be applied to study NCs degradation and/or drug
release. Here the main advantage of the method is that it can fol-
low these processes in situ without the need for centrifugation or
other methods for separation of the (decomposed) NCs and their
cargo. As an example, we cite the work of Cabane et al.,[*! who
studied the UV light induced disintegration of self-assembled
poly(methyl caprolactone)-ONB-poly(acrylic acid) (PMCL-ONB-
PAA) polymerosomes and the simultaneous release of the en-
capsulated cargo, namely, enhanced green fluorescent protein
(eGFP).

Figure 8 (upper panel) shows typical autocorrelation curves
for polymersomes loaded with eGFP measured after increasing
amounts of UV irradiation time. The curve measured for the so-
lution of eGFP kept in dark conditions (0 min UV) could be rep-
resented by a single component fit (Equation (2), m = 1) yield-
ing a value of 230 nm for the hydrodynamic radius of the loaded
polymersomes and indicating that there is no freely diffusing,
nonencapsulated eGFP. The autocorrelation curves recorded af-
ter UV irradiation, have to be fitted by a two component fit (Equa-
tion (2), m = 2) revealing two populations: free, released GFP and
still encapsulated eGFP. From the fits, the fractions of these two
populations were estimated. In this way the authors were able to
quantitatively follow the NC disintegration and the drug release.
Figure 8 (lower panel) shows the UV irradiation time dependence

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. Confirming bioconjugations by labeling either the antibody or the copolymer. a) Normalized autocorrelation curves measured for AF647
NHS (blue symbols, Rh = 0.76 nm), aDEC205AF647-DBCO (green symbols, Rh = 6.0 nm) and the conjugate of aDEC205AF647-DBCO and P(Lys)-
b-P(HPMA)-N3 (stat) (gray symbols, Rh = 10.0 nm). b) Normalized autocorrelation curves measured for Oregon Green 488 (yellow symbols, Rh =
0.58 nm), P(Lys)-b-P(HPMA)-N3(stat)OG488 (purple symbols, Rh = 4.3 nm), and conjugate of aDEC205-DBCO and P(Lys)-b-P(HPMA)-N3 (stat) OG488
(gray symbols, Rh = 10.7 nm). Reproduced with permission.[] Copyright 2018, MDPI.
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Figure 6. a) Schematic representation of a typical dual color FCCS setup. b) Spatially overlapping “blue” and “red” observation volumes are created by
the excitation lasers, “blue” and “red” labeled species can diffuse either independently (left) or synchronously (if they associated to each other, right).
c) Fluorescence fluctuation and the d) corresponding correlation curves in relation to (b). Reproduced with permission.[8] Copyright 2012, American

Chemical Society.
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Figure 7. Confirming the presence of two types of spatially separated
functionalities on a core cross-linked nanocarriers by dual-color flu-
orescence cross-correlation spectroscopy (dcFCCS). Reproduced with
permission.!34] Copyright 2012, American Chemical Society.
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Figure 8. Confirming the presence of two types of spatially separated
functionalities on a core cross-linked nanoparticles by dual-color flu-
orescence cross-correlation spectroscopy (dcFCCS). Reproduced with
permission.[#8] Copyright 2011, Royal Society of Chemistry.

on the fraction of released eGFP as well as the hydrodynamic ra-
dius of the partially disintegrated supramolecular structures that
are still fluorescent due to interactions between eGFP and the
PAA chains.

A similar FCS approach was used to study the pH trig-
gered decomposition of hybrid poly(urethane—urea)/silica
nanocapsules.l®! FCS can also be applied to monitor particle

Macromol. Rapid Commun. 2022, 2100892 2100892 (7 of 16)

www.mrc-journal.de

degradation and cargo release under physiologically relevant
triggers during cell uptake. For instance, when mimicking the
gradual acidification during endolysosomal particle internal-
ization, an unfolding of ketal-crosslinked squaric ester-derived
nanogels could be monitored over time by FCS.’") For siRNA-
loaded cationic nanohydrogels, FCS verified the release of
the fluorescently labeled cargo upon acidification (for ketal-
crosslinked particles) or upon exposure to reductive conditions
present in the cytosol (for disulfide-crosslinked particles).”*%2]

It should be noted that the fractions of the released cargo and
the loaded NCs evaluated from a two-component fit of the ex-
perimental autocorrelation curves with Equation (2) (with m =
2) should be considered as apparent fractions because they are
affected by the fluorescence brightness of the respective compo-
nents, which is typically significantly higher for the loaded NCs.
A detailed discussion on this issue and mathematical approaches
needed to obtain the real fractions are discussed by Kristensen
et al.[?3] Furthermore, it should be noted that there are also other
approaches to interpret row FCS data in order to obtain quanti-
tative information on cargo release from nanocarriers. For exam-
ple, one can avoid autocorrelation analysis altogether and con-
sider only the time dependent intensity fluctuations (F(t) in Fig-
ure 1) measured for solutions containing freely diffusing fluo-
rescent cargo only and solutions in which the cargo is (partially)
encapsulated.[931941 Alternatively, the standard deviation of F(t)
was also used for the quantitative analysis of dye release from
nanocarriers.*>!

In another recent study it was suggested®! that the release
from liposome-based carriers can be monitored by combin-
ing FCS with the use of fluorescein di-f-p-galactopyranoside
(FDG) and the membrane-impermeable enzyme f-galactosidase
(B-Gal). FDG itself is nonfluorescent, and can form fluorescein
emitters only in the presence of f-Gal. Thus, as long as FDG is
encapsulated in liposomes, no fluorescent signal can be detected.
However, if FDG is released, it can be cleaved by p-Gal, and the
resulting fluorescence can be characterized, and the levels of re-
lease measured with high sensitivity by FCS.[

4. Nanocarriers in Biological Fluids

In order to fulfill their purpose, namely to deliver therapeutic
agents to specific tissues and cells, nanocarriers have to be ad-
ministered such that they come in contact with biological fluids
such as saliva, mucus, or blood. The high concentration of cells,
numerous proteins, and other components in biological fluids
can strongly affect the NCs and cause the formation of a protein
corona,|?”%l aggregation, decomposition, or premature release of
the therapeutic cargo. It is, therefore crucial to study the behavior
of the NCs in biological fluids. As discussed below, due to its high
sensitivity and fluorescence-based selectivity, the FCS is uniquely
suited for such studies.

4.1. Protein Corona
Nowadays, it is well established that when a nanoparticle comes

into contact with a biological fluid, proteins can adsorb on its sur-
face and form a so-called protein corona.l?®! However, it should
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Figure 9. FCS studies of the adsorption of HSA on polymer-coated FePt
nanoparticles. Dependence of the measured hydrodynamic radii of the
particles on the HSA concentration. The experimental data are fitted with
either an anti-cooperative binding model (blue solid line) or a Langmuir
binding isotherms (red dashed lines) fitted to the first and last 20% of
the transition. Reproduced with permission.l'°] Copyright 2009, Springer
Nature.

be, noted that if manufactured properly there are also nanocarri-
ers with neglectable protein corona formation.[*”) Nevertheless,
the formation of a protein corona may be beneficial and can be
used to alter the physiological behavior of drug NCs.”’] Thus, a
variety of experimental methods including FCS have been em-
ployed to get insights into the protein corona formation.l'%! In
particular, FCS was applied to investigate protein—nanoparticle
interactions under both model (e.g., protein solutions) and phys-
iological (e.g., blood serum) conditions. Here, two main ap-
proaches can be considered. If the bare nanoparticles are not sig-
nificantly larger than the protein corona (about 5-20 nm in diam-
eter), then fluorescent nanoparticles and nonlabeled proteins can
be used. One measures an increase in the nanoparticles’ hydrody-
namic radius upon protein adsorption. As an example, Figure 9
presents results of the work of Rocker et al."%!l who studied the
association of human serum albumin (HSA) to polymer-coated,
DY-636-labeled FePt nanoparticles. The data show a stepwise in-
crease of the nanoparticle radius of about 3.3 nm, suggesting that
HSA molecules form a monolayer around the nanoparticles. In
a number of articles from this and other groups.[191-1%] FCS was
used to study the interactions of differently functionalized fluo-
rescently labeled nanoparticles, quantum dots, or gold nanopar-
ticles with nonlabeled proteins. The FCS data allowed an estima-
tion of the equilibrium dissociation constants and yielded infor-
mation on the orientation of the adsorbed proteins.

While most of these studies were done in solutions of a single
type of proteins, recently, Wang et al.l'®! have extended them also
to human blood serum, where the fluorescence-based selectivity
of the FCS is especially useful as discussed below.

For nanoparticles that are significantly larger than the plasma
proteins, eventual protein adsorption will cause only a minor in-
crease in the measured hydrodynamic radius that can be difficult
to detect by FCS. Thus, it is more appropriate to apply FCS us-
ing fluorescently labeled proteins.['}*113] As FCS monitors only
the fluorescent species, the binding of even a single fluorescent
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protein to a nonfluorescent nanoparticle will lead to a strong in-
crease in the measured hydrodynamic radius R, and can be de-
tected easily. The number of bound proteins can be evaluated by
comparing the fluorescence brightness of a nanoparticle—protein
complex to that of individual protein molecules. Furthermore,
the binding strength can also be estimated by adding competing
nonlabeled proteins to the studied solutions.[''] On the down-
side, the need for fluorescent labeling of the proteins hinders the
applicability of this type of studies in whole biological fluids. Fur-
thermore, it should be noted that in rare cases labeling can alter
the protein properties in a way that may affect their interactions
with nanoparticles.[!?]

4.2. Nanocarrier Stability

The specific properties of the biological fluids may not only
lead to formation of protein corona, but they can also affect the
stability of the nanocarriers and cause aggregation, decomposi-
tion, or premature drug release. FCS experiments have shown
that this can happen even in strongly diluted biological fluids.
For example, Naito et al.l!** studied polyion complexes of an-
ionic siRNA and 3-fluoro-4-carboxyphenylboronic acid modified
poly(ethylene glycol)-block-poly(l-lysine) cationic polymers and
found that depending on the degree of modification these siRNA
nanocarriers can decompose in the presence of 10% fetal bovine
serum (FBS). Using FCS the authors were able to accurately mea-
sure the diffusion coefficient of the freely diffusing fluorescently
labeled siRNA and the loaded NCs in 10% FBS solutions that
have essentially the same refractive index and viscosity as pure
water.

The situation becomes more complicated when FCS experi-
ments have to be performed in undiluted biological fluids such
as blood serum or plasma. In contrast to DLS, FCS is not di-
rectly affected by the scattering of large nonfluorescent species
that are commonly present in these media. However, FCS re-
sults can be affected by the fact that undiluted blood plasma and
serum show autofluorescence at some wavelengths and have vis-
cosities and refractive indices higher than those of water. There-
fore, in order to obtain reliable quantitative FCS data these fac-
tors have to be properly addressed. In particular, one should mea-
sure the auto fluorescence intensity under the applied experi-
mental conditions and ensure that it is significantly lower (e.g.,
ten times) than the average fluorescence intensity in the pres-
ence of the studied fluorescent species. The latter can be con-
trolled by tuning the concentration of the studied fluorescent
species. In addition, experiments should be performed with a
confocal volume positioned as close as possible (e.g., 10-20 um)
to the cover slide/sample interface to avoid distortions of the FCS
observation volume caused by a refractive index mismatch. Fi-
nally, when evaluating diffusion coefficients and hydrodynamic
radii from the measured diffusion time, one should take into
account that the viscosity of blood plasma (serum) is roughly
1.5 times higher than that of water. If these experimental proce-
dures are rigorously applied, FCS can accurately measure even
the hydrodynamic radius of individual dye molecules>*%! in
undiluted blood plasma. Consequently, the method was applied
to study the blood plasma (serum) stability of various nanocarrier
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systems including polyplexes,/”* branched polymers,[''>1"7] lipid
nanoparticles,'"#120 nanogels,!! etc.

Alternatively, if no quantitative information on the size of the
NCs or released cargo is needed one can evaluate the drug load-
ing stability in undiluted biological fluids!>2819+121] by consider-
ing only the time dependent intensity fluctuations as discussed
in Section 3.4. Such approaches are less sensitive on parameters
such as refractive index, viscosity, and autofluorescence of the bi-
ological fluid.

4.3. Nanocarriers Behavior in Whole Blood

In order to reach and accumulate at their intended target sites,
systemically administered NCs ideally have to circulate for pro-
longed periods of time in the blood stream. Therefore, for reliable
therapeutic benefits it is of paramount importance that the NCs
retain their integrity during circulation. While one can gain some
information on the expected fate of the nanocarriers in the blood
stream Dby incubating them externally with, e.g., blood plasma or
serum, the best approach will be to characterize the NCs in sam-
ples of blood taken from a lab animal or patient at defined time
intervals after intravenous administration. However, this is a dif-
ficult task, because whole blood is a highly crowded, strongly ab-
sorbing and scattering medium. Nevertheless, due to its unique
sensitivity and selectivity, the FCS technique is capable of track-
ing the fate of nanocarriers under the challenging conditions in
the blood stream and can be applied for such studies using sev-
eral approaches of increasing complexities.

For example, Watanabe et al.l'??] studied the blood stream sta-
bility of so-called unit polyion complexes (uPIC). These are dy-
namic ion-pairs of single siRNA molecules with Y-shaped block
catiomers of precisely regulated chain lengths where the number
of positive charges perfectly matches with the negative charges of
each oligonucleotide strand. uPICs containing Alexa 647 labeled
siRNA were injected in mice and 500 uL of blood was harvested
60 min later. The blood sample was then centrifuged to obtain
blood plasma that was diluted ten times with PBS in order to
adjust the fluorescence intensity to the detection range appropri-
ate for the FCS analysis. Using this approach, the authors were
able not only to confirm that the uPICs retain their size of about
18 nm after 60 min circulation in the blood stream, but also to
show that stable uPICs can be formed directly in blood if the two
components are injected separately.'22]

In another example, Tiiman et al.l'?)] applied FCS to identify
the presence of structured amyloidogenic oligomeric aggregates
in blood serum of patients with Alzheimer’s disease and found
that both the size and the concentration of the nanoplaques are
higher than in control individuals. To enable fluorescence detec-
tion of the aggregates, the authors added the benzothiazole salt
Thioflavin T (ThT) to the studied blood serum samples and used
the fact that ThT binds to the aggregates and as a result signifi-
cantly changes its spectral properties for selective fluorescent de-
tection.

The two studies discussed above share the need of centrifuga-
tion in order to remove the blood cells and obtain plasma and
serum that can afterward be studied by FCS. However, it should
be realized that the centrifugation creates strong shear forces
that can potentially cause aggregation, decomposition, or loss
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Figure 10. Schematic representation of the FCS experiments with droplets
of blood. Reproduced with permission.['?*] Copyright 2022, American
Chemical Society.
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of drug cargo, particularly in soft nanocarriers such as micelles,
nanogels, lipoplexes or polyplexes. Furthermore, centrifugation
requires relatively large amounts of blood (*mL quantities) that
cannot be obtained multiple times from a single mouse and it
can be invasive for patients. To avoid these problems, we recently
suggested!'?*] an alternative FCS approach that allows character-
ization of NCs using blood samples of less than 50 uL. Instead of
applying centrifugation, the blood plasma can be obtained in situ
by placing a small piece of plasma separation membrane (sup-
ported by a spacer) directly above the microscope coverslip of the
FCS sample chamber (Figure 10). The confocal detection volume
is positioned in the space between the microscope coverslip and
the membrane. A blood droplet of about 30 uL is placed on the
membrane. The large blood cells are retained by the membrane,
but the liquid part of the blood and the NCs can pass through and
reaches the detection volume (Figure 10), thus enabling standard
FCS characterization. We applied this method to follow the size,
concentration, and loading efficiency of pH-degradable fluores-
cent cargo-loaded nanogels in the blood of live mice for periods
of upto 72 h.

More complex approaches allow monitoring of drug nanocar-
riers and their cargo in whole blood samples without remov-
ing the blood cells. Recently, wel>®! studied drug NCs’ size, sta-
bility, premature drug release, and interaction with proteins di-
rectly in samples of whole blood. The NCs and/or their cargo
were labeled with dye molecules that have absorption and emis-
sion wavelengths in the near-infrared (NIR) range from 700 to
1000 nm, which is associated with the so-called biological win-
dow. This allowed to decrease the absorption of both excitation
and emission light from the blood. Furthermore, the FCS experi-
ments were performed during a very slow continuous flow of the
studied blood sample through a microchannel, in order to ensure
time intervals in which the FCS detection volume will be free of
blood cells (Figure 11, left panel).

The measured autocorrelation curves were fitted by a com-
plex model that includes diffusion and flow terms and combines
normal and inversed FCS['¥] in order to account for the effect
of the blood cells crossing the FCS observation volume.l*! Us-
ing this approach we were able to detect even individual NIR
dye molecules in whole blood samples. Furthermore, we stud-
ied the blood stability of polypept(o)ides-based core-crosslinked
micelles loaded with an NIR dye (IRDye800CW) as a model for
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Figure 11. (Left panel) Schematic representation of the NIR-FCS experiments in flowing blood. The FCS observation volume is consequently either free
(left) or occupied (right) by a blood cell. (Right panel) Normalized autocorrelation curves measured in human blood for core-crosslinked micelles that
were either covalently (blue color) or noncovalently (green color) loaded with IRDye800CW. The dye incubation in blood was done at 4 °C. Adapted with

permission.[>¢] Copyright 2018, Springer Nature.

small molecular weight drug. While covalently loaded dyes were
still attached to the NCS even after 30 h incubation in blood, hy-
drophobically loaded dyes were fully released after only 30 min
(Figure 11, right panel).

In another interesting recent development, Fu et al.l'?¢l ap-
plied multiphoton FCS in vivo to quantify cerebral blood flow
in thinned-skulled live mice using fluorescently labeled poly-
mer nanoparticles as tracers. In addition to the flow profiling,
the authors were able to obtain some qualitative information on
changes in the nanoparticle concentration and on the dissocia-
tion of fluorophores from the nanoparticles. Due to the limita-
tions of the applied simplified FCS data processing method im-
posed by the high flow rates in the blood vessels, the obtained re-
sults still lack the quantitative accuracy needed for precise charac-
terization of drug NCs and their cargo. Nevertheless, the reported
FCS experiment bears promises for further developments toward
accurate in vivo characterization of NCs in the blood stream of ro-
dents and other animals.

5. Nanocarriers in Living Cells

As a final step in NC drug delivery, NCs need to release their drug
cargo, for instance into the cytoplasm of target cells. However,
monitoring this process is a difficult task due to the very small
sizes of the NCs and the drug molecules on the one hand and
the larger, but still small and complex live cells on the other hand.
These challenges can still be addressed by using FCS. One of the
most prominent and unique characteristics of the FCS is its very
small observation volume (x0.2 um?). This volume can be posi-
tioned anywhere within a cell with a spatial precision of 0.5 um,
thus making the FCS a perfect tool to study dynamic processes in
living cells.[20127-1%3] In one of the first studies in 1995, Berland
et al.l'**) used two photon FCS to measure the diffusion coeffi-
cients of small latex beads (7 and 15 nm radius) in the cytoplasm
of mouse fibroblast cells. They found that the beads diffuse two to
five times slower in cytoplasm than in water due to the higher vis-
cosity and eventual binding of the beads to cellular components.
In 1998, Politz et al.['*] applied FCS to study the intracellular dif-
fusion of oligonucleotides and even observed their hybridization
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Figure 12. Overview of relevant intracellular applications of fluorescence
autocorrelation (top) and cross-correlation (bottom) spectroscopy. Parti-
cle concentration and mobility can be determined by FCS (top), but es-
pecially for particle mobility one should take into account its size, the
viscosity of the surrounding phase, and further obstacles therein. Be-
yond free Brownian diffusion a directed transport can be identified by
analysis of the shape of the autocorrelation curve. Moreover, by analy-
sis of its “blinking”—a result of reversible protonation occurring in the
chromophore—the eGFP protein can be used as a pH indicator. For FCCS
(bottom), the resulting cross-correlation amplitudes in conjunction with
the autocorrelation amplitudes can reveal information on respective bind-
ing partners, enzyme kinetics or dynamic colocalization. Reproduced with
permission."] Copyright 2006, Springer Nature.

with polyadenylated RNA in the nuclei of rat myoblasts. Already
in these early studies, it becomes clear that there are significant
variations in the measured diffusion rates depending on charac-
teristics of individual cells and cell (nuclei) regions. This factor,
together with the possible binding to unknown cell components
and the presence of autofluorescence,!'*¢] makes the quantitative
evaluation of FCS data measured in living cells more challenging
than in aqueous solution or in blood (plasma). As discussed by
Bacia et al.,!l'*] the use of the dual colored version of ECS, the
FCCS may help significantly to get more precise information in
particular when studying binding, enzyme kinetics or colocaliza-
tion (Figure 12).
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Figure 13. FCS experiments in live A549 cells incubated with PAH—siRNA polyplexes. Images and FCS data were acquired immediately (Time 0), and after
24 h incubation at 37 °C and 5% CO,. The autocorrelation functions in the red and the green channels are associated with siRNA and PAH, respectively.
The cross-correlation function (black symbols) is associated with PAH/siRNA polyplexes. Each location was measured in 20 runs of 10 s each. Average
curves are reported after 20s and 180s to elucidate bleaching effects. Reproduced with permission.l'#8] Copyright 2019, Elsevier.

All these considerations are certainly valid for FCS studies an-
alyzing an intracellular cargo release from NCs. In general, if
the cargo molecules are fluorescently labeled, one can monitor
their release by the appearance of a subfraction of faster diffus-
ing species in the confocal volume, namely, the released cargo
molecules. However, shortly after release these molecules may
interact with cell components and desired binding partners and
thereby, significantly change their diffusion coefficient. There-
fore, in order to get more accurate information on the release
it is helpful to fluorescently label (with different dyes) both the
cargo molecules and the NCs and monitor their colocalization
with FCCS. For example, Di Silvio et al.l'®¥] used this approach
to study the fate of poly(allylamine hydrochloride) (PAH)-siRNA
polyplexes after uptake in A549 cells. The PAH molecules were
labeled with rhodamine and the siRNA with CyS5. It was observed
that 24 h after uptake both the cross-correlation between PAH
and siRNA channels and the diffusion times measured in the
siRNA channel decreased substantially indicating disassembly of
the polyplexes and release of the siRNA (Figure 13).

More details on the FCS specifies, advantages and shortcom-
ings can be found in a comprehensive report!'*’! by De Smedtand
co-workers, who have extensively applied FCS['>*151 to study the
intracellular behavior of DNA nanoparticles, in particular with re-
spect to protection of the nucleic acids against enzymatic degra-
dation and their release from the nanocarriers.

6. Conclusions

During the last two decades fluorescence correlation spec-
troscopy has become an extremely useful tool, helping scientists
to follow the fate of polymeric drug nanocarriers at all stages of
the drug delivery process. Due to its noninvasive nature, single
molecule sensitivity, selectivity, and small probing volume, the
method can monitor NCs formation, degradation, drug loading
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and release—even in complex biological environments in vitro
and in vivo.

Such studies are not limited to polymeric NCs, but can also
be applied to other nanocarrier system. In particular, nanocarri-
ers based on lipids[40:68:81.9596.152-156] and proteins!1>7-160] as well as
on metal-organic framework,[8¢161.162] ca]cium phosphate,[163164]
silical’65-167] or gold!1%81%] nanoparticles, were often character-
ized with FCS. Furthermore, inherently fluorescent nanoparti-
cles such as quantum dots,[101104109170-172] carhon dots!73-175] or
nanodiamonds!!7¢17%] have been extensively studied with respect
to their interactions with plasma proteins and use for transfec-
tion or bioimaging.

Despite its numerous advantages, FCS has also limitations,
most importantly the need for fluorescent labeling. This however,
is partially compensated by the availability of well-established la-
beling protocols. Furthermore, it is clear that no experimental
method can provide a comprehensive picture of the fate of the
NCs during the entire delivery processes. Thus, in this endeavor
FCS studies strongly benefit from a combination with comple-
mentary methods such as dynamic light scattering, size exclusion
chromatography, transmission electron microscopy, Rahman mi-
croscopy, confocal laser scanning microscopy, flow cytometry,
fluorescence recovery after photobleaching, fluorescence imag-
ing, magnetic resonance imaging, positron emission tomogra-
phy, etc.

In perspective, we believe that the use of FCS in the drug
NCs development will grow further, promoted not only by the
unique characteristics of the method, but also by the increasing
availability of the FCS equipment, which nowadays is an almost
standard part of any commercial confocal microscope. In com-
bination with other methods, FCS will be providing a detailed
molecular characterization that can reveal in depth information
on the behavior of the NCs and their cargo, that is especially rele-
vant for mechanistic studies and for translational purposes. Fur-
thermore, based on the developments in intravital microscopy of
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animal models we expect that FCS may become a significant tool
for translational in vivo monitoring of drug NCs toward a com-
prehensive understanding of their therapeutic performance.
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