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1. Introduction quantitative measurements without a separation step i.e. without re-

For a drug to become successful clinically it must produce a desired
therapeutic effect at no, or only minimal and acceptable, toxicities. To
better understand drug effects (or the lack thereof) in vivo it is highly
desirable to directly measure drug-target engagement in single cells as
well as in populations of cells making up tissues and organs [1]. Conven-
tional pharmacology and most pharmacokinetics/pharmacodynamics
(PK/PD) studies rely on bulk sampling of tissue or plasma where subtle
nuances can be easily missed or “diluted out”. Conversely, in vitro assays
against purified targets lack the barriers, pressures and effects that
drugs face in vivo. Furthermore, even genetically identical cells are
often heterogenous and these effects are difficult to model in vitro.

A number of recent technologies have been described to directly
measure drug binding in cells. Among them are the drug affinity respon-
sive target stability (DARTS) assay [2], competitive positron emission
tomography (PET) [3,4], or mass spectroscopy imaging (MSI) [5,6]. All
of these methods have inherent limitations with respect to cellular res-
olution (PET), subsequent analysis (MSI) or others.

The cellular thermal shift assay (CETSA) [7] has also been used to de-
termine target engagement of unlabeled drugs in specimen as well as
in vivo, and to measure off-target binding of thousands of proteins
using mass spectrometry [8]. However CETSA yields average measure-
ments of cell populations and temporal resolution is limited.

Fluorescence polarization (FP) and fluorescence anisotropy (FA) [9]
are powerful fluorescence-based techniques originally employed as
screening tools in the drug discovery field and in biomedical settings
for measuring equilibrium binding, molecular interactions and enzy-
matic activity [10,11]. The two techniques are interrelated and nearly
equivalent, with FA preferably more used due to its intrinsic mathemat-
ical simplicity. The principle of FP/FA is based on the fact that the degree
of anisotropy of a fluorophore, at constant temperature and solution vis-
cosity, is inversely related to its molecular rotation and directly related
to its apparent molecular weight which changes upon complex forma-
tion. Binding and dissociation constants between a target and a fluores-
cently labeled drug can then be measured by reading the value of
fluorescence anisotropy of the small molecule.

FP/FA is an “intensive property”, i.e. independent on the amount of
fluorophore [12]. Therefore FP/FA assays are inherently separation-
free homogeneous assay, because they offer the ability to make

moving one of the components from the solution. Thanks to these fea-
tures the current FP/FA methods have enjoyed wide distribution to
study protein-ligand and protein-protein interactions [13,14] and to de-
termine the fraction of bound vs. free ligand for resolving their dissoci-
ation constants [12,15,16]. FP/FA have also been used in assays to
enable high-throughput screening of small molecule libraries for drug
discoveries [17].

Optical imaging technologies offer high spatial and temporal resolu-
tion, extended penetration depth, and the ability to distinguish multiple
reporter. They are therefore the ideal detection technologies for in vitro
and in vivo single-cell phenotypic screening [18]. Their availability con-
current with the emergence of a growing list of fluorescent drug deriv-
atives that maintain comparable target specificity and affinity as the
unlabeled drug [19], has enabled direct insight into drug delivery and
drug action in vitro and in vivo, including target-selectivity, kinetics,
drug exposure and resistance, and pharmacodynamics effects [20-24].

By extending FP/FA to optical microscopy imaging modalities, in
combination with measurements of fluorescence intensity, and co-
localization with fluorescent reporter proteins, we have demonstrated
in recent works from our group that one can obtain spatially and tempo-
rally resolved cellular mapping both in vivo and in vitro, enabling in-
sights into the degree of drug accumulation within individual cells, the
quantification of drug target expression, and the degree of specific
drug-target binding and unspecific binding to off-target proteins
[20,22,23,25-34]. While live animal imaging at microscopic resolution
is mostly performed by confocal or two-photon laser scanning micros-
copy, the latter is usually the preferred method of choice [35-39] and
this is the modality we have been focusing in our studies.

The extended fluorescence anisotropy spatiotemporal resolution in
combination with the fast acquisition speed, also allows for adaptation
to high content screening in cell based assays [40]. Automated image-
based analysis [41], can then be seamlessly conducted over large popu-
lations of single cells.

This review is intended to provide a general overview of fluores-
cence anisotropy and fluorescence anisotropy imaging, to describe the
main sources of errors involved in the acquisition procedures and how
these reflect on the measured fluorescence anisotropy, to illustrate the
image processing methods and hardware designs, and to highlight the
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potential of two-photon fluorescence anisotropy imaging for drug-
target engagement measurements.

2. Fluorescence anisotropy basic principles
2.1. History

Uneven fluorescence intensities along coordinate axes were first de-
scribed by F. Weigert in 1920 [42]. This phenomenon has been called
fluorescence polarization. Theories of fluorescence polarization were
subsequently developed by Vavilov [43], Lewshin [44] (who also col-
lected excessive experimental data), Jablonski [45,46] and F. Perrin
[47,48] in 1920' and 1930'.

The concept of fluorescence anisotropy was later introduced by A.
Jablonski in 1957 [49] and the advantages of this notation were de-
scribed by him in 1960’ [50,51]. In the following years others started
using the term fluorescence anisotropy. Although fluorescence polariza-
tion and fluorescence anisotropy can be used alternatively, the later
seems to be more correct because describes the radiation field rather
than just an incoming light. Also equations involved in the theory of
fluorescence polarization become incomparably simpler when anisot-
ropy notation is being used. Therefore, now most researchers use the
fluorescence anisotropy notation. More detailed history of fluorescence
polarization/anisotropy can be found in [52-58].

2.2. Definitions

With vertically polarized excitation (Fig. 1c) the fluorescence from a
fluorescent sample (Fig. 2a,b) is observed through either vertically (par-
allel) or horizontally (perpendicular) oriented polarizer providing Iy
and lyy fluorescence intensities, respectively. These usually uneven in-
tensities can be described by the “fluorescence polarization” parameter
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Fig. 1. Fluorescence anisotropy fundamentals. (a) Upon binding to its target, the
fluorescently labeled small molecule drug presents an increase in anisotropy.
(b) Titration and measurements of fluorescence anisotropy, enable accurate
reconstruction of binding isotherms. (c) Standard optical arrangement for
measurements of fluorescence anisotropy. The subscript letters V and H, stand for
vertical and horizontal. The first subscript, indicates the direction of polarization of the
excitation light. The second subscript, indicates the direction of polarization of the
emission polarizer.

Adapted with permission from [255], Nature Publishing Group.

p defined as:

~ (Uw—lvn)
R ) M

Considering that the fluorescence radiation has a cylindrical symme-
try (with vertically polarized excitation) with two equal horizontal
components, the total fluorescence intensity can be expressed by:

It =Iw+2-Iwy

and the fluorescence radiation can be characterized by a ratio called
“fluorescence anisotropy” r defined as:

IT (1W+2'1VH)

- (Iw—lvw) _ (w—lIvn) 2)

If we define a ratio A:

Iy
A=—

Iyy
the fluorescence anisotropy can be described with only one value of the
ratio A:

2 photons
r,= 417

Fig. 2. One-photon and Two-photon fluorescence anisotropy. Images of fluorescence
anisotropy for fluorescein. (a) In PBS, the rotational diffusion of the excited molecules is
occurring on a time scale shorter than the fluorescence lifetime, and tends to scramble
the orientation of the emission dipoles. No preferential emission direction is present.
(b) In glycerol, the molecular rotation is occurring on a time scale slower than the
fluorescence lifetime. A strong degree of fluorescence emission anisotropy is present. (c,
d) Photoselection function for one- (a) and two-photon (b) excitation. The one-photon
fundamental anisotropy is equal to 2/5. The two-photon fundamental anisotropy is
higher and equal to 4/7, due to two-photon photoselection.

Adapted with permission from [255], Nature Publishing Group.
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which sometimes can be convenient. For example A= 3 corresponds to
r = 0.4, A= 2 corresponds to r = 0.25, and A= 1 gives r = 0. With a
simultaneous measurement of both polarized components, the ratio
“A” can be quickly calculated and used for calculation of anisotropy.

2.3. One-photon steady state and time-resolved anisotropy

2.3.1. Limiting and fundamental fluorescence anisotropies

In the following discussion we are assuming a random (isotropic)
distribution of dye molecules in the ground state. With vertically polar-
ized excitation, dye molecules with transition moments oriented along
the vertical axis will be more likely excited. The effectiveness of the ex-
citation depends on the angle 6 between the dye transition moment and
the light electric vector (in this case the vertical axis). The probability of
the excitation is dependent on cos®6, similar to the intensity of the light
transmitted through the polarizer (Mallus law). Molecules with transi-
tion moments oriented (at the time of the excitation) along the horizon-
tal axis will not be excited. The distribution of transition moments of the
excited molecules is not isotropic, see Fig. 2¢,d. The process of creation
of an anisotropic distribution of transition moments by the excitation
light is called photoselection. In the case of one photon excitation it is a
cos?9 photoselection. In the absence of any depolarizing processes the
value of fluorescence anisotropy with one photon excitation by linearly
polarized light is called fundamental fluorescence anisotropy and is
given by:

rr=06-(cos’B—"/;)

where (3 is the angle between the absorption and the emission transi-
tion moments.

Possible values of fundamental fluorescence anisotropies are within
the range:

—0.2<rp<04

and its derivation (first done by F. Perrin for polarization notation [48])
can be found in most textbooks on this topic [57,58]. In practice, one
never observes one photon fluorescence anisotropy of 0.4. This is be-
cause even in rigid or frozen solutions torsional motions of molecules
are possible [53,55,56,59] and emission transition moments may
slightly differ from absorption. Although this is a minor depolarizing
factor comparing to Brownian rotation it lowers the fluorescence an-
isotropy from the maximum theoretical value. The highest measured
value of fluorescence anisotropy, free of Brownian rotations is called
the limiting fluorescence anisotropy ro. The limiting anisotropy can be
close, but never reaches 0.4. An example of steady-state anisotropy
measurements (emission and excitation spectra) is presented in Fig. 3.
It is clear that fluorescence anisotropy strongly depends on the combi-
nation of excitation/emission wavelength. For example, the excitation
of rhodamine 6G below 420 nm will result in a very low limiting anisot-
ropy (see Fig. 3A).

2.3.2. Perrin equation

In homogenous solutions or intracellular environments, the rota-
tional diffusion of the excited molecules tends to scramble the orienta-
tion of their transition moments during the lifetime emission of the
fluorophores. As a result there is a loss in the preferential direction of
the emitted fluorescence [58]. If tumbling of the molecule occurs on a
time scale which is shorter than its fluorescence lifetime, the fluores-
cence emission will be isotropic with a value of anisotropy equal to
zero. However, if molecules rotate on a time scale much slower than
the fluorescence lifetime, fluorescence emission will present a strong
preferential direction of emission, with a high value of anisotropy.
Therefore, the observed steady-state fluorescence anisotropy r will de-
pend, among other depolarization factors which are present during
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Fig. 3. Fluorescence anisotropy spectra. Fluorescence anisotropy spectra of rhodamine 6G.
(a) in excitation wavelengths, (b) in emission wavelengths. Note that below 374 nm the
fluorescence anisotropy of rhodamine 6G is negative which indicates excitation to
higher electronic state with perpendicular orientation of absorption transition moment.

the timescale of the excited molecule lifetime, on the rotational diffu-
sion of the excited dye.

This dependence, derived originally in polarization notation by F.
Perrin [51,52,57,58,60], has a remarkably simple form in anisotropy no-
tation, similar to the Stern-Volmer equation for fluorescence quenching
[57,58,60].

ffy =147/ 3)

where 1y is the limiting anisotropy, 7 is the lifetime of the dye and O is
the correlation time of the rotational diffusion. © here is given by:

0=" /s @

where 1) is the viscosity, k is the Boltzmann constant and V is the molec-
ular volume (sphere approximation) of the rotating object (dye or dye
conjugate).

The Perrin equation enables direct description of the viscosities of
different media or the local viscosity of the cytoplasm [61,62], and
more importantly anisotropy-based assays.

It's worth highlighting that in principle cellular environmental fac-
tors such as the cellular pH and the temperature may affect the values
of 7 and O respectively. However, in practice the anisotropy of a fluores-
cent molecule is largely defined by its fundamental anisotropy value, its
molecular size and its fluorescence lifetime. Therefore for dyes with dif-
ferent values of lifetimes this characteristic allows for example to simul-
taneously resolve spectrally similar fluorophores [63,64].
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2.3.3. Additive property of fluorescence anisotropy

The benefits of the anisotropy notation are probably best illustrated
when dealing with the fluorescence emission occurring from a mixture
of multiple species of fluorophores. In this case the observed total an-
isotropy rr is the sum of the anisotropies of the individual N
fluorophores weighted by their fractions [50,65-67]:

N
TT:ZTi'fi )
1

where r; is the anisotropy of the i-th individual specie and f; is its
fraction.

It should be noted that fluorescence polarization is not additive and
derived equations have monstrous forms. The additive property of fluo-
rescence anisotropy gives the possibility to resolve complex spectral
properties and/or eliminate an undesired background. Additionally, its
simple form allows to easily obtain an immediate resolution of freely ro-
tated and bounded fluorophores.

2.3.4. Fluorescence anisotropy with excitation by unpolarized (natural)
light

The excitation by unpolarized light might be considered as a compo-
sition of a simultaneous excitation by vertically and horizontally polar-
ized lights with equal contributions. In such a case, the observed
fluorescence anisotropy ry will be given by:

ry = 0.4- G) +0- (%) -02

This means that anisotropy measurements can also be carried with
unpolarized light, however sacrificing the initial limiting anisotropy.

2.3.5. Anisotropy decays

For illustration, we consider an isotropic solution of a fluorophore
excited by vertically polarized light pulses, much shorter in duration
than the fluorophore’s lifetime.

Immediately after a short excitation pulse the anisotropy is high
(close to 0.4) but decreasing, as a function of time, to zero. The rate of
this decrease is viscosity dependent and is governed by a Perrin equa-
tion. For anisotropy decay measurements, usually both polarized fluo-
rescence intensity components (Iyy and Iyy) are measured and the
anisotropy is calculated at any time of the decay. The analysis of the
fluorescence anisotropy decay usually assumes an exponential decay:

r(t)=ro- exp(—"/y)

and rarely more exponentials are needed to fit the anisotropy decay of
the individual fluorophore. In the case of macromolecules (labeled
with dyes or with an intrinsic dye) the anisotropy decays need to be
fitted to more complex models [57,58]. An example of simple fluores-
cence anisotropy decay is shown in Fig. 4, where the polarized fluores-
cence intensity decay components of Rhodamine 110 in propylene
glycol are shown with the corresponding anisotropy decay.

2.3.6. Associated anisotropy decays

The anisotropy decay measurements get more complicated when
more than one fluorescent species is present in the solution. For exam-
ple, during binding studies of fluorescent probes to macromolecules
(protein, DNA, membrane), often unbounded fluorophores are also
present. These free fluorophores rotate fast and usually have shorter
lifetime than the fluorophores bounded to the macromolecules.

In this case two fluorescent species are effectively present in the
studied sample: short lived and fast rotating (free) and longer lived
slow rotating (bound). At the moment of the excitation by the short-
light pulse the measured fluorescence anisotropy (combined from frac-
tions of both species) will be high, close to 0.4. Shortly after the

a E \AY% R110 in Propylene Glycol, 5° C
10k =
® 7
C -
> -
Q
L 1k
2z 3
= :
§ ] Exc: 470 nm
€ 1003 Ems: 530 nm
10 | | | |
5 10 15 20 25
Time (ns)
b o4
R110 in Propylene Glycol, 5° C
0.3+ Fitted Parameters:
r, =0.36
6 =6.3nm
3 0.2
o
ko)
® 0.1
c
<
0.0
-0.1 T T
5 10 15 20 25
Time (ns)

Fig. 4. Fluorescence anisotropy decay. Time-domain measurements of a fluorescence
anisotropy decay of rhodamine 110 in propylene glycol. (a) Fluorescence intensity
decays of polarized components, (b) calculated anisotropy decay.

excitation the fraction of the shorter-lived specie significantly decreases
lowering the measured anisotropy. Over time, the contributing fraction
of the longer-lived specie will increase. In effect, the observed anisot-
ropy initially will rapidly decreases than increases and finally decreases
again with the rate corresponding to the slower rotating specie. Such
anisotropy decay is called associated [58]. These unusual anisotropy de-
cays were reported by many authors [68-70].

The associated anisotropy decays directly report on the amount of
bound/unbound fluorophore fractions.

2.4. Two-photon fluorescence anisotropy

2.4.1. Simultaneous multi-photon excitation

Although theoretically predicted almost 90 years ago by M. Goppert-
Mayer [71], two-photon excitation was experimentally observed after
the first lasers were developed [72]. Theoretical studies of two-photon
absorption and anisotropy, shortly followed [73-76].

The fundamental anisotropy with two-photon excitation is 4/7
(compared to 0.4 for one-photon excitation). This is a result of a higher
photoselection for two-photon absorption process. The probability of
the two-photon excitation is no longer proportional to cos? f but instead
is proportional to cos? 6. The distribution of transition moments of the
molecules excited by two-photon process is narrower than when ex-
cited with one-photon, see Fig. 2d. Experiments and theoretical descrip-
tions of two-photon induced fluorescence anisotropy were reported
more than two decades ago [77-80]. Shortly after, with the advance of
the femtosecond lasers, three- and four-photon experiments have
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been also reported [81-86]. These follow cos® 6 and cos® 6
photoselection rules, and result in 2/3 and 8/11 fundamental anisot-
ropies, respectively.

To note that the time-resolved (anisotropy decay) experiments with
multi-photon excitation are similar to the one-photon ones, but offer
higher resolution because they start with higher initial anisotropy
values. Clearly these experiments can be done either in the time-
domain or the frequency-domain formats [87,88].

2.4.2. Two-color two-photon excitation

Two-photon excitation is also possible with synchronous illumina-
tion with two different colors of the light [89]. This excitation also fol-
lows cos* 6 photoselection with the fundamental anisotropy of 4/7.
Unique features of two-color two-photon excitation are the possibility
to adjust fundamental anisotropy [90] and reduce fluorescent back-
grounds [91].

2.5. Depolarization factors

The experimentally measured values of anisotropy are usually lower
than the fundamental values predicted by the theory, due to several
“depolarization factors” d occurring during the lifetime of the excited
molecule. According to the Soleillet's rule [55,92], the measured value
of anisotropy ry is equal to the product of the different depolarization
factors occurring in a sample during a measurement, times the funda-
mental anisotropy value:

N
rg=rr ] di (6)
i

where d; is the i-factor contributing to the depolarization.

Among the possible causes of depolarization the most important are
the ones due to the instrumental effects, to the scattering, the orienta-
tion angle between absorption and emission dipoles, the molecular ro-
tation occurring during excitation and emission, and Forster resonance
energy transfer (FRET) induced effects. The first depolarization source
is related to the imaging platform, the quality of the optical alignments
between the different components and the optics utilized. The second
depolarization source instead is related to the intrinsic properties of
the fluorophore. The excitation at shorter wavelengths to the higher
electronic state often occurs along an orthogonal absorption dipole mo-
ment which results in lower, sometimes negative anisotropy, see
Section 2.3.1. The third source of depolarization, scattering, is related
to the environment where the signal is generated and can detrimentally
affect in vivo measurements in tissue. While important and not negligi-
ble, these three factors are not particularly revealing of any properties of
the cellular environments. The dominant depolarization processes are
usually the rotational diffusion of the fluorescent molecules which
changes the direction of their transition moments, and FRET-induced ef-
fects [93,94].

3. Fluorescence polarization/fluorescence anisotropy assay

In this Section we outline some considerations regarding the design
of fluorescently labeled compounds. We consider how optimized com-
pounds can be utilized in the context of high throughput and high con-
tent screenings.

3.1. Design of fluorescently labeled compounds

The development of a fluorescently-tagged small molecule reporter
is critical for any FP/FA assay. Like a small molecule probe compound,
the fluorescent tracer needs to be “fit-for-purpose”, i.e. it must satisfy
several criteria, which depending on the specific application, can be
more or less stringent [95,96].

The canonical design scheme can be described as a pharmacophore-
linker-fluorophore structure. Ideally the linker and fluorophore do not
alter the selectivity, potency and physicochemical properties of the
tracer molecule compared to the parent compound. This, of course, is al-
most impossible to accomplish and therefore care has to be taken when
validating a tracer molecule for any given application.

In the following we will break down the important aspects that need
to be considered, such as the choice of the bioactive small molecule, the
linker attachment site, the type and length of the fluorophore, and the
physical properties and target into several categories discussing them
separately.

In general, the development takes a pragmatic approach that aims to
synthesize a suitable fluorescent tracer in a few steps, often starting
from the bioactive small molecule of interest. This ideally features func-
tional groups which can be readily modified without loss of activity or
change of selectivity.

The binding of a (fluorescently-tagged) small molecule ligand to its
target(s) (Fig. 1a) follows a second order process, which qualitatively
means that the higher the affinity of a ligand for a given protein and
the more abundant the protein, the higher the ratio of bound vs. free li-
gand will be, and consequently the better the signal to background. It
follows that low affinity compounds are generally not suited for the de-
velopment of fluorescent tracers for FP/FA assays. This is particularly
true for fluorescence anisotropy imaging approaches where the abun-
dance of the intracellular target is often much lower compared to bio-
chemical assays. As a general rule of thumb, ligands with low
nanomolar dissociation constants are well suited, and also higher affin-
ity ligands allow for a wider range of resolvable inhibitor potency [97]. A
second, and often overlooked, property of a small molecule ligand/tar-
get pair are the binding kinetics [98-100]. Many small molecules do
not follow Michaelis-Menten kinetics, which assume that the equilib-
rium between free and bound form is reached quickly, but are charac-
terized by slow binding and long target residence time. While this can
be acceptable for biochemical assays such as illustrated for
geldanamycin and HSP90, which take several hours to reach equilib-
rium, such ligands are not suitable to study the dynamic processes in
live cells [101]. In particular, very high affinity ligands often have long
target residence times once engaged with the target, which makes it dif-
ficult to use them in a competition assay with unlabeled drugs.

Concerning the fluorescent reporter, this is generally tethered to the
bioactive small molecule via a short linker. Ideally the linker is just long
and flexible enough to not interfere with the binding of the ligand but
sufficiently short and rigid to limit the independent rotation of the at-
tached fluorophore [102-104]. Longer linkers, such as oligo-PEG chains,
which are often used to immobilize small molecule ligands on solid sup-
port for affinity pulldown experiments, do not restrict the rotational
freedom of the fluorescent dye once the tracer is bound to the target.
This phenomenon is often referred to as “propeller-effect” and results
in dispersion of the fluorescence anisotropy similar to free tracers, mak-
ing the bound and unbound compounds indistinguishable.

Identifying a suitable attachment site that doesn't perturb the bio-
logical activity of the ligand of interest is also critical. In some serendip-
itous examples, the ligand features a functional group, such as a primary
or secondary amine, carboxylic acid, primary alcohol or thiol that allow
for the specific conjugation of the linker using mild and selective cou-
pling conditions. However, more often than not these functional groups
are required for the biological activity or, in case of rationally developed
drugs, have been introduced to optimize drug metabolism and pharma-
cokinetics (DMPK) properties [105]. Changing the nature of these func-
tional groups by linker attachment can negatively impact the
pharmacology, which is important for in vivo applications. Therefore,
it is often required to modify the compound of interest semi-
synthetically or to synthesize derivatives. In particular, the availability
of co-crystal structures with the ligand bound to its target and/or pub-
lished SAR studies facilitate the identification of promising attachment
sites and synthetic strategies.
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Previously, most approaches utilized conjugation methods that in-
volved the reaction of an amine with an activated ester or isothiocya-
nate, sometimes requiring orthogonal protection of other functional
groups [106]. However, in recent years the development of robust and
selective bio-orthogonal conjugation chemistries, which are often re-
ferred to as click-chemistry, has expanded our toolbox with many alter-
natives that are highly selective, high yielding, clean, efficient and
compatible with a wide range of functionalities [107]. In addition, the
increased commercial availability of corresponding building blocks has
significantly facilitated the adaptation of these methodologies.

The fluorophore choice is also critical for the successful development
of a sensitive tracer molecule for fluorescence polarization measure-
ments. Many fluorophore classes covering the entire visible and near
IR spectrum have been developed [108-110]. However, not all
fluorophores are suited for FP/FA applications. As discussed in
Section 7.3.1 in greater detail, the fluorescence lifetime has to match
the rotational correlation time of the target in order to achieve the
best sensitivity [111]. Additional important characteristics are the
brightness, which is defined as the product of absorbance coefficient
at the excitation wavelength and the quantum yield (i.e. how much of
the excitation light is emitted as fluorescence), of the respective
fluorophore [112]. While the absorbance coefficient is generally less
sensitive, the quantum yield can vary greatly depending on the polarity
and nature of the environment (e.g. solvent or cellular localization)
[112]. Often the quantum yield is determined in organic solvents like
methanol and chloroform, largely due to the poor solubility of many
fluorophores in water. However, the vast majority of biological studies
are determined in an aqueous environment (and at a well-defined
pH). Unfortunately, many fluorescent dyes exhibit significantly lower
quantum yields in aqueous solution, therefore greatly diminishing the
signal. To address this shortcoming, various dyes have been developed
in recent years [110,113-115].

As noted above, many fluorophore classes are poorly soluble in
water, which can make the applicability for biological studies problem-
atic. To overcome this limitation, highly soluble analogs have been also
developed. This is often accomplished by attachment of PEG-chains or
charged functional groups such as sulfonates. While such solubilizing
groups greatly enhance the aqueous solubility, they can also greatly in-
crease the molecular weight and therefore render the fluorophore less
suitable for FP/FA experiments that depend on the differential mass
change of bound vs. unbound ligand. The addition of charged groups
has a much smaller impact and accordingly modified fluorophores
have been used successfully for FP/FA studies. However, charged mole-
cules are usually not membrane permeable (except for active uptake),
which substantially limits or entirely prevents cellular uptake. There-
fore, such compounds are not suited for experimental approaches,
such as fluorescence anisotropy microscopy, that study live cells and re-
quire the labeled ligand to efficiently cross unperturbed cellular mem-
branes [109,110,113-115].

A wide variety of different competitive binding assays has been de-
veloped to measure analyte concentrations directly in solution and for
understanding the mechanisms of drug action of various drug target
classes [104,111]. Extensive, non-exhaustive lists, can be found in
Burke et al. [10] and Owicki [116].

3.2. High-throughput screening

Advances in fluorescence methods [117], detection schemes, and
assay miniaturization [118] have increased throughput creating an in-
creased reliance on high-throughput screening (HTS). Fluorescence po-
larization/fluorescence anisotropy assays in particular, have been
extensively used for HTS in both pharmaceutical industry and academic
settings [103,104,119]. Since the anisotropy signal is volume-
independent, FP/FA assays are ideally suited for high-density, low-
volume assays [120-122] such as ligand-receptor binding assays [123]
and enzyme assays [124] (Fig. 1b). Therefore, FP/FA assays can be

generally readily adapted to standard miniaturized HTS platforms, pro-
vided the ability of a suitable fluorescent ligand and functional protein.
While fluorescent polarization assays can provide quantitative informa-
tion on thermodynamic and kinetic parameters of ligand-target interac-
tion, most high-throughput screening assays based on a fluorescence
polarization readout are designed to determine steady-state binding
in which a fluorescent ligand is displaced by a competitive binder.
This assay approach is appealing as it does not depend on the turnover
of a reported substrate but is equally applicable to targets that are de-
void of enzymatic activity (such as receptors, adaptor proteins and
nucleic acids) or can identify ligands for allosteric binding sites. Further-
more, the approach is relatively insensitive to timing and once equilib-
rium binding is reached, it is generally only limited by the stability of the
protein (and small molecule ligands) in the assay media.

The ligand displacement approach has also been successfully imple-
mented as enzyme coupled assay, in which the product of an enzymatic
reaction displaces a fluorescent reporter. Attractive examples include
the measurement of ADP, GDP, AMP, or UDP generated in enzymatic re-
actions [125]. Those small molecules have been notoriously difficult to
accurately and sensitively quantify as surrogates for enzyme activity.

4. Imaging microscopy

Due to its intrinsic procedural simplicity, fluorescence polarization
has been widely exploited across a large range of fields. The detection
of polarized fluorescence emission is typically done following two com-
mon schemes [126-131]. In the L-format scheme, one photodetector is
used to sequentially analyze the light or alternatively to measure the
emitted fluorescence under the excitation of two orthogonal polariza-
tions (Fig. 5a). In the T-format scheme instead two photodetectors are
present in the experimental setup and both parallel and perpendicular
components of the emission are measured simultaneously (Fig. 5b).
While the first arrangement is quite common for fluorimeters, the sec-
ond one is usually recommended to capture the signal in real time
and to avoid errors due to biophysical or biochemical changes as well
as biological related motion [132]. The possibility to integrate similar
fluorescence polarization detection schemes in fluorescence light mi-
croscopy [133,134] is quite attractive because it offers the capability to
map the molecular behaviors of fluorescent molecules with high spatial
and temporal resolution and to translate common in vitro fluorescence
anisotropy assay measurements to cellular and in vivo imaging [135].

So far most fluorescence anisotropy imaging applications have been
confined to very specific areas, taking advantage of the intrinsic capabil-
ity of fluorescence anisotropy to resolve for example subresolution
order and disorder of different domains complex [136], or conforma-
tional changes in fluorescently labeled membrane proteins [137]. In
[138] Shroder et al. present an ample range of fluorescence anisotropy
single molecule imaging technologies capable to extract orientation
and structural information from tagged probes.

In this Section we present a broad array of fluorescence optical imag-
ing modalities capable to provide fluorescence anisotropy information
through the implementation of polarization-resolved scheme detec-
tions [139-141]. Among them we illustrate here wide field microscopy,
confocal laser scanning microscopy, spinning disk microscopy, homo-
Fret microscopy, time-resolved imaging microscopy, two-photon mi-
croscopy, and super-resolution microscopy. A brief summary of the
pros and cons of the different imaging modalities is shown in Table 1.

4.1. Wide field microscopy

In conventional wide field fluorescence microscopy, a sample is illu-
minated with excitation light from a lamp or a Light Emitting Diode
(LED) and fluorescence is collected by an imaging objective and imaged
on a Charged Coupled Device (CCD). The widespread use of this imaging
modality for biological imaging is due to its simplicity in both use and
assembly, while offering excellent planar resolution. Also recent
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Ch1

P1

EF

Fig. 5. Detection schemes. Detection schemes for fluorescence anisotropy measurements.
In the L-format (a) all fluorescence intensities are measured using a single channel,
sequentially, by replacing the analyzer P1, with the orthogonal one P2. In the T format
(b) fluorescence intensities are measured simultaneously on two different channels (Ch1
and Ch2), by two different PMTs. The format is therefore more suited for rapid in vitro
and in vivo imaging. (c) Scheme of principle of a two photon fluorescence anisotropy
microscopy imaging system. GT, Glan-Thompson polarizer; HWP half-wave plate; PBS
polarization beam splitter, EF emission filter.

Adapted with permission from [255], Nature Publishing Group.

advances in camera designs and technologies have led to the develop-
ment of new CCDs with lower noise, higher sensitivity and increased
temporal resolution, such as cooled CCD, Electron Multiplying Charge
Coupled Device (EMCCD), and scientific-grade Complementary Metal
Oxide Semiconductor (sCMOS) cameras [142]. Unfortunately, wide
field microscopy presents two major limitations. First, light is collected
not only from all points within the focal plane but also from regions of
the sample in close proximity to it, causing a substantial blurring in
the acquired images [143]. This problem can be in part solved using
deconvolution algorithms [143-148] or structured illumination micros-
copy [149-151], but overall the technique is not optimal for signal
quantification particularly when imaging in solution in the presence of
background fluorescence. This is the case for example when imaging
cells in the presence of fluorescently labeled drugs during the loading
phase of drug accumulation. Here free unbound or unspecifically
bound drug molecules are present at different axial positions, concom-
itantly with the intracellular signal, contaminating the measured anisot-
ropy signal. Second, the penetration depth is severely constrained,
restricting its suitability for the most part to in vitro imaging settings
only. Despite these drawbacks most fluorescence anisotropy imaging

Table 1

Fluorescence anisotropy based imaging microscopy techniques.

The table provides the pros and cons of several fluorescence optical imaging modalities ca-
pable to provide fluorescence anisotropy information.

Imaging + -
modality
Wide field - Fast acquisition times - Background signal
microscopy - Inexpensive - Poor axial resolution
- High Throughput - Mostly restricted to in vitro
screening measurements
- Limited volumetric
information
Confocal - Relatively inexpensive - Requires modifications of

microscopy

Moderate acquisition the imaging setup that are
times not always possible on
High axial resolution commercial systems
Limited in vivo penetration
depth

Requires modification of
the imaging setup that is
not always possible in com-
mercial systems

Best for in vitro or small
organism imaging
Relatively expensive

Spinning disk Relatively inexpensive

microscopy - Large number of
fluorophores available.
Very fast acquisition
times

Time-resolved

In addition to FA, it pro-

fluorescence vides more information
microscopy regarding the molecular
environment
Two photon - The modifications of the - Relatively expensive
microscopy setup in commercial - Restricted number of

systems are very simple.
- High axial resolution
High in vivo penetration

fluorophores available

depth
Super-resolution - High resolution (planar - Mostly in vitro based
microscopy and axial) - Restricted choice of

Single molecule imaging
Relatively slow acquisi-
tion times

fluorophores

methodologies are based on this imaging modality. Spectrally filtered
fluorescence emission is typically split on a single CCD using a common
aperture imaging system (e.g. DualView or Optosplit, BioVision Inc.)
producing non-overlapping images with orthogonal polarizations
[62,132,136,152-154]. Other configurations use a combination of one
CCD camera with a rotating analyzer [155]. Using a similar approach
Gough et al. [156] mapped calmodulin binding during cellular contrac-
tion and locomotion. Another possible setup arrangement involves a
polarization beam splitter followed by two separate cameras [157]. A
polarization-sensitive multimodal imaging platform was also demon-
strated by Rzeczycki et al. [158] to detect formation or ordered molecu-
lar aggregates in drug sequestering macrophages. Applications range
from both homo-FRET, steady state fluorescence anisotropy imaging
microscopy, and super-resolution microscopy.

4.2. Confocal microscopy

In laser scanning confocal microscopy [159-162] the imaging sam-
ple is illuminated with a laser beam focused to a diffraction-limited
point, and image acquisition is based on a sequential point-by-point ex-
citation, with the laser point moving across a raster scan path over the
field of view [163,164]. A pinhole positioned in the emission light
path, acts as a spatial filter and prevents out-of-focus light from
reaching the detector, as opposed to wide field microscopy where
light from out-of-focus regions is detected [165], reducing image blur
and increasing both contrast, penetration depth and axial resolution
[166,167]. By optically sectioning [168,169] through the sample,
three-dimensional reconstructions can be computationally obtained
in vitro and in vivo within thick layers of tissue [170-174]. Thanks also
to recent advances in imaging hardware, as well as the development
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of new biological reporters [175], more efficient fluorophores, novel
targeted and activatable contrast agents, and fluorescently labeled
drugs, laser scanning confocal microscopy has become one of the most
widely used optical imaging techniques greatly contributing to our un-
derstanding of biological processes in living systems [176,177]. The ap-
plication of confocal microscopy for the physicochemical
characterization of pharmaceutical systems is also object of intensive
research [178].

Common confocal laser scanning microscopy setups can be easily
modified to incorporate polarization sensitive elements [179-183], in
a similar fashion as described for two-photon imaging in Section 5.1.
This modality has been used in its different implementations (e.g. linear
dichroism) and in combination with other detection schemes (e.g. life-
time) by several groups [179-186]. Blackman et al. [187] for example
derived a general model to describe the relative orientation of a mem-
brane associated fluorophore to measure the orientation of eosin-5-
maleimide on human erythrocyte band 3. In several seminal works
Bigelow et al. [180,181,188] performed analysis of scattering induced
depolarization effects on fluorescence anisotropy measurements
through confocal microscopy [188] and beautifully demonstrated its ap-
plication in tumor cell monolayers [180] and for imaging enzyme activ-
ity in vitro [181]. In a multimodal combination with FRAP (fluorescence
recovery after photobleaching) Roberti et al. [189] assessed the intracel-
lular association states of alpha-synuclein amyloid aggregates in living
cells.

4.3. Spinning disk microscopy

Spinning disk confocal microscopy [190,191] offers similar advan-
tages as laser scanning confocal microscopy [192], however, instead of
relying on two galvo mirrors, a pinhole and a PMT, it makes use of a
microlens array disk (Yokogawa spinning disk) and a CCD camera. The
net result is image acquisition with better signal-to-noise ratio (SNR),
higher dynamic range and enhanced temporal resolution [193]. Because
the optical setup is very similar as in wide field microscopy, this modal-
ity can be analogously extended for fluorescence anisotropy imaging
[62] and commercial systems (e.g. Andor) are available. The extremely
high frame rate acquisition can enable 3D volumetric acquisitions, and
can allow to follow drug engagement at the cellular level in real time
for detailed pharmacokinetic studies.

4.4. Homo-FRET imaging

Forster resonance energy transfer (FRET) [57,194-196] is a phenom-
enon that occurs when energy absorbed by a fluorophore (i.e. donor) is
transferred to another molecule (i.e. acceptor, which in most cases is a
fluorophore) through a non-radiative pathway [197,198]. The condition
necessary for the energy transfer to occur require for the donor and the
acceptor's emission and excitation spectra to overlap, to have a favor-
able dipole-dipole orientation, and to be in close proximity (1-10 nm)
[199,200]. This effect has been successfully adopted to study molecular
self-assembly or clustering. If the donor and acceptor are identical [196],
homo-FRET can be observed by exploiting the difference in polarization
of the fluorophores. Here, contributions to the fluorescence emission
are from both acceptors and donors as well, and it is therefore not
completely polarized. Specifically, since FRET excitation is based on
the proximity between donor and acceptor, FRET has the ability to ex-
cite molecules (acceptors) with an orientation that can effectively be
outside the original photoselection plane [152]. This loss of polarization
in the fluorescence emission provides therefore a sensitive assay for
FRET occurring between the same fluorophores, which can be easily
characterized by anisotropy measurements [201]. FRET and homo-
FRET have been combined with different imaging modalities
[62,200,202-206], and also in two-photon microscopy [207]. It has
been extensively used for imaging molecular interactions in cells
[208], monomer-dimer transitions of GFP-tagged proteins [209],

nanoscale organization of cell surface molecules in living cells [210]
and of GPI-anchored proteins [211-213], to determine protein cluster
size by way of confocal steady-state [214] and time-gated fluorescence
anisotropy imaging microscopy (FAIM) [185], and to quantitate the
number of subunits in membrane protein oligomers [215].

4.5. Time resolved fluorescence imaging microscopy

In fluorescence lifetime imaging microscopy (FLIM) [216,217], the
imaging contrast is provided by the lifetime of the fluorophores present
within each voxel, providing information of the molecular environment
of the labeled macromolecules, and to follow over time biochemical re-
action within the cellular environment [216,218-221]. If fluorescence
anisotropy analysis is incorporated into FLIM imaging systems, informa-
tion about the fluorophores rotational diffusion can be determined
[140], contributing in adding a new dimension to cellular imaging
[132,222,223]. This has allowed among the others, to map viscosity in
cells using fluorescent molecular rotors [224-226], to enhance imaging
contrast between cancerous and normal tissue areas [227], to measure
the hydrodynamic radii of anti-VEGF drugs [228], or in combination
with homo-FRET to study the molecular self-assembly in live cells [229].

4.6. Two-photon microscopy

Two-photon microscopy is a raster scan based imaging modality for
high resolution imaging in deep scattering tissue [230-235]. Localized
nonlinear excitation based on two-photon absorption guarantees low
phototoxicity, extended penetration depth [236,237] and reduced scat-
tering [238,239]. The enhanced axial resolution and the fact that two-
photon excitation in scattering solutions is due only to ballistic photons
[240], enables for high resolution optical imaging with minimal out of
focus fluorescence contribution. Localized excitation volumes (ca.
1 femtol) guarantee the use of two-photon microscopy for high
throughput screenings [241]. This is in stark contrast with confocal mi-
croscopy where optical sectioning, achieved controlling the pinhole di-
ameter, goes at the expense of the signal level [242]. Also, because both
hemoglobin, water and lipids have their lowest absorption coefficient in
the near infrared (NIR) region of the spectrum [243], NIR light can pen-
etrate deeper into tissue layers [35-39]. All these characteristics have
contributed in making two-photon imaging microscopy the de facto im-
aging modality for intravital microscopy, particularly for mouse imag-
ing, providing quantitative and dynamic insights into in vivo
[244-247] cell biology, immunology and tumor biology
[1,176,248,249], and drug delivery [250,251].

The implementation, within common two-photon hardware setups,
of polarization sensitive components, has extended fluorescence anisot-
ropy to this imaging modality (See Section 5.1), and it has been utilized
for directly imaging protein-protein interactions or to study basic cellu-
lar processes among the possible different applications. For example the
technique has been used by Vishwasrao et al. [252] to map actin-GFP
fluorescence anisotropy and to obtain direct images of the actin poly-
merization state in live cells and tissue. Vishwasrao et al. [253] also
managed to probe in neural tissue the metabolically free/enzyme-
bound states of intracellular NADH. Orrego et al. [254] utilized two-
photon microscopy fluorescence anisotropy imaging to determine the
different degrees of stabilization of proteins immobilized at the inter-
faces with solid surfaces. Homo-FRET imaging by two-photon has
been also reported in different contexts as reviewed by Tramier et al.
[207]. Dubach et al. [64] demonstrated its use for resolving spectrally
similar fluorophores and enable increased multilabel imaging. While
some of these applications may be pharmaceutically relevant, our re-
view is focused on the use of this approach for small molecules imaging.
Recent works have indeed demonstrated that this imaging modality is
extremely effective at measuring drug distribution and target engage-
ment in vivo and in vitro using different cancer drugs [33,34,255].
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4.7. Super-resolution microscopy

Conventional fluorescence microscopy imaging techniques are not
able to resolve single molecules or proteins, particularly in the cellular
environment. Recently, a new array of optical imaging techniques,
known as super-resolution (SR) imaging microscopy [256], has allowed
to break the diffraction limit barrier and to extend the resolving power
of optical microscopy down to a few 10s of nanometers providing for
the first time high resolution imaging of biological samples.

One primary class of techniques exploit the principle of single mole-
cule localization-based super-resolution imaging. Here fluorophores are
temporally separated, their profile center localized as a diffraction-
limited spot on an imaging array [257-262], and super-resolution im-
ages are obtained from their coordinates [263]. Based on this approach,
or variants of it, are imaging modalities such as stochastic optical recon-
struction microscopy (STORM) [264], photoactivated localization mi-
croscopy (PALM) [265], fluorescence photoactivation localization
microscopy (FPALM) [266], direct STORM (Dstorm) [267], and others.

Other classes of techniques are based on point spread function engi-
neering and spatially patterned excitation such as stimulated emission
depletion microscopy (STED) [268,269], reversible saturable optical lin-
ear fluorescence transitions (RESOLFT) [256], and structured illumina-
tion microscopy (SIM) [270].

These novel techniques are becoming an essential tool for biological
imaging offering a new imaging scale and contributing to a better un-
derstanding of cellular structures and functions at the single molecule
level, both in vitro and in vivo [271]. Because the optical setups of
these imaging modalities can be straightforwardly extended to enable
fluorescence polarization analysis, novel single molecule optical tech-
nologies have been recently published, such as super-resolution dipole
orientation mapping (SDOM) [272], demonstrating the use of polariza-
tion based super-resolution microscopy for effectively studying changes
in the organization of the molecular components present within cells
[138,273-275]. Gould et al. [276] also introduced polarization analysis
in fluorescence activation localization microscopy (P-FPALM) for imag-
ing fluorescence anisotropy of Dendra2-tagged hemagglutinin clusters
in mouse fibroblasts.

5. Methods in fluorescence anisotropy microscopy

In this Section we present the specific methods-related problems
present in fluorescence anisotropy microscopy, with particular empha-
sis on two-photon microscopy. Some of the following subchapters in-
clude a detailed technology discussion regarding noise and its effects
on both fluorescence laser scanning microscopy and fluorescence an-
isotropy imaging. We consider these themes important but often poorly
addressed. However, readers who are not involved or particularly inter-
ested in the optimization and design of algorithms for signal analysis
may directly skip to Chapter 6. For the readers' convenience we briefly
illustrate in Table 2 the different steps usually required to adapt a
custom-made or commercially available microscope, for two-photon
fluorescence anisotropy imaging. In depth technical details of the single
steps can be found in [255] where a protocol for the assembly, charac-
terization and use of an Olympus FV1000MPE microscope system for
FA imaging was illustrated. Because the hardware arrangements in dif-
ferent commercially available microscopes are fairly similar both in
terms of design and components, these steps can be easily adapted to
other systems.

5.1. Experimental setup

Several commercial systems for confocal and two-photon micros-
copy are available on the market, but at present there is no turn-key so-
lution offering fluorescence anisotropy imaging. One possibility consists
in building a custom-made microscope. This approach is cost-effective
and with the advantage to be highly adaptable. Several papers are

Table 2

Experimental design and setup.

The table illustrates the different steps usually required to adapt a custom-made or com-
mercially available microscope, for two-photon fluorescence anisotropy imaging. Differ-
ent phases of the setup are enumerated, with the corresponding steps and acting
components.

Phases Steps Acting components
Excitation Polarization Waveplates
light control Polarizers
Glan-Thompson
Components Adjustments
alignment
System Detectors Linearity PMTs

calibration (PMTs)
Beam splitter

Spectral range
Beam splitter, Filters

filter cube Modifications of preexisting emission filter
sliding cube holder, 3D printing
SNR Image Gaussian filter
processing Median filter
Combination of the two
Hardware Dwell-time
Image averaging
Laser power
Image Software Matlab, Labview
acquisition
Analysis Segmentation  Experiment specific algorithms

Cellprofiler

Visualization Matlab software

available [277-281] presenting different hardware platforms that
could be readily modified for polarization sensitive detection. Two
custom-made multimodal imaging setups implementing both fluores-
cence anisotropy and lifetime imaging and based on an IX71 (Olympus,
Japan) and an IX80 (Olympus, Japan) are briefly illustrated by Orrego
et al. [254] and Vishwasrao et al. [282] respectively. Ariola et al. [283]
also implemented a similar setup for lifetime and fluorescence anisot-
ropy imaging of lipid phase dynamics in giant unilamellar vesicles.
The major drawback of a custom-based approach is that some experi-
ence in building optical imaging devices is required; as well as a consid-
erable time investment. Alternatively, conventional two-channel
commercial imaging systems can be modified very rapidly with minor
modifications and efforts [255].

Wang et al. [284] and Li et al. [285] for example incorporated polar-
ization control elements on a MRC-1024 (Bio-Rad) microscope demon-
strating two-photon fluorescence anisotropy imaging in FITC-CD44Ab
labeled PG cells. We have also in recent works [33,34,64,255] illustrated
a procedure for adapting a two-photon microscope FV1000 (Olympus,
Japan) for both in vitro and in vivo measurements of drug target
engagement.

Independently of the preferred solution, the setup principle is essen-
tially the same for all different cases (Fig. 5¢). While different strategies
are feasible, control and analysis of the states of polarization is typically
achieved using a combination of wave-plates, linear polarizers, and po-
larization beam splitters. Light from a laser, in a multiphoton micro-
scope typically femtosecond laser pulses, is linearly polarized along a
fixed predetermined axis and focused through an objective, onto the
imaging sample. Fluorescence is then epi-collected, spectrally filtered,
and separated in two orthogonal states of polarization, parallel and per-
pendicular with respect to the excitation light, using a polarization
beam splitter. The parallel and perpendicular light components are si-
multaneously detected by two photomultiplier tubes (Fig. 5b) and im-
ages representing the fluorescence anisotropy distribution maps
across the imaging field of view are calculated on a pixel-by-pixel
basis according to Eq. (2). A detailed protocol providing guidelines for
alignment and calibration can be found in [255].

For what concerns the interface software, several open source solu-
tions are available for custom built systems such as Scanlmage [286],
HelioScan [287] or MPScope [288]. Software to sequentially process
data-stream for calculation and visualization of fluorescence anisotropy
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images during time lapse acquisition, is instead given in [255]. Because
data visualization is a crucial aspect of the acquisition process, this issue
is discussed in detail in Section 7.1.

5.2. Fluorescence microscopy image acquisition

Fluorescence imaging microscopes digitally record images from an
illuminated sample by converting fluorescence emitted photons to elec-
tric signals by means of special detectors. The most widely used detec-
tors for wide field, confocal and multiphoton fluorescence imaging are
photomultipliers tubes (PMTs), charge couple-coupled devices (CCDs),
or complementary metal-oxide-semiconductor (CMOS) image sensors
[289,290]. These technologies are based on the exchange of energy be-
tween photons and the detection material. Photoconductivity,
photovoltaic- and photoemissive effects are examples of the physical
phenomena exploited to achieve photo-detection. The different classes
of detectors present multiple characteristics which based on their de-
sign and construction features, can significantly differ in terms of re-
sponse linearity, spectral range, speed and sensitivity, etc.

The best choice is never limited to the detectors' characteristics
themselves, but it is also related to the modality and the experiment
to be performed which can involve among others, specimen and signal
features, time constraints, etc.

Depending on the specific microscopy modality the imaging focal
point is moved in space (flat plane shaped support) over time to cover
the field of view to be imaged (i.e. pixels are acquired sequentially and
rearranged to form an image) [163] or a matrix of sensors can be
exploited to simultaneously acquire a set of points to accelerate image
acquisition. Neither technology is superior to the other, as a trade-off
is always present. For instance in confocal imaging, high throughput
can be achieved by combining a CCD matrix sensor and a Nipkow disk
[291] at the expense of a reduced optical sectioning resolution. On the
contrary PMTs based acquisitions (resonant scanning and linear scan-
ning) which operate on a pixel by pixel base acquisition scheme, suffer
from low acquisition speed, but provide high axial resolution and in-
creased SNR due to the reduced background scattering signal.

As for all other imaging techniques, the sensing process that leads to
image recording is affected by errors. Some errors can be ascribed to the
deviation of the real system from an ideal one; others are related to the
intrinsic characteristics of the physical phenomena at the basis of the re-
cording, such as the discrete nature of light. Recent hardware technol-
ogy advances had an important role for reducing the measurements
errors. For the case of fluorescence imaging, this has been achieved
through better detectors' design, improved optical components, better
electronics and optimized fluorophore probes. Other complementary
strategies can additionally be used, by tackling the problem from a dif-
ferent point of view. In particular, the implementation of special acqui-
sition and/or post processing techniques can be beneficial.

Post processing methods are generally applied to the final digitalized
images. Once the analogical image is acquired by the microscope, it is
then converted and recorded as an array of bytes. Numeric methods
are coded into algorithms and are generally applied offline, i.e. once
image acquisition is completed.

The use of processing techniques is not only utilized for overall
image quality enhancing, but is also implemented to enhance quantita-
tive information extraction and analysis of complex dynamic cellular
events in different advanced microscopy techniques such as fluores-
cence recovery after photobleaching (FRAP), fluorescence correlation
spectroscopy (FCM), and ratiometric imaging implementations such
as fluorescence resonance energy transfer (FRET) and fluorescence an-
isotropy microscopy (FAM). Because in most cases the processing is rel-
atively time consuming, it has been normally performed offline as the
algorithm and its implementation into computational systems must
comply with time constraints dictated by the instruments and the biol-
ogy of interest. Only recently thanks to the availability and relative low

costs of field programmable gate arrays (FPGA) or graphic processing
units (GPUS), processing is performed in real time.

5.3. Noise in fluorescence microscopy

The signal-to-noise ratio (SNR) of a detector is a measure of its sen-
sitivity performance and depends on the ratio between the detected sig-
nal and the sum of all noise components. Within the fluorescence signal
acquisition process, it is possible to identify several sources of noise that
limit the system performances and ultimately the SNR of the acquired
images. Apart from the ones due to stray light detection, scattering, or
filter bleed-through, we focus here on the two main noise components
(intrinsic and fundamental) which are the mostly relevant and of
greater importance for the topic discussed.

The fundamental limit on noise performance is set by the shot noise
also known as photon- or Poisson noise. This component can be consid-
ered as an independent source of noise which cannot be reduced by any
further improvement of the detecting system: in fact it is inherent to the
statistical uncertainty in the arrival of the photons at the detector [292].
Its effects are more severe at low photon fluxes when errors in the signal
detection play a greater role, as is the case for confocal or multiphoton
imaging microscopy where a few (tens) photons per pixels are typically
collected. A common statistical model to describe this noise component
is the Poisson's. Considering the average number n of photons absorbed
by an ideal sensor and the relationship between mean and variance of
such a distribution, the signal to noise ratio is:

n

NG

or simply expressed by \/11[293,294]. According to this formula, the SNR
increases as the photon rate becomes higher.

An intrinsic component of the noise related to the detector is the
dark noise. This component arises from thermal effects (major cause)
on the sensor, which lead to spontaneous electrons formation even in
the absence of incident light. It follows the dark noise is not correlated
with the photon flux incident against the detector, but instead, it is
strongly correlated with the temperature and the exposure time.

Another noise component, which is significantly present in CCD
based imaging systems, is the readout noise. Here images are acquired
by converting photons arriving on an array of pixels (typically 10°)
into electric signals via an electronic system used for signal amplifica-
tion and analog to digital conversion. The digital conversion requires
the signal to be quantized, i.e. the signal intensity to be discretized so
that each pixel value can be represented as a multiple of a fixed quan-
tum [295]. In digitalized images also space is discretized. Here pixels
are arranged on a lattice with uniform spacing. The readout procedure
introduces errors in the measured signal and this electronic source of
noise can be statistically described by a zero mean Gaussian distribution
for the amplification stage, when quantization error (uniformly distrib-
uted) is not included into the model.

The SNR computation, if all the previous noise components and the
detector quantum efficiency Qe are considered (assuming negligible
the quantization noise), leads to [293,294]:

Qen

\/Qen + 13 + 0?

where nZ and 07 s are the variances of the noise related to the dark and
readout noise components respectively.

The readout noise contribution is therefore more important under
low light emission.

Generally, PMTs and related recording circuitry can be considered as
low noise-light detector devices with negligible readout noise and very
low dark noise contribution, making them particularly suitable for
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confocal or two-photon imaging applications, specifically in our case for
fluorescence anisotropy imaging.

5.4. Effects of noise in confocal microscopy

Noise contributions in confocal images are particularly relevant be-
cause the number of collected photons is usually low, so the consider-
ation of all noise sources becomes relevant. The resulting effect is a
final image presenting a low dynamic range, with reduced contrast
and resolution [296].

The problem becomes more pronounced when imaging fluores-
cently labeled drugs within cells in vitro or in vivo, because in most
cases only a few molecules are present within the excitation volume.
Additionally, photobleaching effects are present, which require to
work at low excitation intensities limiting therefore the amount of
light that can be collected.

A trade-off also exists regarding the choice of the pinhole. Confocal
fluorescence microscopy uses a variable diameter diaphragm as addi-
tional optical device to achieve better optical sectioning. The pinhole is
located in the image plane of the microscope acting as a spatial filter
and eliminating all fluorescence emission not originating from the
focal plane. As the pinhole approaches the optimal Airy-disc diameter
unit, photon collection is further reduced lowering the SNR. A viable ap-
proach for increasing the number of photons consists in opening the
pinhole. However, the side effect is a limitation in the optical sectioning
power of the instrument with associated reduced contrast. With in-
creasing pinhole size, autofluorescence and out of focus specific fluores-
cence signal contribute to increase the image blur. In conjunction with
other noise components this additional factor leads to poor quality fluo-
rescence images, which is particularly detrimental for signal quantifica-
tion or ratiometric measurements [297] such as fluorescence anisotropy
images. This is true for both PMT- (laser scanning confocal microscopy)
or CCD-based (confocal spinning disk microscopy) modalities.

When operating at very low photon fluxes such as during video-rate
or high-frame rate acquisitions, the dark noise contribution in PMTs be-
comes predominant [298] strongly affecting signal detection. A possible
way to obviate at this problem and achieve images with high SNR under
shot noise limited conditions, is to switch the detection modality from
analog (regular acquisition mode) to single photon counting detection
(SPC) [295]. Images obtained under this regime of acquisition, will in-
deed present high SNR but will present a reduced dynamic range with
counts spreading from 10 to 100 Mega-counts per second [299] and a
linear response limited to just 1 to 2 MHz [300]. For this reason this
technology is restricted to very highly specialized applications.

5.5. Anisotropy imaging and noise filtering

Fluorescence anisotropy images are not the result of a direct mea-
surement, but instead they are obtained post-acquisition after image
digitalization. Briefly, anisotropy imaging is achieved by exciting a spec-
imen with polarized light and measuring two orthogonally polarized
components of the fluorescence emitted light. In a real-time fluores-
cence confocal/multiphoton imaging platform [33,34,255] images are
taken using two different PMTs, and processed mathematically accord-
ing to Eq. (2). However, the process is not straightforward. As we have
previously described noise, and in particular shot noise, affects any fluo-
rescence image acquisition with an impact more or less severe depend-
ing on several imaging and fundamental parameters. The noise
component which is incorporated into the acquired fluorescence im-
ages will propagate by means of a nonlinear mapping with the resulting
anisotropy images presenting a significant and more complex form of
noise. Consequently, typical features within fluorescence anisotropy im-
ages can become poorly visible and the underlying signal low
informative.

One possible way to improve the quality of the images in terms of
SNR consists in increasing the total number of the collected photons.

This can be achieved by increasing the total time during which fluores-
cence molecules are excited (dwell time) or alternatively by increasing
the excitation light power. Both methods are not always suitable for live
imaging experiments. In fact, they may cause phototoxicity and/or
photobleaching, as well as lead to saturation, so that a further increase
in the excitation light power does not yield an equal increase of emitted
fluorescence signal. Neither dwell time increase and/or image averaging
are beneficial whenever fast dynamic events are investigated as they
both set limits on the minimum time window required to collect a sin-
gle image.

When CCD acquisitions are considered as for spinning disk micros-
copy, the readout noise should be also included into the noise propaga-
tion model. But in this case the description of anisotropic image error is
even more complex to be expressed mathematically.

Depending on the case of study a trade-off on parameters' settings is
always required. However other additional methods can be exploited to
enhance the quality of anisotropic images. These methods exploit nu-
merical manipulation of information after acquisition. Such an ap-
proach, even if potentially very effective, does not have to be
considered as a substitute to proper microscope's parameters setting,
but complimentary. The concept is easier to understand by making a
comparison with digital camera photography. Image processing algo-
rithms applied to poor quality images (e.g. weak light illumination)
lead to worse results compared to photos shot with proper optics, cam-
era settings and environmental conditions. The same stands true for an-
isotropy imaging where also filtering approaches based on both linear
and non-linear digital filters can be implemented [255,301]. Filters can
be applied either to anisotropic images or to raw images, i.e. before an-
isotropy is computed. While the first method is prone to bias [297], di-
rectly filtering the acquired fluorescence images allows for the
exploitation of established denoising methods which perform reason-
ably well against fluorescence noise.

Gaussian and median filters [301,302] are basic examples of linear
and nonlinear filtering techniques that can be used for denoising raw
fluorescence images which are then used to compute anisotropy distri-
bution [255].

While these filters may introduce a blur which affect image resolu-
tion, denoising in most cases is a necessary step to obtain data that are
suitable for analysis and visualization. Overall linear filtering such as
Gaussian filtering is in general a better choice leading to less distortions
and artifacts even if at the expense of a reduced image resolution. Non-
linear filter processing as bi-dimensional median filters, instead, per-
form better against sharp image structures flattening and noisy points
showhing high statistical deviation. However, under certain conditions,
they can give rise to severe artifacts. Another advantage in applying
these filters is that they can be implemented efficiently so that they
can be exploited whenever anisotropic images are needed to be visual-
ized in real time while imaging to provide visual feedback.

6. Sources of errors in fluorescence anisotropy imaging

There are different sources of errors and uncertainties to take into
account when determining fluorescence anisotropy, which must be al-
ways corrected for instrumentation artifacts. These sources depends
on the specific design setup and the hardware components used within
the imaging platform, both on the emission and the excitation side
[303], as well as the imaging sample under consideration.

Concerning the emission side, these effects are typically compen-
sated introducing the so-called G-factor:

G="w/ (7)

vy
which represents the ratio of the sensitivity of the detection system for
vertically and horizontally polarized light [130,131]. This factor largely
depends on the different polarization properties of the optical elements
and the detectors. Jameson published several reports on these sources
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in particular focusing on how they affect the ultimate estimation of
ligand-protein dissociation constants [12,15,56]. If possible it is usually
preferable to break up the contributions of the different effects respon-
sible for the depolarization of the signal (Eq. (6)) or the recording of the
wrong intensity estimates.

Among the different sources are the fluorescence background [56],
the noise background [301], quenching effects [303,304],
photobleaching [305], different extinction ratios of the optically sensi-
tive components [130,131], etc. Because we focus our interest on a mul-
tiphoton imaging platform, in addition to detector noise, we consider
here in more depth the scattering contributions and the effects intro-
duced when using high numerical aperture (NA) objectives. Also we il-
lustrate in this Section methods that can be adopted for proper two-
photon fluorescence anisotropy instrumentation calibration, a crucial
component for obtaining consisted data across multiple measurements.

6.1. Scattering

Deep imaging in biological specimens is severely hampered by light
scattering phenomena, which not only are responsible for image degra-
dation but also affect the polarization state purity [306].

While the fluorescence polarization of a solution of fluorophores is
generally determined by depolarization effects occurring during the
lifetime of the excited state [307], depolarization from events occurring
within the sample before excitation or after emission, such as scattering
in turbid media due to Rayleigh or Mie scattering, which tend to ran-
domize the direction phase and polarization of the travelling photons
[308], can also impact its value [307,309,310].

Scattering events decrease very rapidly the polarization of the inci-
dent light with an impact on the photoselection process [130], while
also further depolarization occurs in the emission channel [307,311].

Responsible for light scattering are variations of refractive index
within a media. After travelling through it, elastically scattered photons
consist of unscattered (ballistic) photons, snake photons and multiple
scattered photons [312,313]. While the ballistic photons maintain the
characteristics of the incident light, the snake photons retain significant
properties and only partially loose some degree of polarization. Multiple
scattered photons instead loose most of the initial physical characteris-
tics and suffer from increased depolarization, with their state of polari-
zation partially or completely random [314]. The magnitude of the effect
and the resulting polarization properties are determined by the charac-
teristics of the scattering media as well as the photons' wavelengths
[314].

Elastic scattering of light by small particles can be mainly considered
as part of two broad classes of scattering phenomena depending on the
size of the scatterers.

Rayleigh scattering occurs when the size of the scatterer is much
smaller than the wavelength of the incident light. The effect is isotropic
i.e. independent of the scattered direction, and is proportional to the
sixth power of the scatterer diameter and inversely proportional to
the fourth power of the incident wavelength.

Sample turbidity will also impact the polarization of the fluorescence
signal. For Rayleigh scattering the depolarization produced by a single
scattering process at both excitation and fluorescence emission induces
a decrease in fluorescence anisotropy up to 0.7 times its original value
[307,315]. The dependence of the reduction in fluorescence anisotropy,
relative to the scatterer size, and its extension to multiple scattering
events has been also extensively treated, and found that with increasing
the scatterer radius the characteristic length of depolarization of linearly
polarized light increases [315]. While this decrease in fluorescence an-
isotropy has been first noted by Teale when working on solutions con-
taining glycogen and conjugates of bovine plasma albumin, it has been
also evaluated and studied for a variety of turbid membrane suspen-
sions confirming the applicability of Teale's approach while proposing
corrections schemes [316].

Since scattered light is usually completely polarized, a small percent-
age of the detected excitation scattered light affects the value of fluores-
cence anisotropy [317]. This property has been used to measure the
instrument response function for calibration purposes of fluorescence
anisotropy instruments [318]; e.g. to measure scattered light rejection
by emission filters, dichroics, polarization beam splitters, pinhole aper-
tures, monochromators [130]. For Rayleigh scattering the polarization
should be complete, with fluorescence polarization values lower than
1 (under one-scattering event) indicating depolarization effects in the
optics [319]. Diluted scattering solutions can be obtained from diluted
Ficoll, colloidal silica or glycogen solutions [130], or nondairy coffee
creamer such as Coffee-mate [318-321].

Scattering problems become even more important when consider-
ing imaging in tissue, where Mie scattering plays an important role
[322].

Mie scattering [323,324] is a bigger generalization of elastic scatter-
ing under the assumption that the scatterers are spherical in diameter;
for large particles it is anisotropic and proportional to the square of the
radius of the scatterer.

Biological tissue presents many refractive index discontinuities due
to differences between specific cells components (cytoplasmic organ-
elles, lipid droplets, nuclei, cell membranes, mitochondria, etc.)
[325,326], their organization [327], and the surrounding environment,
giving rise to increased scattering properties. Also, the relative size of or-
ganelles and cells with respect to the incident wavelength varies across
a broad range in size, from 100 nm up to several microns [323,328-331],
determining the properties of the angular distribution of the scattered
light [325,332]. Due to their great structural complexities tissue are usu-
ally modeled as representative of a system made by discrete scattering
particles where both Rayleigh and Mie scattering play a role.

To describe the polarization state transformation in tissue, the mean
free path (MFP) and the transport mean free path (TMFP) are typically
used [333]. Because in most tissue the absorption coefficient 1, is less
important than the scattering coefficient i [334], the MFP is equal to
the inverse of the scattering coefficient 1 and corresponds to the aver-
age distance between scattering events (approximately 100 pm in bio-
logical tissue). This gives the characteristic penetration depth of the
ballistic photons. For multiple scattered photons, as is the case in tissue,
the distance between successive scattering events is of less importance
than the scattering angle [335]. In this case the scattering process is bet-
ter defined through the transport mean free path TMFP which is equal
to the reduced scattering coefficient t's, and indicates the mean propa-
gation distance necessary for a photon to lose relation, on average, to
its initial propagation direction [336]. The reduced scattering coefficient
Ws is equal to:

My = s - (1—8)

where g is the anisotropy function defining the degree of forward scat-
tering [337]. Because in tissue the scattering is characterized by a strong
forward-scattering component, with value of anisotropy factor in the
range between 0.6 and 0.95 [35], the TMFP can be better utilized to de-
scribe the scattering. This takes into account the MFP and the average
photon scattering angle [336], and determines the characteristic depo-
larization depth for the different tissue [329]. The relation between
these two characteristics lengths is

MFP = TMPF - (1—g)

High values of g will imply strong forward scattering and longer
lengths before reaching diffusion, resulting in high penetration depth
[336]. Typical values of reduced transport scattering coefficient vary
considerable due to the different structural and functional properties
of normal and malignant tissue [338-341] and typically range between
5and 15 cm™! [35]. A review of the optical properties of biological
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tissues reporting a compilation of existing absorption, scattering, and
anisotropy parameters is given in Cheong [330] and Sandell [341].

As results of tissue scattering, multiple-scattered light will tend to
randomize the photon propagation direction and reduce the polariza-
tion of fluorescence, resulting in a rapid decay of fluorescence anisot-
ropy as a function of penetration depth within the tissue [342].
Average depolarizations produced by consecutive scattering processes
have been object of extensive studies [307]. In confocal or multiphoton
microscopy, penetration depths are usually smaller than the TMFP. To
better understand the degree of depolarization and try to correct for
its impact, different Monte Carlo approaches [343,344] have been im-
plemented. Bigelow et al. [188] in particular focused on analyzing polar-
ization preservation as a function of depth in turbid media, by imaging
fluorophore-embedded polymer bar immersed in a suspension of poly-
styrene microspheres of different sizes. Results showed that anisotropy
is slightly sensitive to pinhole size, and slightly sensitive on the objec-
tive numerical apertures (NA), with lower NA objective preserving an-
isotropy information more accurately at larger depths. Importantly,
confocal microscopy yields anisotropy information accurate to within
10% of the zero depth values, up to approximately 4 times the MFP
which is basically the imaging range in tissue.

While low numerical aperture objectives are recommended for con-
focal imaging, for two-photon microscopy high NAs are required to
achieve high SNR, crucial for accurate fluorescence anisotropy images.

A decrease of the degree of polarization for two-photon excitation,
with resulting lower values of anisotropy, was also evidenced by mea-
surements on phantoms mimicking tissue optical properties [34,345]
and based on intralipid and India ink, mixed with fluorescein [346]. In
vivo imaging of fluorescent microspheres injected into superficial tissue
within a nude mouse dorsal window chamber showed that a slight
depth-dependent depolarization is present with a 10% loss at a depth
of 100 pm [34]. Characterization methodologies based on four wave
mixing also show that depolarization mechanisms for nonlinearly gen-
erated photons are highly dependent on the scatterer size, the collection
geometry used and the thickness of the sample. But at imaging depths
commonly accessible by two-photon microscopy, the polarization
state of the excitation photons is mostly preserved while image resolu-
tion is degraded [306].

6.2. Objective numerical aperture

Eq. (2) is based under the assumption that the excitation polariza-
tion is perfectly polarized within the focal point. In practice this is cer-
tainly not the case, in particular when imaging with a high numerical
aperture objective.

For single cell imaging at high resolution and magnification, objec-
tives with high numerical aperture are recommended offering high sen-
sitivity and localization [347] for both wide field and confocal
microscopy [162,166,348]. High NA objectives also allow to generate
high spatial energy densities which, due to the low efficiency of multi-
photon absorption, are necessary in two-photon microscopy to gener-
ate a sufficient number of photons and to produce high signal-to-noise
ratio images [349]. The numerical aperture, which describes the angular
aperture of a lens over which the objective focuses or accepts light, is
used to characterize different objectives.

When imaging, the polarization states of the excitation light and the
detected fluorescence are distributed within wide cones centered at the
objective focal point, where emission and excitation occur [350]. At high
NA the excitation light near the focal point is far from a plane-wave
[351] and to accurately describe the electromagnetic fields in this region
it is necessary to account for the vector nature of the light [352,353]. Es-
sentially the objective can “look around” the focal spot [134] acting as an
“integrating sphere” [354] and collecting fluorescence signal over a
wide range of emission solid angle. As a result a mixing of polarization
components, along different orthogonal axes, is present in the excita-
tion field [61,134,355-359], with polarization distortion near the

excitation focal point present toward the edge of the focusing beam.
This is highly relevant in fluorescence microscopy because the light
field orientation with respect to the molecule transition dipoles [347]
directly affects the photoselection process within the focal volume.
The resulting effect is to induce a depolarization factor dependent on
the objective's NA, leading to a decrease in the measured anisotropy
[359], which is particularly troublesome for slowly rotating
fluorophores with high anisotropy [61].

For example, measurements of fluorescence polarization for a TRITC
solution in glycerol as a function of viscosity, show that at high numer-
ical aperture the FP can be reduced, with a 32% drop in polarization
when passing from 0.5 to 1.3 NA [360].

The problem regarding the distribution of the light focal fields under
high NA focusing objective has been studied in detail by several groups
[347,361-363]. Among the first to give a theoretical treatment of the
problem within the context of fluorescence imaging was Axelrod, who
described how perturbation induced by high numerical aperture optics,
gives rise to a decrease in fundamental anisotropy with increasing the
NA of the objective [134,305,350,351,355,356,364].

In confocal and multiphoton laser scanning imaging microscopy the
excitation laser beam is scanned across the back focal plane of the objec-
tive using two galvo mirrors [277,278]. The mirrors' movements trans-
lates into a raster scan over the imaged sample, and at large field of
views the field curvature due to the off-axis position of the scanning
beam becomes non negligible at the field-of-view (FOV) border areas.
This will give rise to image border artifacts with decreased values of
fluorescence anisotropy at the image edges.

Corrections on the measured FP values, based on different theoreti-
cal treatments, can be implemented [254,351,352,360] as well as cor-
rections based on empirical approaches [223]. In our experience the
best imaging approach consists in acquiring images over a restricted
field of view. For example in [34] it has been shown that utilizing a
25x water-immersion objective (25x, 1.05 NA, 2-mm working dis-
tance; Olympus, model no. XLPLN25XWMP?2) it is possible to acquire
images of FA over a field of view of 150 pm (for example by increasing
the zooming factor) with minimal fluorescence anisotropy artifacts. If
images with large field of views are required it is recommended to stitch
multiple areas acquired separately with a restricted FOV. This is impor-
tant when analyzing FA distributions over a large number of cells for
statistical analysis in high-content screenings, as described in
Section 7.3. Using this approach images over large areas can be obtained
in mouse dorsal window chamber, as well as in other tissue or
organisms.

6.3. Instrument calibration

The use of fluorescence standards is quite widespread across a range
of different discipline for characterization and calibration of fluores-
cence instruments, and to enable quantitative fluorescence analysis
[365-367]. For accurate fluorescence anisotropy systems calibration,
the use of fluorophores as polarization standards is also recommended
[297,303], with values in fluorescence anisotropy covering a range as
wide as possible within the theoretical limits. While their use can
allow to measure the response function of the instrument and to deter-
mine the accurate G-factor (Eq. (7)), they can be utilized also to verify
the accuracy of G-factor measurements previously obtained with
other methods.

Because spectral properties can influence the calibration (excitation,
emission), it is important to consider fluorophores with spectral proper-
ties similar to those of the final intended sample. Since fluorescence life-
times are very sensitive to their environment, standards need to be
prepared in accordance to the conditions reported in the literature,
such as concentration, solvent, pH and temperature [368]. If possible
they should not pose health, safety or environmental problems and to
be both chemically stable and photostable during typical measurements
processes [369]. Finally, one important property is for the standard



276 C. Vinegoni et al. / Advanced Drug Delivery Reviews 151-152 (2019) 262-288

fluorophores to be compatible with aqueous buffers solution, as for cell
measurements [303]. A series of optimal fluorophores as characterized
independently from several groups, have been reported for FLIM mea-
surements [130,369].

One way to avoid all these problems, could be considering Rayleigh
scatterers [320]. Providing a value of fluorescence polarization equal to
one (100% polarized) under one-scatterer condition, they are very con-
venient as possible standards [130]. Typical procedures are given in
[317], and have been used in FLIM to calculate the instrument response
function [318,368] or for obtaining detailed depolarization measure-
ments by calibration via polystyrene beads [315].

Overall, to calibrate fluorescence anisotropy imaging instruments at
zero anisotropy, it is recommended to use fluorescein over the use of a
depolarizer [370], because polarized residual components can always
be present in the collected light.

Fluorescein in aqueous buffer solution at 0.01 M, pH 7.0 and 22C°,
has been shown to produce a value of fluorescence polarization of
0.023, due to its moderate lifetime (ca. 4 ns) and short correlation
time (100 ps) [370]. Particular attention needs to be taken to control
the pH of the final solution, because slight variations can give rise to
fluctuations in the final value of the calculated anisotropy. Moreover, a
very well established number has not been yet determined. Because
fluorescence emission is peaked at 525 nm, it is very convenient for
proper calibration in the range of BODIPY-FL and fluorescent proteins
such as eGFP, Venus, EYFP.

Since a spectral dependence of the G-factor is typically present in all
imaging systems, especially for hyperspectral systems [223], it is recom-
mended to test the calibration procedure for the appropriate emission
filter.

An alternative fluorophore, with an increased lifetime due to a very
long lived metal-to-ligand charge transfer excited state [303,371] and
less sensitive to the final pH solution, is ruthenium tris(bipyridyl) [Ru
(bipy)s], which presents a value of zero FP across most of its entire ex-
citation band [303,360]. Its emission is centered at 620 nm, making it
particularly useful for calibration in the 600 nm emission range. Another
dye with a low value of polarization is ethidium bromide in ethanol
(23 ns decay time) with a steady state fluorescence polarization value
of 0.008 [360]. Also another standard fluorophore is Rhodamine B,
which in ethanol at 546 nm has a fluorescence polarization value of
0.0666 [370,372].

The availability of standard fluorophores with low values of polari-
zation is very useful because it allows for straightforward calibrate read-
ings at two different PMTs (separate detection of the two orthogonal
components) or alternatively to verify that the G-factor is correct. But
standards presenting high values of anisotropy are also valuable, be-
cause if depolarizing factors are present within the optical schemes,
they will reduce the measured value [303]. Among them RoseBengal
and Erythrosin B present in water a very short lifetime of around
70 ps [373,374] giving rise to high values of fluorescence polarization
of around 0.335 and 0.325 respectively, in the range from 500 to
550 nm. Rhodamine 101 with an emission peak at 615 nm, presents
also a high value of limiting anisotropy of 0.384 near the theoretical
one-photon fundamental anisotropy value of 2/5 [375].

Measurements of fluorescence polarization of dyes oriented in
stretched poly(vinyl alcohol) (PVA) films have been also used as high
polarization standards for correcting instrumental factors in polariza-
tion measurements [376].

Another fluorescence standard we have used is pyridine 1 in propyl-
ene glycol. This is highly recommended for two-photon fluorescence
anisotropy measurements, presenting a high degree of anisotropy
along a wide range of two-photon excitation between 750 nm and
950 nm [255]. Also, measurements of solutions of fluorescein dissolved
at different ratios of glycerol:water, can be used to monitor the accuracy
of the alignment and to establish the sensitivity in detecting changes in
anisotropy across a large range of values [255,355].

Other dyes presenting high values of anisotropy in two-photon
[77,377,378] are Cy5 labeled DNA with a value of fluorescence polariza-
tion close to the theoretical limits of 2/5 and 4/7 for one- and two-
photon excitation [379], as well as DAPI- and Hoechst 33342-stained
DNA which present a two or three-photon excitation also close to the
theoretical limit [380].

6.4. Detectors acquisition schemes

Simultaneous dual detectors acquisition presents a series of advan-
tages. First there is no reason to image the sample twice reducing there-
fore acquisition time and avoiding photobleaching. Second, all motion
artifacts are avoided. This are very problematic when performing
ratiometric measurements of data acquired at different time points,
and are particularly troublesome for intravital imaging microscopy
where motion can give rise to artifacts. As a drawback, the detectors
present usually different gains and noise characteristics, therefore the
recorded intensities need to be corrected for systematic errors and ef-
fects due to different sources [130], prior calculating fluorescence an-
isotropy. Several works present standard methodologies for correcting
and minimizing these errors [381] [292,382-384].

7. Measurements of drug-target engagement
7.1. Fluorescence anisotropy visualization

Confocal and two-photon fluorescence anisotropy microscopy en-
able to image live cells with accurate spatial and temporal maps of
fluorophores distributions [255].

However, displaying fluorescence anisotropy images is not always a
straightforward easy task. In fact, anisotropy images are very sensitive
to the noise as the calculations used for obtaining the anisotropy give
rise to images where the relevant information is buried within the
noise of the FA image. This can be ascribed to the presence of noise in
the original fluorescence images. As mentioned in Section 5, this nega-
tive outcome can be in part overcome by acting on the microscope set-
tings, or by using post-processing algorithms. However, all components
of the fluorescence images, where the signal is low, will inherently pos-
sess a low SNR leading to uninformative results in the final FA images.
Although anisotropy images are directly derived from florescence im-
ages, it is important to highlight that the information content they
carry is substantially different. For instance, in experiments like drug de-
livery in living cells, fluorescence signal is more related to the cell mor-
phology with detailed structural information. Fluorescence anisotropy
images instead provide information at a more functional level, for ex-
ample detailing the degree of anisotropy and how possible drug-target
interaction occurs. Therefore the information content of the two repre-
sentations may differ significantly and ad-hoc representation schemes
are recommended.

Rather than considering fluorescence and anisotropy information
content as separate information contribution, it is more appropriate to
consider their contributions simultaneously, for example attributing
statistical importance to image pixels that present higher SNR. Images
mixing ensure that the structural and the fluorescence anisotropy infor-
mation are linked somehow and both displayed with a single image.
This idea has been largely adopted since a long time in multimodal im-
aging [385] as well as in other fields of fluorescence microscopy such as
in fluorescence lifetime imaging microscopy (FLIM), where lifetime-
and fluorescence-image features are merged into a single image repre-
sentation in the Hue-Saturation-Value color space.

Recently we have developed a similar approach for information fu-
sion in fluorescence anisotropy imaging by mapping fluorescence and
anisotropy data into a color coded Red-Green-Blue (RGB) space [255].
The fusion algorithm divides the pixels anisotropy values into three dis-
joint groups, with separation levels determined a priori. Blue, green and
red are chosen such that the respective clusters correspond to
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increasing intervals values. Under regular image acquisition condition,
this kind of pixel assignment leads in the anisotropy images to pixel
groups which are not perfectly separated in space and is cause of visual
artifacts. To attenuate visual defects in the fused images, sharp color
transitions are avoided. Instead smoother color fading is applied around
thresholds values. To include morphological information, colored an-
isotropy images are also multiplied (pixel-wise) to the fluorescence im-
ages, which act as statistical weights for intensity modulation. Regions
with low accuracy in anisotropy estimates (low fluorescence level) are
statistically less informative and are multiplied to low values, so they
will appear dark. On the contrary, regions with high intensity levels ap-
pear bright in colors.

As a result, single images will contain both the functional and struc-
tural information.

7.2. Cell segmentation

After image acquisition, data are not directly available for analysis
and only after proper image processing and computational steps, quan-
titative analysis can be performed, for instance for diagnostic purposes
or for insights into functional mechanisms. Cell segmentation is the
first crucial step necessary to identify cells and cell compartments, to
choose the cells of interest, and conduct large-scale, image-based
screens for high throughput microscopy [386].

The main cell feature we are typically interested, when analyzing
data for fluorescence anisotropy imaging, are the temporal evolution
of the cellular volume, shape, cell contour, and signal distribution (cyto-
plasmic and/or nuclear). These features can be obtained through cell
segmentation. During this process image pixels are usually divided
into two different classes, depending if they are related or not to the
structures of interest. But segmentation processes can easily lead to
the erroneous identification of cells, especially if two or more neighbor-
ing cells are in contact or overlap with each other or if a large dynamic
range of fluorescence intensity is present [247]. Also, segmentation al-
gorithms can perform poorly if directly applied to raw images
[387,388] and cell staining is preferable to label for example cytoplasmic
membrane structures [389].

Segmentation can be achieved either manually or automatically.
Both approaches have pros and cons. Manual segmentation is consid-
ered more accurate, as it relies on the high computational capabilities
of the brain and is often used as a benchmark for performance compar-
ison. Nevertheless, human segmentation can be non-accurate if per-
formed on volumetric data such as in tumors (Section 7.3), as the
human visual system is not designed to perform segmentation of
three-dimensional data by means of two dimensional monitor inter-
faces. Moreover, manual segmentation is both operator dependent
and time consuming such that it is unreasonable to be considered as a
viable solution for high throughput data analysis. On the other side au-
tomatic segmentation can be more coherent and suitable for large scale
screening,

To date many methods have been implemented to deal with seg-
mentation based on different approaches [390]. These methods are in
most cases implemented using well established mathematical tools.
Thresholding is possibly the simplest one and it exploits the fact that
cells/nuclei pixels' intensities can generally be expressed as a mixture
of two distinct distributions such that objects and background can be
easily separated. Thresholding values can be selected manually or auto-
matically, and could be categorized as global, i.e. the same value is as-
sumed valid for processing the whole image, or local, i.e. the threshold
value may change over the image location. Manual thresholds are se-
lected based on what the operator expects and knows about the struc-
tures to extract. Automatic thresholding is usually obtained through
computations applied to the images. The Otsu method [391] for in-
stance, computes thresholds using statistical variance minimization of
what is classified as an object and a non-object. Open source software
for cell segmentation such as CellProfiler [392,393] permit to choose

over a number of thresholding methods mostly based on statistical
means [394,395] [396].

More sophisticated approaches use special filtering algorithms
based on mathematical morphology, which can be applied to binary
and grey-scale images as well. The tools (e.g. erosion,dilation, etc.) pro-
vided by mathematical morphology operate at a geometrical and topo-
logical level, therefore are often exploited for image segmentation [397].
Segmentation can also be the result of application of watershed proce-
dure [398] a region-based segmentation method based on topographi-
cal concepts.

In nucleus and cells segmentation, a widely used class of algorithm
under the name of deformable models has been also applied to mi-
croscopy [399]. Deformable models, or their special instances, snakes
[400], are widely used methods in computer vision which aim at find-
ing the best fitting between deformable lines and image features by
solving a minimization problem. To this end a cost function is used
and its minimum is generally computed through an iterative
procedure.

Segmentation can be also performed by using methods based on
clustering, e.g. k-means clustering, fuzzy c-means and expectation-
maximization [390]. Also methods based on machine learning, such as
support vector machine (SVM) [401] and artificial neural network
[402] are of increasing interest.

These alternatives are quite useful for all those instances where phe-
notyping differences are present due to drug effects. In this case seg-
mentation of the nuclei and cytoplasm can be quite challenging using
conventional segmentation approaches, and quantification of drug-
target engagement could fail.

Overall image segmentation is a well establish topic in image pro-
cessing with wide application to medical imaging in general and in op-
tical fluorescence in particular. All the listed methods presented above
can be applied to high resolution fluorescence anisotropy imaging in-
vivo as in Section 7. Moreover, in the next future if fluorescence anisot-
ropy high-content screening, high throughput imaging and accurate au-
tomatic image segmentation will be combined, a very powerful
platform will be likely allow for breakthroughs in drug discovery and
disease treatment.

7.3. Measurement and quantification of single cell drug-target engagement

Recent work from our group has shown that fluorescence anisotropy
can be extended to two-photon imaging for drug-target engagement
imaging at high spatial and temporal resolution. This provides quantita-
tive measurement and imaging at the cellular level, of the fraction of the
amount of drug bound to its target, information that has been unavail-
able so far in traditional fluorescence anisotropy measurements or
other modalities. The potential of this approach has been possible
thanks to recent advances in chemical techniques that have allowed
for the design of fluorescent drugs, prodrugs and activity-based probe
to interrogate target engagement [25,403,404]. Particularly in vivo
their use has been demonstrated for imaging drug distribution [24] or
clinical tumor detection [405] highlighting several routes of drug failure
and potential solutions, therefore making them as good candidates for
pharmacodynamics studies.

In this Section, we present recent results from our group on multi-
photon fluorescence anisotropy microscopy to image and quantitate in-
tracellular drug-target binding distribution using different cancer
drugs. We show also that the approach is applicable in live cultured
cells and enables real-time imaging of drug-target engagement in vivo
at subcellular resolution, in xenograft tumors following systemic drug
delivery.

For what concerns all the problematics related to intravital micro-
scopic imaging experiments in mouse models [176,406-409], window
chamber models [410], imaging platforms [176], and general acquisi-
tion procedures [163,164,244,245,411-414] we refer to other reviews.
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Fig. 6. Two-photon fluorescence anisotropy imaging of drug-target engagement. (a,b) Comparison between the rotation of the free fluorescently labeled drug (PARPi-FL) in solution and
when bound to its target (PARP). Due to the large difference in molecular weight between the target (ca. 120 kDa) and the small molecule, the fluorescence anisotropy of the drug-target
complex will increase following two-photon excitation (6 > 7). (¢,h) Temporal evolution of the fluorescence anisotropy (c-e) and intensity (f-h), for HT1080 cells incubated with PARPi-

FL, at three representative time points during loading and washing phases.
Adapted with permission from [255], Nature Publishing Group.

7.3.1. Labeling fluorophore choice

There are several considerations to take into account concerning the
choice of the possible labeling fluorescent dye (see Section 3.1). Crucial
for building a good assay sensitivity, defined as the range of fluores-
cence anisotropy values between the free and the bound fluorophore
[111] is the fluorophore's fluorescence lifetime. An interesting discus-
sion regarding this issue can be found in Zhang et al. [111]. In general,
fluorescent dyes with short lifetime (e.g. Cy3, Alexa dyes) are highly in-
efficient for fluorescence anisotropy measurements, because their an-
isotropy in the unbound state is too near to the fundamental one,
making difficult to discriminate between bound and unbound states.
Fluorophores with very long lifetimes, are also not recommended be-
cause the small increase in rotation correlation time, upon binding,
does not increase sufficiently the fluorescence anisotropy value. Finally,
we would like also the dye to present a high two-photon cross section at
near infrared wavelengths, due to the advantageous features for tissue
imaging compared to one-photon probes [415]. We found that

BODIPY-FL is an ideal candidate for polarization-based assays, due to
its fluorescence lifetime of approximately 4 ns which is larger than the
rotational correlation of the bound complexes considered herein. Also
BODIPY dyes present other properties [416,417] that make them partic-
ularly suitable for two-photon fluorescence anisotropy intracellular im-
aging. They are relatively non-polar, minimizing perturbation to the
modified drug. They are generally highly cell permeable, present a
high fluorescence quantum yield, and extinction coefficient, and have
a large two-photon cross section.

7.3.2. Fluorescence anisotropy two photon imaging of fluorescently labeled
drug

The main hypothesis behind the imaging strategy here presented is
that fluorescence polarization imaging can be adapted and used with
fluorescently labeled drugs to measure drug target engagement
in vitro and in vivo. As a proof of principle for our imaging modality a
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Fig. 7. Quantification of drug-target engagement. (a-d) Normalized intensity and anisotropy as a function of time for HT1080 cells incubated with PARPi-FL, during loading and washing
phases in the absence (black circles) and presence (gray squares) of five-fold higher concentration of unlabelled drug (competition). After segmentation, values are calculated in both
cytoplasms and nuclei. (e-h) In vivo measurements of target engagement, in a tumor implanted in a skinfold dorsal window chamber at different time points following drug

administration.
Adapted with permission from [34], Nature Publishing Group.

drug belonging to the class of the reversible inhibitors which bind non-
covalently was chosen.

Poly(ADP-ribose)polymerase (PARP) comprises a family of enzymes
playing a fundamental role for DNA repair [418-420] and is upregulated
in a large number of types of cancer [421-425]. Therefore, PARP inhibi-
tors (PARPis) present a potential chemotherapeutic target through inhi-
bition and several PARPis have been developed and translated to the
clinical arena. The small molecule olaparib (AZD2281), is a reversible
PARP inhibitor [426] and has been recently approved for clinical use

by the US Food and Drug Administration for prostate cancer [427].
Due to its characteristics we chose this molecule as candidate for a fluo-
rescently labeled imaging drug, and used BODIPY-FL as labeling dye. We
first reported on the small molecule PARPi-FL [428], and showed that it
retains the same functional activity for PARP1 as the parent drug [24].
Also Kossatz et al. [429] demonstrated its use for oral cancer screening,.
A detailed protocol for its synthesis can be found in [255].

HT1080 cells, a well understood fibrosarcoma cell line expressing
PARP, were chosen as experimental model. Due to the high molecular
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weight of PARP1 (ca. 120 kDa), there is a significant change in Following image processing for proper denoising (Section 5.5), fluo-
molecular mass between free and target-bound or intracellular PARPi- rescence anisotropy images can be calculated on a pixel-by-pixel basis.
FL (Fig. 6a,b). This change of mass can be monitored through two- After assigning an anisotropy threshold to distinguish among the differ-
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HT1080 cells during drug loading and washing phases (Fig. 6¢c-h),
shows that PARPi-FL enters the cells through the plasma membranes,
and accumulates rapidly in the cytoplasm more than in the nucleus
(Fig. 6¢,f). But high values of anisotropy are present only in the nuclei
(Fig. 6d,g), suggesting direct PARP binding. After the washing phase,
there is a decrease in drug concentration in the cytoplasmic region,
while the bound fraction of the drug increases in the nuclei, where
PARP is present (Fig. 6e,h) Using appropriate segmentation protocols
(Section 7.2) it's possible to quantify numerically the fluorescence in-
tensity and the degree of engagement, calculating the fluorescence an-
isotropy within the nuclei and the cytoplasmic area, and obtain the
spatial-temporal evolution of target engagement in vitro (Fig. 7a-d).
Because the imaging technique is based on two-photon microscopy,
it is particularly viable for acquisitions in tissue (Sections 4.6, 6.1) and
real time imaging of drug-binding was demonstrated in tumor im-
planted in mice skinfold dorsal window chambers, following intrave-
nous infusion. Due to the reduced scattering and extended imaging
penetration depth (Section 6.1), fluorescence anisotropy can be accu-
rately determined deep within the tissue and tumors, allowing to follow
binding interaction in physiologically relevant contexts (Fig. 7e-h).

7.4. Competitive binding of matched fluorescently labeled drugs

The capability to modify drugs to create fluorescently-tagged small
molecule reporters can offer insights into tissue distribution and target
engagement measurements. Unfortunately the addition of the labeling
fluorophore may change the physiochemical properties of the original
small molecule, and the results obtained may substantially differ from
the ones valid for the parent drug. Using the technique and tools illus-
trated in the previous Section, our group has developed an approach
to quantify target occupancy of unlabeled drugs using competitive bind-
ing with fluorescently labeled analogues also known as CIP (companion
imaging probes) [33]. Both parent drug and CIP share the same molec-
ular target.

The main idea behind this strategy is that by monitoring target en-
gagement of CIP via two-photon fluorescence anisotropy microscopy,
we can determine the binding properties of the unmodified drug
which is competing with the matched fluorescent CIP. High values of
anisotropy will indicate no or low presence of unlabeled drug. Low
values of anisotropy will indicate presence of unlabeled drug target
engagement.

As a proof of principle for two-photon FA imaging of competitive
binding, two small molecule drugs belonging to two different classes
of inhibitors have been chosen. PARPi-FL, described above in
Section 7.3.2 and belonging to the class of the reversible inhibitors,
and a drug belonging to the class of the irreversible inhibitors, which
usually react with the target enzyme via covalent bond. As a representa-
tive example of the latest ibrutin (PCI-32765, brand name: Imbruvica)
[430,431], a Bruton's tyrosine kinase (BTK) inhibitor, has been selected.

Bruton's tyrosine kinase (BTK) is a cytoplasmic non-receptor tyro-
sine kinase largely expressed in B lymphocytes, macrophages/mono-
cytes, and certain cancer cells [432-435]. BTK is crucial for B cell
development and is involved in the regulation of cell survival, prolifera-
tion, and differentiation, making it an attractive therapeutic target for B-
cell disorders [431]. Ibrutinib is a selective, irreversible BTK inhibitor,
whose covalent binding results in long-lasting target occupancy.
While several BTK inhibitors are available or under development,
ibrutinib has been shown to potently bind to BTK, to inhibit BCR signal-
ing, and to decrease tumor cell survival and proliferation in many B cells
malignancy models [436]. Due to these properties a fluorescent irre-
versible BTK binder based on ibrutinib (ibrutinib-BFL) was synthesized
and BODIPY-FL used as the labeling dye [437].

The experimental approach presented in the schematic of Fig. 8 illus-
trates the protocol used to measure the covalent binding activity of
ibrutinib. While in [33] the focus was on this specific compound, the

idea can be extended to other drugs belonging to the class of the irre-
versible inhibitors.

Cells are first incubated at different drug concentrations for different
times. Afterwards, excess drug is washed off. Cells are then incubated
with the CIP ibrutinib-BFL for the desired time and fluorescence anisot-
ropy images are taken without any washing. When ibrutinib-BFL is
bound to its BTK target, values of fluorescence anisotropy will be high.
But in the presence of the unlabeled parent drug, only a few ibrutinib-
BFL molecules will find a free target available for binding, which will re-
sult in an overall decrease of fluorescence. Now, as discussed in greater
detail in Section 2.3.3, values of measured anisotropy correspond to the
fraction-weighted sum of all the possible states present within the two-
photon probing volume. Therefore, when imaging the fluorescence an-
isotropy of CIP in cells, the measured values will be dependent on the
total cellular CIP concentration (Eq. (5)), and it would be wrong to di-
rectly infer target-engagement from absolute values of FA. To obviate
this problem the value Ar*Int has been introduced [33]. This value is de-
fined as the product of the difference in measured and unbound (non-
specific) fluorescence anisotropy multiplied by the total fluorescence
intensity [33], representing the concentration of the CIP-bound target
protein.

In [33] Toledo was chosen as a model of BTK-positive cells. Cells
were incubated with different doses of ibrutinib before loading with
ibrutinib-BFL. Because of the presence of the unlabeled drug, the mea-
sured fluorescence anisotropy of the CIP will be reduced in a
concentration-dependent manner (Fig. 9a,b). After proper data process-
ing and segmentation, measurements of cytoplasmic Ar*Int, as a func-
tion of ibrutinib concentration (Fig. 9c) indicated an intracellular
ibrutinib inhibitor constant K; of 2 nM and an intracellular second
order binding constant ku/K; of 4.5 10° s—' M~ The imaging protocol
was then extended to in vivo settings (Fig. 9d,e) using as a model
HT1080 tumor cells transfected with BTK-mCherry, finding also dose
dependent target engagement (Fig. 9f).

Olaparib was also investigated, using the same competitive strategy
and using the CIP described before i.e. PARPi-FL. For this case HT1080
cells were also chosen as experimental model. Incubating the cells
with olaparib at different concentration, single-cell nuclei Ar*Int, were
measured demonstrating target engagement dose dependence. Using
Schild analysis apparent intracellular k4 values for olaparib in HT1080
were found to be equal to 2.0 nM. Similar analysis were then conducted
on in vivo tumor models, following systemic olaparib delivery, revealing
single cells with low target occupancy at high average target
engagement.

8. Conclusions

Despite the progress in recently developed techniques aimed at
measuring the cellular distribution and target-engagement of small
molecule drugs in cell culture and in vivo, there is still a lack of method-
ologies capable to offer direct and quantitative measurement of drug-
target engagement in live cells with both subcellular and temporal
resolution.

Fluorescence polarization/fluorescence anisotropy has been widely
used in biomedical research as a platform for high throughput screening
campaigns, and to kinetically and thermodynamically profile protein-
small molecule and protein-protein interactions. However, fluorescence
anisotropy has been mostly limited to biochemical assays. In contrast,
optical imaging technologies such as fluorescence microscopy, are
ideal for both in vitro and in vivo single-cell phenotypic studies thanks
to the high spatiotemporal resolution and extended depth imaging
they offer.

The possibility to integrate fluorescence polarization/fluorescence
anisotropy detection schemes in fluorescence light microscopy method-
ologies can provide direct insights into the molecular pharmacology of
drugs in vitro and in vivo, thanks to the emergence of a growing list of
fluorescent drug derivatives with comparable target specificity and
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affinity as the parent drug. In particular, the quantification of time-
resolved specific drug-target engagement and the distinction from un-
specific binding to off-target proteins, enables the direct correlation of
treatment efficacy with cellular activity.

Finally, the possibility to apply this approach exploiting the compet-
itive binding of unlabeled drugs with a fluorescent tracer also offers the
opportunity to direct quantify target occupancy of unlabeled drugs in
live intact cells both in vivo and in vitro.

Acknowledgements

This project was funded in part by National Institutes of Health
(NIH) grants RO1-EB010011, RO1-HL122208 and P5S0GM107618. Inves-
tigators in Europe were funded by the EC Seventh Framework Pro-
gramme under grant agreement no. 622182.

References

[1] M.A. Miller, R. Weissleder, Imaging of anticancer drug action in single cells, Nat.
Rev. Cancer 17 (2017) 399-414.

[2] B.Lomenick, R. Hao, N. Jonai, R.M. Chin, M. Aghajan, S. Warburton, J.N. Wang, R.P.
Wu, F. Gomez, J.A. Loo, J.A. Wohlschlegel, T.M. Vondriska, ]. Pelletier, H.R.
Herschman, . Clardy, CF. Clarke, J. Huang, Target identification using drug affinity
responsive target stability (DARTS), PNAS 106 (2009) 21984-21989.

[3] P.M. Matthews, E.A. Rabiner, J. Passchier, R.N. Gunn, Positron emission tomography

molecular imaging for drug development, Br. ]. Clin. Pharmacol. 73 (2012)

175-186.

S. Grimwood, P.R. Hartig, Target site occupancy: emerging generalizations from

clinical and preclinical studies, Pharmacol. Ther. 122 (2009) 281-301.

X.H. Liy, J.L. Ide, I. Norton, M.A. Marchionni, M.C. Ebling, L.Y. Wang, E. Davis, C.M.

Sauvageot, S. Kesari, KA. Kellersberger, M.L. Easterling, S. Santagata, D.D. Stuart, J.

Alberta, ].N. Agar, C.D. Stiles, N.Y.R. Agar, Molecular imaging of drug transit through

the blood-brain barrier with MALDI mass spectrometry imaging, Sci. Rep. 3 (2013)

2859.

B. Munteanu, B. Meyer, C. von Reitzenstein, E. Burgermeister, S. Bog, A. Pahl, M.P.

Ebert, C. Hopf, Label-free in situ monitoring of histone deacetylase drug target en-

gagement by matrix-assisted laser desorption ionization-mass spectrometry

biotyping and imaging, Anal. Chem. 86 (2014) 4642-4647.

D.M. Molina, R. Jafari, M. Ignatushchenko, T. Seki, E.A. Larsson, C. Dan, L. Sreekumar,

Y.H. Cao, P. Nordlund, Monitoring drug target engagement in cells and tissues

using the cellular thermal shift assay, Science 341 (2013) 84-87.

M.M. Savitski, F.B.M. Reinhard, H. Franken, T. Werner, M.F. Savitski, D. Eberhard,

D.M. Molina, R. Jafari, R.B. Dovega, S. Klaeger, B. Kuster, P. Nordlund, M.

Bantscheff, G. Drewes, Tracking cancer drugs in living cells by thermal profiling

of the proteome, Science 346 (2014) 1255784.

D.M. Jameson, ].C. Croney, Fluorescence polarization: past, present and future,

Comb. Chem. High Throughput Screen. 6 (2003) 167-176.

[10] TJ. Burke, K.R. Loniello, ].A. Beebe, K.M. Ervin, Development and application of fluo-
rescence polarization assays in drug discovery, Comb. Chem. High Throughput
Screen. 6 (2003) 183-194.

[11] M.S. Nasir, ML.E. Jolley, Fluorescence polarization: an analytical tool for immunoas-
say and drug discovery, Comb. Chem. High Throughput Screen. 2 (1999) 177-190.

[12] N.G. James, D.M. Jameson, Steady-state fluorescence polarization/anisotropy for
the study of protein interactions, Methods Mol. Biol. 1076 (2014) 29-42.

[13] D.M. Jameson, S.E. Seifried, Quantification of protein-protein interactions using
fluorescence polarization, Methods 19 (1999) 222-233.

[14] Y.L Yan, G. Marriott, Analysis of protein interactions using fluorescence technolo-
gies, Curr. Opin. Chem. Biol. 7 (2003) 635-640.

[15] D.Jameson, G. Mocz, Fluorescence polarization/anisotropy approaches to study
protein-ligand interactions, in: G.U. Nienhaus (Ed.), Protein-Ligand Interactions:
Methods And Applications, Humana Press 2005, pp. 301-322.

[16] F. Gielen, M. Butz, E.J. Rees, M. Erdelyi, T. Moschetti, M. Hyvonen, J.B. Edel, C.F.
Kaminski, F. Hollfelder, Quantitative affinity determination by fluorescence anisot-
ropy measurements of individual nanoliter droplets, Anal. Chem. 89 (2017)
1092-1101.

[17] M.D. Hall, A. Yasgar, T. Peryea, J.C. Braisted, A. Jadhav, A. Simeonov, N.P. Coussens,
Fluorescence polarization assays in high-throughput screening and drug discov-
ery: a review, Methods Appl. Fluoresc. 4 (2016), 022001.

[18] JR.W. Conway, N.O. Carragher, P. Timpson, Developments in preclinical cancer im-
aging: innovating the discovery of therapeutics, Nat. Rev. Cancer 14 (2014)
314-328.

[19] C. Vinegoni, ].M. Dubach, G.M. Thurber, M.A. Miller, R. Mazitschek, R. Weissleder,
Advances in measuring single-cell pharmacology in vivo, Drug Discov. Today 20
(2015) 1087-1092.

[20] H.Mikula, S. Stapleton, R.H. Kohler, C. Vinegoni, R. Weissleder, Design and develop-
ment of fluorescent vemurafenib analogs for in vivo imaging, Theranostics 7
(2017) 1257-1265.

[21] A.M. Laughney, E. Kim, M.M. Sprachman, M.A. Miller, R.H. Kohler, K.S. Yang, ].D.
Orth, TJ. Mitchison, R. Weissleder, Single-cell pharmacokinetic imaging reveals a
therapeutic strategy to overcome drug resistance to the microtubule inhibitor
eribulin, Sci. Transl. Med. 6 (2014)(261ra152-261ra152).

[4

5

6

17

[8

9

[22] KS. Yang, RH. Kohler, M. Landon, R. Giedt, R. Weissleder, Single cell resolution
in vivo imaging of DNA damage following PARP inhibition, Sci. Rep. 5 (2015)
10129.

[23] E. Kim, K.S. Yang, R.H. Kohler, J.M. Dubach, H. Mikula, R. Weissleder, Optimized
near-IR fluorescent agents for in vivo imaging of Btk expression, Bioconjug.
Chem. 26 (2015) 1513-1518.

[24] G.M. Thurber, K.S. Yang, T. Reiner, R.H. Kohler, P. Sorger, T. Mitchison, R.
Weissleder, Single-cell and subcellular pharmacokinetic imaging allows insight
into drug action in vivo, Nat. Commun. 4 (2013) 1504.

[25] KS.Yang, G.Budin, T. Reiner, C. Vinegoni, R. Weissleder, Bioorthogonal imaging of
aurora kinase a in live cells, Angew. Chem. Int. Ed. 51 (2012) 6598-6603.

[26] E.Kim, K.S. Yang, R. Weissleder, Bioorthogonal small molecule imaging agents
allow single-cell imaging of MET, PLoS One 8 (2013)(UNSP e81275).

[27] T. Reiner, S. Earley, A. Turetsky, R. Weissleder, Bioorthogonal small-molecule li-
gands for parp1 imaging in living cells, Chembiochem 11 (2010) 2374-2377.

[28] M.A. Miller, Y.R. Zheng, G.W. Suresh, C. Pfirschke, H. Zope, C. Engblom, R.H. Kohler,
Y. Iwamoto, K.S. Yang, B. Askevold, N. Kolishetti, M. Pittet, SJ. Lippard, O.C.
Farokhzad, R. Weissleder, Tumour-associated macrophages act as a slow-release
reservoir of nano-therapeutic Pt(IV) pro-drug, Nat. Commun. 6 (2015) 8692.

[29] S. Earley, C. Vinegoni, J. Dunham, R. Gorbatov, P.F. Feruglio, R. Weissleder, In vivo
imaging of drug-induced mitochondrial outer membrane permeabilization at
single-cell resolution, Cancer Res. 72 (2012) 2949-2956.

[30] K.S.Yang, G. Budin, C. Tassa, O. Kister, R. Weissleder, Bioorthogonal approach to
identify unsuspected drug targets in live cells, Angew. Chem. Int. Ed. 52 (2013)
10593-10597.

[31] M.A. Miller, B. Askevold, K.S. Yang, R.H. Kohler, R. Weissleder, Platinum compounds
for high-resolution in vivo cancer imaging, ChemMedChem 9 (2014) 1131-1135.

[32] J.D. Orth, R.H. Kohler, F. Foijer, P.K. Sorger, R. Weissleder, T.J. Mitchison, Analysis of
mitosis and antimitotic drug responses in tumors by in vivo microscopy and
single-cell pharmacodynamics, Cancer Res. 71 (2011) 4608-4616.

[33] J.M. Dubach, E. Kim, K. Yang, M. Cuccarese, RJ. Giedt, L.G. Meimetis, C. Vinegoni, R.
Weissleder, Quantitating drug-target engagement in single cells in vitro and
in vivo, Nat. Chem. Biol. 13 (2017) 168-173.

[34] J.M. Dubach, C. Vinegoni, R. Mazitschek, P.F. Feruglio, L. A. Cameron, R. Weissleder,
In vivo imaging of specific drug-target binding at subcellular resolution, Nat.
Commun. 5 (2014) 3946.

[35] V. Crosignani, A. Dvornikov, ].S. Aguilar, C. Stringari, R. Edwards, W.W. Mantulin, E.
Gratton, Deep tissue fluorescence imaging and in vivo biological applications, J.
Biomed. Opt. 17 (2012) 116023.

[36] P.Theer, M.T. Hasan, W. Denk, Two-photon imaging to a depth of 1000 pm in living
brains by use of a Ti: Al,O5 regenerative amplifier, Opt. Lett. 28 (2003) 1022-1024.

[37] D. O'Malley, Imaging in depth: controversies and opportunities, Methods Cell Biol.
89 (2008) 95-128.

[38] H. Gerritsen, C. De Grauw, Imaging of optically thick specimen using two-photon
excitation microscopy, Microsc. Res. Tech. 47 (1999) 206-209.

[39] M. Gu, X. Gan, A. Kisteman, M.G. Xu, Comparison of penetration depth between
two-photon excitation and single-photon excitation in imaging through turbid tis-
sue media, Appl. Phys. Lett. 77 (2000) 1551-1553.

[40] F. Zanella, J.B. Lorens, W. Link, High content screening: seeing is believing, Trends
Biotechnol. 28 (2010) 237-245.

[41] AE. Carpenter, Image-based chemical screening, Nat. Chem. Biol. 3 (2007)
461-465.

[42] F. Weigert, Uber polarisiertes Fluoreszenzlicht, Verh. Phys. Ges. 1 (1920) 100-102.

[43] SJ.L. Vavilov, W.L, Some data and remarks on polarized fluorescence of dye solu-
tions, Z. Phys. 16 (1923) 135-154.

[44] W.L Levshin, Polarisierte Fluoreszenz und Phosphoreszenz der Farbstofflosungen.
IV, Z. Phys. 32 (1925) 307-326.

[45] A.]Jablonski, W. Szymanowski, Thermal rotations of fluorescent molecules and du-
ration of luminescence, Nature 135 (1935)(582-582).

[46] A. Jabtonski, Zur Theorie der Polarisation der Photolumineszenz von
Farbstofflésungen, Z. Phys. A Hadron Nucl. 96 (1935) 236-246.

[47] F. Perrin, Polarisation de la lumiére de fluorescence. Vie moyenne des molécules
dans l'etat excité, ]. Phys. Radium 7 (1926) 390-401.

[48] F. Perrin, La fluorescence des solutions. Induction moléculaire. - polarisation et
durée d'émission. - photochimie, Ann. Phys. 10 (1929) 169-275.

[49] A.]Jablonski, Decay of photoluminescence of solutions, Acta Phys. Polon. 16 (1957)
471-479.

[50] A. Jablonski, On the notion of emission anisotropy, Bull. Acad. Pol. Sci 8 (1960)
259-264.

[51] A.Jablonski, A note on the notion of emission anisotropy, Bull. Acad. Pol. Sci 10
(1962) 555-556.

[52] G. Weber, Polarization of the fluorescence of solutions, in: D.M. Hercules (Ed.),
Fluorescence and Phosphorescence Analysis, John Wiley & Sons, New York, NY
1966, pp. 217-240.

[53] A. Kawski, Fluorescence anisotropy as a source of information about different
photophysical processes, in: K.H.F.D. Fassler, B. Wilhelmi (Eds.), Progress and
Trends in Applied Optical Spectroscopy, Teubner Verlagsgesellschaft, Leipzig
1986, pp. 6-34.

[54] R.F. Steiner, Fluorescence anisotropy: theory and applications, in: J.R. Lakowicz
(Ed.), Topics in Fluorescence Spectroscopy, Kluwer Academic Publishers, New
York 1991, pp. 1-52.

[55] A. Kawski, Fluorescence anisotropy: theory and applications of rotational depolar-
ization, Crit. Rev. Anal. Chem. 23 (1993) 459-529.

[56] D.M. Jameson, J.A. Ross, Fluorescence polarization/anisotropy in diagnostics and
imaging, Chem. Rev. 110 (2010) 2685-2708.


http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0005
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0005
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0045
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0045
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0060
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0060
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0065
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0065
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0075
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0075
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0075
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0085
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0085
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0085
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0125
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0125
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0155
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0155
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0185
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0185
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0190
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0190
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0195
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0195
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0195
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0200
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0200
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0205
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0205
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0210
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0215
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0215
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0220
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0220
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0225
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0225
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0230
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0230
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0235
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0235
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0240
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0240
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0245
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0245
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0250
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0250
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0255
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0255
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0260
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0260
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0260
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0265
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0265
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0265
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0265
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0270
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0270
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0270
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0275
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0275
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0280
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0280

[57]

[58]
[59]

[60]
[61]

[62]

[63]

(64

[65]
[66]
[67]

[68]

[69]

[70]

[71]
[72]
[73]

[74]

[75]
[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

C. Vinegoni et al. / Advanced Drug Delivery Reviews 151-152 (2019) 262-288

B. Valeur, M.N. Berberan-Santos, Molecular Fluorescence: Principles and Applica-
tions, Wiley-VCH, Weinheim, 2012.

J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Springer, New York, 2006.

A. Jablonski, Fundamental polarization of photoluminescence and torsional vibra-
tions of molecules, Acta Phys. Polon. 10 (1950) 193-206.

D.M. Jameson, Introduction to Fluorescence, CRC Press, Boca Raton, FL, 2014.

J.A. Dix, AS. Verkman, Mapping of fluorescence anisotropy in living cells by ratio
imaging - application to cytoplasmic viscosity, Biophys. J. 57 (1990) 231-240.

S. Ghosh, S. Saha, D. Goswami, S. Bilgrami, S. Mayor, Dynamic imaging of homo-fret
in live cells by fluorescence anisotropy microscopy, in: P.M. Conn (Ed.), Imaging
and Spectroscopic Analysis of Living Cells: Live Cell Imaging of Cellular Elements
and Functions, Academic Press 2012, pp. 291-327.

K.W. Kho, P.R. Stoddart, M. Harris, A.P. Mazzolini, Confocal fluorescence polariza-
tion microscopy for linear unmixing of spectrally similar labels, Micron 40
(2009) 212-217.

J-M. Dubach, C. Vinegoni, R. Weissleder, Steady state anisotropy two-photon mi-
croscopy resolves multiple, spectrally similar fluorophores, enabling in vivo
multilabel imaging, Opt. Lett. 39 (2014) 4482-4485.

G. Mocz, Information content of fluorescence polarization and anisotropy, J.
Fluoresc. 16 (2006) 511-524.

B. Nickel, From the Perrin diagram to the Jablonski diagram, EPA Newslett. 58
(1996) 9-38.

B. Nickel, From the Perrin diagram to the Jablonski diagram. Part 2, EPA Newslett.
61 (1997) 27-60.

H. Szmacinski, R. Jayaweera, H. Cherek, ].R. Lakowicz, Demonstration of an associ-
ated anisotropy decay by frequency-domain fluorometry, Biophys. Chem. 27
(1987) 233-241.

P.A. Vanparidon, J.K. Shute, KW.A. Wirtz, A. Visser, A fluorescence decay study of
parinaroyl-phosphatidylinositol incorporated into artificial and natural mem-
branes, Eur. Biophys. J. Biophy. 16 (1988) 53-63.

R. Chib, S. Raut, S. Sabnis, P. Singhal, Z. Gryczynski, I. Gryczynski, Associated anisot-
ropy decays of ethidium bromide interacting with DNA, Methods Appl. Fluoresc. 2
(2014) 0150003.

M. Géppert-Mayer, Uber Elementarakte mit zwei Quantenspriingen, Ann. Phys. 9
(1931) 273-294.

W. Kaiser, C. Garrett, Two-photon excitation in CaF,:Eu?*, Phys. Rev. Lett. 7 (1961)
229-231.

P.P. Feofilov, Polarization of the luminescence of isotropic media in the case of two-
photon excitation, Opt. Spectrosc. 26 (1969) 306-310.

Y.T. Mazyrenko, Polarization of luminescence from complex molecules with 2-
photon excitation. Dichroism of 2-photon light-absorption, Opt. Spectrosc. 31
(1971) 413-414.

W.M. McClain, Polarization of two-photon excited fluorescence, . Chem. Phys. 58
(1973) 324-326.

P.R. Callis, On the theory of 2-photon induced fluorescence anisotropy with appli-
cation to indoles, ]. Chem. Phys. 99 (1993) 27-37.

J.R. Lakowicz, 1. Gryczynski, J. Kusba, E. Danielsen, Two photon-induced fluores-
cence intensity and anisotropy decays of diphenylhexatriene in solvents and
lipid bilayers, J. Fluoresc. 2 (1992) 247-258.

J.R. Lakowicz, 1. Gryczynski, Z. Gryczynski, E. Danielsen, M,J. Wirth, Time-resolved
fluorescence intensity and anisotropy decays of 2,5-diphenyloxazole by 2-photon
excitation and frequency-domain fluorometry, ]J. Phys. Chem. 96 (1992)
3000-3006.

LI Burov, E.S. Voropai, A.P. Klishchenko, Fluorescence anisotropy during two-
photon excitation, in: A.A. Bogush (Ed.), Fluorescence Anisotropy During Two-
Photon Excitation, Akad. Nauk Beloruss. SSR, Inst. Fiz.,, Minsk, USSR 1995,
pp. 18-19.

P.R. Callis, The theory of two-photon-induced fluorescence anisotropy, in: J.R.
Lakowicz (Ed.), Topics In Fluorescence Spectroscopy: Non-linear And Two-
photon-induced Fluorescence, Plenum Press 1997, pp. 1-42.

I. Gryczynski, H. Malak, J.R. Lakowicz, 3-Photon induced fluorescence of 2,5-
diphenyloxazole with a femtosecond Ti-sapphire laser, Chem. Phys. Lett. 245
(1995) 30-35.

L. Gryczynski, H. Szmacinski, ].R. Lakowicz, On the possibility of calcium imaging
using indo-1 with 3-photon excitation, Photochem. Photobiol. 62 (1995) 804-808.
S.W. Hell, K. Bahlmann, M. Schrader, A. Soini, H. Malak, I. Gryczynski, ].R. Lakowicz,
Three-photon excitation in fluorescence microscopy, J. Biomed. Opt. 1 (1996)
71-74.

[84] J.R.Lakowicz, I. Gryczynski, H. Malak, M. Schrader, P. Engelhardt, H. Kano, SW. Hell,

[85]

[86]
[87]

[88]

Time-resolved fluorescence spectroscopy and imaging of DNA labeled with DAPI
and Hoechst 33342 using three-photon excitation, Biophys. J. 72 (1997) 567-578.
C. Xu, W.W. Webb, Multiphoton excitation of molecular fluorophores and nonlin-
ear laser microscopy, in: J.R. Lakowicz (Ed.), Topics In Fluorescence Spectroscopy,
Plenum Press 1997, pp. 471-540.

I. Gryczynski, G. Piszczek, Z. Gryczynski, J.R. Lakowicz, Four-photon excitation of
2,2’-dimethyl-p-terphenyl, ]. Phys. Chem. A 106 (2002) 754-759.

I. Gryczynski, H. Malak, ].R. Lakowicz, Three-photon excitation of a Tryptophan de-
rivative using a fs-Ti: Sapphire laser, Biospectroscopy 2 (1996) 9-15.

T.G. Burke, H. Malak, I. Gryczynski, Z. Mi, J.R. Lakowicz, Fluorescence detection of
the anticancer drug topotecan in plasma and whole blood by two-photon excita-
tion, Anal. Biochem. 242 (1996) 266-270.

[89] JR. Lakowicz, I. Gryczynski, H. Malak, Z. Gryczynski, Fluorescence spectral proper-

ties of 2,5-diphenyl-1,3,4-oxadiazole with two-color two-photon excitation, J.
Phys. Chem. 100 (1996) 19406-19411.

[90] J.R. Lakowicz, I. Gryczynski, H. Malak, Z. Gryczynski, Two-color two-photon excita-

tion of fluorescence, Photochem. Photobiol. 64 (1996) 632-635.

[91]
[92]
[93]

[94]

[95]

[96]

[97]

[98]
[99]
[100]

[101]

[102]
[103]
[104]

[105]

[106]
[107]
[108]
[109]

[110]

[111]

[112]

[113]

283

I. Gryczynski, H. Malak, J.R. Lakowicz, Two-color two-photon excitation of indole,
Biospectroscopy 3 (1997) 97-101.

P. Soleillet, Sur les paramétres caractérisant la polarisation partielle de la lumiére
dans les phénomeénes de fluorescence, Ann. Phys. 10 (1929) 23-97.

D. Shrestha, A. Jenei, P. Nagy, G. Vereb, J. Szollosi, Understanding FRET as a research
tool for cellular studies, Int. J. Mol. Sci. 16 (2015) 6718-6756.

S.S.Vogel, C. Thaler, P.S. Blank, S.V. Koushik, Time resolved fluorescence anisotropy,
in: A. Periasamy, R.M. Clegg (Eds.), FLIM Microscopy in Biology and Medicine, CRC
Press, Boca Raton, FL 2009, pp. 245-288.

P. Workman, 1. Collins, Probing the probes: fitness factors for small molecule tools,
Chem. Biol. 17 (2010) 561-577.

C.H. Arrowsmith, J.E. Audia, C. Austin, J. Baell, ]. Bennett, ]. Blagg, C. Bountra, P.E.
Brennan, PJ. Brown, M.E. Bunnage, C. Buser-Doepner, R.M. Campbell, A,J. Carter,
P. Cohen, R.A. Copeland, B. Cravatt, J.L. Dahlin, D. Dhanak, A.M. Edwards, S.V.
Frye, N. Gray, C.E. Grimshaw, D. Hepworth, T. Howe, K.V.M. Huber, ]. Jin, S.
Knapp, ].D. Kotz, R.G. Kruger, D. Lowe, M.M. Mader, B. Marsden, A. Mueller-
Fahrnow, S. Muller, R.C. 0'Hagan, J.P. Overington, D.R. Owen, S.H. Rosenberg, B.
Roth, R. Ross, M. Schapira, S.L. Schreiber, B. Shoichet, M. Sundstrom, G. Superti-
Furga, . Taunton, L. Toledo-Sherman, C. Walpole, M.A. Walters, T.M. Willson, P.
Workman, R.N. Young, W.J. Zuercher, The promise and peril of chemical probes,
Nat. Chem. Biol. 11 (2015) 536-541.

X.Y. Huang, Fluorescence polarization competition assay: the range of resolvable
inhibitor potency is limited by the affinity of the fluorescent ligand, J. Biomol.
Screen. 8 (2003) 34-38.

P.J. Tummino, R.A. Copeland, Residence time of receptor-ligand complexes and its
effect on biological function, Biochemist 47 (2008) 5481-5492.

R.A. Copeland, The drug-target residence time model: a 10-year retrospective, Nat.
Rev. Drug Discov. 15 (2016) 87-95.

G. Dahl, T. Akerud, Pharmacokinetics and the drug-target residence time concept,
Drug Discov. Today 18 (2013) 697-707.

J. Kim, S. Felts, L. Llauger, H.Z. He, H. Huezo, H. Rosen, G. Chiosis, Development of a
fluorescence polarization assay for the molecular chaperone Hsp90, J. Biomol.
Screen. 9 (2004) 375-381.

N.J. Moerke, Fluorescence polarization (fp) assays for monitoring peptide-protein
or nucleic acid-protein binding, Curr. Protoc. Chem. Biol. 1 (2009) 1-15.

M. Leopoldo, E. Lacivita, F. Berardi, R. Perrone, Developments in fluorescent probes
for receptor research, Drug Discov. Today 14 (2009) 706-712.

W.A. Lea, A. Simeonov, Fluorescence polarization assays in small molecule screen-
ing, Expert Opin. Drug Discovery 6 (2011) 17-32.

AK. Sohlenius-Sternbeck, J. Janson, J. Bylund, P. Baranczewski, A. Breitholtz-
Emanuelsson, Y. Hu, C. Tsoi, A. Lindgren, O. Gissberg, T. Bueters, S. Briem, S. Juric,
J. Johansson, M. Bergh, J. Hoogstraate, Optimizing DMPK properties: experiences
from a big pharma DMPK department, Curr. Drug Metab. 17 (2016) 253-270.
G.T. Hermanson, Fluorescent probes, Bioconjugate Techniques, Academic Press
2013, pp. 395-464.

P. Thirumurugan, D. Matosiuk, K. Jozwiak, Click chemistry for drug development
and diverse chemical-biology applications, Chem. Rev. 113 (2013) 4905-4979.
L.D. Lavis, R.T. Raines, Bright ideas for chemical biology, ACS Chem. Biol. 3 (2008)
142-155.

L.D. Lavis, RT. Raines, Bright building blocks for chemical biology, ACS Chem. Biol. 9
(2014) 855-866.

J.B. Grimm, L.M. Heckman, L.D. Lavis, The chemistry of small-molecule fluorogenic
probes, in: M.C. Morris (Ed.), Fluorescence-Based Biosensors: From Concepts to
Applications, Academic Press, Oxford, UK 2013, pp. 1-34.

H.R. Zhang, Q. Wu, M.Y. Berezin, Fluorescence anisotropy (polarization): from drug
screening to precision medicine, Expert Opin. Drug Discovery 10 (2015)
1145-1161.

C. Wurth, M. Grabolle, J. Pauli, M. Spieles, U. Resch-Genger, Relative and absolute
determination of fluorescence quantum yields of transparent samples, Nat. Protoc.
8 (2013) 1535-1550.

AM. Courtis, S.A. Santos, Y.H. Guan, J.A. Hendricks, B. Ghosh, D.M. Szantai-Kis, S.A.
Reis, J.V. Shah, R. Mazitschek, Monoalkoxy BODIPYs-A Fluorophore class for
bioimaging, Bioconjug. Chem. 25 (2014) 1043-1051.

[114] ].B. Grimm, B.P. English, ]J. Chen, J.P. Slaughter, Z]. Zhang, A. Revyakin, R. Patel, JJ.

[115]

[116]
[117]
[118]

[119]

[120]
[121]

[122]

Macklin, D. Normanno, R.H. Singer, T. Lionnet, L.D. Lavis, A general method to im-
prove fluorophores for live-cell and single-molecule microscopy, Nat. Methods 12
(2015) 244-253.

G. Lukinavicius, K. Umezawa, N. Olivier, A. Honigmann, G.Y. Yang, T. Plass, V.
Mueller, L. Reymond, LR. Correa, Z.G. Luo, C. Schultz, E.A. Lemke, P. Heppenstall,
C. Eggeling, S. Manley, K. Johnsson, A near-infrared fluorophore for live-cell
super-resolution microscopy of cellular proteins, Nat. Chem. 5 (2013) 132-139.
J.C. Owicki, Fluorescence polarization and anisotropy in high throughput screen-
ing: perspectives and primer, J. Biomol. Screen. 5 (2000) 297-306.

M. Gumbleton, DJ. Stephens, Coming out of the dark: the evolving role of fluores-
cence imaging in drug delivery research, Adv. Drug Deliv. Rev. 57 (2005) 5-15.
R.P. Hertzberg, AJ. Pope, High-throughput screening: new technology for the 21st
century, Curr. Opin. Chem. Biol. 4 (2000) 445-451.

X.Y. Huang, A. Aulabaugh, Application of fluorescence polarization in HTS assays,
in: W.P. Janzen, P. Bernasconi (Eds.), High Throughput Screening: Methods and
Protocols, 3rd EditionHumana Press 2016, pp. 115-130.

P. Gribbon, A. Sewing, Fluorescence readouts in HTS: no gain without pain? Drug
Discov. Today 8 (2003) 1035-1043.

J.R. Sportsman, L. Leytes, Miniaturization of homogeneous assays using fluores-
cence polarization, Drug Discov. Today (2000) 27-32.

S. Turconi, K. Shea, S. Ashman, K. Fantom, D.L. Earnshaw, R.P. Bingham, U.M.
Haupts, M.].B. Brown, A.J. Pope, Real experiences of uHTS: a prototypic 1536-


http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0285
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0285
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0290
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0295
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0295
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0300
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0305
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0305
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0310
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0310
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0310
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0310
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0315
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0315
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0315
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0320
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0320
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0320
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0325
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0325
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0330
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0330
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0335
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0335
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0340
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0340
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0340
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0345
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0345
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0345
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0350
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0350
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0350
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0355
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0355
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0360
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0360
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0360
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0360
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0365
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0365
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0370
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0370
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0370
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0375
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0375
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0380
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0380
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0385
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0385
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0385
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0390
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0390
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0390
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0390
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0395
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0395
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0395
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0395
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0400
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0400
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0400
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0405
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0405
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0405
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0410
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0410
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0415
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0415
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0415
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0420
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0420
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0420
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0425
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0425
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0425
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0430
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0430
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0435
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0435
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0440
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0440
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0440
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0445
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0445
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0445
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0450
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0450
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0455
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0455
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0460
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0460
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0465
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0465
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0470
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0470
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0470
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0475
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0475
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0485
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0485
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0485
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0490
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0490
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0495
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0495
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0500
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0500
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0505
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0505
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0505
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0510
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0510
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0515
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0515
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0520
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0520
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0525
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0525
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0525
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0525
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0530
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0530
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0535
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0535
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0540
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0540
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0545
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0545
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0550
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0550
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0550
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0555
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0555
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0555
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0560
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0560
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0560
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0565
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0565
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0565
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0570
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0570
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0570
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0570
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0575
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0575
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0575
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0575
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0580
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0580
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0585
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0585
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0590
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0590
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0595
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0595
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0595
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0600
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0600
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0605
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0605
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0610
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0610

284

[123]

[124]

[125]
[126]
[127]

[128]

[129]

[130]

[131]

[132]

[133]
[134]
[135]

[136]

C. Vinegoni et al. / Advanced Drug Delivery Reviews 151-152 (2019) 262-288

well fluorescence anisotropy-based well-level quality uHTS screen and application
of control procedures, ]. Biomol. Screen. 6 (2001) 275-290.

M. Allen, . Reeves, G. Mellor, High throughput fluorescence polarization: a homo-
geneous alternative to radioligand binding for cell surface receptors, J. Biomol.
Screen. 5 (2000) 63-69.

G.J. Parker, T.L. Law, FJ. Lenoch, R.E. Bolger, Development of high throughput
screening assays using fluorescence polarization: nuclear receptor-ligand-binding
and kinase/phosphatase assays, J. Biomol. Screen. 5 (2000) 77-88.

M. Kumar, R.G. Lowery, A high-throughput method for measuring drug residence
time using the transcreener ADP assay, SLAS Discov. 22 (2017) 915-922.

T.L. Mann, UJ. Krull, Fluorescence polarization spectroscopy in protein analysis,
Analyst 128 (2003) 313-317.

L.N. Serdyuk, N.R. Zaccai, ]. Zaccai, Methods in Molecular Biophysics: Structure, Dy-
namics, Function, Cambridge University Press, 2007.

X.S. Shi, D. Herschlag, Fluorescence polarization anisotropy to measure RNA dy-
namics, in: D. Herschlag (Ed.), Biophysical, Chemical, and Functional Probes of
Rna Structure, Interactions and Folding, Pt B, Academic Press 2009, pp. 287-302.
J.C. Sutherland, Simultaneous measurement of circular dichroism and fluorescence
polarization anisotropy, in: G.E. Cohn (Ed.), Clinical Diagnostic Systems: Technol-
ogies and Instrumentation, SPIE Press 2002, pp. 126-136.

M. Ameloot, M. vandeVen, A.U. Acuna, B. Valeur, Fluorescence anisotropy measure-
ments in solution: methods and reference materials (IUPAC technical report), Pure
Appl. Chem. 85 (2013) 589-608.

J.R. Lakowicz, Fluorescence anisotropy, Principles Of Fluorescence Spectroscopy,
Springer 1999, pp. 291-319.

J. Siegel, K. Suhling, S. Leveque-Fort, S.E.D. Webb, D.M. Davis, D. Phillips, Y.
Sabharwal, P.M.W. French, Wide-field time-resolved fluorescence anisotropy im-
aging (TR-FAIM): imaging the rotational mobility of a fluorophore, Rev. Sci.
Instrum. 74 (2003) 182-192.

J-W. Lichtman, ].A. Conchello, Fluorescence microscopy, Nat. Methods 2 (2005)
910-919.

D. Axelrod, Fluorescence polarization microscopy, Methods Cell Biol. 30 (1989)
333-352.

A. Bullen, Microscopic imaging techniques for drug discovery, Nat. Rev. Drug
Discov. 7 (2008) 54-67.

AL Mattheyses, M. Kampmann, C.E. Atkinson, S.M. Simon, Fluorescence anisotropy
reveals order and disorder of protein domains in the nuclear pore complex,
Biophys. J. 99 (2010) 1706-1717.

[137] J. Lazar, A. Bondar, S. Timr, S.J. Firestein, Two-photon polarization microscopy re-

[138]

[139]

[140]

veals protein structure and function, Nat. Methods 8 (2011)(684-U120).

D.Y. Shroder, L.G. Lippert, Y.E. Goldman, Single molecule optical measurements of
orientation and rotations of biological macromolecules, Methods Appl. Fluoresc.
4 (2016), 042004.

S. Brasselet, Polarization-resolved nonlinear microscopy: application to structural
molecular and biological imaging, Adv. Opt. Photon. 3 (2011) 205-271.

J.A. Levitt, D.R. Matthews, S.M. Ameer-Beg, K. Suhling, Fluorescence lifetime and
polarization-resolved imaging in cell biology, Curr. Opin. Biotechnol. 20 (2009)
28-36.

[141] J.A. Levitt, P.E. Morton, G.O. Fruhwirth, G. Santis, P.H. Chung, M. Parsons, K. Suhling,

[142]

Simultaneous FRAP, FLIM and FAIM for measurements of protein mobility and in-
teraction in living cells, Biomed. Opt. Express 6 (2015) 3842-3854.

W.C. Salmon, ].C. Waters, CCD cameras for fluorescence imaging of living cells, Cold
Spring Harb Protoc 2011 (2011) 790-802.

[143] JR. Swedlow, K. Hu, P.D. Andrews, D.S. Roos, .M. Murray, Measuring tubulin con-

[144]
[145]

[146]

tent in Toxoplasma gondii: a comparison of laser-scanning confocal and wide-field
fluorescence microscopy, PNAS 99 (2002) 2014-2019.

J.G. McNally, T. Karpova, ]. Cooper, J.A. Conchello, Three-dimensional imaging by
deconvolution microscopy, Methods 19 (1999) 373-385.

P. Sarder, A. Nehorai, Deconvolution methods for 3-D fluorescence microscopy im-
ages, IEEE Signal Proc. Mag. 23 (2006) 32-45.

].B. Sibarita, Deconvolution microscopy, in: J. Rietdorf (Ed.), Microscopy Tech-
niques, Springer 2005, pp. 201-243.

[147] J.R. Swedlow, Quantitative fluorescence microscopy and image deconvolution, in:

[148]

[149]

[150]

[151]
[152]
[153]

[154]

[155]

G. Sluder, D.E. Wolf (Eds.), Digital Microscopy, Elsevier BV 2013, pp. 407-426.

W. Wallace, L.H. Schaefer, J.R. Swedlow, A workingperson's guide to deconvolution
in light microscopy, BioTechniques 31 (2001) 1076-1078.

M.]. Cole, ]J. Siegel, S.E.D. Webb, R. Jones, K. Dowling, M.J. Dayel, D. Parsons-
Karavassilis, P.M.W. French, M.J. Lever, L.O.D. Sucharov, M.A.A. Neil, R. Juskaitis,
T. Wilson, Time-domain whole-field fluorescence lifetime imaging with optical
sectioning, J. Microsc. 203 (2001) 246-257.

M.J. Cole, J. Siegel, S.E.D. Webb, R. Jones, K. Dowling, P.M.W. French, M.]. Lever,
L.0.D. Sucharov, M.A.A. Neil, R. Juskaitis, T. Wilson, Whole-field optically sectioned
fluorescence lifetime imaging, Opt. Lett. 25 (2000) 1361-1363.

T. Wilson, Optical sectioning in fluorescence microscopy, J. Microsc. 242 (2011)
111-116.

D.W. Piston, M.A. Rizzo, FRET by fluorescence polarization microscopy, Methods
Cell Biol. 85 (2008) 415-430.

Imaging and Spectroscopic Analysis of Living Cells: Live Cell Imaging of Cellular EI-
ements and Functions. , Academic Press, 2012.

L. Yao, J. Segala, AJ. Bucci, G.O. Andreev, Y.K. Reshetnyak, O.A. Andreev, Fluores-
cence anisotropy imaging microscopy, in: A. Mendez-Vilas, J. Diaz (Eds.), Micros-
copy: Science, Technology, Applications And Education, Formatex, Badajoz, Spain,
2010.

AN. Yaroslavsky, V. Neel, R.R. Anderson, Fluorescence polarization imaging for de-
lineating nonmelanoma skin cancers, Opt. Lett. 29 (2004) 2010-2012.

[156]

[157]

[158]

[159]

[160]
[161]

[162]

[163]

[164]

[165]

A.H. Gough, D.L. Taylor, Fluorescence anisotropy imaging microscopy maps
calmodulin-binding during cellular contraction and locomotion, J. Cell Biol. 121
(1993) 1095-1107.

M. Koskinen, P. Hotulainen, Measuring F-actin properties in dendritic spines, Front.
Neuroanat. 8 (2014) 74.

P. Rzeczycki, G.S. Yoon, RK. Keswani, S. Sud, K.A. Stringer, G.R. Rosania, Detecting
ordered small molecule drug aggregates in live macrophages: a multi-parameter
microscope image data acquisition and analysis strategy, Biomed. Opt. Express 8
(2017) 860-872.

T. Wilson, C. Sheppard, Theory and Practice of Scanning Optical Microscopy, Aca-
demic Press, 1984.

R.H. Webb, Confocal optical microscopy, Rep. Prog. Phys. 59 (1996) 427-471.

A. Diaspro, Confocal and Two-photon Microscopy: Foundations, Applications and
Advances, Wiley-VCH, 2001.

S. Inoué, Foundations of confocal scanned imaging in light microscopy, in: J.B.
Pawley (Ed.), Handbook Of Biological Confocal Microscopy, Springer 1995,
pp. 1-17.

S. Lee, C. Vinegoni, P.F. Feruglio, R. Weissleder, Improved intravital microscopy via
synchronization of respiration and holder stabilization, J. Biomed. Opt. 17 (2012).
C. Vinegoni, S. Lee, P.F. Feruglio, P. Marzola, M. Nahrendorf, R. Weissleder, Sequen-
tial average segmented microscopy for high signal-to-noise ratio motion-artifact-
free in vivo heart imaging, Biomed. Opt. Express 4 (2013) 2095-2106.

P.J. Shaw, Comparison of widefield/deconvolution and confocal microscopy for
three-dimensional imaging, in: ].B. Pawley (Ed.), Handbook Of Biological Confocal
Microscopy, Springer 2006, pp. 453-467.

[166] ].B. Pawley, Fundamental limits in confocal microscopy, in: ].B. Pawley (Ed.), Hand-

book Of Biological Confocal Microscopy, Springer 2006, pp. 20-42.

[167] ].G. White, W.B. Amos, M. Fordham, An evaluation of confocal versus conventional

[168]
[169]
[170]

[171]

[172]
[173]

[174]

[175]

[176]
[177]
[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

imaging of biological structures by fluorescence light-microscopy, J. Cell Biol. 105
(1987) 41-48.

J.A. Conchello, J.W. Lichtman, Optical sectioning microscopy, Nat. Methods 2
(2005) 920-931.

T. Wilson, Resolution and optical sectioning in the confocal microscope, J. Microsc.
244 (2011) 113-121.

K. Carlsson, N. Aslund, Confocal imaging for 3-D digital microscopy, Appl. Opt. 26
(1987) 3232-3238.

K. Carlsson, P.E. Danielsson, R. Lenz, A. Liljeborg, L. Majlof, N. Aslund, 3-
Dimensional microscopy using a confocal laser scanning microscope, Opt. Lett.
10 (1985) 53-55.

RS. Fischer, Y.C. Wu, P. Kanchanawong, H. Shroff, CM. Waterman, Microscopy in
3D: a biologist's toolbox, Trends Cell Biol. 21 (2011) 682-691.

D.M. Shotton, Confocal scanning optical microscopy and its applications for biolog-
ical specimens, ]. Cell Sci. 94 (1989) 175-206.

JM. Murray, Methods for imaging thick specimens: confocal microscopy,
deconvolution, and structured illumination, Cold Spring Harb Protoc 2011
(2011) 1399-1437.

R.Y. Tsien, A. Waggoner, Fluorophores for confocal microscopy, in: ].B. Pawley
(Ed.), Handbook of Biological Confocal Microscopy, Springer, Boston, MA 1995,
pp. 267-279.

M. Pittet, R. Weissleder, Intravital imaging, Cell 147 (2011) 983-991.

R. Yuste, Fluorescence microscopy today, Nat. Methods 2 (2005) 902-904.

S.R. Pygall, J. Whetstone, P. Timmins, C.D. Melia, Pharmaceutical applications of
confocal laser scanning microscopy: the physical characterisation of pharmaceuti-
cal systems, Adv. Drug Deliv. Rev. 59 (2007) 1434-1452.

AN. Bader, E.G. Hofman, P.V.E. Henegouwen, H.C. Gerritsen, Confocal time-
resolved fluorescence anisotropy imaging, in: D.L. Farkas, R.C. Leif, D.V. Nicolau
(Eds.),Imaging, Manipulation, and Analysis of Biomolecules, Cells, and Tissues V,
San Jose, CA, 2007.

CE. Bigelow, D.L. Conover, T.H. Foster, Confocal fluorescence spectroscopy and an-
isotropy imaging system, Opt. Lett. 28 (2003) 695-697.

C.E. Bigelow, H.D. Vishwasrao, ].G. Frelinger, T.H. Foster, Imaging enzyme activity
with polarization-sensitive confocal fluorescence microscopy, J. Microsc. 215
(2004) 24-33.

A. Esposito, A.N. Bader, S.C. Schlachter, D.J. van den Heuvel, G.S.K. Schierle, A.R.
Venkitaraman, C.F. Kaminski, H.C. Gerritsen, Design and application of a confocal
microscope for spectrally resolved anisotropy imaging, Opt. Express 19 (2011)
2546-2555.

T.H. Foster, B.D. Pearson, S. Mitra, C.E. Bigelow, Fluorescence anisotropy imaging
reveals localization of meso-tetrahydroxyphenyl chlorin in the nuclear envelope,
Photochem. Photobiol. 81 (2005) 1544-1547.

R.K.P. Benninger, Fluorescence linear dichroism imaging for quantifying membrane
order, in: D.M. Owen (Ed.), Methods in Membrane Lipids, Second EditionHumana
Press, New York, NY 2015, pp. 161-179.

AN. Bader, E.G. Hofman, P. Henegouwen, H.C. Gerritsen, Imaging of protein cluster
sizes by means of confocal time-gated fluorescence anisotropy microscopy, Opt.
Express 15 (2007) 6934-6945.

G. Steinbach, I. Pomozi, O. Zsiros, L. Menczel, G. Garab, Imaging anisotropy using
differential polarization laser scanning confocal microscopy, Acta Histochem. 111
(2009) 317-326.

S.M. Blackman, C.E. Cobb, A.H. Beth, D.W. Piston, The orientation of eosin-5-
maleimide on human erythrocyte band 3 measured by fluorescence polarization
microscopy, Biophys. J. 71 (1996) 194-208.

C.E. Bigelow, T.H. Foster, Confocal fluorescence polarization microscopy in turbid
media: effects of scattering-induced depolarization, J. Opt. Soc. Am. A 23 (2006)
2932-2943.


http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0610
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0610
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0615
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0615
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0615
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0620
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0620
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0620
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0625
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0625
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0630
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0630
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0635
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0635
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0640
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0640
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0640
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0645
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0645
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0645
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0650
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0650
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0650
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0655
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0655
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0660
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0660
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0660
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0660
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0665
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0665
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0670
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0670
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0675
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0675
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0680
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0680
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0680
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0685
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0685
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0690
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0690
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0690
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0695
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0695
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0700
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0700
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0700
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0705
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0705
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0705
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0710
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0710
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0715
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0715
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0715
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0720
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0720
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0725
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0725
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0730
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0730
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0735
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0735
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0740
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0740
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0745
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0745
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0745
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0745
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0750
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0750
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0750
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0755
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0755
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0760
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0760
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0765
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0765
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0775
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0775
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0780
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0780
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0780
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0785
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0785
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0790
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0790
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0790
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0790
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0795
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0795
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0800
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0805
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0805
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0810
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0810
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0810
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0815
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0815
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0820
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0820
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0820
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0825
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0825
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0825
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0830
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0830
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0840
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0840
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0850
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0850
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0855
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0855
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0855
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0860
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0860
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0865
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0865
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0870
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0870
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0870
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0875
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0875
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0875
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0880
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0885
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0890
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0890
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0890
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0895
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0895
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0895
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0895
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0900
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0900
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0905
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0905
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0905
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0910
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0910
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0910
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0910
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0915
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0915
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0915
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0920
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0920
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0920
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0925
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0925
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0925
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0930
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0930
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0930
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0935
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0935
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0935
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0940

[189]

[190]

[191]
[192]
[193]
[194]
[195]
[196]

[197]
[198]

[199]
[200]
[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]
[216]
[217]

[218]

[219]

[220]

[221]

C. Vinegoni et al. / Advanced Drug Delivery Reviews 151-152 (2019) 262-288

M.J. Roberti, T.M. Jovin, E. Jares-Erijman, Confocal fluorescence anisotropy and
FRAP imaging of alpha-synuclein amyloid aggregates in living cells, PLoS One 6
(2011), e23338.

A. Ichihara, T. Tanaami, K. Isozaki, Y. Sugiyama, Y. Kosugi, K. Mikuriya, M. Abe, 1.
Uemura, High-speed confocal fluorescence microscopy using a Nipkow scanner
with microlenses for 3-D imaging of single fluorescent molecule in real time,
Bioimaging 4 (1996) 57-62.

D. Toomre, J.B. Pawley, Disk-scanning confocal microscopy, in: ].B. Pawley (Ed.),
Handbook of Biological Confocal Microscopy, Springer, New York, NY 2006,
pp. 221-238.

A. Egner, V. Andresen, S. Hell, Comparison of the axial resolution of practical
Nipkow-disk confocal fluorescence microscopy with that of multifocal multipho-
ton microscopy: theory and experiment, ]. Microsc. 206 (2002) 24-32.
J.Jonkman, C.M. Brown, Any way you slice it—a comparison of confocal microscopy
techniques, J. Biomol. Tech. 26 (2015) 54.

A. Periasamy, Methods in Cellular Imaging, Springer, 2013.

V.E. Centonze, M. Sun, A. Masuda, H. Gerritsen, B. Herman, Fluorescence resonance
energy transfer imaging microscopy, in: G. Marriott, I. Parker (Eds.), Biophotonics,
Pt A, Academic Press 2003, pp. 542-560.

E.A. Jares-Erijman, T.M. Jovin, FRET imaging, Nat. Biotechnol. 21 (2003)
1387-1395.

S.S. Vogel, C. Thaler, S.V. Koushik, Fanciful fret, Sci. STKE, 2006, 2006 re2.

T. Forster, Zwischenmolekulare Energiewanderung und Fluoreszenz, Ann. Phys.
437 (1948) 55-75.

L. Stryer, Fluorescence energy-transfer as a spectroscopic ruler, Annu. Rev.
Biochem. 47 (1978) 819-846.

R.B. Sekar, A. Periasamy, Fluorescence resonance energy transfer (FRET) micros-
copy imaging of live cell protein localizations, ]. Cell Biol. 160 (2003) 629-633.

G. Weber, Dependence of the polarization of the fluorescence on the concentration,
Trans. Faraday Soc. 50 (1954) 552-560.

M. Elangovan, H. Wallrabe, Y. Chen, R.N. Day, M. Barroso, A. Periasamy, Character-
ization of one- and two-photon excitation fluorescence resonance energy transfer
microscopy, Methods 29 (2003) 58-73.

G.W. Gordon, G. Berry, X.H. Liang, B. Levine, B. Herman, Quantitative fluorescence
resonance energy transfer measurements using fluorescence microscopy, Biophys.
J. 74 (1998) 2702-2713.

K. Truong, M. Ikura, The use of FRET imaging microscopy to detect protein-protein
interactions and protein conformational changes in vivo, Curr. Opin. Struct. Biol. 11
(2001) 573-578.

D.R. Matthews, L.M. Carlin, E. Ofo, P.R. Barber, B. Vojnovic, M. Irving, T. Ng, S.M.
Ameer-Beg, Time-lapse FRET microscopy using fluorescence anisotropy, J. Microsc.
237 (2010) 51-62.

H. Wallrabe, A. Periasamy, Imaging protein molecules using FRET and FLIM micros-
copy, Curr. Opin. Biotechnol. 16 (2005) 19-27.

M. Tramier, M. Coppey-Moisan, Fluorescence anisotropy imaging microscopy for
homo-FRET in living cells, Methods Cell Biol. 85 (2008) 395-414.

D.S. Lidke, P. Nagy, B.G. Barisas, R. Heintzmann, ].N. Post, K.A. Lidke, A.H.A. Clayton,
DJ. Arndt-Jovin, T.M. Jovin, Imaging molecular interactions in cells by dynamic and
static fluorescence anisotropy (rFLIM and emFRET), Biochem. Soc. Trans. 31 (2003)
1020-1027.

I. Gautier, M. Tramier, C. Durieux, ]. Coppey, R.B. Pansu, ].C. Nicolas, K. Kemnitz, M.
Coppey-Moisan, Homo-FRET microscopy in living cells to measure monomer-
dimer transition of GFP-tagged proteins, Biophys. ]. 80 (2001) 3000-3008.

S. Saha, R. Raghupathy, S. Mayor, Homo-FRET imaging highlights the nanoscale or-
ganization of cell surface molecules, in: P.J. Verveer (Ed.), Advanced Fluorescence
Microscopy: Methods and Protocols, Humana Press 2015, pp. 151-173.

P. Sharma, R. Varma, R.C. Sarasij, Ira, K. Gousset, G. Krishnamoorthy, M. Rao, S.
Mayor, Nanoscale organization of multiple GPI-anchored proteins in living cell
membranes, Cell 116 (2004) 577-589.

R. Varma, S. Mayor, GPl-anchored proteins are organized in submicron domains at
the cell surface, Nature 394 (1998) 798-801.

D. Goswami, K. Gowrishankar, S. Bilgrami, S. Ghosh, R. Raghupathy, R. Chadda, R.
Vishwakarma, M. Rao, S. Mayor, Nanoclusters of GPI-anchored proteins are formed
by cortical actin-driven activity, Cell 135 (2008) 1085-1097.

AN. Bader, E.G. Hofman, ]. Voortman, P. Henegouwen, H.C. Gerritsen, Homo-FRET
imaging enables quantification of protein cluster sizes with subcellular resolution,
Biophys. J. 97 (2009) 2613-2622.

LW. Runnels, S.F. Scarlata, Theory and application of fluorescence homotransfer to
melittin oligomerization, Biophys. J. 69 (1995) 1569-1583.

P.LH. Bastiaens, A. Squire, Fluorescence lifetime imaging microscopy: spatial reso-
lution of biochemical processes in the cell, Trends Cell Biol. 9 (1999) 48-52.

M.Y. Berezin, S. Achilefu, Fluorescence lifetime measurements and biological imag-
ing, Chem. Rev. 110 (2010) 2641-2684.

K. Okabe, N. Inada, C. Gota, Y. Harada, T. Funatsu, S. Uchiyama, Intracellular temper-
ature mapping with a fluorescent polymeric thermometer and fluorescence life-
time imaging microscopy, Nat. Commun. 3 (2012) 705.

T.W.J. Gadella, T.M. Jovin, R.M. Clegg, Fluorescence lifetime imaging microscopy
(FLIM) - spatial-resolution of microstructures on the nanosecond time-scale,
Biophys. Chem. 48 (1993) 221-239.

R. Pepperkok, A. Squire, S. Geley, P.LH. Bastiaens, Simultaneous detection of multi-
ple green fluorescent proteins in live cells by fluorescence lifetime imaging micros-
copy, Curr. Biol. 9 (1999) 269-272.

F. Festy, S.M. Ameer-Beg, T. Ng, K. Suhling, Imaging proteins in vivo using fluores-
cence lifetime microscopy, Mol. BioSyst. 3 (2007) 381-391.

[222]

[223]

[224]

[225]

285

K. Suhling, J. Siegel, P.M.P. Lanigan, S. Leveque-Fort, S.E.D. Webb, D. Phillips, D.M.
Davis, P.M.W. French, Time-resolved fluorescence anisotropy imaging applied to
live cells, Opt. Lett. 29 (2004) 584-586.

K. Suhling, J. Levitt, P.H. Chung, Time-resolved fluorescence anisotropy imaging, in:
Y. Engelborghs, A. Visser (Eds.), Fluorescence Spectroscopy and Microscopy:
Methods and Protocols, Springer 2014, pp. 503-519.

M.K. Kuimova, Mapping viscosity in cells using molecular rotors, Phys. Chem.
Chem. Phys. 14 (2012) 12671-12686.

M.K. Kuimova, Molecular rotors image intracellular viscosity, Chimia 66 (2012)
159-165.

[226] J.A. Levitt, M.K. Kuimova, G. Yahioglu, P.H. Chung, K. Suhling, D. Phillips, Fluores-

[227]

[228]

[229]

[230]

[231]
[232]

[233]
[234]

[235]

[236]

[237]
[238]
[239]

[240]

cence lifetime imaging of molecular rotors to map microviscosity in cells, Chin.
Opt. Lett. 8 (2010) 926-930.

Y. Pu, W.B. Wang, S. Achilefu, B.B. Das, G.C. Tang, V. Sriramoju, R.R. Alfano, Time-
resolved fluorescence polarization anisotropy and optical imaging of Cybesin in
cancerous and normal prostate tissues, Opt. Commun. 274 (2007) 260-267.

L.M. Hirvonen, G.O. Fruhwirth, N. Srikantha, M. Barber, J.E. Neffendorf, K. Suhling,
T.L. Jackson, Hydrodynamic radii of ranibizumab, aflibercept and bevacizumab
measured by time-resolved phosphorescence anisotropy, Pharm. Res. 33 (2016)
2025-2032.

E.T.S. Chan, C.F. Kaminski, G.S.K. Schierle, HomoFRET fluorescence anisotropy imag-
ing as a tool to study molecular self-assembly in live cells, ChemPhysChem 12
(2011) 500-509.

C. Xu, W. Zipfel, ].B. Shear, R.M. Williams, W.W. Webb, Multiphoton fluorescence
excitation: new spectral windows for biological nonlinear microscopy, PNAS 93
(1996) 10763-10768.

W.R. Zipfel, R.M. Williams, W.W. Webb, Nonlinear magic: multiphoton microscopy
in the biosciences, Nat. Biotechnol. 21 (2003) 1368-1376.

W. Denk, J.H. Strickler, W.W. Webb, Two-photon laser scanning fluorescence mi-
croscopy, Science 248 (1990) 73-76.

K. Konig, Multiphoton microscopy in life sciences, J. Microsc. 200 (2000) 83-104.
P.T.C. So, C.Y. Dong, B.R. Masters, K.M. Berland, Two-photon excitation fluorescence
microscopy, Annu. Rev. Biomed. Eng. 2 (2000) 399-429.

0. Nakamura, Fundamental of two-photon microscopy, Microsc. Res. Tech. 47
(1999) 165-171.

S.P. Schilders, M. Gu, Limiting factors on image quality in imaging through turbid
media under single-photon and two-photon excitation, Microsc. Microanal. 6
(2000) 156-160.

P. Theer, W. Denk, On the fundamental imaging-depth limit in two-photon micros-
copy, J. Opt. Soc. Am. A 23 (2006) 3139-3149.

K. Svoboda, R. Yasuda, Principles of two-photon excitation microscopy and its ap-
plications to neuroscience, Neuron 50 (2006) 823-839.

B.G. Wang, K. Konig, KJ. Halbhuber, Two-photon microscopy of deep intravital tis-
sues and its merits in clinical research, ]. Microsc. 238 (2010) 1-20.

H. Szmacinski, I. Gryczynski, ].R. Lakowicz, Spatially localized ballistic two-photon
excitation in scattering media, Biospectroscopy 4 (1998) 303-310.

[241] JR. Lakowicz, 1. Gryczynski, Z. Gryczynski, High throughput screening with multi-

photon excitation, J. Biomol. Screen. 4 (1999) 355-361.

[242] ]J.M. Schmitt, A. Knuttel, M. Yadlowsky, Confocal microscopy in turbid media, J. Opt.

[243]

[244]

[245]
[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

Soc. Am. A 11 (1994) 2226-2235.

R. Weissleder, V. Ntziachristos, Shedding light onto live molecular targets, Nat.
Med. 9 (2003) 123-128.

S. Lee, C. Vinegoni, P.F. Feruglio, L. Fexon, R. Gorbatov, M. Pivoravov, A. Sbarbati, M.
Nahrendorf, R. Weissleder, Real-time in vivo imaging of the beating mouse heart at
microscopic resolution, Nat. Commun. 3 (2012) 1054.

C. Vinegoni, A.D. Aguirre, S. Lee, R. Weissleder, Imaging the beating heart in the
mouse using intravital microscopy techniques, Nat. Protoc. 10 (2015) 1802-1819.
A.D. Aguirre, C. Vinegoni, M. Sebas, R. Weissleder, Intravital imaging of cardiac
function at the single-cell level, PNAS 111 (2014) 11257-11262.

C. Vinegoni, C.L. Swisher, P.F. Feruglio, R.J. Giedt, D.L. Rousso, S. Stapleton, R.
Weissleder, Real-time high dynamic range laser scanning microscopy, Nat.
Commun. 7 (2016) 11077.

M.A. Miller, R. Weissleder, Imaging the pharmacology of nanomaterials by intravi-
tal microscopy: Toward understanding their biological behavior, Adv. Drug Deliv.
Rev. (2016) https://doi.org/10.1016/j.addr.2016.05.023.

L. Ritsma, B. Ponsioen, ]. van Rheenen, Intravital imaging of cell signaling in mice,
Intravital 1 (2012) 2-10.

P. Amornphimoltham, A. Masedunskas, R. Weigert, Intravital microscopy as a tool
to study drug delivery in preclinical studies, Adv. Drug Deliv. Rev. 63 (2011)
119-128.

B.A. Molitoris, R.M. Sandoval, Pharmacophotonics: utilizing multi-photon micros-
copy to quantify drug delivery and intracellular trafficking in the kidney, Adv.
Drug Deliv. Rev. 58 (2006) 809-823.

H.D. Vishwasrao, P. Trifilieff, E.R. Kandel, In vivo imaging of the actin polymeriza-
tion state with two-photon fluorescence anisotropy, Biophys. J. 102 (2012)
1204-1214.

H.D. Vishwasrao, A.A. Heikal, K.A. Kasischke, W.W. Webb, Conformational depen-
dence of intracellular NADH on metabolic state revealed by associated fluores-
cence anisotropy, J. Biol. Chem. 280 (2005) 25119-25126.

AH. Orrego, C. Garcia, .M. Mancheno, ].M. Guisan, M.P. Lillo, F. Lopez-Gallego, Two-
photon fluorescence anisotropy imaging to elucidate the dynamics and the stabil-
ity of immobilized proteins, J. Phys. Chem. B 120 (2016) 485-491.

C. Vinegoni, P. Fumene Feruglio, C. Brand, S. Lee, A.E. Nibbs, S. Stapleton, S. Shah, L.
Gryczynski, T. Reiner, R. Mazitschek, R. Weissleder, Measurement of drug-target
engagement in live cells by two-photon fluorescence anisotropy imaging, Nat.
Protoc. 12 (2017) 1472-1497.


http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0945
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0945
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0945
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0950
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0950
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0950
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0950
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0955
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0955
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0955
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0960
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0960
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0960
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0965
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0965
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0970
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0975
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0975
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0975
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0980
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0980
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0985
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0990
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0990
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0995
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf0995
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1000
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1000
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1005
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1005
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1045
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1045
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1045
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1060
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1060
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1065
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1065
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1065
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1075
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1075
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1085
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1085
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1125
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1125
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1155
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1155
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1185
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1185
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1190
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1190
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1195
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1195
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1200
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1200
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1205
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1205
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1210
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1210
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1215
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1215
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1220
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1220
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1220
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1225
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1225
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1230
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1230
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1235
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1235
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1235
https://doi.org/10.1016/j.addr.2016.05.023
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1245
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1245
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1250
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1250
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1250
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1255
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1255
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1255
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1260
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1260
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1260
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1265
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1265
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1265
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1270
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1270
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1270
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1275
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1275
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1275
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1275

286

[256]
[257]

[258]
[259]
[260]
[261]
[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]
[278]
[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

C. Vinegoni et al. / Advanced Drug Delivery Reviews 151-152 (2019) 262-288

S.W. Hell, Far-field optical nanoscopy, Science 316 (2007) 1153-1158.

R.F. Laine, G.S.K. Schierle, S. van de Linde, C.F. Kaminski, From single-molecule
spectroscopy to super-resolution imaging of the neuron: a review, Methods
Appl. Fluoresc. 4 (2016) 022004.

S.W. Hell, M. Dyba, S. Jakobs, Concepts for nanoscale resolution in fluorescence mi-
croscopy, Curr. Opin. Neurobiol. 14 (2004) 599-609.

RE. Thompson, D.R. Larson, W.W. Webb, Precise nanometer localization analysis
for individual fluorescent probes, Biophys. J. 82 (2002) 2775-2783.

]. Gelles, B.J. Schnapp, M.P. Sheetz, Tracking kinesin-driven movements with
nanometre-scale precision, Nature 331 (1988) 450-453.

W.E. Moerner, M. Orrit, [lluminating single molecules in condensed matter, Science
283 (1999) 1670-1676.

A. Pertsinidis, Y.X. Zhang, S. Chu, Subnanometre single-molecule localization, reg-
istration and distance measurements, Nature 466 (2010)(647-U611).

K. Xu, S.-H. Shim, X. Zhuang, Super-resolution imaging through stochastic
switching and localization of single molecules: an overview, in: P. Tinnefeld, C.
Eggeling, S.W. Hell (Eds.), Far-Field Optical Nanoscopy, Springer 2013, pp. 27-64.
M.J. Rust, M. Bates, X.W. Zhuang, Sub-diffraction-limit imaging by stochastic opti-
cal reconstruction microscopy (STORM), Nat. Methods 3 (2006) 793-795.

E. Betzig, G.H. Patterson, R. Sougrat, O.W. Lindwasser, S. Olenych, ].S. Bonifacino,
M.W. Davidson, J. Lippincott-Schwartz, H.F. Hess, Imaging intracellular fluorescent
proteins at nanometer resolution, Science 313 (2006) 1642-1645.

S.T. Hess, T.P.K. Girirajan, M.D. Mason, Ultra-high resolution imaging by fluores-
cence photoactivation localization microscopy, Biophys. J. 91 (2006) 4258-4272.
S.van de Linde, A. Loschberger, T. Klein, M. Heidbreder, S. Wolter, M. Heilemann,
M. Sauer, Direct stochastic optical reconstruction microscopy with standard fluo-
rescent probes, Nat. Protoc. 6 (2011) 991-1009.

S.W. Hell, . Wichmann, Breaking the diffraction resolution limit by stimulated-
emission - stimulated-emission-depletion fluorescence microscopy, Opt. Lett. 19
(1994) 780-782.

A. Chmyrov, ]. Keller, T. Grotjohann, M. Ratz, E. d'Este, S. Jakobs, C. Eggeling, S.W.
Hell, Nanoscopy with more than 100,000 ‘doughnuts’, Nat. Methods 10 (2013)
737-740.

M.G.L. Gustafsson, Nonlinear structured-illumination microscopy: wide-field fluo-
rescence imaging with theoretically unlimited resolution, PNAS 102 (2005)
13081-13086.

B. Huang, M. Bates, X.W. Zhuang, Super-resolution fluorescence microscopy, Annu.
Rev. Biochem. 78 (2009) 993-1016.

K. Zhanghao, L. Chen, X.S. Yang, M.Y. Wang, Z.L. Jing, H.B. Han, M.Q. Zhang, D.Y. Jin,
J.T. Gao, P. Xi, Super-resolution dipole orientation mapping via polarization de-
modulation, Light Sci. Appl. 5 (2016), e16166.

C.AV. Cruz, H.A. Shaban, A. Kress, N. Bertaux, S. Monneret, M. Mavrakis, J. Savatier,
S. Brasselet, Quantitative nanoscale imaging of orientational order in biological fil-
aments by polarized superresolution microscopy, PNAS 113 (2016) E820-E828.
J. Sinko, T. Gajdos, E. Czvik, G. Szabo, M. Erdelyi, Polarization sensitive localization
based super-resolution microscopy with a birefringent wedge, Methods Appl.
Fluoresc. 5 (2017).

S.B. Mehta, M. McQuilken, P.J. La Riviere, P. Occhipinti, A. Verma, R. Oldenbourg,
A.S. Gladfelter, T. Tani, Dissection of molecular assembly dynamics by tracking ori-
entation and position of single molecules in live cells, PNAS 113 (2016)
E6352-E6361.

TJ. Gould, M.S. Gunewardene, M.V. Gudheti, V.V. Verkhusha, S.R. Yin, J.A. Gosse, S.T.
Hess, Nanoscale imaging of molecular positions and anisotropies, Nat. Methods 5
(2008) 1027-1030.

V. Nikolenko, B. Nemet, R. Yuste, A two-photon and second-harmonic microscope,
Methods 30 (2003) 3-15.

A. Majewska, G. Yiu, R. Yuste, A custom-made two-photon microscope and
deconvolution system, Pflugers Arch. - Eur. J. Physiol. 441 (2000) 398-408.

V. Nikolenko, R. Yuste, How to build a two-photon microscope with a confocal scan
head, Cold Spring Harb Protoc 2013 (2013) 588-592.

D.G. Rosenegger, CH.T. Tran, ]. LeDue, N. Zhou, G.R. Gordon, A high performance,
cost-effective, open-source microscope for scanning two-photon microscopy that
is modular and readily adaptable, PLoS One 9 (2014), e110475.

M.D. Young, ]J. Field, K.E. Sheetz, R.A. Bartels, . Squier, A pragmatic guide to mul-
tiphoton microscope design, Adv. Opt. Photon. 7 (2015) 276-378.

H.D. Vishwasrao, Q. Yu, K. Hewawasam, A.A. Heikal, Polarization imaging of cellular
autofluorescence, in: V.V. Ghukasyan, A.A. Heikal (Eds.), Natural Biomarkers for
Cellular Metabolism: Biology, Techniques, and Applications, CRC Press, Boca
Raton 2014, pp. 107-135.

F.S. Ariola, D.J. Mudaliar, R.P. Walvick, A.A. Heikal, Dynamics imaging of lipid
phases and lipid-marker interactions in model biomembranes, Phys. Chem.
Chem. Phys. 8 (2006) 4517-4529.

X. Wang, Y. Wang, Y. Jiang, H. Ma, Two-photon fluorescence anisotropy imaging,
Prog. Biochem. Biophys. 32 (2005) 161-167.

W. Li, Y. Wang, H.R. Shao, Y.H. He, H. Ma, Two-photon fluorescence anisotropy im-
aging, in: K. Xu, Q. Luo, D. Xing, A.V. Priezzhev, V.V. Tuchin (Eds.), Fourth Interna-
tional Conference on Photonics and Imaging in Biology and Medicine, Pts 1 and 2,
SPIE, Tianjin, China, 2006https://doi.org/10.1117/1112.710987.

T.A. Pologruto, B.L. Sabatini, K. Svoboda, Scanlmage: flexible software for operating
laser scanning microscopes, Biomed. Eng. Online 2 (2003) 13.

D. Langer, M. van't Hoff, AJ. Keller, C. Nagaraja, O.A. Pfiffli, M. Goldi, H. Kasper, F.
Helmchen, HelioScan: a software framework for controlling in vivo microscopy
setups with high hardware flexibility, functional diversity and extendibility, J.
Neurosci. Methods 215 (2013) 38-52.

Q.-T. Nguyen, P.S. Tsai, D. Kleinfeld, MPScope: a versatile software suite for multi-
photon microscopy, J. Neurosci. Methods 156 (2006) 351-359.

[289] ]. Art, Photon detectors for confocal microscopy, in: J.B. Pawley (Ed.), Handbook of

[290]

[291]
[292]
[203]

[294]

[295]

[296]

[297]

[298]

[299]
[300]
[301]
[302]
[303]

[304]

[305]

[306]
[307]
[308]

[309]

[310]
[311]
[312]
[313]
[314]
[315]

[316]

Biological Confocal Microscopy, Springer, Boston, MA 1995, pp. 183-196.

K. Corbin, H. Pinkard, S. Peck, P. Beemiller, M.F. Krummel, Assessing and
benchmarking multiphoton microscopes for biologists, Methods Cell Biol. 123
(2014) 135-151.

M. Petran, M. Hadravsky, M.D. Egger, R. Galambos, Tandem-scanning reflected-
light microscope, J. Opt. Soc. Am. 58 (1968) 661-664.

AR. Hibbs, G. MacDonald, K. Garsha, Practical confocal microscopy, in: ].B. Pawley
(Ed.), Handbook of Biological Confocal Microscopy, Springer 2006, pp. 650-671.
C. Sheppard, M. Gu, M. Roy, Signal-to-noise ratio in confocal microscope systems, J.
Microsc. 168 (1992) 209-218.

CJ. Sheppard, X. Gan, M. Gu, M. Roy, Signal-to-noise ratio in confocal microscopes,
in: J.B. Pawley (Ed.), Handbook of Biological Confocal Microscopy, Springer, New
York, NY 2006, pp. 442-452.

].B. Pawley, Handbook of Biological Confocal Microscopy, 3rd ed. Springer, New
York, NY, 2006.

E.H. Stelzer, Contrast, resolution, pixelation, dynamic range and signal-to-noise
ratio: fundamental limits to resolution in fluorescence light microscopy, J. Microsc.
189 (1998) 15-24.

G.M.P. van Kempen, L.J. van Vliet, Mean and variance of ratio estimators used in
fluorescence ratio imaging, Cytometry 39 (2000) 300-305.

RK. Benninger, W . Ashby, E.A. Ring, D.W. Piston, Single-photon-counting detector
for increased sensitivity in two-photon laser scanning microscopy, Opt. Lett. 33
(2008) 2895-2897.

S. Moon, D.Y. Kim, Analog single-photon counter for high-speed scanning micros-
copy, Opt. Express 16 (2008) 13990-14003.

RK. Benninger, D.W. Piston, Fluorescence microscopy benefits from advances in
single-photon detectors, Laser Focus World 45 (2009) 59-63.

KA. Lidke, B. Rieger, D.S. Lidke, T.M. Jovin, The role of photon statistics in fluores-
cence anisotropy imaging, IEEE Trans. Image Process. 14 (2005) 1237-1245.

R.A. Cardullo, E.H. Hinchcliffe, Post-processing for statistical image analysis in light
microscopy, Methods Cell Biol. 114 (2013) 285-315.

R.B. Thompson, 1. Gryczynski, J. Malicka, Fluorescence polarization standards for
high-throughput screening and imaging, BioTechniques 32 (2002) 34-42.

J. Kusba, V. Bogdanov, I. Gryczynski, J.R. Lakowicz, Theory of light quenching - ef-
fects on fluorescence polarization, intensity, and anisotropy decays, Biophys. J. 67
(1994) 2024-2040.

M. Deutsch, R. Tirosh, M. Kaufman, N. Zurgil, A. Weinreb, Fluorescence polarization
as a functional parameter in monitoring living cells: theory and practice, J. Fluoresc.
12 (2002) 25-44.

H.B. de Aguiar, P. Gasecka, S. Brasselet, Quantitative analysis of light scattering in
polarization-resolved nonlinear microscopy, Opt. Express 23 (2015) 8960-8973.
F.WJ. Teale, Fluorescence depolarization by light-scattering in turbid solutions,
Photochem. Photobiol. 10 (1969) 363-374.

F.C. Mackintosh, ].X. Zhu, DJJ. Pine, D.A. Weitz, Polarization memory of multiply
scattered-light, Phys. Rev. B 40 (1989) 9342-9345.

R. Patel, A. Khan, D. Wirth, M. Kamionek, D. Kandil, R. Quinlan, A.N. Yaroslavsky,
Multimodal optical imaging for detecting breast cancer, J. Biomed. Opt. 17
(2012), 066008.

S.C. Harvey, H.C. Cheung, Computer simulation of fluorescence depolarization due
to brownian motion, PNAS 69 (1972) 3670-3672.

J. Eisinger, J. Flores, Fluorometry of turbid and absorbant samples and the mem-
brane fluidity of intact erythrocytes, Biophys. ]. 48 (1985) 77-84.

B. Tromberg, A. Yodh, E. Sevick, D. Pine, Diffusing photons in turbid media: intro-
duction to the feature, Appl. Opt. 36 (1997) 9.

E.B. de Haller, Time-resolved transillumination and optical tomography, J. Biomed.
Opt. 1 (1996) 7-17.

M. Gu, X. Gan, D. Xiaoyuan, Microscopic Imaging through Turbid Media: Monte
Carlo Modeling and Applications, Springer, 2015.

N. Ghosh, S.K. Majumder, P.K. Gupta, Fluorescence depolarization in a scattering
medium: effect of size parameter of a scatterer, Phys. Rev. E 65 (2002), 026608.
B.R. Lentz, B.M. Moore, D.A. Barrow, Light-scattering effects in the measurement of
membrane microviscosity with diphenylhexatriene, Biophys. J. 25 (1979)
489-494,

[317] J.R. Lakowicz, Instrumentation for fluorescence spectroscopy, Principles Of Fluores-

[318]

cence Spectroscopy, Springer 1999, pp. 25-61.

A. Periasamy, P. Wodnicki, X.F. Wang, S. Kwon, G.W. Gordon, B. Herman, Time-
resolved fluorescence lifetime imaging microscopy using a picosecond pulsed tun-
able dye laser system, Rev. Sci. Instrum. 67 (1996) 3722-3731.

[319] J.P. Keene, B.W. Hodgson, A fluorescence polarization flow cytometer, Cytometry 1

[320]
[321]

[322]

[323]
[324]
[325]

[326]

(1980) 118-126.

AJ. Cox, AJ. DeWeerd, J. Linden, An experiment to measure Mie and Rayleigh total
scattering cross sections, Am. J. Phys. 70 (2002) 620-625.

M. Liebl, Blue skies, coffee creamer, and Rayleigh scattering, Phys. Teach. 48 (2010)
300-301.

M. Gu, X. Gan, D. Xiaoyuan, Scattering of Light by Small Particles, Microscopic Im-
aging through Turbid Media: Monte Carlo Modeling and Applications, Springer-
Verlag, Berlin, 2015 15-23.

C.F. Bohren, D.R. Huffman, Absorption and Scattering of Light by Small Particles,
Wiley-VCH, 1998.

A. Ishimaru, Wave Propagation and Scattering in Random Media, Academic Press,
1978.

S. Johnsen, The physical basis of transparency in biological tissue, Am. Zool. 39
(1999)(115A-115A).

V.V. Tuchin, Polarized light interaction with tissues, J. Biomed. Opt. 21 (2016),
071114.


http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1280
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1285
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1285
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1285
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1290
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1290
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1295
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1295
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1300
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1300
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1305
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1305
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1310
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1310
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1315
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1315
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1315
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1320
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1320
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1325
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1325
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1325
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1330
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1330
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1335
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1335
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1335
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1340
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1340
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1340
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1345
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1345
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1345
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1350
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1350
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1350
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1355
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1355
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1360
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1360
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1360
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1365
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1365
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1365
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1370
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1370
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1370
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1375
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1375
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1375
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1375
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1380
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1380
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1380
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1385
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1385
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1390
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1390
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1395
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1395
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1400
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1400
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1400
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1405
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1405
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1410
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1410
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1410
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1410
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1415
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1415
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1415
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1420
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1420
https://doi.org/10.1117/1112.710987
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1430
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1430
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1435
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1435
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1435
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1435
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1440
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1440
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1445
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1445
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1450
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1450
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1450
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1455
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1455
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1460
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1460
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1465
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1465
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1470
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1470
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1470
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1475
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1475
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1480
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1485
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1485
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1490
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1490
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1490
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1495
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1495
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1500
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1500
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1505
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1505
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1510
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1510
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1515
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1515
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1520
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1520
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1520
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1525
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1525
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1525
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1530
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1530
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1535
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1535
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1540
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1540
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1545
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1545
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1545
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1550
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1550
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1555
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1555
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1560
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1560
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1565
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1565
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1570
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1570
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1575
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1575
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1580
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1580
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1580
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1585
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1585
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1590
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1590
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1590
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1595
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1595
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1600
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1600
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1605
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1605
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1610
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1610
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1610
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1615
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1615
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1620
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1620
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1625
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1625
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1630
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1630

[327]

[328]

[329]
[330]
[331]
[332]
[333]

[334]

[335]
[336]
[337]

[338]

[339]

[340]

[341]
[342]
[343]

[344]

[345]

[346]

[347]
[348]
[349]

[350]

[351]

1352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

C. Vinegoni et al. / Advanced Drug Delivery Reviews 151-152 (2019) 262-288

AX. Popp, M.T. Valentine, P.D. Kaplan, D.A. Weitz, Microscopic origin of light scat-
tering in tissue, Appl. Opt. 42 (2003) 2871-2880.

J.R. Mourant, J.P. Freyer, A.H. Hielscher, A.A. Eick, D. Shen, T.M. Johnson, Mecha-
nisms of light scattering from biological cells relevant to noninvasive optical-
tissue diagnostics, Appl. Opt. 37 (1998) 3586-3593.

V.V. Tuchin, Tissue optics and photonics: light-tissue interaction, J. Biomed. Pho-
tonics Eng. 1 (2015) 98-134.

W.E. Cheong, S.A. Prahl, AJ. Welch, A review of the optical-properties of biological
tissues, IEEE J. Quantum Electron. 26 (1990) 2166-2185.

S.P. Morgan, M.P. Khong, M.G. Somekh, Effects of polarization state and scatterer
concentration on optical imaging through scattering media, Appl. Opt. 36 (1997)
1560-1565.

Advanced Biophotonics: Tissue Optical Sectioning. , CRC Press, 2013.

S.R. Arridge, Optical tomography in medical imaging, Inverse Probl. 15 (1999)
R41-R93.

R. Marchesini, A. Bertoni, S. Andreola, E. Melloni, A.E. Sichirollo, Extinction and
absorption-coefficients and scattering phase functions of human-tissues in vitro,
Appl. Opt. 28 (1989) 2318-2324.

A. Yaroshevsky, Z. Glasser, E. Granot, S. Sternklar, Transition from the ballistic to
the diffusive regime in a turbid medium, Opt. Lett. 36 (2011) 1395-1397.

V. Ntziachristos, Going deeper than microscopy: the optical imaging frontier in bi-
ology, Nat. Methods 7 (2010) 603-614.

V. Tuchin, Tissue Optics: Light Scattering Methods and Instruments for Medical Di-
agnosis, SPIE Press, 2007.

D.B. Tata, M. Foresti, . Cordero, P. Tomashefsky, M.A. Alfano, R.R. Alfano, Fluores-
cence polarization spectroscopy and time-resolved fluorescence kinetics of native
cancerous and normal rat-kidney tissues, Biophys. J. 50 (1986) 463-469.
A.Pradhan, S.S. Jena, B.V. Laxmi, A. Agarwal, Fluorescence depolarization of normal
and diseased skin tissues, in: R.R. Alfano, A. Katzir (Eds.), Proc. SPIE 3250, Optical
Biopsy 1, SPIE 1998, pp. 78-82.

S.K. Mohanty, N. Ghosh, S.K. Majumder, P.K. Gupta, Depolarization of autofluores-
cence from malignant and normal human breast tissues, Appl. Opt. 40 (2001)
1147-1154.

J.L. Sandell, T.C. Zhu, A review of in-vivo optical properties of human tissues and its
impact on PDT, J. Biophotonics 4 (2011) 773-787.

V.V. Ghukasyan, A.A. Heikal, Natural Biomarkers for Cellular Metabolism: Biology,
Techniques, and Applications, CRC Press, 2014.

B.C. Wilson, G. Adam, A Monte-Carlo model for the absorption and flux distribu-
tions of light in tissue, Med. Phys. 10 (1983) 824-830.

L.H. Wang, S.L. Jacques, Hybrid model of Monte-Carlo simulation and diffusion-
theory for light reflectance by turbid media, J. Opt. Soc. Am. A 10 (1993)
1746-1752.

AXK. Dunn, V.P. Wallace, M. Coleno, M.W. Berns, B.J. Tromberg, Influence of optical
properties on two-photon fluorescence imaging in turbid samples, Appl. Opt. 39
(2000) 1194-1201.

J. Baeten, M. Niedre, ]. Dunham, V. Ntziachristos, Development of fluorescent mate-
rials for diffuse fluorescence tomography standards and phantoms, Opt. Express 15
(2007) 8681-8694.

K. Bahlmann, S.W. Hell, Electric field depolarization in high aperture focusing with
emphasis on annular apertures, J. Microsc. 200 (2000) 59-67.

H.E. Keller, Objective lenses for confocal microscopy, in: J.B. Pawley (Ed.), Hand-
book Of Biological Confocal Microscopy, Springer 1995, pp. 111-126.

F. Helmchen, W. Denk, Deep tissue two-photon microscopy, Nat. Methods 2
(2005) 932-940.

]JJ. Fisz, Another look at magic-angle-detected fluorescence and emission anisot-
ropy decays in fluorescence microscopy, J. Phys. Chem. A 111 (2007)
12867-12870.

M. Koshioka, K. Sasaki, H. Masuhara, Time-dependent fluorescence depolarization
analysis in 3-dimensional microspectroscopy, Appl. Spectrosc. 49 (1995) 224-228.
T. Ha, T.A. Laurence, D.S. Chemla, S. Weiss, Polarization spectroscopy of single fluo-
rescent molecules, J. Phys. Chem. B 103 (1999) 6839-6850.

R. Heintzmann, Structured illumination methods, in: ].B. Pawley (Ed.), Handbook
of Biological Confocal Microscopy, Springer-Verlag, Boston 2006, pp. 265-279.

V. Devauges, D.R. Matthews, ]. Aluko, J. Nedbal, J.A. Levitt, S.P. Poland, O. Coban, G.
Weitsman, ]. Monypenny, T. Ng, S.M. Ameer-Beg, Steady-state acceptor fluores-
cence anisotropy imaging under evanescent excitation for visualisation of FRET
at the plasma membrane, PLoS One 9 (2014), 0110695.

AH.A. Clayton, Q.S. Hanley, D.J. Arndt-Jovin, V. Subramaniam, T.M. Jovin, Dynamic
fluorescence anisotropy imaging microscopy in the frequency domain (rFLIM),
Biophys. J. 83 (2002) 1631-1649.

D. Axelrod, Carbocyanine dye orientation in red-cell membrane studied by micro-
scopic fluorescence polarization, Biophys. J. 26 (1979) 557-573.

K. Florinecasteel, Phospholipid order in gel-phase and fluid-phase cell-size lipo-
somes measured by digitized video fluorescence polarization microscopy, Biophys.
J. 57 (1990) 1199-1215.

C. Sheppard, P. Torok, An electromagnetic theory of imaging in fluorescence mi-
croscopy, and imaging in polarization fluorescence microscopy, Bioimaging 5
(1997) 205-218.

M. Tramier, K. Kemnitz, C. Durieux, ]. Coppey, P. Denjean, R.B. Pansu, M. Coppey-
Moisan, Restrained torsional dynamics of nuclear DNA in living proliferative mam-
malian cells, Biophys. ]. 78 (2000) 2614-2627.

Y.L. Yan, G. Marriott, Fluorescence resonance energy transfer imaging microscopy
and fluorescence polarization imaging microscopy, in: G. Marriott, I. Parker
(Eds.), Biophotonics, Pt A, Academic Press 2003, pp. 561-580.

K. Bahlmann, S.W. Hell, Depolarization by high aperture focusing, Appl. Phys. Lett.
77 (2000) 612-614.

[362]

[363]
[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]
[372]

[373]

[374]

[375]

[376]

287

P. Schon, F. Munhoz, A. Gasecka, S. Brustlein, S. Brasselet, Polarization distortion ef-
fects in polarimetric two-photon microscopy, Opt. Express 16 (2008)
20891-20901.

H. Kang, B.H. Jia, M. Gu, Polarization characterization in the focal volume of high
numerical aperture objectives, Opt. Express 18 (2010) 10813-10821.

]J. Fisz, Another treatment of fluorescence polarization microspectroscopy and im-
aging, J. Phys. Chem. A 113 (2009) 3505-3516.

U. Resch-Genger, P.C. Derose, Fluorescence standards: classification, terminology,
and recommendations on their selection, use, and production (IUPAC technical re-
port), Pure Appl. Chem. 82 (2010) 2315-2335.

U. Resch-Genger, K. Hoffmann, W. Nietfeld, A. Engel, ]. Neukammer, R. Nitschke, B.
Ebert, R. Macdonald, How to improve quality assurance in fluorometry:
fluorescence-inherent sources of error and suited fluorescence standards, J.
Fluoresc. 15 (2005) 337-362.

U. Resch-Genger, K. Hoffmann, C. Wurth, T. Behnke, A. Hoffmann, D. Pfeifer, A.
Engel, The toolbox of fluorescence standards: flexible calibration tools for the stan-
dardization of fluorescence-based measurements, in: E.M. Carapezza (Ed.), Proc.
SPIE 7666, Sensors, and Command, Control, Communications, and Intelligence,
SPIE, Orlando, Florida, United States, 2010.

Y.S. Sun, R.N. Day, A. Periasamy, Investigating protein-protein interactions in living
cells using fluorescence lifetime imaging microscopy, Nat. Protoc. 6 (2011)
1324-1340.

N. Boens, W.W. Qin, N. Basaric, ]. Hofkens, M. Ameloot, J. Pouget, J.P. Lefevre, B.
Valeur, E. Gratton, M. Vandeven, N.D. Silva, Y. Engelborghs, K. Willaert, A. Sillen,
G. Rumbles, D. Phillips, A. Visser, A. van Hoek, J.R. Lakowicz, H. Malak, L.
Gryczynski, A.G. Szabo, D.T. Krajcarski, N. Tamai, A. Miura, Fluorescence lifetime
standards for time and frequency domain fluorescence spectroscopy, Anal.
Chem. 79 (2007) 2137-2149.

D.M. Jameson, G. Weber, R.D. Spencer, G. Mitchell, Fluorescence polarization -
measurements with a photon-counting photometer, Rev. Sci. Instrum. 49 (1978)
510-514.

J.N. Demas, G.A. Crosby, Quantum efficiencies on transition metal complexes .2.
Charge-transfer luminescence, J. Am. Chem. Soc. 93 (1971) 2841-2847.

B. Witholt, L. Brand, Versatile spectrophotofluorometer-polarization fluorometer,
Rev. Sci. Instrum. 39 (1968)(1271-&).

A. Matczuk, P. Bojarski, I. Gryczynski, J. Kusba, L. Kulak, C. Bojarski, The influence of
water-structure on the rotational depolarization of fluorescence, J. Photochem.
Photobiol. A Chem. 90 (1995) 91-94.

S.V. Patil, M.M. Salunkhe, Fluorescent-labeled oligonucleotide probes with non-
nucleotide linker: detection of hybrid formation by fluorescence anisotropy, Nu-
cleosides Nucleotides 15 (1996) 1603-1610.

TJ.V. Prazeres, A. Fedorov, S.P. Barbosa, ].M.G. Martinho, M.N. Berberan-Santos, Ac-
curate determination of the limiting anisotropy of rhodamine 101. Implications for
its use as a fluorescence polarization standard, J. Phys. Chem. A 112 (2008)
5034-5039.

R. Luchowski, P. Sarkar, S. Bharill, G. Laczko, J. Borejdo, Z. Gryczynski, I. Gryczynski,
Fluorescence polarization standard for near infrared spectroscopy and microscopy,
Appl. Opt. 47 (2008) 6257-6265.

[377] JR. Lakowicz, 1. Gryczynski, Fluorescence intensity and anisotropy decay of the 4/,

6-diamidino-2-phenylindole-DNA complex resulting from one-photon and two-
photon excitation, J. Fluoresc. 2 (1992) 117-122.

[378] J.R. Lakowicz, I. Gryczynski, E. Danielsen, . Frisoli, Anisotropy spectra of indole and

[379]

[380]
[381]
[382]

[383]

n-acetyl-1-tryptophanamide observed for 2-photon excitation of fluorescence,
Chem. Phys. Lett. 194 (1992) 282-287.

J. Lukomska, 1. Gryczynski, J. Malicka, S. Makowiec, J.R. Lakowicz, Z. Gryczynski,
Two-photon induced fluorescence of Cy5-DNA in buffer solution and on silver is-
land films, Biochem. Biophys. Res. Commun. 328 (2005) 78-84.

I. Gryczynski, H. Malak, J.R. Lakowicz, Multiphoton excitation of the DNA stains
DAPI and Hoechst, Bioimaging 4 (1996) 138-148.

K.M. Kedziora, ].H.M. Prehn, J. Dobrucki, T. Bernas, Method of calibration of a fluo-
rescence microscope for quantitative studies, J. Microsc. 244 (2011) 101-111.

K. Hng, D. Dormann, Confocalcheck - a software tool for the automated monitor-
ing of confocal microscope performance, PLoS One 8 (2013), e79879.

J.C. Waters, T. Wittmann, Concepts in quantitative fluorescence microscopy,
Methods Cell Biol. 123 (2014) 1-18.

[384] ].C. Waters, Accuracy and precision in quantitative fluorescence microscopy, J. Cell

[385]

[386]
[387]

[388]

[389]

[390]

Biol. 185 (2009) 1135-1148.

K. Parmar, R. Kher, A comparative analysis of multimodality medical image fusion
methods, 2012 Sixth Asia Modelling Symposium, IEEE, Bali, Indonesia 2012,
pp. 93-97.

R. Wollman, N. Stuurman, High throughput microscopy: from raw images to dis-
coveries, J. Cell Sci. 120 (2007) 3715-3722.

A. Sacan, H. Ferhatosmanoglu, H. Coskun, CellTrack: an open-source software for
cell tracking and motility analysis, Bioinformatics 24 (2008) 1647-1649.

M. Tscherepanow, F. Zéllner, M. Hillebrand, F. Kummert, Automatic segmentation
of unstained living cells in bright-field microscope images, in: P. Perner, O.
Salvetti (Eds.), Advances in Mass Data Analysis of Images and Signals in Medicine,
Biotechnology, Chemistry and Food Industry: Third International Conference, MDA
2008 Leipzig, Germany, July 14, 2008 Proceedings, Springer, Berlin Heidelberg, Ber-
lin, Heidelberg 2008, pp. 158-172.

C. Wahlby, J. Lindblad, M. Vondrus, E. Bengtsson, L. Bjorkesten, Algorithms for cy-
toplasm segmentation of fluorescence labelled cells, Anal. Cell. Pathol. 24 (2002)
101-111.

F. Xing, L. Yang, Robust nucleus/cell detection and segmentation in digital pathol-
ogy and microscopy images: a comprehensive review, IEEE Rev. Biomed. Eng. 9
(2016) 234-263.


http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1635
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1635
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1640
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1640
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1640
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1645
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1645
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1650
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1650
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1655
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1655
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1655
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1660
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1665
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1665
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1670
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1670
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1670
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1675
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1675
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1680
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1680
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1685
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1685
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1690
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1690
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1690
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1695
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1695
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1695
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1700
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1700
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1700
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1705
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1705
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1710
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1710
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1715
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1715
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1720
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1720
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1720
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1725
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1725
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1725
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1730
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1730
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1730
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1735
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1735
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1740
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1740
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1745
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1745
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1750
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1750
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1750
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1755
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1755
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1760
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1760
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1765
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1765
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1770
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1775
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1775
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1775
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1780
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1780
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1785
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1785
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1785
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1790
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1790
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1790
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1795
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1795
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1795
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1800
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1800
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1800
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1805
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1805
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1810
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1810
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1810
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1815
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1815
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1820
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1820
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1825
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1825
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1825
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1830
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1830
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1830
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1830
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1835
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1840
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1840
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1840
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1845
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1850
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1850
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1850
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1855
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1855
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1860
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1860
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1865
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1865
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1865
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1870
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1870
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1870
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1875
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1875
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1875
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1875
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1880
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1880
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1880
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1885
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1885
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1885
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1890
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1890
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1890
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1895
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1895
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1895
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1900
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1900
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1905
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1905
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1910
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1910
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1915
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1915
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1920
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1920
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1925
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1925
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1925
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1930
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1930
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1935
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1935
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1940
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1945
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1945
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1945
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1950
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1950
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1950

288

[391]

[392]

[393]
[394]

[395]

[396]
[397]

[398]

[399]

[400]

[401]

[402]

[403]

[404]

[405]

[406]

[407]

[408]

[409]

[410]

[411]

[412]
[413]

[414]

[415]
[416]

[417]

C. Vinegoni et al. / Advanced Drug Delivery Reviews 151-152 (2019) 262-288

P. Shi, Y. Wang, H. Zhao, M. Wei, H. Hao, Heart segmentation based on mathemat-
ical morphology and Otsu in visible human project images, Sheng Wu Yi Xue Gong
Cheng Xue Za Zhi 24 (2007) 996-1000.

A.E. Carpenter, T.R. Jones, M.R. Lamprecht, C. Clarke, LH. Kang, O. Friman, D.A.
Guertin, J.H. Chang, R.A. Lindquist, J. Moffat, CellProfiler: image analysis software
for identifying and quantifying cell phenotypes, Genome Biol. 7 (2006) R100.
M.R. Lamprecht, D.M. Sabatini, A.E. Carpenter, CellProfiler: free, versatile software
for automated biological image analysis, BioTechniques 42 (2007) 71-75.

T.C. Ridler, Picture thresholding using an iterative selection method, IEEE Trans.
Syst. Man Cybern, 8, 1978, pp. 630-632.

J.N. Kapur, P.K. Sahoo, AK.C. Wong, A new method for gray-level picture
thresholding using the entropy of the histogram, Comput. Vis. Graph. Image Pro-
cess. 29 (1985) 273-285.

K. Padmanabhan, W.F. Eddy, ]J.C. Crowley, A novel algorithm for optimal image
thresholding of biological data, ]. Neurosci. Methods 193 (2010) 380-384.

E. Meijering, Cell segmentation: 50 years down the road, IEEE Signal Proc. Mag. 29
(2012) 140-145.

N. Malpica, C.0. de Solorzano, ].J. Vaquero, A. Santos, 1. Vallcorba, J.M. Garcia-
Sagredo, F. del Pozo, Applying watershed algorithms to the segmentation of clus-
tered nuclei, Cytometry 28 (1997) 289-297.

A. Dufour, R. Thibeaux, E. Labruyere, N. Guillen, J.C. Olivo-Marin, 3-D active
meshes: fast discrete deformable models for cell tracking in 3-D time-lapse mi-
croscopy, IEEE Trans. Image Process. 20 (2011) 1925-1937.

R. Maksimovic, S. Stankovic, D. Milovanovic, Computed tomography image ana-
lyzer: 3D reconstruction and segmentation applying active contour models
—'snakes’, Int. J. Med. Inform. 58-59 (2000) 29-37.

X. Wang, S. Wang, Y. Zhu, X. Meng, Image segmentation based on support vector
machine, Proceedings of 2012 2nd International Conference on Computer Science
and Network Technology, IEEE, Changchun, China 2012, pp. 202-206.

0.Z. Kraus, J.L. Ba, BJ. Frey, Classifying and segmenting microscopy images with
deep multiple instance learning, Bioinformatics 32 (2016) i52-i59.

Z.Yang, ].H. Lee, HM. Jeon, J.H. Han, N. Park, Y. He, H. Lee, K.S. Hong, C. Kang, ].S.
Kim, Folate-based near-infrared fluorescent theranostic gemcitabine delivery, J.
Am. Chem. Soc. 135 (2013) 11657-11662.

LE. Edgington, M. Verdoes, A. Ortega, N.P. Withana, J. Lee, S. Syed, M.H. Bachmann,
G. Blum, M. Bogyo, Functional imaging of legumain in cancer using a new
quenched activity-based probe, J. Am. Chem. Soc. 135 (2013) 174-182.

G.M. Van Dam, G. Themelis, L.M. Crane, N,J. Harlaar, R.G. Pleijhuis, W. Kelder, A.
Sarantopoulos, J.S. De Jong, H.J. Arts, A.G. Van Der Zee, Intraoperative tumor-
specific fluorescence imaging in ovarian cancer by folate receptor-[alpha]
targeting: first in-human results, Nat. Med. 17 (2011) 1315-1319.

D. Kedrin, B. Gligorijevic, ]. Wyckoff, V.V. Verkhusha, ]. Condeelis, J.E. Segall, ]. Van
Rheenen, Intravital imaging of metastatic behavior through a mammary imaging
window, Nat. Methods 5 (2008) 1019-1021.

L. Ritsma, E.J. Steller, E. Beerling, CJ. Loomans, A. Zomer, C. Gerlach, N. Vrisekoop, D.
Seinstra, L. van Gurp, R. Schéfer, Intravital microscopy through an abdominal imag-
ing window reveals a pre-micrometastasis stage during liver metastasis, Sci. Transl.
Med. 4 (2012) 158ra145.

L. Ritsma, EJ. Steller, S.I. Ellenbroek, O. Kranenburg, .H.B. Rinkes, J. Van Rheenen,
Surgical implantation of an abdominal imaging window for intravital microscopy,
Nat. Protoc. 8 (2013) 583-594.

J. Condeelis, R. Weissleder, In vivo imaging in cancer, CSH Perspect. Biol. 2 (2010)
a003848.

M. Alieva, L. Ritsma, RJ. Giedt, R. Weissleder, J. van Rheenen, Imaging windows for
long-term intravital imaging: general overview and technical insights, Intravital 3
(2014), €29917.

S. Lee, G. Courties, M. Nahrendorf, R. Weissleder, C. Vinegoni, Motion characteriza-
tion scheme to minimize motion artifacts in intravital microscopy, J. Biomed. Opt.
22 (2017), 036005.

S. Lee, C. Vinegoni, M. Sebas, R. Weissleder, Automated motion artifact removal for
intravital microscopy, without a priori information, Sci. Rep. 4 (2014) 4507.
C.Vinegoni, S. Lee, A.D. Aguirre, R. Weissleder, New techniques for motion-artifact-
free in vivo cardiac microscopy, Front. Physiol. 6 (2015) 147.

C. Vinegoni, S. Lee, P.F. Feruglio, R. Weissleder, Advanced motion compensation
methods for intravital optical microscopy, IEEE ]. Sel. Topics Quantum Electron.
20 (2014) 6800709.

D. Kim, H.G. Ryu, K.H. Ahn, Recent development of two-photon fluorescent probes
for bioimaging, Org. Biomol. Chem. 12 (2014) 4550-4566.

T. Kowada, H. Maeda, K. Kikuchi, BODIPY-based probes for the fluorescence imag-
ing of biomolecules in living cells, Chem. Soc. Rev. 44 (2015) 4953-4972.

N. Boens, V. Leen, W. Dehaen, Fluorescent indicators based on BODIPY, Chem. Soc.
Rev. 41 (2012) 1130-1172.

[418]

[419]

[420]

[421]

[422]

[423]

[424]

[425]

[426]

[427]

[428]

[429]

[430]

[431]

[432]

[433]

[434]

[435]

[436]

[437]

E. Wahlberg, T. Karlberg, E. Kouznetsova, N. Markova, A. Macchiarulo, A.-G.
Thorsell, E. Pol, A. Frostell, T. Ekblad, D. Oncii, Family-wide chemical profiling
and structural analysis of PARP and tankyrase inhibitors, Nat. Biotechnol. 30
(2012) 283-288.

B. Evers, R. Drost, E. Schut, M. de Bruin, E. van der Burg, P.W. Derksen, H. Holstege,
X. Liu, E. van Drunen, H.B. Beverloo, Selective inhibition of BRCA2-deficient mam-
mary tumor cell growth by AZD2281 and cisplatin, Clin. Cancer Res. 14 (2008)
3916-3925.

B.A. Gibson, W.L. Kraus, New insights into the molecular and cellular functions of
poly (ADP-ribose) and PARPs, Nat. Rev. Mol. Cell Biol. 13 (2012) 411-424.

V. Ossovskaya, 1.C. Koo, E.P. Kaldjian, C. Alvares, B.M. Sherman, Upregulation of poly
(ADP-ribose) polymerase-1 (PARP1) in triple-negative breast cancer and other pri-
mary human tumor types, Genes Cancer 1 (2010) 812-821.

F. Rojo, ]. Garcia-Parra, S. Zazo, 1. Tusquets, ]. Ferrer-Lozano, S. Menendez, P. Eroles,
C. Chamizo, S. Servitja, N. Ramirez-Merino, Nuclear PARP-1 protein overexpression
is associated with poor overall survival in early breast cancer, Ann. Oncol. 23
(2011) 1156-1164.

1. Biéche, G. De Murcia, R. Lidereau, Poly (ADP-ribose) polymerase gene expression
status and genomic instability in human breast cancer, Clin. Cancer Res. 2 (1996)
1163-1167.

A. Galia, A. Calogero, R. Condorellj, F. Fraggetta, C. La Corte, F. Ridolfo, P. Bosco, R.
Castiglione, M. Salemi, PARP-1 protein expression in glioblastoma multiforme,
Eur. ]. Histochem. 56 (2012) 45-48.

V.N. Barton, A.M. Donson, B. Kleinschmidt-DeMasters, L. Gore, A.K. Liu, N.K.
Foreman, PARP1 expression in pediatric central nervous system tumors, Pediatr.
Blood Cancer 53 (2009) 1227-1230.

D.A. Bachovchin, SJ. Brown, H. Rosen, B.F. Cravatt, Identification of selective inhib-
itors of uncharacterized enzymes by high-throughput screening with fluorescent
activity-based probes, Nat. Biotechnol. 27 (2009) 387-394.

J. Mateo, S. Carreira, S. Sandhu, S. Miranda, H. Mossop, R. Perez-Lopez, D.N.
Rodrigues, D. Robinson, A. Omlin, N. Tunariu, G. Boysen, N. Porta, P. Flohr, A.
Gillman, I. Figueiredo, C. Paulding, G. Seed, S. Jain, C. Ralph, A. Protheroe, S.
Hussain, R. Jones, T. Elliott, U. McGovern, D. Bianchini, ]. Goodall, Z. Zafeiriou, C.T.
Williamson, R. Ferraldeschi, R. Riisnaes, B. Ebbs, G. Fowler, D. Roda, W. Yuan,
Y.M. Wy, X. Cao, R. Brough, H. Pemberton, R. A'Hern, A. Swain, L.P. Kunju, R.
Eeles, G. Attard, CJ. Lord, A. Ashworth, M.A. Rubin, K.E. Knudsen, F.Y. Feng, A.M.
Chinnaiyan, E. Hall, J.S. de Bono, DNA-repair defects and olaparib in metastatic
prostate cancer, N. Engl. ]. Med. 373 (2015) 1697-1708.

T. Reiner, ]. Lacy, E.J. Keliher, K.S. Yang, A. Ullal, R.H. Kohler, C. Vinegoni, R.
Weissleder, Imaging therapeutic PARP inhibition in vivo through bioorthogonally
developed companion imaging agents, Neoplasia 14 (2012) 169-177.

S. Kossatz, C. Brand, S. Gutiontov, J.T.C. Liu, N.Y. Lee, M. Gonen, W.A. Weber, T.
Reiner, Detection and delineation of oral cancer with a PARP1 targeted optical im-
aging agent, Sci. Rep. 6 (2016).

L.A. Honigberg, A.M. Smith, M. Sirisawad, E. Verner, D. Loury, B. Chang, S. Li, Z.Y.
Pan, D.H. Thamm, RA. Miller, ]J. Buggy, The Bruton tyrosine kinase inhibitor PCI-
32765 blocks B-cell activation and is efficacious in models of autoimmune disease
and B-cell malignancy, PNAS 107 (2010) 13075-13080.

J.A. Burger, Bruton's tyrosine kinase (BTK) inhibitors in clinical trials, Curr.
Hematol. Malig. Rep. 9 (2014) 44-49.

D. Vetrie, I. Vorechovsky, P. Sideras, ]. Holland, A. Davies, F. Flinter, L.
Hammarstrom, C. Kinnon, R. Levinsky, M. Bobrow, C.LE. Smith, D.R. Bentley, The
gene involved in x-linked agammaglobulinemia is a member of the SRC family
of protein-tyrosine kinases, Nature 361 (1993) 226-233.

S. Tsukada, D.C. Saffran, DJ. Rawlings, O. Parolini, R.C. Allen, I. Klisak, R.S. Sparkes,
H. Kubagawa, T. Mohandas, S. Quan, ].W. Belmont, M.D. Cooper, M.E. Conley, O.N.
Witte, Deficient expression of a B-cell cytoplasmic tyrosine kinase in human x-
linked agammaglobulinemia, Cell 72 (1993) 279-290.

A. Mangla, A. Khare, V. Vineeth, N.N. Panday, A. Mukhopadhyay, B. Ravindran, V.
Bal, A. George, S. Rath, Pleiotropic consequences of Bruton tyrosine kinase defi-
ciency in myeloid lineages lead to poor inflammatory responses, Blood 104
(2004) 1191-1197.

C. Eifert, X.H. Wang, L. Kokabee, A. Kourtidis, R. Jain, M.J. Gerdes, D.S. Conklin, A
novel isoform of the B cell tyrosine kinase BTK protects breast cancer cells from ap-
optosis, Genes Chromosom. Cancer 52 (2013) 961-975.

Y. Wang, LL. Zhang, REE. Champlin, M.L. Wang, Targeting Bruton's tyrosine kinase
with ibrutinib in B-cell malignancies, Clin. Pharmacol. Ther. 97 (2015) 455-468.
A. Turetsky, E. Kim, R.H. Kohler, M.A. Miller, R. Weissleder, Single cell imaging of
Bruton's tyrosine kinase using an irreversible inhibitor, Sci. Rep. 4 (2014) 4782.


http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1955
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1955
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1955
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1960
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1960
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1960
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1965
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1965
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1970
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1970
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1975
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1975
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1975
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1980
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1980
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1985
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1985
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1990
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1990
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1990
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1995
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1995
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf1995
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2000
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2000
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2000
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2005
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2005
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2005
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2010
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2015
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2020
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2025
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2030
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2035
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2040
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2045
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2045
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2050
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2055
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2060
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2060
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2065
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2065
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2070
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2075
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2075
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2080
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2085
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2085
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2090
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2095
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2100
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2105
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2110
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2115
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2120
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2125
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2125
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2125
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2130
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2135
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2140
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2145
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2150
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2155
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2155
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2160
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2165
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2170
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2175
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2180
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2185
http://refhub.elsevier.com/S0169-409X(18)30027-9/rf2185

	Fluorescence anisotropy imaging in drug discovery
	1. Introduction
	2. Fluorescence anisotropy basic principles
	2.1. History
	2.2. Definitions
	2.3. One-photon steady state and time-resolved anisotropy
	2.3.1. Limiting and fundamental fluorescence anisotropies
	2.3.2. Perrin equation
	2.3.3. Additive property of fluorescence anisotropy
	2.3.4. Fluorescence anisotropy with excitation by unpolarized (natural) light
	2.3.5. Anisotropy decays
	2.3.6. Associated anisotropy decays

	2.4. Two-photon fluorescence anisotropy
	2.4.1. Simultaneous multi-photon excitation
	2.4.2. Two-color two-photon excitation

	2.5. Depolarization factors

	3. Fluorescence polarization/fluorescence anisotropy assay
	3.1. Design of fluorescently labeled compounds
	3.2. High-throughput screening

	4. Imaging microscopy
	4.1. Wide field microscopy
	4.2. Confocal microscopy
	4.3. Spinning disk microscopy
	4.4. Homo-FRET imaging
	4.5. Time resolved fluorescence imaging microscopy
	4.6. Two-photon microscopy
	4.7. Super-resolution microscopy

	5. Methods in fluorescence anisotropy microscopy
	5.1. Experimental setup
	5.2. Fluorescence microscopy image acquisition
	5.3. Noise in fluorescence microscopy
	5.4. Effects of noise in confocal microscopy
	5.5. Anisotropy imaging and noise filtering

	6. Sources of errors in fluorescence anisotropy imaging
	6.1. Scattering
	6.2. Objective numerical aperture
	6.3. Instrument calibration
	6.4. Detectors acquisition schemes

	7. Measurements of drug-target engagement
	7.1. Fluorescence anisotropy visualization
	7.2. Cell segmentation
	7.3. Measurement and quantification of single cell drug-target engagement
	7.3.1. Labeling fluorophore choice
	7.3.2. Fluorescence anisotropy two photon imaging of fluorescently labeled drug

	7.4. Competitive binding of matched fluorescently labeled drugs

	8. Conclusions
	Acknowledgements
	References


