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ABSTRACT: The mechanisms of drug—receptor interactions and the controlled delivery of drugs
via biodegradable and biocompatible nanoparticulate carriers are active research fields in
nanomedicine. Many clinically used drugs target G-protein coupled receptors (GPCRs) due to
the fact that signaling via GPCRs is crucial in physiological and pathological processes and thus
central for the function of biological systems. In this letter, a fast and reliable ratiometric
fluorescence lifetime imaging microscopy (rmFLIM) approach is described to analyze the
distribution of protein—ligand complexes in the cellular context. Binding of the fluorescently
labeled antagonist naloxone to the G-protein coupled u-opioid receptor is used as an example. To
show the broad applicability of the rmFLIM method, we extended this approach to investigate the
distribution of polymer-based nanocarriers in histological liver sections.
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luorescence lifetime imaging (FLIM) is a technique that can
be used to extract information about macromolecules from
biological samples on the basis of the sensitivity of the spectral
and temporal fluorescence properties to the physicochemical
environment." In combination with Forster resonance energy
transfer (FRET) FLIM is a widely used method to map protein—
protein interactions on the nanometer-scale in living cells.' >
Genetically encoded fluorescent proteins expressed as fusions with
the target proteins are predominantly used as donor and acceptor
molecules within living cells.* The use of organic fluorophores is
less common in this type of experiment. In the case of membrane
receptors or intracellular proteins that bind extracellular ligands,
however, organic fluorophores are the dye of choice to label the
ligand.>~” Fluorescence intensity based imaging methods are often
used to localize the cellular sites where the ligand binds to its
cognate receptor,”® but these techniques may be biased by
unspecific binding and distribution of the ligand in various
subcellular compartments. Here again, FLIM measurements
may provide an advantage based on the sensitivity of the fluores-
cence lifetime properties to the physicochemical environment. We
show in this letter a fast and reliable FLIM based method for
localization of target molecules and their discrimination against the
fluorescent background of cell membranes and tissue.
FRET measured via fluorescence lifetime relies on the short-
ening of the donor lifetime due to the radiationless energy
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transfer to the acceptor.” However, not only FRET but also
the physicochemical environment including other quenching
processes may affect the fluorescence lifetime. A shortening of
the fluorescence lifetime is seen, for instance, in the case of static
and dynamic quenching by quencher molecules or for photo-
induced energy transfer processes based on the interaction of
organic dyes with tryptophan.” We recently detected that binding
of an organic fluorophore to the protein matrix of the GPCR
rhodopsin via a reactive cysteine residue also resulted in a
significant decrease of the fluorescence lifetime of the bound
fluorophore compared to the unbound fluorescent dye.'®” "> The
time-resolved fluorescence was measured by using time-corre-
lated single photon counting, and the decay curves obtained were
fitted to a number of exponential functions.'”'® Figure 1A—C
shows the fluorescence lifetime curves of fluorescein (Flu) free in
solution, fluorescein bound to cysteine (Cys-Flu), and fluores-
cein bound to Cys316 in the opsin molecule (Opsin-Cys316-
Flu). While covalent binding of fluorescein to the small molecule
cysteine results only in a marginal change of the fluorescence life-
time curve (Figure 1B), the quenching effect is clearly visible for
Opsin-Cys316-Flu (Figure 1C). The data were significantly
better fitted by using multiexponentials compared with one.
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Figure 1. Fluorescence lifetime curves in dependence of environment. (A and D) fluorescein free in solution (Flu; 1 #«M); (B) fluorescein covalently
bound to cysteine (Cys-Flu; 2 uM); (C) fluorescein bound to the protein matrix of opsin via cysteine 316 (Opsin-Cys316-Flu; S «M; 20—30% labeling
stoichiometry); (E) fluorescein covalently coupled to naloxone (NLX-Flu; 1.2 #uM); and (F) NLX-Flu (1.2 uM) bound to MOR expressed in HEK293
cell membranes. Dashed lines in parts B, C, E, and F indicate the lifetime decay of free fluorescein. Red lines are exponential fits to the measurement data.
Fit results are summarized in Table 1 of the Supporting Information. Conditions: 150 mM NaCl, pH 7.5, 20 °C. Fluorescence excitation was at 485 nm;
emission was detected with color cutoff filter OGS1S or a band-pass filter S00—550 nm.

In addition to the decrease of the 4 ns fluorescence lifetime
component of free fluorescein to 3.6 ns, two shorter decay
components with 74% of the total amplitude were extracted
from the fit. Here, the shortening of the fluorescence lifetime
results from additional dynamic interaction of the bound dye
with the surrounding protein matrix, which functions as a
quencher.

On the basis of this observation, we propose, in analogy to
FRET-FLIM, a ratiometric FLIM (rmFLIM) approach, which
relies on the specific multiexponential lifetime signature of a
protein—ligand complex that is unique compared to the fluor-
escence lifetime distribution of the background. An advantage
over FRET-FLIM is that only one fluorophore is needed.

We tested the rmFLIM approach for the analysis of u-opioid
receptor (MOR) expression and ligand binding in human
embryonic kidney (HEK)-293 cells, a widely used system for
transfection and mutagenesis of GPCR."* The human MOR
plays a central role in the modulation of pain perception and
mediates the analgesic and addictive properties of opiate drugs,
including morphine."”® The commonly used assay for ligand
binding to the expressed opioid receptors is based on the binding
of radioligands."® Radioactivity in the extracted cell or tissue
fractions is measured by scintillation counting. The advantage of
the proposed rmFLIM approach is 2-fold: (1) Fluorescence
instead of radioactivity is used as readout, and (2) not only ligand
binding but also the subcellular distribution of the expressed
receptor to which the ligand binds can be spatially resolved in a
single step without further time-consuming sample preparation
and washing steps. As a ligand we used the MOR antagonist
naloxone coupled to fluorescein (NLX-Flu). Figure 1D—F
shows the fluorescence lifetime curves of fluorescein (Flu) free
in solution, NLX-Flu, and NLX-Flu bound to MOR. The lifetime
curves were obtained by time-correlated single photon counting
within a confocal laser scanning FLIM setup consisting of an
Olympus IX71 microscope equipped with a 40X objective lens, a
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Figure 2. rmFLIM of NLX-Flu binding to MOR expressed in HEK293
cell membranes. (A) Fluorescence intensity image of membrane frag-
ments from untransfected HEK293 cells (-MOR) incubated with NLX-
Flu (1.2 uM). (B) rmFLIM image for data shown in part A. False color
coding based on the amplitude ratio a,/a, of the two fluorescein lifetime
components obtained from a global fit with 7; = 1 ns and 7, = 4 ns. The
structure of NLX-Flu is shown. (C) Intensity image of membrane
fragments from HEK cells expressing MOR incubated with NLX-Flu
(12 uM). (D) rmFLIM image of part C with false color coding.
Conditions: 150 mM NaCl, S mM Tris pH 7.5, 20 °C. Fluorescence
excitation was at 485 nm; emission was detected with a band-pass filter
500—550 nm. Scale bar: 20 ym.

confocal scanning unit (DCS-120, Becker & Hickel, Berlin,
Germany), and a Ti:sapphire Tsunami laser pumped by a solid
state Millenia V laser (Spectra Physics) in the mode-locked
picosecond-pulsed regime. The fluorescence lifetime curve of
NLX-Flu is similar to that of free fluorescein. The effect is
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comparable to the binding of fluorescein to cysteine, as both
cysteine and naloxone can be viewed as small molecules to which
the dye is covalently bound. As expected from the results with
opsin (Figure 1C), binding of NLX-Flu to MOR results in a
fluorescence lifetime curve that exhibits multiexponential decay
behavior (Figure 1F). In addition to the 4 ns fluorescence lifetime
component of free fluorescein, a 1 ns decay component with 55%
of the total amplitude was extracted from the fit. Although the
quenching effect mediated through the protein matrix is overall
similar for both opsin and MOR, the differences in fluorescein
lifetimes and corresponding amplitudes are attributed to the
specific protein or protein/membrane environments. To discri-
minate between MOR-bound NLX-Flu and nonspecific binding
in the FLIM images of HEK293 cell membranes (Figure 2), we
used global fluorescence lifetime fitting with two lifetimes of 1.0
and 4.0 ns. As the 4 ns lifetime component is reduced in its
relative amplitude from 91% to 45% upon specific binding to
MOR, we color-coded the image pixels according to the ratio of
the relative amplitudes of the two lifetime components from the
global fit. For free NLX-Flu the ratio between the amplitudes of
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Figure 3. Displacement of NLX-Flu by NLX in rmFLIM images. (A
and B) rmFLIM image of MOR containing cell membranes with NLX-
Flu (1 #M) bound to MOR (red). (B) Addition of 0.1 M nonfluor-
escent NLX to cell membranes shown in part A. Color coding is
according to Figure 2. (C) Dose—response curve for displacement of
NLX-Flu bound to MOR by nonfluorescent NLX. Data points represent
the mean from five independent determinations. The standard deviation
is given. The half-maximum concentration for displacement determined
from the fit (solid line) is 0.05 uM. Conditions as in Figure 2.

the two lifetime components (a,/a,) is about 10; for specific
binding of NLX-Flu to MOR the amplitude ratio is about 0.8. As
a threshold we used 1.5, which corresponds to 60% relative
amplitude of the 4-ns-lifetime species. Values below 1.5 indicate
specific binding and are colored in red, values between 1.5 and 10
indicate nonspecific interactions and are colored in blue. Figure 2
compares the fluorescence intensity based images with the FLIM
images of HEK293 cells expressing MOR and control cells
transfected with the empty expression vector. While in the
fluorescence intensity based images the cell membranes of both
cell types are visible due to specific and nonspecific binding of the
hydrophobic ligand NLX-Flu, the rmFLIM images allow a clear-
cut discrimination between specific and nonspecific ligand bind-
ing. The control HEK293 cell membranes in Figure 2B display a
homogeneous blue coloring in the rmFLIM images. Cell mem-
branes from HEK293 cells expressing MOR predominantly show
specific binding of NLX-Flu to MOR, as indicated by the red
coloring in the rmFLIM image (Figure 2D). The distribution of
the ligand-bound receptor, however, is not homogeneous
throughout the cell membrane, consistent with the concept of
localization within lipid rafts.'” To verify the specific binding of
NLX-Flu to MOR, we used unlabeled naloxone (NLX) in
increasing concentrations to displace NLX-Flu from the recep-
tor. Figure 3 shows a dose—response curve for the displacement
of NLX-Flu. The increase of the fluorescence lifetime amplitude
ratio (red to blue transition) within a selected membrane region,
corresponding to the displacement of specifically bound NLX-
Flu by unlabeled NLX, is shown in Figure 3A and B. The decrease
of the amount of bound NLX-Flu as a function of increasing NLX
concentrations in Figure 3C clearly shows the specific binding of
NLX-Flu to the MOR expressing HEK293 cells and thus the
applicability of our rmFLIM approach.

In a next step we extended the rmFLIM method to the analysis
of the fate of a polymer based nanocarrier for drug delivery in the
metabolic clearance process. We used a polyanionic, dendritic
polyglycerolsulfate (dPGS) labeled with a fluorescent indocarbo-
cyanine dye (ICC, spectrally analog to Cy3) as shown in
Figure 4A,B."*" ICC in solution exhibits a fast fluorescence
lifetime of 0.25 ns.?° In its dPGS- -conjugate state, however, the
time-resolved fluorescence data were significantly better fitted by
using two exponentials compared with one. In addition to a short
decay component of 0.27 ns, we observed a longer fluorescence
lifetime of 1.1 ns with a relative amplitude of 14% (Figure 4C). We
assign the short-lifetime species to freely rotating ICC molecules,
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Figure 4. Fluorescence properties of ICC bound to dPGS. (A) Structure of dPGS;'? the green star represents the covalently bound fluorescent dye ICC
(structure in inset of part C). (B) Absorption and emission spectra of dPGS-ICC. Fluorescence excitation was at 485 nm. (C) Fluorescence lifetime trace
of dPGS-ICC. The dashed black line indicates the lifetime decay curve of the free ICC derivative used in the study. The red line is a biexponential fit to the
data. Fit results are summarized in Table 1 (Supporting Information). Fluorescence excitation was at 485 nm; emission was detected with a band-pass

filter 590—650 nm. Conditions: 150 mM NaCl, S mM Tris pH 7.5, 20 °C.
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Figure S. Discrimination of dPGS-ICC fluorescence against the auto-
fluorescent background of liver tissue. (A) Autofluorescence of liver by
confocal raster scanning microscopy. Excitation at 485 nm, emission
filter HQ 620/60 nm. In the histological liver section sinusoids (S) and
hepatocytes (H) with nuclei (N) run toward the centrally located central
vein (CV). Scale bar: 25 um. (B) Histological image of a liver section
stained with hematoxylin and eosin at 1 #m thickness from the same
sample as in part A. The hepatocytes (H) are arranged radially in plates
around the centrally located central vein (CV). Sinusoids (S) run
between hepatic plates. The polygonal hepatocytes (H) contain a
centrally located nucleus (N) surrounded by high amount of eosino-
philic cytoplasm. Scale bar: 25 um. (C) FLIM image of a paraffin
embedded rat liver tissue sample with dPGS-ICC morphologically
corresponding to a region shown in part D. False color coding is based
on the mean lifetime of a global lifetime fit with three components
(measurement at 20 °C). Scale bar: 40 um. (D) Histological image
stained with hematoxylin and eosin. Cells with small elongated spindle
shaped nuclei of Kupffer cells (K) are located in the sinusoids (S) that
clearly distinguish Kupffer cells from hepatocytes (H) with round
vesiculated nuclei (N). Scale bar: 40 um. (E, F) Comparison of
rmFLIM images of liver sections with and without dPGS-ICC
(+dPGS-ICC and —dPGS-ICC) morphologically corresponding to
part D. Color coding is based on the amplitude ratio a,/a, of a global
lifetime fit with three components (7, = 0.27 ns, 7, = 1.1 ns, 73 =
3.5 ns). The dPGS-ICC fluorescence signature (red) is located in areas
of sinusoids in a patchy pattern, consistent with Kupffer cells (see the
Supporting Information). Fluorescence excitation was at 485 nm;
emission was detected with a band-pass filter HQ 620/60 nm. Scale
bar: 40 ym.

where the excited state is rapidly relaxed by cis—trans photoisome-
rization occurring in the polymethine linker.”® The 1.1 ns lifetime
probably arises from ICC molecules in which rotation about the

polymethine linkage of the fluorophore is constrained. In our
case, the constrained rotation is mediated by interaction with the
polyglycerol branches of the nanocarrier. Thus, the interaction of
ICC dyes with the nanocarrier matrix results in an additional
longer fluorescence lifetime with an amplitude ratio (a,/a,)
between the two lifetime species of about 6.

For FLIM measurements we used paraffin embedded liver
sections from rats previously injected (iv) with dPGS-ICC. A
control sample from untreated rats was also prepared. Liver
tissue is known for its autofluorescence.”” Figure SA shows the
autofluorescence of liver tissue under conditions of fluorescence
excitation and emission used for the detection of ICC in our
FLIM setup. A corresponding histological micrograph (Haema-
toxylin and eosin stain) is provided in Figure SB. A FLIM image
of a liver section with dPGS-ICC is shown in Figure 5C. The
time-resolved autofluorescence data in the FLIM image of liver
sections without dPGS-ICC were best fitted by using three
exponentials with peaks in the lifetime histogram at about 0.27,
1.1, and 3.5 ns (see the Supporting Information). As the two
shortest lifetime species (0.27 and 1.1 ns) extracted from the liver
autofluorescence are in the same range as the two lifetimes of
dPGS-ICC, a “lifetime only”-based localization of dPGS-ICC is
not feasible. To discriminate the ICC fluorescence against the
autofluorescent background, we color-coded the FLIM images
according to the amplitude ratio of the two shortest lifetime
components (a,/a,) from the global fit. The a,/a,-value of the
autofluorescent background ranges from about 0.5 to 4.5. The
amplitude ratio (a,/a,) for the two lifetime species of dPGS-ICC
is about 6. As a threshold we used 5, which corresponds to 80%
and 16% relative amplitude of the 0.27 and 1.1 ns lifetime species,
respectively. Amplitude ratio values above 5, indicating dPGS-
ICC, are colored in red. Amplitude ratio values between 0.5 and §
indicate autofluorescent background and are colored in blue. The
rmFLIM images in Figure SE and F allow a clear-cut discrimina-
tion between autofluorescent background and the localization of
the dPGS-ICC in the liver tissue. While in the control liver
sections a predominantly homogeneous blue coloring is visible
(Figure SE), the localization of the dPGS-ICC nanocarriers in
red shows a patchy pattern in the liver sinusoids (Figure SF, see
the Supporting Information). This pattern is virtually identical
with the distribution of Kupffer cells (Figure SD), a phagocyto-
tically competent cell type.

In summary, we have shown that a consequent application of
the FLIM analysis capabilities in the version of rmFLIM together
with the unique fluorescence lifetime features of the target molecule
allows for an easy and fast localization of the target molecule in
the cellular context or within tissues. We note that for receptor—
ligand complexes the specific binding of the ligand can be observed
directly after addition of the fluorescently labeled ligand without
any further washing or purification steps, as the ratiometric approach
allows for effective background suppression.
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