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F
luorescence techniques are among
the most frequently employed meth-
ods in bioanalysis and biomedical

imaging due to their comparable ease of
use, high sensitivity, and high information
content providing several analyte-specific
quantities simultaneously,1 even in com-
plex biological systems.2 At the core of all
fluorescence-based methods are fluores-
cent labels or reporters, acting, for example,
as signaling units in targeted probes or
sensor molecules, which can be excited
and detected with common commercial
instruments.3�8 Important features of suita-
ble fluorophores are a high brightness,
excellent long-term stability, negligible toxi-
city, and minimum nonspecific interactions
with, for example, a complex biomatrix.
In addition, there is an increasing interest
in fluorophores that enable the simulta-
neous detection of several analytes or tar-
gets in multiplexed assays or in sensing and
imaging applications. Typically, the increase

in information content from bioassays and
bioimaging is achieved with spectral multi-
plexing exploiting dyes that can be excited
at the same wavelength and distinguished
by their different emission spectra. Alterna-
tively, donor�acceptor dye combinations
can be used. This, however, requires either
different detectors, one for each emission
color, or a spectrally resolving detection
system.9 Despite the ever-increasing variety
of commercial organic fluorophores, spec-
tral multiplexing with organic dyes is ham-
pered by the comparatively broad, often
overlapping absorption and emission spec-
tra and the typically small Stokes shifts,
favoring spectral crosstalk in emission.3

An attractive option presents fluorescence
lifetime multiplexing, i.e., the discrimination
between fluorophores based on their differ-
ent fluorescence decay kinetics. This ap-
proach relies on fluorescent labels with
sufficiently different lifetimes, yet excitable
at the same wavelength and detectable
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ABSTRACT The increase in information content from bioassays

and bioimaging requires robust and efficient strategies for the

detection of multiple analytes or targets in a single measurement,

thereby addressing current health and security concerns. For fluores-

cence techniques, an attractive alternative to commonly performed

spectral or color multiplexing presents lifetime multiplexing and the

discrimination between different fluorophores based on their fluores-

cence decay kinetics. This strategy relies on fluorescent labels with

sufficiently different lifetimes that are excitable at the same wave-

length and detectable within the same spectral window. Here, we report on lifetime multiplexing and discrimination with a set of nanometer-sized particles

loadedwith near-infrared emissive organic fluorophores chosen to display very similar absorption and emission spectra, yet different fluorescence decay kinetics

in suspension. Furthermore, as a first proof-of-concept, we describe bioimaging studies with 3T3 fibroblasts and J774 macrophages, incubated with mixtures of

these reporters employing fluorescence lifetime imaging microscopy. These proof-of-concept measurements underline the potential of fluorescent nanoparticle

reporters in fluorescence lifetime multiplexing, barcoding, and imaging for cellular studies, cell-based assays, and molecular imaging.

KEYWORDS: fluorescence lifetime imaging microscopy . FLIM . lifetime multiplexing . near-infrared . NIR . cell imaging .
nanoparticles
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within the same spectral window. Moreover, in con-
trast to relative fluorescence intensities, the fluores-
cence lifetime is insensitive to variations in excitation
light intensity and dye concentration. This renders
fluorescence lifetime measurements ideal for imaging
and sensing applications10,11 and multiplexed detec-
tion and barcoding.12 For cellular and also in vivo

imaging studies, fluorescence measurements in the
near-infrared (NIR) are favorable tominimize unspecific
background signals and increase the penetration
depth of the excitation light.10,11,13 The vast majority
of the few lifetime multiplexing applications reported,
however, have been performed with fluorophores
emitting in the visible (vis) region due to restrictions
imposed by the photophysics of organic dyes.1 Up to
now, there are only very few studies on imaging and
lifetime multiplexing with NIR-emissive dyes,14�18 due
to the often reported sensitivity of their spectroscopic
properties to their local environment and limited signal
intensity, stability, and water solubility. Dye encapsula-
tion elegantly circumvents possible interactions with
their surrounding matrix.19,20 This can be advanta-
geous, for example, for the design of fluorescent
reporters for lifetime-based fluorescence imaging of
cells since this strategy should render the decay
kinetics of each particle independent of its location
within the cell and enable the prediction of label decay
kinetics from time-resolved fluorescence measure-
ments with the reporters in suspension. Moreover,
dye-loaded polystyrene (PS) nanoparticles (PSNP) also
permit the use of hydrophobic dyes21�23 and the
development of ratiometric probes24 and improve
label brightness.1,25�34 In addition, the incorporation
of NIR fluorophores into NPs often enhances their
photostability and minimizes their possible chemical
and photochemical cytotoxicity.35�39

This encouraged us to study different organic dyes
encapsulated in PSNP for the development of a plat-
form of fluorescent reporters for lifetime multiplexing
and imaging, e.g., to enable the detection and mon-
itoring of different targets and interactions between
probe and biomolecules,40 and to perform fluores-
cence lifetime imaging studies in the NIR. PSNP were
chosen here because of their negligible toxicity in
cellular and animal studies21,24 and their availability
with different surface groups, enabling straightforward
functionalization with, for example, biomarker-specific
ligands such as antibodies.21 Although this encapsula-
tion approach was expected to yield complex decay
kinetics due to the heterogeneity of the dye micro-
environment in the PS matrix, previous studies with
mixtures of quantum dots and organic dyes, all reveal-
ing multiexponential decay kinetics, demonstrated
that even under such conditions label discrimination
and quantification are possible.16,41�45

Here, we report on a newly prepared set of differ-
ently sized PSNP loaded with NIR dyes absorbing and

emitting in the same spectral window, yet revealing
different fluorescence decay kinetics, and their appli-
cation in a proof-of-principle study on lifetime multi-
plexing in living cells. In this respect, we studied
the potential of fluorescence lifetime-based analysis
to distinguish between differently stained PSNP in
suspension as well as in fibroblast and macrophage
cells incubated with different mixtures of these parti-
cles employing fluorescence lifetime imaging micro-
scopy (FLIM).

RESULTS AND DISCUSSION

Spectroscopic Properties of Encapsulated NIR Fluorescent
Dyes. For the preparation of 25 nm- and 100 nm-sized
PSNP, we used a previously described staining proce-
dure that does not affect the size or the size distribu-
tion of the originally monodisperse particles.22,23,46

Several hydrophobic NIR dyes were evaluated in or-
ganic solvents. Criteria for dye choice included the
feasibility for (i) excitation at the same wavelength
(determined by the spectral position of the absorption
band), (ii) detection at the same emission wavelength/
emission channel (controlled by the spectral position
of the emission band), and (iii) sufficiently different
fluorescence lifetimes, preferably varying by a factor of
at least two. Especially the latter requirement presents
a considerable challenge for NIR emitters, which com-
monly reveal relatively short fluorescence lifetimes in
the range of ca. 0.5 to 2.0 ns, with very few exceptions
such as certain squaraine dyes47 and pyrrolopyrrole
cyanines.48 On the basis of these requirements, we
chose the asymmetric cyanine Itrybe23 and the com-
mercially available squaraine dye Sq730 for this study.
The broad and unstructured absorption and emission
spectra of Itrybe and its relatively large Stokes shift
(Figure 1) suggest a considerable charge transfer char-
acter of the underlying optical transitions.1 Sq730
shows relatively narrow and slightly structured absorp-
tion and emission bands in organic solutions, charac-
teristic of a dyewith optical transitions delocalized over
the whole chromophore (Figure 1). The emission spec-
tra of both dyes encapsulated in the apolar and rigid PS
matrix closely resemble the spectral shape and posi-
tion of the corresponding spectra in tetrahydrofuran
(THF). Due to signal-distorting scattering effects,
the absorption spectra of the dye-loaded PSNP were
omitted in Figure 1.46 The negligible influence of the
PS matrix on the spectroscopic properties is a particu-
larly beneficial property of both dyes. It allows mea-
surements of the free dyes in solution and of the
stained particles using identical excitation and emis-
sion parameters, e.g., in fluorescence spectroscopy and
microscopy.

Screening studies to assess the principal potential
of these dye-loaded PSNP revealed that they are
photostable for weeks in water and do not show any
signs of dye leaking.23 They display high fluorescence
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intensities in aqueous suspension and keep these prop-
erties also after uptake by living cells.49 In Figure 2,
fluorescence micrographs of J774 macrophage cells
(2A) and 3T3mouse fibroblast cells (2B, 2E), incubated
with 25 nm-sized PSNP-Itrybe are shown. The right
panel (2E) indicates the positions of the cell nuclei that
were additionally stained with DAPI. The fluorescence
images of J774 macrophages exposed to 100 nm-
sized PSNP-Itrybe and 100 nm-sized PSNP-Sq730 are
displayed in the bottom panels 2C and 2D, respec-
tively. These results underline the general advantage
of our encapsulation strategy to turn hydrophobic
NIR fluorophores into stable and bright labels for
biological applications in aqueous media.

Fluorescence Lifetime Measurements. Itrybe and Sq730
display a high degree of spectral overlap in emission
(Figure 1), rendering their discrimination in the inten-
sity domain very difficult.50 The fluorescence lifetimes
τf of the free dyes Sq730 and Itrybe in THFwith τf = 2.94
( 0.02 ns and τf = 0.94 ( 0.01 ns, respectively, are,
however, sufficiently different. Both lifetimes obtained
from monoexponential fits of the measured decay
curves differ by a factor of about three. Hence, fluores-
cence measurements in the time domain can enable
the discrimination between these NIR-emissive dyes.
A prerequisite for simultaneous lifetime-based multi-
plexed analysis of two or more fluorophores is the
proper characterization of the fluorescence decays of

Figure 1. Absorption and corrected emission spectra of Itrybe (solid lines) and Sq730 (dotted lines) in THF and their emission
spectra encapsulated in PSNP in water (PSNP-Itrybe �O�; PSNP-Sq730 �0�).

Figure 2. Fluorescence micrographs of J774 macrophages (A) and 3T3 fibroblast cells (B, E), incubated with 25 nm-sized
PSNP-Itrybe. Excitation was at 633 nm, and the emission was detected in the wavelength region between 685 and
760 nm. Panel E additionally illustrates the positions of the DAPI-stained cell nuclei (excitation at 351 nm; emission channel
400�475nm). Thebottompanels show the emissionbetween685 and760nmof J774macrophages exposed to 100nm-sized
PSNP-Itrybe (C) and 100 nm-sized PSNP-Sq730 (D) upon excitation at 633 nm (microscope objective UPLSAPO 60�O/1.35).
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the individual reporters. Aiming at the evaluation of
the potential of NIR-emitting particle labels, the dyes
Itrybe and Sq730 were studied in PSNP. Time-resolved
fluorescence measurements in aqueous suspension
demonstrated also for these encapsulated dyes a
clearly distinguishable fluorescence decay behavior,
although the heterogeneous dye microenvironment
in the PS matrix renders the decay kinetics more com-
plex. The monoexponential fluorescence decays of the
free dyes Sq730 and Itrybe in THF and the correspond-
ing lifetime data obtained for aqueous suspensions of
PSNP loaded with these dyes are shown exemplarily in
Figure 3A and B. Despite their different decay kinetics,
the fluorescence lifetimes τf of the free dyes Sq730 and
Itrybe in THF correspond to the biexponentially fitted
average lifetimes measured in PSNP, thus suggesting
only negligible sensitivity of these parameters to the
environment (Table 1).

For the description of the measured decay curves
of the particle reporters, at least two decay compo-
nents are necessary, as shown exemplarily in Table 1
for 25 nm-sized PSNP-Itrybe and 100 nm-sized PSNP-
Sq730, respectively. For encapsulated Sq730, biexpo-
nential decay kinetics with fluorescence lifetimes of τ1
∼ 3.4 ns (normalized relative amplitude A1∼ 0.64) and
τ2 ∼ 1.6 ns (normalized relative amplitude A2 ∼ 0.35)
were observed. This yields an amplitude-weighted
fluorescence lifetime τAmp ∼ 2.8 ns and an intensity-
weighted lifetime τInt ∼ 3.0 ns. The biexponential
fitting procedure applied to the fluorescence decays
of Itrybe-loaded PSNP results in τ2∼ 1.3 ns (normalized

relative amplitude A1 ∼ 0.36) and τ3 ∼ 0.6 ns
(normalized relative amplitude A2 ∼ 0.64), yielding
mean lifetimes of τAmp ∼ 0.9 ns and τInt ∼ 1.0 ns,
respectively. Both types of lifetimes τAmp and τInt, which
are used equally in the literature, differ in the way
the individual decay times of the fluorophores in the
mixture are weighted in the fitting routine. The average
lifetimes51,52 were obtained from the integral emission
intensity τInt = ΣjAmpjτj

2/ΣjAmpjτj (intensity-weighted)
or from the initial fluorescence intensity at t = 0 τAmp =
∑jAmpjτj/∑jAmpj (amplitude-weighted), respectively.

Fluorescence Lifetime Imaging Microscopy of Living Cells. To
evaluate the suitability of the NIR-emissive particles
as reporters for lifetime multiplexing and barcoding
in cells, we incubated 3T3 fibroblast and J774 macro-
phage cells with mixtures of PSNP loaded with Itrybe
and Sq730. Dynamic light scattering measurements
confirm the absence of particle agglomeration in the
incubation media for all particle sizes and concentra-
tions used (data not shown). Different particle sizes
provide a simple means to control reporter uptake and
reporter localization, thereby omitting the need for a
surface functionalization of the particles with targeting
ligands in the design of these cell experiments. While
fibroblast cells are verywell suited to study endocytosis
of smaller nanoparticles (below 100 nm in diameter),
macrophage cells are capable of an efficient internali-
zation of both small and larger particles with sizes up to
3 μm.53�56 Thereby, they serve as a positive control,
taking up all types of particles with comparable effi-
ciency. Previously performed, detailed studies revealed

Figure 3. (A) Measured and monoexponentially fitted fluorescence decay curves of Itrybe and Sq730 in THF measured with
the lifetime spectrometer FLS 920. (B) PSNP-Itrybe (25 nm, �4�) and PSNP-Sq730 (100 nm; �O�) decays in water
suspensions collected and biexponentially fitted using the FLIM microscope. The lower panels represent the corresponding
residuals characterized by small fluctuations. Details on the performance and data evaluation of the time-resolved
fluorescence measurement are given in the Materials and Methods section.
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no influence of cell treatment with dye-loaded PSNP
on cell viability21,57 in the concentration range applied
in our experiments. In accordance with the assumption
that in our experiments viability is not affected by the
presence of the nanoparticles, both macrophage and
fibroblast cells maintained their native morphology
during and after particle incubation.

The results of the steady-state and time-resolved
fluorescence imaging experiments on PSNP within
cells are highlighted in Figure 4 exemplarily for a 3T3
cell incubated with two different, lifetime-encoded
particle types. For these studies, the fibroblast cells
were exposed to a mixture of 0.1 wt % of 25 nm-sized
PSNP-Itrybe and 100 nm-sized PSNP-Sq730 in a mass
ratio of 2:1 for one hour. As expected from their
emission spectra (Figure 1), these two types of particles

cannot be distinguished by integral measurements
of fluorescence intensity, as follows from the fluores-
cence microscopy image in Figure 4A, showing both
dye-loaded PSNP in the same detection window be-
tween 685 and 785 nm. Fluorescencemeasurements in
the time domain, however, enable the discrimination
between these spectrally similar labels (Figure 4B),
which will be described and discussed in detail below.
The fluorescence decay behavior of the particle repor-
ters in the cells is comparable to that observed for
the encapsulated dyes in aqueous suspension. This
is an important prerequisite for lifetime-based analysis
of such systems as well as for cellular and molecular
imaging studies.50,58 For the intended multiplexing
and barcoding applications, this insensitivity to the
surrounding environment renders dye-loaded particle

TABLE 1. Fluorescence Lifetime Parameters Extracted from FLIM Measurements with PSNP-Itrybe (25 nm) and PSNP-

Sq730 (100 nm) Suspended inWater and from FLIM Images of J774Macrophage Cells and 3T3 Fibroblast Cells Incubated

with These Particlesa

PSNP-Itrybe PSNP-Sq730 PSNP-Itrybe/PSNP-Sq730

parameter waterb 3T3 cells J774 cells waterc 3T3 cells J774 cells 3T3 cells J774 cells

τ1/ns 3.39 ( 0.05 3.29 ( 0.04 2.94 ( 0.07 3.26 ( 0.21 3.31 ( 0.22
A1 0.64 ( 0.04 0.66 ( 0.06 0.46 ( 0.07 0.09 ( 0.02 0.17 ( 0.07
τ2/ns 1.34 ( 0.01 1.02 ( 0.04 1.42 ( 0.09 1.58 ( 0.06 1.47 ( 0.01 1.08 ( 0.11 1.37 ( 0.25 1.61 ( 0.12
A2 0.36 ( 0.05 0.37 ( 0.04 0.22 ( 0.06 0.35 ( 0.05 0.34 ( 0.02 0.54 ( 0.07 0.34 ( 0.08 0.37 ( 0.05
τ3/ns 0.62 ( 0.01 0.52 ( 0.03 0.67 ( 0.03 0.59 ( 0.05 0.62 ( 0.03
A3 0.64 ( 0.05 0.63 ( 0.06 0.78 ( 0.05 0.57 ( 0.10 0.46 ( 0.10
τAmp/ns 0.88 ( 0.05 0.72 ( 0.04 0.83 ( 0.06 2.75 ( 0.03 2.68 ( 0.04 2.11 ( 0.31 1.09 ( 0.09 1.45 ( 0.15
τInt/ns 0.99 ( 0.07 0.80 ( 0.05 0.95 ( 0.08 3.02 ( 0.01 2.95 ( 0.02 2.37 ( 0.16 1.64 ( 0.13 2.07 ( 0.14
χ2 1.07 ( 0.03 1.08 ( 0.02 2.51 ( 1.23 1.08 ( 0.05 1.02 ( 0.02 4.84 ( 2.68 1.02 ( 0.06 1.03 ( 0.10

a The lifetimes are derived from biexponentially fitted decay curves. The measured decay curves from particle mixtures of PSNP-Itrybe/PSNP-Sq730 of 1:1 in a co-culture
experiment (3T3 cells/J774 cells of 5:1) were fitted with a three-exponential decay function, resulting in amplitude-weighted and intensity-weighted average lifetimes τAmp
and τInt, respectively. τi are the lifetimes of each component i, and Ai the corresponding fractional amplitudes.

b Itrybe in THF: τf = 0.94( 0.01 ns (cuvette measurement).
c Sq730 in THF: τf = 2.94 ( 0.02 ns (cuvette measurement).

Figure 4. Confocal laser scanning microscopy (CLSM) image (A) and lifetime-based FLIM image (B) of a living 3T3 cell,
incubatedwith a 2:1mixture of PSNP-Itrybe (25 nm) and PSNP-Sq730 (100 nm). Themicroscopy image (A) shows an overlay of
the transmission channel with the fluorescence channel using a detection window between 685 and 785 nm (excitation at
633 nm). The FLIM image (B) was calculated from three fixed fluorescence lifetimes (excitation at 640 nm; detection range
determined by an emission filter 685/70 nm). For clarity of visualization, the third lifetime related to both particle reporters
(see Table 1) is not displayed. The color code is chosen to depict the amplitude of the short-lived component mostly
originating from PSNP-Itrybe in blue and the amplitude of the long-lived component related to Sq730 in red, respectively.
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labels superior to molecular fluorescent reporters,
whose decay kinetics are typically affected by dye
microenvironment.50,58,59

For the FLIM experiments, series of fibroblast cells
were simultaneously incubated with varying mass
ratios of both types of dye-loaded PSNP at a total
particle concentration of 1 mg/mL (0.1 wt %). Then,
the lifetime traces upon excitation at 640 nm of
individual cells incubated with these specified particle
mixtures were recorded in the detection range of
a 685/70 nm filter. Although the fluorescence decay
kinetics of the dye-loaded PSNP are sufficiently dif-
ferent for the simultaneous analysis of both types
of fluorescent reporters, their multiexponential decay
behavior complicates the evaluation of the lifetime
measurements as compared to species with ideal
monoexponential decay kinetics. Mixtures of both
types of particles, each displaying biexponential de-
cays, result in theory in four decay terms. However,
as both types of fluorescent reporters reveal a decay
component with a similar lifetime between 1.3 and
1.6 ns (amplitude A2 in Table 1) in water, we could
adequately describe the decay curves of particle mix-
tures measured within cells already with a three-term
exponential decay function (see Supporting Informa-
tion Table S2 and Figure S1). In the case of a 1:1mixture
of PSNP-Itrybe and PSNP-Sq730, three decay times,
i.e., ∼3.5, ∼1.7, and ∼0.7 ns, with relative amplitudes
of ∼0.28, ∼0.37, and ∼0.35, respectively, were re-
quired to fit the measured decay curves. The fitting
procedure yielded average lifetimes of τAmp ∼ 1.8 ns
and τInt ∼ 2.5 ns.

On the basis of these fits, the FLIM image of the
fibroblast cell exposed to a mixture of 25 nm-sized
PSNP-Itrybe and 100 nm-sized PSNP-Sq730 was calcu-
lated pixel-by-pixel (see, for example, Figure 4B). Here,
the lifetimes of the long-lived component (∼3.5 ns),
characteristic of PSNP-Sq730, and the short-lived
decay (∼0.7 ns), typical of PSNP loaded with Itrybe,
were used for reporter discrimination. The lifetime of
the second decay component, assigned to both parti-
cle systems (Table 1 above), was neglected in the
FLIM image in order to simplify the assessment of
the fluorescence lifetimes of the cell. As illustrated in
Figure 4B, the amplitudes of the short lifetimes (blue),
which are associatedwith 25 nm-sized PSNP-Itrybe, are
homogeneously distributed all over the cytoplasm
of the fibroblast cell. In contrast, the amplitudes of
the long lifetimes (red), characteristic of 100 nm-sized
PSNP-Sq730, can be observed in distinct areas of the
cytoplasm and at the cell surface. No particles were
found inside the cell nucleus (see also Figure 2E). These
findings suggest that for the applied incubation con-
ditions 25 nm-sized PSNP-Itrybe may be taken up and
processed differently compared to 100 nm-sized PSNP-
Sq730. Since nanoparticle uptake by fibroblast cells
occurs mostly by endocytosis, both dye-loaded PSNP

species are localized in endosomal vesicles. As visible
in Figure 4B, the distribution of the vesicles containing
25 nm- and 100 nm-sized PSNP inside the cell differs.
In addition to their distinct locations, endosomes in the
fibroblast cells resulting from uptake of nanoparticles
of different sizes are also expected to vary in number
and sizes, which can be explained by differences in the
uptakemechanism.57,60 The images of the cells provide
evidence that this may also be the case in our experi-
ments with 25 nm- and 100 nm-sized PSNP. To inves-
tigate a possible influence of cell type, that is, uptake
and processing behavior on reporter fluorescence
decay, experiments were also performed with J774
macrophage cells (see Figure 2A, C, and D).53�55 The
fluorescence decay behavior of both types of reporters
matched that observed in suspension and in fibroblast
cells (see Table 1), and the results indicate an efficient
PSNP uptake independent of particle size.

Fluorescence decay curves from FLIM studies
with 3T3 and J774 cells incubated with different mix-
tures of dye-loaded PSNP are shown in Figure 5A andC,
respectively. Fibroblast cells were incubated with
25 nm-sized PSNP-Itrybe and 100 nm-sized PSNP-
Sq730 for one hour, while macrophage cells were
exposed to PSNP-Itrybe and PSNP-Sq730, both with
a 100 nm size. The corresponding ratio-dependent
average lifetimes of the cells are presented in
Figure 5B and D.

When comparing the FLIM data in Figure 6B and D
resulting for cells exclusively incubated with long-lived
PSNP-Sq730 (fraction of Itrybe-PSNP = 0) with the
data obtained for cells incubated with mixtures of
both types of reporter PSNP, a systematic decrease in
the average fluorescence lifetimes was found. Since
this decrease corresponds to the increase in the frac-
tion of Itrybe-loaded PSNP with their shorter lifetimes,
the experiments provide a first proof-of-concept of
a lifetime-based discrimination between dye-loaded
particle labels with different fluorescence lifetimes or
decay behavior in living cells.

Lifetime Imaging in Cell Co-culture. In order to evaluate
the feasibility of a lifetime-based discrimination of
particle-labeled cells, we investigated the uptake beha-
vior of 3T3 fibroblast and J774 macrophage cells with
differently sized dye-loaded PSNP in cell co-culture. In
this co-culture experiment, 25 nm-sized PSNP-Itrybe
and 100 nm-sized PSNP-Sq730 were simultaneously
incubated in a 1:1 mass ratio with a co-culture of
3T3 and J774 cells in a ratio of 5:1 for 1 h. Hence, both
cell types compete directly for the uptake of lifetime-
encoded PSNP of different sizes. The differentiation of
these two cell types, i.e., fibroblast cells and macro-
phages, was done by investigation of their very specific
morphological features, specific size and shape of cyto-
plasmic pseudopodia, and the size of the nuclei in bright
field and phase contrast microscopy. Additionally, we
compared the cells used in the co-culture experiment
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with those grown under identical conditions in mono-
culture. Detailed imaging studies of the resulting parti-
cle-labeled cells were performed with CLSM and FLIM
(Figure 6).

The macrophage and the fibroblast cells, exempla-
rily chosen from the CLSM image of the co-culture and

detected in the same spectral window (Figure 6A),
cannot be spectrally distinguished. Only the resulting
fluorescence intensities vary, which can be possibly
ascribed to a different brightness and number of
particle reporters present in the cells. The fluorescence
decay curves recorded on the two cells, however,

Figure 6. (A) CLSM intensity imageof amacrophage cell (1) and a 3T3fibroblast cell (2) in the co-culture studied. (B)Measured
(symbols) and three-exponentially fitted (thick solid lines) fluorescence decay curves of the individual cells (macrophage: red
squares, fibroblast: black circles) exposed to PSNP-Itrybe (25 nm) and PSNP-Sq730 (100 nm) in amass ratio of 1:1. The residual
traces in the bottom panel demonstrate the quality of the fits.

Figure 5. Fluorescence decay curves of 3T3 fibroblast cells (A) and J774 macrophage cells (C), exposed to PSNP-Itrybe (dark
blue curve) and PSNP-Sq730 (red curve) and different mixtures of both components (excitation at 640 nm; detection with a
detection filter of 685/70 nm). The resulting average fluorescence lifetimes τAmp (triangles) and τInt (circles) of fibroblast (B)
and macrophage cells (D) were calculated from three lifetimes based on FLIM measurements.
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reveal significantly different decay characteristics
(Figure 6B). Decay curves resulting for both cells can
be satisfactorily described by three lifetimes, namely,
∼3.2, ∼1.6, and 0.6 ns. The χ2 values used to evaluate
the goodness of the fits and the residual traces at
the bottom of Figure 6B underline the quality of this
description. As follows from Figure 6B, the macro-
phage cell (red squares) exhibits longer decay times
than the fibroblast cell (black circles), suggesting a
more efficient uptake of PSNP with longer lifetimes by
the macrophage. Moreover, as follows from Figure 7,
the relative amplitude A1 of the long-lived component
in the macrophage exceeds the amplitude A1 mea-
sured in the fibroblast cell, whereas the relative ampli-
tude A3 of the short-lived decay component (25 nm-
sized PSNP-Itrybe) exhibits the opposite behavior.
The long-lived component, which is associated with
100 nm-sized PSNP-Sq730, is more pronounced in
themacrophage cell compared to the fibroblast. These
findings support our expectation that the macro-
phage cell, in comparison to the fibroblast cell, prob-
ably internalizes a larger amount of the 100 nm-sized
particles and that uptake efficiency for 100 nm-sized
PSNP by the fibroblast cell is lower. In accordance
with previous findings, our results suggest higher
uptake efficiency for larger particles in themacrophage
cells.53,60,61

If incubation of the same nanoparticle 1:1 mixture
is carried out in a fibroblast monoculture (see also
above), the lifetimes of these cells in a separated
culture are longer than for the co-culture (cf. Support-
ing Information Table S2 and Table 1, respectively).
This is in accordance with the expectation that, in
the co-culture, the macrophage cells compete for the
larger PSNP-Sq730-loaded nanoparticles. Even though
the results from the co-culture and the monoculture
experiment reported here are very specific for the
selected nanoparticle ratio and the amount of each

cell type in the co-culture, the example illustrates
that the lifetime-encoded nanoparticles can be used
to study uptake behavior of different cell types and
mixtures.

In summary, all FLIM results obtained with our NIR-
emissive PSNP in living cells demonstrate the potential
of nanoparticle-based, lifetime-encoded fluorescence
reporters for fluorescence lifetime imaging, lifetime
multiplexing, and barcoding applications.

CONCLUSION

With Itrybe and Sq730, we identified two NIR fluor-
ophores suitable for lifetime multiplexing in the diag-
nostic window using a single excitation wavelength
and a single detection channel. Incorporation of these
hydrophobic dyes into differently sized polystyrene
nanoparticles via a straightforward staining procedure
yielded a set of nanoscale fluorescent reporters with
decay kinetics independent of particle environment,
which can be surface-functionalized with a broad
variety of targeting ligands. Time-resolved spectro-
scopic and fluorescence lifetime imaging microscopy
studies with these new nanoparticle reporters enabled
discrimination between probes based on their dif-
ferent fluorescence decay kinetics in solution, in 3T3
mouse fibroblasts, and in J774 macrophages. To the
best of our knowledge, this presents the first approach
of lifetime multiplexing with NIR-emissive nanometer-
sized particles in living cells.
Using fluorescence lifetime imaging of living mouse

fibroblast cells and macrophages incubated with
mixtures of various ratios of nanoparticles differing
in size and encapsulated dyes, we could demonstrate
the suitability of our approach to distinguish be-
tween signals from different fractions of the two
reporters based on their complex, yet characteristic
decay kinetics. Using a fitting model with three
decay terms for decay curves of the two dye-loaded
PSPN with sufficiently different decay kinetics, we
could clearly distinguish between both NIR reporters
at different locations within cells. Moreover, the
approach is well-suited for co-localization studies
of these probes. Co-culture studies with J774 macro-
phages and 3T3 fibroblasts demonstrate the suitabil-
ity of this concept to study the different uptake
behavior of these cells and to enable the lifetime-
based discrimination of different fractions of dye-
doped PSNP with similar spectral properties, but
different fluorescence decay kinetics by measure-
ments of their fluorescence lifetime characteristics
in a complex biological matrix.
Our results underline the potential of nanoparticle-

based fluorescence lifetime multiplexing and imaging
for cellular studies, cell-based assays, and molecular
imaging. In the future, this strategy will be combined
with spectral multiplexing to further increase the
number of readout parameters. Applications will

Figure 7. Relative amplitudesAi of the lifetimes 3.2, 1.6, and
0.6 ns derived from three-exponential fits, necessary to
adequately describe the measured decay curves of the
J774 macrophage cells (gray) and the 3T3 fibroblast cells
(white) of the co-culture experiment (number of measure-
ments per cell type n = 6).
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include macrophage imaging and the development
of nanoparticle-based lifetime labels and probes with

different surface chemistries and recognition units for
co-localization studies and multiplexed bioimaging.

MATERIALS AND METHODS

Materials. Carboxyl-functionalized polystyrene nanoparti-
cles with diameters of 25 and 100 nm were purchased from
Kisker Biotech. The dyes Itrybe (Otava Chemicals) and squaraine
Sq730 (SETA Biomedicals) were encapsulated in the PSNP with-
out further purification. The PSNP were sonicated and stained
with the NIR-emitting dyes using a previously described staining
procedure.22,23,46 Tetrahydrofuran was of UV-spectroscopic
grade and purchased from Sigma-Aldrich.

Cell culture media Dulbecco's modified Eagle medium
(DMEM), fetal calf serum (FCS), and phosphate-buffered saline
(PBS) were purchased from Biochrom AG.

Steady-State Fluorescence Spectroscopy and Microscopy. Absorption
spectra were recorded on a Cary 5000 spectrometer (Varian).
Fluorescence emission spectra were measured with a previously
described spectrofluorometer (SLM8100, Spectronics Instruments) in
a 0�/90� measurement geometry.62 Fluorescence microscopic
images were recorded with a Fluoview 1000 (Olympus) confocal
laser scanning microscope using a HeNe laser (10 mW) as
excitation source (excitation wavelength of 633 nm), which was
reflected by a dichroic mirror (DM 488/543/633) and focused
onto the sample through an Olympus Planapochromat 60�,
N.A. = 1.35 oil immersion objective. The resulting fluorescence
emission was re-collected by the same objective and focused
onto the photomultipliers. All fluorescence measurements were
performed at room temperature.

Lifetime Measurements. Time traces of the water-insoluble
dyes Itrybe and Sq730 in THF were recorded with an FLS920
fluorescence lifetime spectrometer (Edinburgh Instruments) in
standardquartz cuvettes (Hellma) in a 0�/90� excitation�emission
geometry using magic angle conditions (excitation polarizer
set to 0� and emission polarizer set to 54.7�) with the time-
correlated single-photon counting technique (TCSPC). A super-
continuum laser (Fianium SC400-2-PP) with a pulse repetition
rate of 5 MHz was employed for excitation at 640 nm. The
emission was detected at 740 nm (spectral bandwidth 8 nm).
Deconvolution of the decay curves and fit of the fluorescence
lifetimes were done with the FSP920 spectrometer software.
Fluorescence lifetime imaging of cells was performed with a
Fluoview 1000 (Olympus GmbH) upgraded with a FLIM-FCS
upgrade kit (Picoquant GmbH) using a 640 nm laser diode
(LDH-c-640, PDL800-D, pulse width <500 ps, pulse frequency or
repetition rate of 40 MHz) as excitation light source and a single-
channel single-photon avalanche diode as detector (emission
filter 685/70 nm). Time-resolved measurements of dye-PSNP
were also performed with the FLIM microscope, focused deep
into droplets of the aqueous particle suspensions on a micro-
scopy coverslip. Data acquisition and analysiswere donewith the
TimeHarp 200 TCSPC PC-board using the software SymphoTime
(Picoquant GmbH).

Data Analysis. All fits of the measured decay curves of the
mixtures of dye-loaded PSNPwithin cells were performedwith a
tail-fit instead of a reconvolution procedure of the recorded
decay curves with the instrument response function, which is
usually mandatory for accurate analysis of fluorescence lifetimes
from time-correlated single-photon counting measurements.63

All fit parameters, the individual decay times τi, and the ampli-
tudesAi were left as freely adjustable parameters. Selected results
fitted with two- or three-exponential terms either by reconvolu-
tion or by a tail-fitting procedure within the same time window
(channel 130 to 1550 with 0.016 ns channel�1) are summarized
in Table S1 (Supporting Information). From these preliminary
studies performed to optimize the fitting procedure of particle
mixtures within cells the coefficient of variation of τAmp and τInt
was determined to be ca. 10%. For the lifetime fitting amaximum
likelihood estimator51,64 has been used to account for areas with
low signal intensity. χ2 values were used to evaluate the quality
of the fits. To render data analysis of thedecay curves resulting for

cells incubated with a single type or mixtures of nanoparticle
reporters comparable, we deliberately fitted all decay curves in
the same time window with three-exponential terms, which are
required for the analysis of particle mixtures, although the decay
curves resulting for cells incubated with a single type of reporter
could be satisfactorily fitted with two exponentials (see Table S2
in the Supporting Information). This procedure of data analysis
enables the straightforward comparison of changes in the
average fluorescence lifetimes τAmp and τInt of these cells, which
are dependent on the incubation mixtures applied. The determi-
nation of individual lifetime data was beyond the scope of our
straightforward proof-of-concept approach.

To obtain the FLIM image based on the amplitudes of
three components of the decay curve, a two-step approach
was chosen. In a first step, both the individual lifetimes and
the amplitudes were kept as freely adjustable parameters.
Subsequently, the images were calculated pixel-by-pixel with
fixed individual lifetimes, averaged from repeated measure-
ments of different (at least three) cells.

Cell Culture. Mouse fibroblast cells (cell line 3T3) and macro-
phage cells (cell line J774; both from German Collection of
Microorganisms and Cell Cultures (DSMZ), Braunschweig,
Germany) were seeded out in a sterile eight-well μ-slide (ibidi
GmbH, Planegg/Martinsried, Germany) and grown in DMEM
with 10% FCS for 24 h in a humidified environment at 37 �C and
5% CO2. For fluorescence microscopy, cells were incubated for
1 hwith varyingmass ratios of dye-loadedparticles (PSNP-Itrybe
to PSNP-Sq730 of 1:0; 5:1, 2:1, 1:1; 1:2; 1:5; 0:1) in standard
cell culture medium, yielding a total particle concentration of
1 mg/mL (0.1 wt %). In the case of identically sized particles
the mass ratio equals the number ratio. Incubation with mix-
tures of 100 nm- and 25 nm-sized particles in the mass ratios
stated above results in particle number ratios (100 to 25 nm) of
1:0, 1:13, 1:32, 1:64, 1:128, 1:320, and 0:1. Fibroblast cells were
exposed to 25 nm-sized PSNP-Itrybe and 100 nm-sized PSNP-
Sq730; macrophage cells, to PSNP-Itrybe and PSNP-Sq730, both
100 nm in diameter. For the co-culture experiment, fibroblast and
macrophage cells were seeded out in a ratio of 5 to 1 in sterile
culture plates and incubated with PSNP-Itrybe (25 nm) and PSNP-
Sq730 (100nm) in amass ratioof 1 to 1 (total particle concentration
in culture medium 0.1 wt %). After one hour of particle incubation,
cells were washed three times with PBS buffer and immediately
transferred to the microscopic setup. Cells not exposed to fluo-
rescent PSNP served as reference in all experiments.
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