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NIR FRET Luminescence in Rhenium Complex and Dye

Co-Loaded Polymer Nanoparticles

Lucie Haye, Nour Fayad, Richard C. Knighton, Antoine Combes, Olivier Jeannin,
Andrey Klymchenko, Thibault Gallavardin, Niko Hildebrandt,* Loic J. Charbonniére,*

and Andreas Reisch*

Photoactive transition-metal complexes are luminophores combining high
photostability and long luminescence lifetimes. However, reduced optical
performance in aqueous solutions has limited their use in biological systems.
Herein, the physicochemical and photophysical properties and bioimaging
compatibility of Re diimine complexes and near-infrared (NIR) emitting Cy5
dyes coencapsulated in polymer nanoparticles (NPs) are investigated. By
varying the polymers, NPs with sizes from 20 to 70 nm and encapsulating

< 40 wt.% of Re complexes, i.e., %11 000 Re complexes per NP, are obtained.
The photoluminescence (PL) quantum yields of the Re complexes increase
eightfold to ~50% upon encapsulation (vs 6-7% in acetonitrile), resulting in
PL brightness up to 1028 M~" cm~" and PL lifetimes of 3—4 ps. Coencapsulation
of Cy5 yields very bright NIR emission upon Re complex excitation. Very close
Re-to-Cy5 donor-acceptor distances down to <2 nm and FRET efficiencies
over 90% are confirmed by PL lifetime measurements. The Re-Cy5 NPs enter
mammalian cells for high-contrast PL imaging in both visible and NIR. This
detailed characterization provides a better understanding of the photophysical
properties of the transition-metal-dye FRET NPs and presents a vital step

1. Introduction

Photoluminescence (PL)-based imaging
and sensing techniques have been ma-
jor contributors to advances in biol-
ogy and medicine by helping to unravel
the underlying mechanisms of normal
and pathological biological functions and
their use in sensitive, fast, and afford-
able diagnosis.'* Their success relies
strongly on the performance of the used
probes, notably in terms of photophysi-
cal properties like spectral characteristics,
brightness, and PL lifetimes, but also in
terms of how these can be exploited in bi-
ological environments.l*] From the large
diversity of existing contrast agents, pho-
toactive transition-metal complexes that
include d'®! species Ru'!,5l Os!,[6) T¢HT 7]
and Re'™] are known to be photostable
and long-lifetime luminophores, which

toward the efficient design of a new class of bright luminescent NP probes.

enable time-gated detection for sup-
pression of short-lifetime background
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Figure 1. A) Long-lifetime Re and NIR-emitting cyanine dyes used in this study ([F5-TPB] = tetrakis (pentafluorophenyl)borate, [F6-TPB] = tetrakis(3,5-
bis (trifluoromethyl) phenyl)borate) B) Structures of polymers used for NP synthesis (PLGA = poly(lactic-co-glycolic acid) and P(EMA m%-co-HEMA
n%-co-COOH x%) = Poly(ethyl methacrylate-co-hydroxyethyl methacrylate-co-methacrylic acid) with the following combinations: m =99, n=0,x=1;
m=95n=0,x=5m=75n=24x=1,m=50,n=49,x=1.C) Scheme of the nanoprecipitation method used to synthesize NPs.

autofluorescence.'"13 They exhibit large Stokes shifts, princi-
pally due to energy transfer between the ligand and the metal,
facilitating separation of excitation and emission wavelengths
and limiting PL self-quenching. These photophysical features
make such transition-metal complexes interesting candidates for
in cellulo imaging. However, most of the photophysical properties
of these complexes are reported in organic solvents!*”) because
of their low solubility in aqueous media, which induces a non-
controlled aggregation and a loss of PL.

A general and particularly facile approach to obtain lumi-
nescent probes is to encapsulate high amounts of individual
emitters in non-fluorescent nanoparticles (NPs), such as silica
NPs,[1*15] and, in particular, polymer NPs.!'6-18] Encapsulation
allows to efficiently separate the emitters from the PL-quenching
environment. At the same time, the NP can be used to control
the size and interactions of the probe with the biological environ-
ment, allowing to decouple the photophysical properties from
the surface properties and physical chemistry of the nanoprobe.
Furthermore, the possibility to encapsulate a large number of
emitters in a single NP leads to higher absorption cross sections,
making it possible to achieve very high PL brightness."! This
approach was particularly successful for the encapsulation of
fluorescent organic dyes in polymer NPs and has led to fluores-
cent NPs with emission wavelengths spanning practically the
whole visible spectrum and reaching also into the NIR,[1¢-18]
while achieving very high fluorescence brightness and excellent
performance in complex biological systems, 22!l paving the way
to advanced biosensing and bioimaging applications.[?22
Various other types of emitters, including lanthanide
complexes!?*¥’] or metal nanoclusters(?®! were also successfully
encapsulated.

Interestingly, the very high local concentrations of the emit-
ters within such NPs can alter the emission properties. Typi-
cally, these high concentrations lead to the risk of aggregation-
caused quenching (ACQ) of the fluorophores, limiting their
brightness, which can be mastered using aggregation-induced
emission (AIE) dyes, bulky side groups, or bulky counterions.!*”]
On the other hand, the very small distances between emitters
can lead to new photophysical behavior, like whole particle blink-
ing due to very efficient and fast energy transfer between the
dyes.[29.30]

Adv. Mater. Technol. 2023, 8, 2301016 2301016 (2 of 14)

Transition-metal complexes have been mainly encapsulated
in inorganic structures such as crystals,®!l zeolites,’23] or
silica NPsB** with the purpose of improving their catalytic
performance. More particularly, ruthenium complexes have
also proven to be good candidates for anticancer therapy when
encapsulated in single-walled carbon nanotubes!®**! but also in
organic matrices such as liposomes,* micelles,*”! or polymeric
NPs.[*349 However, encapsulation of PL transition-metal com-
plexes has rarely been explored.*'*?] Because little is known
about the properties and the performance of NPs loaded with
high amounts of luminescent transition-metal complexes,
we decided to investigate these systematically. In particular,
we were interested in achieving high levels of encapsulation
of the complexes, while maintaining a good control over NP
properties, in order to study the influence of loading on the PL
properties of the complexes. As luminescent compounds, we
selected two types of Re-based triplet metal-to-ligand charge-
transfer (*MLCT) emitters (Figure 1A, abbreviated Re(phen)
and Re(bipy) here), based on their luminescence proper-
ties and available literature procedures for their synthesis.
Indeed, [Re(diimine)(CO),L] emitters display impressive quan-
tum yields (QYs) up to 41% under anaerobic conditions,*
making them ideal candidates for exploration in this
study.

Beyond the intrinsic Re emission in such NPs, the tunabil-
ity of the NP’s optical properties via energy transfer from Re
to coencapsulated fluorescent dyes presents a very interesting
approach from both a fundamental and application viewpoint.
Here, we used a cyanine 5 (Cy5) derivative 1,1’-dioctadecyl-
3,3,3',3’-tetramethylindodicarbocyanine (DiD) that was coencap-
sulated at different concentrations in the Re complex-loaded NPs.
On the one hand, this allowed to shift the emission wavelength
toward the NIR, which is advantageous for bioimaging appli-
cations by combining the advantages of both types of emitters,
i.e., long lifetimes and long emission wavelengths without metal
toxicity.* On the other hand, studying energy transfer between
the Re complexes and the Cy5 further allowed to understand the
photophysics of such systems, but also the encapsulation and or-
ganization of the luminescent compounds inside the NPs. Based
on these results, we then evaluated the suitability of the obtained
probes for bioimaging applications.

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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2. Experimental Section

2.1. Materials

Poly(D-L-lactide-co-glycolide) (PLGA, acid terminated, lac-
tide:glycolide = 50:50, M,, 24 000-38 000 g mol~!, Ref.: 719 870,
Lot: BCBV0402), was purchased from Sigma—-Aldrich. The EMA
and HEMA-based polymers and copolymers were synthesized
through free radical polymerization as described in detail in
Supporting Information pages 17 to 21 based on previously
used procedures.’] Analysis of their composition using NMR
and methylation of carboxylic acid groups, where adequate,
showed a good agreement between aimed and actual polymer
composition (Figures S14-S16, Supporting Information). The
Re complexes were synthesized through adaptation of known
literature protocols: [Re(CO);Cl] was reacted with an appropriate
diimine (2,2"-bipyridine or 1,10-phenanthroline) to yield the
neutral [Re(diimine)(CO);Cl] intermediates,*®! which were
converted to the cationic derivatives through halide abstraction,
followed by anion metathesis with NaF6-TPB (sodium salt of
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)*’] to give the
[Re(diimine)(CO),(MeCN)]F6-TPB complexes Re(phen) and
Re(bipy) (Figure 1; Figure S1, Supporting Information, details
of synthesis and characterization can be found in Supporting
Information).[*¥] Cy5/F5-TPB, the salt of DiD (Cy5) with lithium
tetrakis(pentafluorophenyl)borate ethyl etherate (AlfaAesar,
97%), was synthesized through ion exchange followed by purifi-
cation through column chromatography by adapting previously
published procedures.[2!?%]

Dimethylformamide (DMF, analytical grade), dimethylsul-
foxide (DMSO, analytical grade), methanol (MeOH, analyti-
cal grade), tetrahydrofuran (THF), and acetonitrile (analytical
reagent >99.5%) were obtained from Carlo-Erba. Milli-Q wa-
ter (Millipore) and phosphate buffer (20 mm, pH 7.4, from
Na,HPO,, >99% and NaH,PO, H,0, >98%, Sigma-Aldrich)
were used for the preparation of NPs.

2.2. Preparation of NPs

Stock solutions of polymers were prepared at a concentration of
10 g L' in acetonitrile. These solutions were diluted to 2 g L™
in acetonitrile, with 10-40 wt.% of Re(phen) or Re(bipy) (rela-
tive to the mass of the polymer) and 0-5 wt.% of Cy5 (more
precisely Cy5/F5-TPB). These solutions were quickly added to a
ninefold volume excess of MilliQ water or phosphate buffer (pH
7.4, 20 mm) under shaking (Thermomixer comfort, Eppendorf,
1050 rpm at 21 °C), followed by further dilution to the desired
concentration. The obtained NPs were used over several months
without showing alteration of their properties.

2.3. Dynamic Light Scattering (DLS)

The size of the obtained NPs was measured on a Zetasizer Nano
series ZSP (Malvern Instruments). Each sample was measured
10 times with a run length of 10 s each. Volume-averaged values,
determined by the Zetasizer software based on Mie theory, were
used. Mean values give the average over at least three indepen-
dent preparations, error bars correspond to the standard error of
the mean.
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2.4. Spectroscopic Properties

Absorption spectra of the complexes and the complex-loaded
NPs were recorded on a Cary 5000 Scan UV-vis spectropho-
tometer (Varian). Emission spectra of the Re complexes were
recorded on an FLSP 920 fluorescence spectrometer (Edinburgh
Instruments). The emission and excitation spectra of the NPs
were recorded on an FS5 Spectrofluorometer (Edinburgh Instru-
ments). Excitation was performed at 275 nm for Re(phen) and
307 nm for Re(bipy) and the spectra were recorded between 400
and 800 nm. Further details are given in the Supporting Infor-
mation.

2.5. Fluorescence Lifetime

Fluorescence lifetimes of Re complexes and NPs were measured
with a NanoLed-303 on a Horiba Jobin Yvon Fluorolog. The de-
tails of the experimental and fitting procedures are given in the
Supporting Information.

2.6. Cell Culture

HeLa cervical cancer cell line (ATCC-CCL-2 Lot N°57 818 419)
was grown in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma-Aldrich, D6546), supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich, F0804), 1% antibiotics (Pen Strep,
Sigma—Aldrich, P4333), and 2 mwm L-glutamine (Sigma—Aldrich,
G7513) at 37 °C and 5% CO,. The cells were passaged with
trypsin-EDTA 0.05%.

2.7. Cell Incubation with NPs

Cells were seeded at 2 x 10° cells per dish onto glass bottom
petri dishes (CELLview Petri dishes 35 x 10 mm, Greiner Bio-
One, 627 860) and incubated at 37 °C and 5% CO, overnight.
The next day, the cells were washed with Hank’s Balanced Salt
Solution (Thermo Fisher Scientific - HBSS, 10x, calcium, mag-
nesium, no phenol red). The Re(phen)-Cy5 loaded NPs, Re(phen)
loaded NPs and Cy5 loaded NPs were diluted with Opti-MEM (1X,
Gibco, 11058-021) to have a final concentration of 10 ug mL™
for Re(phen) NPs and Re(phen)-Cy5 NPs and a concentration of
4 pg mL~! for Cy5 NPs and then were incubated for 3 h at 37 °C
and 5% CO,. After incubation, the cells were washed two times
with HBSS to rinse off any free conjugates and 1.5 mL of Opti-
MEM was added to the cell dish for immediate observation under
the microscope at 37 °C.

2.8. Imaging

For the imaging of Re(phen) loaded NPs and Re(phen)-Cy5
loaded NPs, cells were transferred to a live cell chamber (Oko
lab) onto the microscope and kept at 37 °C during the whole
acquisition time. Images of the NPs were acquired using an
Olympus IX83 inverted microscope and illuminated with an X-
Cite Exacte illumination source (Excelitas Technologies) through

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U80|7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusenob aJe sapie VO ‘8sn JO s8N oy Aiqi]8UljUO /8|1 UO (SUORIPUOD-pUe-SWLRIWo0" A3 1M ARl 1 BUI [UO//SANY) SUORIPUOD PUe Swie | 81 88S *[20z/¥0/0€] uo AreiqiTauljuo 8|1 ‘20ue.d auelyooD Aq 9TOTOEZ0Z WIPe/Z00T OT/I0p/W0D A8 | IM Aleiq 1 euljuo//Sdny WoJ) papeolumod ‘2g ‘€202 ‘X60.S9EZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

a 320 nm excitation band-pass filter (FF01-320/40-25, Semrock
Inc.) and 458 nm dichroic mirror (FF458-Di02-25 X 36, Semrock
Inc.). The fluorescence signal was detected using a 60x objective
(UPLSAPO, Olympus) and a 100x objective (UPLSAPO, Olym-
pus), a 520 nm emission filter (FF02-520/28-25, Semrock Inc.)
for the donor channel, and a 707 nm emission filter (BP-707/16-
25, Delta) for the acceptor channel. For the control experiments of
Cy5 loaded NPs, a 607 nm excitation band-pass filter (BP 607/8,
Delta) and 660 nm dichroic mirror (FF660-Di02-25%36, Semrock
Inc.) and a 676 nm emission filter (FF01-676/29-25, Semrock
Inc.) were used. PL signals were recorded using an iXon Ultra
888 EMCCD camera (Andor) with an acquisition time of 500 ms
for Re(phen) loaded NPs and 50 ms for Cy5 loaded NPs. Images
of cells were acquired with x500 EM gain for Re(phen) loaded
NPs and x50 EM for Cy5 loaded NPs. Differential interference
contrast (DIC) images were acquired with 10 ms acquisition time
and x2 EM gain. An illumination power of 82 W was used with
a 320 nm excitation bandpass filter and 10 W with a 607 nm ex-
citation band pass filter. iXon camera and Olympus microscope
were controlled by Micromanager software.

To eliminate the autofluorescence at 520 + 14 nm, the image
obtained at that wavelength was adjusted by subtracting the aver-
age intensity of autofluorescence observed in cells without NPs
using the same excitation parameters (320 + 20 nm excitation,
82 W illumination power, 500 ms acquisition time, and x500 EM
gain). In addition, the threshold was adjusted in both channels to
eliminate any background noise, this allows more accurate anal-
ysis of the PL signals observed in both donor and acceptor chan-
nels.

2.9. 3D Imaging and z-Stacking

The NPs were imaged using an Olympus IX83 microscope and il-
luminated with an X-Cite Exacte illumination source using 82 W
source power through a 320 nm excitation band-pass filter (FF01-
320/40-25, Semrock Inc.) and emission was collected at 520 nm
emission filter (FF02-520/28-25, Semrock Inc.) for the donor
channel, and a 707 nm emission filter (BP-707/16-25 Delta.) for
the acceptor channel after passing through 458 nm dichroic mir-
ror (FF458-Di02-25%36, Semrock Inc.). The fluorescence signal
was detected using a 100x objective (UPLSAPO, Olympus), and
the z-stack images were obtained by a displacement of 0.5 pym per
step. The images were acquired with x500 EM gain and 500 ms
acquisition time. Micromanager software was used to control the
iXon camera and Olympus microscope. The 3D reconstruction
images and the z-stacking images were treated using Image], by
adjusting the threshold in both channels, and for the donor chan-
nel, the autofluorescence of cells was subtracted.

2.10. Time-Gated (TG) Plate Reader Spectroscopy

Re(phen) loaded NPs made from PEMA-COOH 1% at 40 wt.%
Re(phen) loading with different amounts of Cy5 (0, 0.1, 0.5, 1,
2, and 5 wt.%) and NPs made of PEMA-COOH 1% loaded with
5 wt.% of Cy5 only (no Re(phen)) were added to black 96-well
microliter plates for a total volume of 140 uL in each well. TG-
FRET measurements were performed on the multimode fluores-
cence plate reader SPARK (Tecan) with an excitation wavelength
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of 303 nm (bandwidth 5 nm) and emission spectra recording
from 350 to 800 nm (bandwidth 5 nm) to measure both Re(phen)
and Cy5 emission (gain: 100; integration time: 20 us; lag time:
from 0 to 20 ps). The Re(phen) and Cy5 peak intensities of the
spectra were used to analyze the influence of the lag time on the
donor and acceptor PL intensities.

2.11. Statistical Analysis

Where applicable, experiments were performed at least in three
independent experiments. Unless indicated otherwise, the given
values are mean values and the error bars correspond to the stan-
dard error of the mean.

3. Results and Discussion

3.1. Synthesis and Characterization of Re Complexesl|

Two types of Re-based *MLCT emitters of the general for-
mula [Re(diimine)(CO),;(MeCN)] with the diimine being either
2,2'-bipyridine or 1,10-phenanthroline (MeCN = acetonitrile)
were selected in view of their luminescence properties in so-
lution. In order to optimize their encapsulation in polymer
NPs, the bulky hydrophobic counterion F6-TPB was introduced
through ion exchange to produce compounds of the general
formula [Re(diimine)(CO);(MeCN)](F6-TPB) (diimine = 1,10-
phenanthroline or 2,2'-bipyridine, abbreviated Re(phen) and
Re(bipy), respectively, Figure 1A; Figure S1, Supporting Infor-
mation). Bulky hydrophobic counterions form highly apolar salts
with cationic dyes and thus ensure effective encapsulation into
the apolar matrix of polymer NPs with minimized dye leakage
and ACQ.[*] In particular, highly fluorinated tetraphenyl bo-
rates like F5-TPB and F6-TPB have proven to be efficient for
optimizing encapsulation, due to their big size and distribu-
tion of negative charge on the surface of the anion,>*!l which
is why these were chosen here. All compounds were character-
ized by 'H, 13C, !B, and 'F NMR, mass spectrometry, and ele-
mental analysis (Figures S2-S11, Supporting Information). For
co-encapsulation, a NIR-emitting cyanine dye based on the hy-
drophobic Cy5 derivative DiD with a corresponding counterion
F5-TPB (noted Cy5 or Cy5/F5-TPB in the following, Figure 1A)
was prepared via a similar anion metathesis procedure, accord-
ing to a previous literature protocol.>233]

Single-crystals suitable for single-crystal X-ray diffraction
(SCXRD) were grown from slow evaporation of a concentrated
CD,CN solution of the Re(phen) complex (Figure 2; Figures S12
and S13, Supporting Information). The compound crystallizes in
the P 2,/n space group (Z = 4) with one molecule in the asym-
metric unit. The SCXRD structure confirmed the proposed for-
mulation of the octahedral complex displaying a fac- arrangement
of the carbon monoxide ligands with a single axially coordinated
acetonitrile ligand. The Re(phen) complex lay nested within a bis-
aryl cleft formed by the F6-TPB anion. Bond lengths and angles
were consistent with analogous complexes in the literature.>*%3]

The spectroscopic properties of the molecular Re complexes
were explored in aerated acetonitrile (Table 1). The absorption
spectra for the free Re complexes showed two main features

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. Single-crystal X-ray structure of the Re(phen) complex ([Re(1,10-
phenanthroline) (CO); (MeCN)](F6-TPB)) (ellipsoids plotted at the 50%
probability level; H-atoms and disorder omitted for clarity) (CCDC:
2252609).

(Figures S17 and S18, Supporting Information), with ligand cen-
tered 7—z* transitions dominating <320 nm, and broad visible
maximum apparent at ~360 nm, corresponding to the singlet
MLCT (*MLCT) absorption band. The steady—state PL spectra
of both complexes gave broad structureless *MLCT emission at
~550 nm (Figures S19 and S20, Supporting Information). Time-
resolved measurements revealed mono-exponential decays for
the *MLCT of 150 ns and 247 ns for Re(bipy) and Re(phen), re-
spectively (Figures S21 and S22, Supporting Information). QY
measurements gave similar results for both complexes, 6-7% in
aerated acetonitrile solutions.

3.2. Synthesis and Characterization of NPs Loaded with Re
Complexes

Nanoprecipitation was chosen for the synthesis of the Re
complex-loaded polymer NPs (Figure 1), as it is a convenient
and straightforward method to assemble NPs, which offers nu-
merous possibilities to tune composition and NP properties.[>78!
Particle formation in nanoprecipitation is a kinetically controlled
process, occurring in a range of compositions of the solvent,
water, polymer/load-system characterized by an initial high or
very high supersaturation of polymer and load, in contrast to
the thermodynamically controlled assembly of polymer micelles.
Here, the polymer and the complex to encapsulate were mixed
in acetonitrile and the resulting mixture was added to an aque-

Table 1. Photophysical properties (absorption and emission maxima A,p¢
and A, PL lifetime 7, and PL QY ®) of the obtained Re complexes in
aerated acetonitrile at 298 K.

Aaps/nM (g/M~ cm™T) Aem/nm  7/ns? /%"
Re(bipy) 268 (23800), 306 (15700), 558 150 7
317 (19500), 350 (4300)
Re(phen) 273 (35500), 366 (3700) 548 247 6

Z) Excitation at 452 nm using a NanolLed-303 from Horiba Jobin Yvon Fluorolog;
)Using [Ru(bipy);Cl,] in water (® = 0.04; A, = 450 nm) as a reference.!%®]
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ous phase. While acetonitrile is totally miscible in water, both the
polymers and the Re complexes were insoluble in water, leading
to their assembly into NPs, trapping the complexes inside the
polymer matrix., e.g., at the used concentrations, PEMA-COOH
5% precipitated already upon addition of 10 vol% of water to
the acetonitrile solution.[*]

In the first step, we optimized the encapsulation of the Re com-
plexes by varying their amount and the used polymer (Figure 1B).
In particular, poly(ethyl methacrylate) (PEMA) based polymers
bearing different amounts of charged methacrylic acid (MAA,
noted COOH here) to tune the particle size were used. On the
other hand, random copolymers of EMA with the hydrophilic hy-
droxyethyl methacrylate (HEMA), and poly(lactic-co-glycolic acid)
(PLGA), a polymer known for its biocompatibility and biodegrad-
ability, were used to investigate the influence of polymer na-
ture and hydrophobicity. Nanoprecipitation of both complexes,
Re(phen) and Re(bipy), with the different polymers, yielded NPs
over the entire investigated range of loadings (10-40 wt.% of Re
complex relative to the polymer), with sizes ranging from 20 to
70 nm according to dynamic light scattering (DLS, shown in
Figure 3A for Re(phen)). The particle sizes decreased with in-
creasing fractions of charged and hydrophilic groups on the poly-
mers. The smallest NPs of ~20 nm were obtained with PEMA-
COOH-5%, having the highest fraction of charged groups. PLGA
yielded relatively small NPs of 35 nm. Importantly, the amount
of encapsulated complex led to no noticeable change in the size
of the NPs for a given polymer. Together, this yielded a high tun-
ing potential, as the size of the NPs could be finely controlled
by modifying the structure of the polymer over a wide range of
loadings. Both complexes yielded very similar results for the stud-
ied polymers and loadings, with Re(bipy) giving somewhat bigger
particles with PLGA than Re(phen) (Figure S39, Supporting In-
formation). For selected examples, the sizes were also measured
through transmission electron microscopy (TEM, Figure S23,
Supporting Information), yielding smaller sizes because TEM
provides a number average of the hard-core diameter, but con-
firming the formation of spherical NPs with a monodisperse size
distribution.

From the size determined by DLS, the number of complexes
encapsulated per NP could be estimated using the size of the par-
ticle and the concentration of the Re complexes inside the NPs,
going up to 11000 Re complexes for the biggest NPs with the
highest loadings (see Supporting Information for details on the
calculation and Table S2, Supporting Information, for results).
These results allowed us to estimate the distances between Re
complexes inside the NPs based on the Re complex concentra-
tion. Assuming that the Re complexes were homogeneously dis-
tributed inside the NP, the mean center-to-center distance ranged
from 2.8 nm for aloading of 10 wt.% in the Re complex to 1.9 nm
for the highest loading, which suggested proximal Re complexes
inside the NP.

This detailed characterization suggested that our nanoprecipi-
tation approach allowed us to obtain Re complex-loaded polymer
NPs (metallo-organic nano-hybrids) with excellent control over
size and loading. However, it should be noted that nanoprecipi-
tation of Re complexes alone, that was without the polymer, un-
der identical conditions also yielded NPs in a similar size range.
In consequence, the aforementioned results were insufficient to
confirm the actual encapsulation of the Re complexes within the
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Figure 3. A) Size for different NPs, B) absorbance, and C) emission (4., = 275 nm) spectra of Re(phen) in solution in acetonitrile or encapsulated in
PEMA-COOH-1%. (Samples marked 10% ACN and 10% NPs have the same concentration in Re(phen). D) QYs for different NPs loaded with Re(phen),

using Re(phen) in MeCN as a reference.

NPs, which will be addressed in more detail below in the sections
on absorbance, PL, and FRET.

Absorption spectra of the Re complex loaded NPs (Figure 3B
for Re(phen), Figure S40 (Supporting Information) for Re(bipy))
showed a peak ~275 nm for Re(phen) and at ~320 nm for
Re(bipy), similar to those observed for the complexes alone in ace-
tonitrile solution and characteristic of the ligand-centered tran-
sitions (vide supra). Noticeably, the difference between the ab-
sorbance spectra of the Re complex in ACN and in NPs at the
same concentration was relatively low, this demonstrated that
scattering was quite moderate by comparison with absorption.
Together with the linear increase of absorbance with loading,
this indicated a good encapsulation efficiency of the Re com-
plexes inside the polymer matrix. Excitation of the Re(phen) and
Re(bipy) loaded NPs at, respectively, 275 and 320 nm, resulted
in both cases in a broad emission between 450 and 700 nm
(Figure 3C; Figure S41, Supporting Information). The PL inten-
sity increased linearly with the loading, with maxima at 510 nm
for Re(phen) and 515 nm for Re(bipy) loaded NPs, somewhat
blueshifted compared to the corresponding Re complexes in ace-
tonitrile solution (4,,,, ~ 550 nm). Interestingly, the emission
intensity increased more than fivefold, when encapsulating the
Re complexes in polymer NPs, compared to their simple disso-
lution in acetonitrile (for corresponding concentrations). For fur-
ther characterization, we then focused on Re(phen) loaded poly-
mer NPs, which exhibited a higher PL intensity than Re(bipy)
when encapsulated in NPs. QY measurements in the case of
the Re(phen) loaded NPs revealed that Re(phen) showed QYs up
to eightfold higher when encapsulated inside NPs (QY between
25% and 50%, Figure 3D) compared to when dissolved in organic
solvent (QY = 6%, Table 1). One might anticipate that energy
transfer from the MLCT state of Re to triplet oxygen, which is
one of the major quenching pathways of the luminescence,*! is
severely reduced by a decreased diffusion of oxygen in the solid
NPs, as can be hypothesized based on observations on the ef-
fects of the matrix on Re(I)*®! and Cr(I11){®!) emitters. Here, the
observed increase in emission lifetimes (vide infra) effectively
points toward decreased quenching upon encapsulation in the
polymer NPs, though the precise contribution of oxygen was not
studied in detail. Considering the measured QYs, two groups
of Re(phen) loaded NPs appeared depending on the used poly-
mers: the NPs made with the more hydrophilic polymers (PLGA
and EMA/HEMA copolymers) had higher QYs than the more
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hydrophobic PEMA based ones. We could also see that the ex-
tent of loading had little, or at least no clear, influence on the
QY, suggesting that ACQ was not very important for these com-
plexes. This is in line with the very large Stokes shift of these com-
plexes, which limits homo-energy transfer and self-quenching.
The brightness per NP was estimated based on the number of
encapsulated Re complexes per NP, the QY, and the extinction
coefficient of the Re complexes (see Table 1). The brightness in-
creased with the loading and the particle size and a maximum
brightness of 1.4 x 10® L mol~! cm™! was achieved for P(EMA 50
—HEMA 50-COOH-1% NPs (Table S2, Supporting Information).
These observations suggested that the encapsulation of the Re
complexes inside polymeric NPs was a good way to enhance its
emission and offered the possibility of creating a very bright Re
PL.

3.3. Co-Encapsulation of Re Complexes and Cyanine Dyes

Re complexes emit in a spectral region with strong autofluores-
cence in biological environments, inducing high background
signals. Hence, we aimed to shift the emission wavelength
toward the NIR, which would significantly reduce the autoflu-
orescence background.**! NIR-emitting cyanine dyes are a
typical example of fluorescent probes for autofluorescence-free
and/or deep-tissue imaging.[®?] In the case of transition-metal
complexes, tuning the emission can be achieved by varying
the energy landscape, which requires a profound change in the
chemical structure of the ligands.[®3-%] An alternative approach is
the use of Forster resonance energy transfer (FRET) to NIR dyes,
which can also induce a bathochromic shift in the emission of the
luminescent system. This possibility was shown for a Ru-cyanine
dyad, consisting of a Ru complex covalently linked to a Cyanine
5 dye.[”] The dyad could be used to induce long-lifetime down-
shifted PL, in which emission of Cyanine 5 (4., = 660 nm) was
induced through excitation of the Ru !MLCT absorption band (4.,
= 450 nm), which was operated via a FRET mechanism. Here,
we used a similar FRET approach to shift the emission of the Re
complexes into the NIR via a simple coencapsulation of cyanine
dye FRET acceptors. We selected the Cyanine 5-based DiD as
the FRET acceptor and combined it with the bulky hydrophobic
F5-TPB as counterion, noted Cy5/F5-TPB or simply Cy5 in the
following (Figure 1), to improve encapsulation and avoid ACQ.[*?!
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Figure 4. A) Absorption spectra of NPs loaded with 40 wt.% of Re(phen)
and increasing amounts of Cy5. B) PL spectra of the same NPs excited at
Aex =292 nm C) Simplified energy level diagram for downshifting energy
transfer processes within Re(phen) and Cy5-loaded NPs.
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Coencapsulation of 40 wt.% of the Re(phen) complex with
increasing amounts of Cy5 from 0.1, 0.5, 1, 2, to 5 wt.% in
PEMA-COOH 1% yielded NPs with only slight influence of the
dye on the particle size as shown by TEM imaging (Figure S23,
Supporting Information, DLS not possible due to Cy5). Absorp-
tion spectra of the obtained NPs (Figure 4A) showed a linear
increase of the absorbance of Cy5 with loading and constant
Re(phen) absorbance, suggesting a good encapsulation of both
chromophores. Furthermore, no significant changes in the shape
of the absorption spectra were observed, indicating that the Cy5
dyes did not undergo extensive aggregation inside the NPs. The
emission spectra showed a continuous decrease in the Re(phen)
complex PL intensity with increasing Cy5 loading (Figure 4B).
At the same time, Cy5 emission appeared even at the lowest Cy5
loading and increased up to 2 wt.% Cy5 loading. The decrease in
emission intensity when going from 2 to 5 wt.% loading suggests
the appearance of ACQ effects at higher loadings. (It is interest-
ing to note that the presence of the Re complex did not have a
significant influence on the absorption spectra of the Cy5 encap-
sulated in the NPs, but a significant increase in the Cy5 emission
in the presence of the complexes was observed, Figure S30, Sup-
porting Information.)

Considering the PL intensities in the presence and the absence
of the acceptor (Cy5), the FRET efficiencies of these systems
(Table 2) could be calculated according to Equation S22 (Support-
ing Information). Globally, the FRET efficiency increased contin-
uously with the amount of acceptor dyes going from 10 to 90%. In
this context it is noteworthy that the Re(phen) donor PL was only
slightly quenched when adding 0.1% of Cy5 acceptor, whereas
the acceptor PL increased significantly (direct excitation of Cy5
at the excitation wavelength of 292 nm resulted in only very low
Cy5 PL — cf. Figure S29 and Table S3, Supporting Information),
which means that the overall PL brightness of the Re(phen)-Cy5
NP system was improved via Re(phen)-to-Cy5 FRET.

The energy-level diagram depicted in Figure 4C gives a
schematic view of the assumed downshifting behavior of the sys-
tem co-encapsulating Re(phen) and Cy5. In the absence of Cy5
the Re(phen) *MLCT emission can be engendered via excitation
of the ligand-centered S, (z*<x) or 'MLCT absorption bands.
Consequently, in the co-encapsulation particles containing Re
and cyanine — and considering the very efficient FRET behavior
— either of the Re(phen)-based absorption bands gives rise to a
populated *MLCT state which thus sensitizes the S; absorption
band of the Cy5 dye at 642 nm with resultant Cy5 emission at
663 nm.

Energy transfer also offered the possibility to further study
the actual encapsulation of the Re complexes inside the polymer
NPs. For this, we encapsulated Re(phen) into NPs made with
a polymer previously covalently grafted with Cy5. In this case,
FRET can only occur for Re(phen) encapsulated within the poly-
mer NPs, and not for NPs formed from the Re(phen) complexes
alone. Excitation of the Re(phen) complex gave us a PL spectrum
(Figures S25 and S26, Supporting Information) corresponding to
a Cy5 emission, accompanied by a strong decrease of the donor
Re(phen) emission compared to NPs loaded with just Re(phen).
The obtained decrease of Re(phen) emission was of the same or-
der as for coencapsulation of Re(phen) and Cy5/F5-TPB at equiv-
alent concentrations, indicating very close proximity of Re(phen)
and Cy5 attached to the polymer. In consequence, this result
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Table 2. FRET efficiencies for NPs loaded with 40 wt.% Re(phen) and increasing amounts of Cy5, according to PL intensities.

Cy 5 loading [wt.%]

Number of Cy5 dyes per

Average distance between

Number of Re(phen) per Cy5 FRET efficiency [%]

NP2 Cy5 molecules [nm]®)
0.1 32 12.7 287 8
0.5 160 7.4 58 42
1 319 5.9 29 60
2 632 4.7 15 79
5 1534 3.5 6 92

* Calculated for 50 nm NPs as described in Supporting Information; ) calculated according to Supporting Information; 9 for a Re(phen) loading of 40 wt.%.
PP g g pp g p g

together with the arguments presented earlier, namely control of
size through polymer and linear absorbance and PL of Re loaded
NPs, supports the conclusion that the Re complexes are fully en-
capsulated inside the polymer NPs, with a very good encapsula-
tion efficiency.

3.4. PL Lifetime Analysis

In order to better understand the photophysics of NPs loaded
with Re complexes alone or coencapsulating Re complexes and
Cy5, we decided to further investigate these systems via time-
resolved PL spectroscopy. In particular, we wanted to study very
high local concentrations of Re(phen) complexes and FRET be-
tween Re(phen) complexes and Cy5 dyes. Understanding the op-
tical tunability of such hybrid systems is essential for an efficient
implementation into biosensing and bioimaging applications.
In the first step, we studied the influence of encapsulation of
Re(phen) complexes inside polymer NPs on their PL lifetimes.
Compared to Re(phen) in solution (250 ns) the average PL life-

time strongly increased to over 3 ps inside the polymer NPs
(Table 3), which provided good evidence for strongly reduced PL
quenching when the Re(phen) complexes are protected from the
environment by the polymer matrix. The double-exponential PL
decay of Re(phen) in the NPs showed a shorter (1.0 ps) and a
longer (~4.6 ps) component, most probably related to Re(phen)
complexes closer to the NP surface (prone to quenching via the
environment) and closer to the NP center (better protection from
the outer environment). Increased Re(phen) loading (from 10
wt.% to 20 wt.% and 40 wt.%) resulted in overall better protection
of the complexes from quenching by the environment, as shown
by an amplitude increase (respectively decrease) of the longer (re-
spectively shorter) component and thus, increasing amplitude-
averaged PL lifetimes (3.1, 3.4, and 3.6 ps, respectively).

To study the influence of the presence of Cy5 acceptors, we
measured the PL decays of both Re(phen) and Cy5 (Figure 5).
With the intrinsic PL lifetime of Cy5 (few ns) being ~1000-
fold shorter compared to the Re(phen) PL lifetime (~3.6 ps),
the FRET-quenched Re(phen) PL lifetimes should in principle
be visible in both Re(phen) and Cy5 emission. However, quite

Table 3. Fit (from Re(phen) PL decay curves in Figure 5A) lifetimes (z) and amplitude fractions («) and calculated correction factors (zp), amplitude
averaged FRET lifetimes (<zppa>), average FRET efficiencies (<Egger>), overall amplitude-averaged lifetimes (<z>), lifetime system-averaged FRET
efficiencies (<E*pger>), and intensity system-averaged FRET efficiencies (int.<E*pger>).

Re(phen) Tp [us] ap, Tpo apo rel. errors <7p> [us]
10 wt.% 0.88 0.43 4.69 0.57 3% 3.07£0.18
20 wt.% 0.96 0.33 4.64 0.67 3% 3.42 +0.21
40 wt.% 1.14 0.27 4.51 0.73 3% 3.61+0.22
G5 Toat [1s] o Toaz [1] App ppo rel. errors
0.1% 0.64 0.28 1.52 0.72 0.61 18%
0.5% 0.34 0.31 1.27 0.69 0.34 10%
1.0% 0.24 0.40 1.14 0.60 0.20 6%
2.0% 0.11 0.37 0.74 0.63 0.13 4%
5.0% 0.05 0.50 0.43 0.50 0.10 3%
Cy5 zp <Tpp> [us] <Epger> <> [us] <E*tper> int. <E¥pper>
0.1% 0.22 +£0.12 1.31+£0.74 0.64 + 0.40 3.26 + 1.17 0.10 + 0.04 0.08 +0.02
0.5% 0.12 + 0.04 0.95 +0.27 0.74 £ 0.25 2.16 +0.43 0.40 + 0.10 0.41 +0.08
1.0% 0.072 +0.013 0.76 +0.12 0.79+0.17 1.52+0.18 0.58 +0.10 0.60 +0.12
2.0% 0.047 + 0.006 0.47 + 0.05 0.87 +£0.15 1.02 + 0.08 0.72+0.10 0.80 +0.16
5.0% 0.037 +0.003 0.20 +0.02 0.94 +£0.15 0.67 +0.04 0.81+0.10 0.92+0.18

Relative errors provided in the table are related to 7 and a and were estimated. Errors for zp, <Tpp>, <Epger>, <>, <E¥pper>, and int.<E*per> (intensity calculated
system-averaged FRET efficiency with intensity errors estimated as 10%) were calculated using error propagation.
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Figure 5. Excitation intensity-normalized PL decays and amplitude-
averaged lifetimes of Re(phen) loaded NPs containing distinct fractions
of Cy5 (green: 0%,; black: 0.1%; blue: 0.5%; magenta: 1%; red: 2%; or-
ange: 5%) measured for Re(phen) donor (A: 515 + 8 nm) and Cy5 ac-
ceptor (B and C: 700 + 8 nm) emission. Excitation via a 303 + 10 nm
light emitting diode (pulse length < 1.2 ns). Note: To display PL decay
curves with similar excitation conditions, the PL intensities in each graph
were normalized by (i.e., divided by) the number of excitation pulses.
This normalization resulted in a relatively strong intensity offset (con-
stant background) at longer times for the higher Cy5 fractions (e.g., or-
ange and red decay curves in A and B). The non-normalized decay curves
are shown in Figures S31-S33 (Supporting Information) for A, B, and C,
respectively.
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significant differences were found in the Re(phen) donor
(Figure 5A) and Cy5 acceptor (Figure 5B) PL decays. The
Re(phen) PL decays were relatively long, with amplitude-
averaged PL decay times ranging from 3.26 us (Re(phen) with
0.1% Cy5) to 0.67 us (Re(phen) with 5% Cy5), which corre-
sponded to system-averaged FRET efficiencies (< E*pgpr>, which
takes into account quenched and unquenched components) of
~10% and ~81% (Table 3). The Cy5 PL decays were signifi-
cantly shorter, with amplitude-averaged PL decay times ranging
from 0.69 ps (Re(phen) with 0.1% CyS5) to 0.06 ps (Re(phen) with
5% Cy5), which corresponded to <E*pzpr> values of #81% and
~98% (Table 4; See Supporting Information for details on cal-
culations). In addition, the PL intensities of the Cy5 dyes on the
very short time scale (below 200 ns in Figure 5B) were extremely
high compared to those on the longer time scale (>500 ns). This
very different decay behavior of FRET-quenched Re(phen) and
FRET-sensitized Cy5 strongly suggested that there were many
Re(phen) donors that did not interact with Cy5 acceptors and
thus, <E*pgpr> values were much lower when measured via
Re(phen) PL. A high fraction of unquenched Re(phen) makes
sense, in particular when the acceptor doping was very low, be-
cause in this case, the number of Re(phen) donors per Cy5 in-
side the NPs is very high (Table 2). Therefore, the FRET ef-
ficiencies calculated by donor PL intensity (Table 2) represent
the system-averaged FRET efficiencies (<E*pggpr>), which in-
clude both quenched and non-quenched Re(phen) donors and
do not provide any donor—acceptor distance information (e.g.,
50% non-quenched donors plus 50% donors with 100% FRET
efficiency result in the same system-averaged FRET efficiency
as 100% donors with 50% FRET efficiency). Hence, the actual
FRET efficiencies (which only include donors that transfer en-
ergy to an acceptor) are most probably much higher than shown
in the Re(phen) PL decays and the steady-state PL spectra. This
assumption would also explain why the Cy5 acceptor sensitiza-
tion is substantially stronger than the Re(phen) donor quenching
(Figure 4B ). Very efficient Re(phen)-to-Cy5 FRET becomes the
preferred energy pathway compared to Re(phen)-Re(phen) homo
FRET (which leads to self-quenching due to the increasing prob-
ability of ending up in a dark state with an increasing number of
homo-FRET steps)!®] or Re(phen) PL quenching via the environ-
ment. This FRET configuration with reduced PL losses results
in an overall emission amplification of the donor—-acceptor sys-
tem compared to the NPs loaded with Re(phen) alone. Thus, the
PL QY of Re(phen) is not the same for Re(phen) loaded NPs and
Re(phen)-Cy5 loaded NPs and the Re(phen) loaded NP PL spec-
trum cannot be used as the correct donor-only FRET reference.
PL decays could, in principle, be distinguished between
quenched and unquenched components. If the non-quenched
Re(phen) component can be identified in the decay curves, it
is possible to extract it from the FRET components, and an
actual FRET efficiency, which considers FRET pairs only, can
be calculated. However, this can be quite challenging when
the donor alone already possesses a multi-exponential decay
(due to environmental quenching), which was the case of our
Re(phen) complex-loaded NPs. We therefore used an approach
that we previously applied to FRET from lanthanide complexes
with multiexponential decays (see Equations S8-S13, Support-
ing Information).[®>’%] The Re(phen) loaded NP PL decay (green
curve in Figure 5A) was fit with a bi-exponential function, which
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Table 4. Fit (from Cy5 PL decay curves in Figure 5B) lifetimes (z) and amplitude fractions («) and calculated correction factors (z,), amplitude averaged
FRET lifetimes (<ztpp>), average FRET efficiencies (<Egger>), overall amplitude-averaged lifetimes (<7>), lifetime system-averaged FRET efficiencies
(<E*pger>), and intensity system-averaged FRET efficiencies (int.<E*pger>).

Cys Tap1 [bs] ®AD1 Tap2 [MS] *AD2 *ADO rel. errors
0.1% 0.031 0.16 0.41 0.84 0.128 5%
0.5% 0.025 0.21 0.35 0.79 0.036 5%
1.0% 0.021 0.22 0.31 0.78 0.020 5%
2.0% 0.020 0.27 0.25 0.73 0.012 5%
5.0% 0.014 0.37 0.14 0.63 0.006 5%
Cy5 Zp <Tpp> [us] <Epger> <> [us] <E*eppr> int. <E*pper>
0.1% 0.0466 + 15% 0.309 + 0.046 0.91+0.19 0.691 + 10% 0.81+0.13 0.08 +0.02
0.5% 0.013 + 15% 0.268 + 0.031 0.93 +0.76 0.248 + 10% 0.93 +£0.15 0.41+0.08
1.0% 0.0071 + 15% 0.244 + 0.026 0.93 +0.16 0.161 + 10% 0.96 +0.15 0.60 + 0.12
2.0% 0.0042 + 15% 0.183 +0.020 0.95+0.16 0.110 + 10% 0.97 +0.16 0.80 +0.16
5.0% 0.0021 + 15% 0.093 +0.010 0.97 +£0.16 0.059 + 10% 0.98 +0.16 0.92+0.18

Relative errors provided in the table are related to 7 and « and were estimated. Errors for z5, <tpp>, <Egger>, <>, <E¥pper>, and int.<E*gper> (intensity calculated
system-averaged FRET efficiency with intensity errors estimated as 10%) were calculated using error propagation.

resulted in decay times of 7, = 4.51 ps, 7p, = 1.14 ps, and
<r> = 3.61 ps (amplitude-averaged decay time). The Cy5-
containing NPs (black, blue, magenta, red, and orange curves in
Figure 5A) were fit with a 3-exponential function, for which the
long decay time of Re(phen) (rp, = 4.51 ps) was fixed to account
for the contribution of non-quenched Re(phen). The short decay
component of Re(phen) (rp; = 1.14 us) could not be extracted
from the FRET decays by fixing because it had the same time
range as the FRET decays. Therefore, an amplitude correction
factor (zp,, Equation S11, Supporting Information)[**”%! was used
to correct this contribution of free Re(phen) emission. By apply-
ing this method, two FRET decay times (rp,; and 7p,,), their
relative amplitudes (ap,; and apy,), a relative donor amplitude
(apao)> the donor correction factor (zp), an average FRET decay
time (<7p,>), an average FRET efficiency (< Egger>), an average
decay time of the complete decay (<z>), and a system-averaged
FRET efficiency (<E*pzpr>, taking into account quenched and
unquenched components) could be determined (Table 3).

Whereas the overall amplitude-averaged decay time (<7>) re-
sulted in FRET efficiencies (<E*pppr>) that corresponded quite
well to the ones determined by steady-state intensities (because
also the PL decay contains all donor components — vide supra),
the FRET decay times (<7,>) and FRET efficiencies of the ac-
tual FRET pairs (<Egggr>) were significantly shorter and larger,
respectively. The differences were particularly large for the NPs
containing few Cy5 (0.1, 0.5, and 1 wt.%), which showed strong
contributions of Re(phen)-only PL (61%, 34%, and 20% relative
donor amplitude). For the NPs with higher amounts of Cy5 (2 and
5 wt.%), the differences were not that strong because of the sig-
nificantly lower contributions of non-quenched Re(phen) (13%
and 10% relative donor amplitude) to the PL.

Although the decay time fitting showed that the FRET ef-
ficiencies of the actual Re(phen)-Cy5 FRET pairs were much
higher than determined from steady-state PL intensities or over-
all averaged PL lifetimes, strong contributions of non-quenched
Re(phen) emission inevitably led to large errors, which were even
larger (due to error propagation) when calculating FRET efhi-
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ciencies (see, e.g., FRET efficiencies for Re(phen) loaded NPs
with 0.1 wt.% Cy5 in Table 3). Because the FRET-sensitized
Cy5 emission (700 + 8 nm) contained almost no background
from non-quenched Re(phen), evaluation of the PL decays of
Cy5 (Figure 5B) could possibly reveal more accurate FRET effi-
ciencies. The Cy5 PL decays were also fit with a 3-exponential
function and the long decay time of Re(phen) (zp, = 4.51 ps)
was again fixed to account for the contribution of non-quenched
Re(phen), despite the fact that it was much weaker in the Cy5 PL
detection channel. Therefore, the correction factor values (z, —
Equation S16, Supporting Information) were also much lower.
Similar to the donor emission analysis, two FRET decay times
(Tap; and 7,p,), their relative amplitudes (a,p; and a,p,), a rel-
ative donor amplitude (a,p,), the donor correction factor (z,), an
average FRET decay time (<7,p>), an average FRET efficiency
(<Egprer>), an average decay time of the complete decay (<7>),
and a system-averaged FRET efficiency (<E*pgpr>) could be de-
termined (Table 4) by fitting and using Equations S8 and S14-S18
(Supporting Information).

The results clearly show that even for very low Cy5 fractions
(0.1 and 0.5 wt.%), the FRET efficiencies were very high (>90%),
which confirmed that the intensity and lifetime evaluations of
the Re(phen) donor emission strongly underestimated the FRET
efficiencies and that the Re(phen) donor emission at low Cy5
fractions contained a strong contribution from non-quenched
Re(phen). The FRET efficiencies constantly increased from 0.91
(for 0.1 wt.% Cy5) to 0.97 (for 5 wt.% Cy5), suggesting that for in-
creasing Cy5 fractions not only more FRET pairs were formed but
also the average donor—acceptor distance decreased. Considering
the Re(phen)-Cy5 FRET pair Forster radius of R, = 3.7 nm (see
Supporting Information for calculation) and the measured FRET
efficiencies, the average donor-acceptor distance decreased from
2.5 to 2.1 nm. These values were not accessible by simply con-
sidering the NP sizes and Re(phen) and Cy5 loading ratios. How-
ever, those volume-concentration considerations are still useful
for evaluating the FRET distance calculations. When going from
0.1 to 5 wt.% Cy5 loading, the average distance between Cy5
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dyes in the NPs decreases from more than 12 to 3.5 nm, which
means that at 5 wt.% loading on average all Re(phen) complexes
lie within a distance of less than 1.8 nm to a Cy5 dye. However,
in the case of 0.1 wt.% the majority of Re(phen) complexes are
at distances >R,. Whereas the average FRET distance estima-
tions are within a reasonable range when considering the size
and loading ratios of the Re(phen)-Cy5 polymer NPs, they still
seem to be slightly overestimated. Considering that the very short
PL decay component of Cy5 (Figure 5B) could not be properly re-
solved on the 14 ps time scale that was necessary to appropriately
fit the Re(phen) donor decays, we also recorded Cy5 PL decays
in a 200 ns window after pulsed excitation (Figure 5C). These
fitresults (Equations S19-S21, Supporting Information) revealed
very short decay time components (amplitude-averaged lifetimes
between 12.7 and 27.5 ns) that correspond to FRET efficiencies
of ~#100% and further confirmed that the formed Re(phen)-Cy5
donor—acceptor pairs provided very high FRET efficiencies, i.e.,
all Cy5 dyes were in very close contact to at least one Re(phen)
donor.

It should be noted that we cannot absolutely confirm that en-
ergy transfer occurred through FRET in these systems. However,
several observations point clearly toward FRET as the underly-
ing mechanism: First, in the steady-state measurements, clear
donor quenching and acceptor sensitization were observed. Sec-
ond, the lifetime analysis showed a decrease in donor fluores-
cence lifetime associated with FRET. Moreover, FRET efficiencies
were calculated using both steady-state and time-resolved mea-
surements, including long and short-window analysis as well as
taking into account the contribution of unquenched donors. The
calculated FRET efficiencies showed an increase as more accep-
tor was added. Other mechanisms, such as electron exchange
and re-absorption, would not exhibit the same behavior. In par-
ticular, there would be no PL lifetime changes within the donor—
acceptor distance range in our NPs. Electron transfer can only
occur at very close distances (orbital overlap) with an exponential
donor—acceptor distance dependence, which means that the en-
ergy transfer rate would drop to zero above 0.5 or 1 nm. Thus,
gradual PL lifetime changes would not be experimentally visi-
ble. Reabsorption would mainly occur at longer distances with-
out change in the PL lifetime. The distance dependence (tuned
by different percentages of acceptors) of the energy transfer ef-
ficiency is strong evidence for FRET. Together these arguments
point strongly in favor of FRET as the major mechanism of en-
ergy transfer in the studied systems.

The very efficient FRET and very close donor—acceptor dis-
tances revealed by time-resolved spectroscopy are very interest-
ing, as they allow to efficiently shift the PL of these NPs into the
NIR through simple coencapsulation of the Re(phen) complexes
and Cy5, without the need to chemically link the two. This re-
sults in luminescent NPs with a very large Stokes shift and a very
high particle brightness through the high loading with Re(phen)
complexes and a nearly complete absence of ACQ. Yet, the in-
tuitively very positive result of high FRET efficiencies also comes
with a drawback: The microsecond PL lifetimes of Re would have
been very beneficial for time-gated FRET detection,!”!] provid-
ing higher photon flux compared to lanthanide-based time gat-
ing (because a microsecond decay allows for 1000 times more ex-
citations per time than millisecond decays) while still efficiently
suppressing autofluorescence background (in the nano- to micro-
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second range). However, with a FRET efficiency close to unity,
the interesting capability of shifting the emission to the NIR re-
gion (Cy5) cannot work for microsecond time-gating because the
FRET-sensitized Cy5 PL decay is too fast.

To confirm the inadaptability to conventional microsecond
time-gating, we used the NPs co-encapsulating Re(phen) and Cy5
for both time-gated PL detection on a conventional benchtop flu-
orescence plate reader and time-gated imaging inside live cells.
Using pulsed excitation at 303 nm and the shortest possible in-
tegration time of 20 us (gate time) on a SPARK (Tecan) reader,
we shifted the detection windows for both Re and Cy5 emission
intensity maxima from 0 to 20 ps (delay time). After 10 ps of de-
lay, the afterglow of the microsecond flash lamp started to de-
cay until almost background emission was reached at a delay of
20 ps (Figure S34, Supporting Information). The decay of the PL
signal of the Re(phen) loaded NPs was slightly longer, whereas
increasing fractions of Cy5 resulted in a progressive decrease
of the additional delay toward the pure decay of the lamp af-
terglow. The progressive decrease of the signal delay reflected
the FRET-quenched PL lifetime and intensity found during the
spectroscopic characterization (vide supra). For the Cy5 detection
channel, all signals were very similar, which confirmed the much
faster PL decay of the FRET-sensitized Cy5 inside the NPs. These
results were confirmed on a microsecond time-gated microscope,
for which the Cy5 emission channel could not measure any Cy5
PL (data not shown because the signal only consisted of back-
ground noise).

3.5. Cellular Imaging

Considering the very strong quenching-sensitization of the
Re(phen)-Cy5 donor-acceptor pair and the very large spectral sep-
aration between excitation (~300 nm) and emission (680 nm,
and up to 800 nm), the large gap between Re(phen) and Cy5
emission could potentially be exploited for ratiometric sensing
with significantly lower autofluorescence from the Cy5 NIR PL.
Thus, we sought to evaluate the live cell imaging performance
of the NPs coencapsulating Re(phen) and Cy5 with conventional
steady-state fluorescence microscopy. We incubated HeLa cells
for 3 h with the Re(phen)-Cy5 NPs at different loading ratios
(1 and 5 wt.% Cy5) and then performed live cell fluorescence
imaging at 520 + 14 nm (Re(phen) emission) and 707 + 8 nm
(Cy5 emission) under 320 nm excitation. Taking into account
that for Re(phen)-Cy5 NPs in solution the Re(phen) emission
was strongly quenched and Cy5 emission strongly sensitized
(Figure 4B), we selected a spectral bandpass filter for Re(phen)
(~28 nm bandwidth) approximately twice as large as the one for
Cy5 (~16 nm bandwidth).

For both Cy5 fractions (1 and 5 wt.%), clear PL signals of
both Re(phen) and Cy5 could be detected inside the HeLa cells
(Figure 6) with intensities that were adequate for ratiometric de-
tection. The relative Cy5-to-Re(phen) PL intensities clearly in-
creased with increasing Cy5 fraction (Figure S35, Supporting In-
formation), which confirmed the FRET behavior found for NPs
in solution (cf. Figure 4B). Control experiments showed that
there was no significant Cy5 emission detectable when Re(phen)
loaded NPs (without Cy5) were incubated with HeLa cells
(Figure S36, Supporting Information) and only autofluorescence
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520+14 nm

1% Cy5

5% Cy5

Figure 6. Cellular Imaging of PEMA-COOH 1% NPs loaded with 40 wt.%
Re(phen) and 1 or 5 wt.% Cy5 incubated for 3 h at 10 ug mL~", excitation
(Aexc) at 320 + 20 nm, and emission (A¢y,) at 520 + 14 nm (green) for the
donor channel and 707 + 8 nm (red) for the acceptor channel. The images
show the overlay of DIC and fluorescence, Re(phen) PL intensity is colored
in green, and Cy5 PL intensity is colored in red. The first row shows images
of NPs loaded with 40 wt.% [Re(phen)] and 1T wt.% Cy5 and the second
row show images of NPs loaded with 40 wt.% [Re(phen)] and 5 wt.% Cy5.
Images of the NPs were acquired using an Olympus IX83 microscope with
EMCCD camera (Andor) with an acquisition time of 500 ms, x500 EM gain,
and illuminated with a continuous wave illumination source at a power of
82 W. Scale bars are 20 um in length in all images.

(in the Re(phen) detection channel) and very faint Cy5 fluores-
cence (in the Cy5 detection channel) were detectable when Cy5
loaded NPs (without Re(phen)) were incubated with HeLa cells
(Figure S37, Supporting Information). Imaging from top to bot-
tom (z-stacking) through the Hela cells incubated with NPs con-
firmed their good internalization inside the cell (Figure S38, Sup-
porting Information). This was in good agreement with results
obtained previously on similar NPs.[2>52] We suppose that the for-
mation of a protein corona in the presence of serum!??! facilitates
efficient internalization of these NPs. The morphology of all im-
aged cells was unaffected, which showed that the endocytosis of
the NPs had no significant impact on the live cells.

4, Conclusion

In this work, we demonstrate the encapsulation of very high
amounts of luminescent transition-metal complexes in polymer
NPs made of polymethacrylates and biodegradable polyesters
and analyze the physicochemical and photophysical properties of
the resulting materials in detail. Variation of the polymers used
allowed tuning of particle size, from 20 to 70 nm, encapsulating
up to 40 wt.% of Re complexes corresponding to close to 10 000
Re complexes per NP. The PL QYs of the Re complexes increased
strongly upon encapsulation in polymer NPs, reaching close to
50% in some cases, which resulted in probes with PL brightness
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of up to 108 M~ cm™! and lifetimes of the order of 3—4 ps. Encap-
sulation thus helped to create very bright luminescent probes for
use in bioimaging based on luminescent Re complexes. How-
ever, in view of excitation in the UV and emission ~500 nm, a
strong autofluorescence background was expected in bioimag-
ing applications. We could show that this can be overcome by co-
encapsulation of the NIR dye CyS5 in the Re complex loaded NPs,
which resulted in a shift of the emission into the NIR due to en-
ergy transfer. A deeper analysis of the photophysics of the system
allowed to unravel the underlying mechanisms. Indeed, lifetime
measurements showed very efficient FRET from the Re complex
donors to the Cy5 acceptors and revealed a very close proximity of
the encapsulated luminophores. This resulted in very bright, vis-
ible, and NIR-emitting NPs with a very large separation of excita-
tion and emission wavelengths. The NPs could be used for cellu-
lar imaging and showed good internalization and high contrastin
the two wavelength regions. Thus, simple co-encapsulation of dif-
ferent luminescent compounds proved to be a powerful strategy
to tailor and optimize the emission properties of nanoprobes—
without requiring a covalent link—even for such differing entities
as organic fluorophores and transition metal compounds, open-
ing the way to new classes of luminescent probes. Though the
very efficient FRET made microsecond time-gated imaging in
the NIR impossible, the resulting objects showed a high bright-
ness for emission in the NIR in combination with lifetimes in
the range of hundreds of nanoseconds, in this way combining
advantages of the two types of emitters. By relying on set-ups al-
lowing very fast TG, sub-us TG imaging may become possible,
combining higher photon flux than what is typically obtained in
lanthanide and transition metal-based millisecond and microsec-
ond TG with efficient background removal. Our investigation of
the photophysics of the obtained materials also showed that care-
ful analysis of materials properties leads to a better understand-
ing of such complex systems, which is key to discovering new
types of materials with new properties enabling new applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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