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Photoresponsive multimodal nanomaterials have become
prevalent in biomedical imaging and nanomedicine settings
owing to their unique optical properties, flexible surface
chemistry, and ability to accommodate multiple functions.!!
The basis of multimodality is co-registration of anatomical
structures or physiological conditions by combining modal-
ities among positron emission tomography (PET),” X-ray
computed tomography (CT),”! ultrasonography,” magnetic
resonance imaging (MRI),” and fluorescent molecular
tomography (FMT).”) Although X-ray-based images provide
high spatial resolution, radiation damage and related health
risks are topics of public concerns. Thus, safer imaging
modalities such as MRI and near-infrared fluorescence
molecular tomography (NIR-FMT) have become popular.®!
Also, combined MRI and fluorescence contrast agents receive
considerable attention in applications such as disease diag-
nosis,/” gene/drug delivery,® and phototherapy.”® Such con-
trast agents are fabricated by recruiting of organic dyes,®"
semiconductor quantum dots (QDs),"* upconversion nano-
particles,™ or rare-earth complexes®™! to the surface of
magnetic nanomaterials or vice versa. Although, organic dyes
are abundant in various colors and reactive forms, their
potentials for bioimaging is limited because of the poor
photostability, narrow absorption and broad emission bands,
toxicity, and sensitivity to local environment.'”’ Despite the
bright, stable, and size-dependent tunable photoluminescence
(PL) of chalcogenide QDs,/'! their major limitation is
toxicity.”! Thus, nontoxic and NIR-fluorescent nanomaterials
are greatly investigated.

Upconversion nanoparticles,” lanthanide complexes,®
and noble-metal quantum clusters (QCs)!'? are emerging
nontoxic fluorescent materials. QCs in this context refer to
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those with only a few atoms in the core and exhibit NIR
fluorescence because of “molecule-like” electronic transi-
tions. Apart from the nontoxic nature, the large Stokes shift
and NIR fluorescence of these materials help us for not only
trimming down the background fluorescence but also obtain-
ing deeper penetration into biological specimens. Among
different NIR fluorophores mentioned above, gold QCs have
become relevant in bioimaging owing to their simple syn-
thesis, nontoxic nature, and high photostability.'>!* Chemical
reduction of gold ions followed by stabilization of gold atoms
with simple ligands or large proteins!® are standard for the
synthesis of gold QCs. Besides the inherent fluorescence of
QCs or other nanomaterials, an additional fluorescence
modality can be stimulated by the photosensitization of
oxygen.¥! Nevertheless, the generation of singlet oxygen
(*0,) from NIR-emitting nanoparticles and in situ bioimaging
using the enhanced fluorescence from the singlet oxygen
sensor dyes is yet to be evaluated, which can be a promising
method for multimodal bioimaging and photodynamic ther-
apy (PDT).

Multimodal nanoparticles (MNPs) in this work are
fabricated by the conjugation of biotinylated NIR-fluorescent
gold QCs to streptavidin-functionalized Fe;O, NPs, which is
followed by 'O,-sensitized photouncaging of the fluorescence
of fluorescein in the methylanthracene-fluorescein-caged
conjugate. The photostability of QCs over organic dyes
allows us to detect them even at single-molecule level.
MNPs are successively converted into bioimaging probes by
the conjugation of the epidermal growth factor (EGF), which
is known for their EGF receptor-mediated extracellular
labeling and endocytosis. The efficient intracellular delivery
of MNPs allows us to combine NIR fluorescence and MRI for
live cell imaging. Yet another interesting property of QCs is
the long-living excited state (> 500 ns),!™™! which is sufficient
to sensitize dissolved oxygen and produce 'O,. Photosensi-
tized production of 'O, is monitored in the NIR window
(1270 nm) or using a singlet oxygen sensor green (SOSG) dye,
which uncages into green-fluorescent endoperoxide upon
reaction with 'O, in solutions or human lung epithelial
adenocarcinoma cells (H1650). Apart from the NIR fluores-
cence and MRI contrasts offered by the probes, the green
fluorescence of the endoperoxide of SOSG triggered by 'O,
provides us with a third modality for live cell imaging.

Figure 1 A summarizes different steps involved in the
synthesis of QCs and MNPs. The synthesized QC is biotin-
ylated using biotin NHS ester or conjugated with a photo-
uncaging ligand, and anchored to streptavidin-functionalized
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Figure 1. A) Synthesis of QCs and MNPs. B) UV/Vis absorption and
PL spectra (inset) of a) QCs and b) MNPs. C) TEM image of MNPs.
D) Bright-field, E) fluorescence, and F) T;-, and G) T,-weighted MRI of
a solution of i) PBS, ii) QCs, iii) Fe;O, NPs, and iv) MNPs. H) Plot of I/
Io versus illumination time for a) coumarin, b) Hoechst, ¢) QC, and

d) QD. Inset: photographs of the same solutions taken under i) UV
lamp and ii) day light. I-K) Single-molecule PL intensity trajectories of
1) QD and QC ) in air and K) in N, atmosphere.

Fe;O, NPs. TEM images of isolated MNPs are shown in
Figure 1 C. Absorbance of a QC in the 300450 nm window
(Figure 1B) is attributed to the interband (sp«<d) and
intraband (sp<sp) transitions; whereas the absorbance
beyond 450 nm is due to a HOMO-LUMO transition
within the QCs."® The PL spectrum of the QCs (inset of
Figure 1B) shows an intense NIR emission irrespective of the
excitation wavelength. The broad absorption band of the QCs
allows us to activate NIR fluorescence by choosing any visible
excitation wavelength. UV/Vis absorption and PL spectra of
MNPs resemble the integrated features of both QCs and
Fe;O, NPs. To further confirm the bimodality of MNPs,
fluorescence images and 7)- and 7,-weighted MRI of the
samples are recorded (Figure 1E-G). Here, the difference in
the MRI contrasts is the choice of two scanning parameters,
namely the repetition time (7y) and echo delay time (7%). In
T,-weighted MRI, long 7 and Ty give dark contrast to
magnetizing materials.

The photostability of fluorescence contrast agents is an
important parameter for bioimaging. To evaluate the photo-
stability of QCs and MNPs, we have recorded and compared
the time-dependent PL spectra of QCs with those of CdSe/

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ZnS QDs and organic dyes at 405 nm excitation. A plot of /1
versus the illumination time (Figure 1 H) shows high photo-
stability of the QCs, which is comparable to the photostability
of QDs. We also evaluate the photostability of the QCs at
single-molecule level. Under ambient conditions, the PL
intensity trajectory of single QCs show fast photobleaching in
single steps (Figure 1J), which suggests photo-oxidation.
Photostability of QCs could be extended over several minutes
in N, atmosphere (Figure 1 K), which allows us to observe
stochastic fluctuations in the PL intensity of QCs, a behavior
similar to the blinking of QDs (Figure 1T).

We investigate the origin of single-molecule photobleach-
ing by recording and analyzing the photosensitized 'O,
production by QCs. Although the 'O, production by organic
molecules or QDs is widely known,['! activation of 'O, by
QCs is a quite new phenomenon. The general mechanism
underlying the photosensitized production of 'O, involves
energy transfer from the long-living excited state of a photo-
sensitizer to oxygen (*0,). Subsequent radiative relaxation of
10, causes NIR luminescence of about 1270 nm. The lifetime
of QCs shows fast (ns) and slow (us) components, which are
attributed to prompt emission and thermally activated
delayed emission.™ Efficient delayed emission in QCs
suggests the probability to photosensitize 0, and produce
!0, which is investigated by recording and analyzing the PL
decay profiles of QCs under both O, and N, atmospheres
(Figure 2 A). Interestingly, the PL lifetime of QCs in air (ca.
365 ns) gradually increases up to 640 ns under N, purging.
Conversely, the PL lifetime of QCs recorded under N,
atmosphere decreases as the sample is purged with air. In
other words, the long-living excited state of QCs under N,
atmosphere and the short lifetime in the presence of oxygen
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Figure 2. A) PL decay profiles of QCs under a) saturation by air and b—
d) purging by N, for b) 30, ) 45, and d) 120 minutes. B) Power-
dependent PL decay profiles of QCs under a) 0.6, b) 6, and

c) 60 Wecm ™2 at 532 nm excitation. C,D) Luminescence spectra of 'O,
generated by C) QCs and D) TCPP. Insets: PL decay profiles of 'O,
produced by QCs and TCPP.
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suggest that the production of 'O, by QCs follows the general
mechanism of photosensitization. Furthermore, considerable
decrease of the PL lifetime (from 542 to 240 ns) or increased
production of 'O, is observed as the excitation power intensity
is increased from about 0.6 to 60 Wcm ™ (Figure 2B).

NIR luminescence band at about 1270 nm with a decay
constant of about 2 x 10~ s in D,O is the characteristic feature
of 10, which is clearly visible for air-saturated aqueous
solutions of QCs and MNPs excited at 532 nm (Figure 2C).
We also compare the NIR luminescence spectrum of 'O,
produced by QCs with that by the standard {meso-tetra (4-
carboxyphenyl)} porphyrin, (TCPP, Figure 2D). Resem-
blance of the luminescence band at about 1270 nm for QC/
MNP and TCPP samples supports QC-based production of
'0,. Although 'O, is produced by photosensitization, mole-
cules such as N, and NaN; efficiently quench '0,.'” Thus, to
further confirm the production of 'O,, we have purged N, gas
through QCs or MNPs dissolved in D,O. Interestingly, the
characteristic luminescence of 'O, at about 1270 nm disap-
pears from N,-saturated solutions. Next, we employ SOSG for
monitoring of the photosensitization process. SOSG is a con-
jugate between fluorescein and methylanthracene, where the
fluorescence of fluorescein is quenched because of intra-
molecular electron transfer. It becomes bright-green fluores-
cent in the presence of 'O, because of the formation of an
endoperoxide of methylanthracene, in which the intramolec-
ular electron transfer is blocked (Figure 3 A). To evaluate the
production of 'O, using SOSG, an aqueous solution of QCs is
photoactivated at 532 nm in the presence of SOSG. This
photoactivation results in the continuous and enormous
enhancement of green fluorescence (Figure 3B). On the
other hand, fluorescence enhancement is negligible for an
equivalent sample kept under dark (Figure 3 C). The kinetics
of '0, production as a function of the green fluorescence is
given in the inset of Figure 3 C. Photosensitized production of
'0, is further evaluated using an array of microchannels
supplemented with a mixture of QCs and SOSG. A small
sample volume (ca. 2 channel diameter) is illuminated with
532nm laser (ca. 10 Wcem2). After photoactivation for
two minutes, many channels are simultaneously observed
under 463 nm (for SOSG) illumination (1 mWcm™2). Inter-
estingly, the bright green fluorescence of the endoperoxide of
SOSG detected only in channels illuminated with 532 nm
laser light suggests photosensitized production of 'O, by QCs
(Figure 3E).

The green fluorescence of the endoperoxide of SOSG is
an additional modality offered by 'O, for bioimaging, which is
evaluated using live cells. Lung adenocarcinoma of up to 60 %
confluency are incubated first with a 10 nm solution of QC-
EGF conjugate in Dulbecco’s modified eagle medium
(DMEM) for 1 h and then with 5 nm solution of SOSG for
10 minutes. After the treatment, the cells are washed and
supplemented with DMEM and 10% fetal bovine serum
(FBS). Photoactivation of the QCs using 532 nm laser light
followed by observation under 400 nm illumination shows
bright green intracellular fluorescence (Figure 3G). On the
other hand, cells treated with QCs and SOSG, but without
photoactivation at 532 nm show only weak fluorescence
(Figure 3F), which is because of oxidative stress as a result
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Figure 3. A) The structure of SOSG and its reaction with 'O, (ET=e-
lectron transfer). B,C) Time-dependent fluorescence spectra of a mix-
ture of SOSG and QCs B) at 532 nm excitation and C) in the dark.
Insets: Ba—c) Absorption spectra of SOSG solution after Ba) 0, Bb) 1,
and Bc) 30 minutes of photoactivation, and Ca,b) plots of fluorescence
intensity versus time under Ca) irradiation at 532 nm and Cb) in the
dark. D,E) Images of microchannels filled with SOSG and QCs:

D) bright-field image showing the area at 532 nm illumination and

E) fluorescence image recorded under wild-field illumination.

F,G) Fluorescence images of H1650 cells treated with a mixture of
SOSG and QCs: F) without photoactivation of the QCs and G) after
five minutes of photoactivation at 532 nm

of imbalance between reactive oxygen species (ROS) formed
in cells and the inability of biological systems to detoxify
ROS."™! Although antioxidant defense systems such as
catalase (CAT), superoxide dismutase (SOD), and gluta-
thione peroxidase (GPx) regulate the homeostasis of ROS,
detectable amounts of 'O, will be present in cells. On the
other hand, the strong green fluorescence in the cytoplasm of
cells treated with QCs suggests a high level of 'O, production
by photoactivated QCs, which adds new dimensions such as
bioimaging and PDT to QCs.

Apart from the 'O, production ability of QCs, their NIR
fluorescence is an important parameter for bioimaging,"”! for
which poor intracellular delivery efficiency is the major
challenge. Here, we show that QCs and MNPs can be
efficiently delivered in living cells using EGF and used for
combined NIR fluorescence imaging and MRI of cells. H1650
cells are first incubated with 5 nM solution of MNP-EGF or
QD-EGEF conjugates for 1 h. Successively, the cells are treated
with a 5nM nucleus staining dye syto21, washed with
phosphate-buffered saline (PBS) and supplemented with
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DMEM and 10% FBS. Intracellular delivery of MNPs or
QDs in H1650 cells is investigated using fluorescence
microscopy (Figure 4 A). Both MNP-EGF and QD-EGF
conjugates are transported into the cytoplasm as seen in
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Figure 4. Fluorescence and overlaid images of H1650 cells treated
with A—C) MNP-EGF conjugates (red) and syto 21 (green), and D-

F) QD-EGF conjugates (red) and syto 21 (green). G-1) MTT assay
histograms for G) Fe;O,, H) QCs, and |) MNPs. )) Bright-field image
and K) fluorescence image of a) cell pellets without and b) with label-
ing using MNPs. L) T;- and M) T,-weighted MRI of i) PBS, ii) QCs, and
iii,iv) cells labeled iii) without and iv) with MNPs.

Figure 4 A-F. EGF-mediated endocytosis of MNPs or QDs
follows the standard pathway of binding to the extracellular
domain of the G-protein-coupled EGF receptor followed by
clathrin-mediated endocytosis. Thus, MNPs and QDs are
mostly trapped in the endo-lysosomal compartments as seen
in Figure 4 A,D. To ensure the nontoxic nature of QCs, Fe;O,
NPs and MNPs, we evaluated the mitochondrial reductase
enzyme activity of labeled cells by MTT cytotoxity assay.
Over 90% viability (Figure 4G-I) for cells treated with
a range of concentration of the labeling agents suggests the
non-cytotoxic nature of the nanoparticles involved in this
study.

Intracellular delivery of MNPs using EGF allows us to
obtain not only NIR fluorescence of QCs and 'O,-sensitized
green fluorescence of SOSG but also MRI contrast from
labeled cells. For multimodal imaging, labeled cells are
washed with PBS, harvested using trypsin, washed, and
collected as pellets. Figure 4 J,K shows the bright-field and
fluorescence images of H1650 cell pellets without and with
MNP treatment. Fluorescence images of individual cells
(Figure 4 A) and cell pellets (Figure 4 K) confirm the fluo-
rescence modality provided by MNPs. Figure 4 L,M shows T} -
and T,-weighted MRI of cell pellets. The enhanced MRI
contrast from cells treated with MNP suggests the potentials
of MNPs for multimodal bioimaging. 7,-weighted MRI

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

collected from cells treated with MNP helps us to distinguish
those from untreated cells because of the enormous dark
contrast enhanced under the long echo time. Among different
magnetic nanomaterials known so far, Fe;O, and Gd-based
nanoparticles are common contrast agents in clinical MRL
Thus, the newly developed MNPs composed of Fe;O, NPs and
noncytotoxic, NIR-fluorescent and 'O,-sensitizing QCs would
be potential multicontrast agents for in vivo bioimaging.

In summary, we demonstrate the fabrication of novel
photosensitizing, NIR-fluorescent, and magnetic multimodal
bioimaging probes and evaluate their intracellular delivery
through G-protein-coupled receptors by combined NIR
fluorescence imaging and MRI. Exceptionally high photo-
stability of gold QCs in the probes allows us to not only detect
them at single-molecule level and in living cells but also
incessantly produce 'O,. Photosensitized production of 'O, is
monitored in solutions or in human lung epithelial adenocar-
cinoma cells using a sensor dye that produces green fluo-
rescent endoperoxide of the methylanthracene-fluorescein-
caged conjugate upon reaction with 'O,. In addition to the
NIR fluorescence and MRI contrasts offered by the probe,
the green fluorescence of the endoperoxide triggered by 'O,
provides us with a third modality for live cell imaging. From
the best of our knowledge, this is the very first report about
QC-based nanoprobes with NIR fluorescence, MRI contrast,
and 'O,-sensitized intracellular fluorescence modalities for
bioimaging.

Experimental Section

Instrumentation of fluorescence imaging,? PL lifetime studies,”"!
and 'O, measurements™! are provided elsewhere. MRI data are
acquired using a small animal imaging equipment (MR Technology,
Inc.). Fluorescence images of samples and cell pellets are recorded
using a Maestero small animal imaging system (PerkinElmer).

Synthesis of QCs: QCs are synthesized by the controlled
reduction of Au’" ions in the presence of bovine serum albumin
(BSA).[* Briefly, 1 mL of HAuCl, (5 mm) is added to 1 mL of 300 um
BSA solution under vigorous stirring at 37°C. The pH value of this
solution is adjusted by adding 100 uL of 1m NaOH solution with
continuous stirring at 37 °C for 6 h. During this period, the color of the
solution is gradually changed from bright yellow to brown, which is
accompanied by intense NIR photoluminescence.

Preparation of the MNP-EGF conjugate: A 1mwm aqueous
solution of biotin NHS ester was added to an aqueous solution of
QCs (100 um). This was followed by stirring the mixture at 25°C for
1 h. During this step, amino groups in BSA are biotinylated, which is
purified by dialysis against a membrane for 2 KDa followed by gel
filtration on a sephadex G-25 column. In parallel, EGF-biotin is
conjugated with streptavidin-functionalized Fe;O, NPs in 1:1 ratio.
Finally, MNPs are prepared by the conjugation of biotinylated QCs
with EGF-Fe;O, NPs. Similarly, QD-EGF conjugates are prepared by
the conjugation of streptavidin-functionalized QDs with biotinylated
EGF at 1:1 ratio.
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