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Surface functionalized perovskite nanocrystals:
a design strategy for organelle-specific
fluorescence lifetime multiplexingy
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Fluorescent molecules or materials with high photoluminescence quantum yields and stability towards
photobleaching are ideally suited for multiplex imaging. Despite complying with such properties,
perovskite nanocrystals (Pv-NCs) are rarely used for bioimaging owing to their toxicity and limited
stability in aqueous media and towards human physiology. We aim to address these deficiencies by
designing core—shell structures with Pv-NCs as the core and surface-engineered silica as the shell
(SiO,@Pv-NCs) since silica is recognized as a biologically benign carrier material and is known to be
excreted through urine. The post-grafting methodology is adopted for developing [SiO,@Pv-NCsltpm

and [SiO,@Pv-NCsltsy (tpm: triphenylphosphonium ion, tsy: tosylsulfonamide) for specific imaging of
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their average fluorescence decay times ([SiO,@Pv-NCsltpm: *™z,, = 3.1 ns and [SiO,@Pv-NCsltsy: 1,

DOI: 10.1039/d4sc01447b = 2.1 ns) is used for demonstrating a rare example of perovskite nanocrystals in fluorescence lifetime
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Introduction

Fluorescence lifetime imaging microscopy (FLIM) allows
lifetime-multiplexing to simultaneously delineate fluorophores
with similar emission spectra but differing lifetimes. Multiplex
imaging allows the visualization of the real-time distribution of
multiple fluorescent markers simultaneously in different
intracellular organelles and microenvironments.’® Simulta-
neous probing of multiple biomarkers allows for identifying
concerted biological pathways that were previously explored
only in isolation. Among various challenges, the quest for
improved imaging reagents to suit the need for multiplex
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imaging for diagnostic or theranostic stratification is crucial.*®
There are reports on various organelle-specific staining
reagents/materials, organic dyes, fluorescent proteins, carbon
dots, and plasmonic nanoparticles developed for sensing/
imaging of biomarkers and optical coding.”® Despite such
reports, there is a scope for developing organelle-specific fluo-
rescent markers that exhibit high luminescence quantum yield,
insignificant photobleaching intricate multistep synthesis and
are physiologically benign.’

Semiconductor metal halide perovskites are nowadays being
used for optoelectronic applications due to their low cost and
superior photophysical properties such as large absorption
cross sections, high photoluminescence quantum yield (¢py),
narrow full width at half-maximum of the characteristic pho-
toluminescence band, long carrier diffusion length, and low
trap state density.'®'* Moreover, they exhibit spectrally tunable
luminescence spectra over the entire visible spectral region by
compositional alloying and quantum size effects."** Despite
such advantages, reports on the use of any perovskite material
in biomedical applications are scarce, as existing halide
perovskite nanocrystals lose their structural integrity and
luminescence characteristics in the presence of moisture or
water vapour.'** Encapsulation into polymer microspheres or
deposition of passivation layers onto perovskite quantum dot
films, typically, suffers from limitations like the formation of
aggregated or bulk materials coated with a passivation layer/
polymer microspheres having an inappropriate size for
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intracellular uptake, apart from lack of organelle-specificity."**°
Hence, functionalized nanomaterials derived from semi-
conductor metal halide perovskites that retain their structural
integrity on cellular internalization and are physiologically
benign while possessing high ¢pr, could be exciting for intra-
cellular imaging. Several synthetic fluorescence-based molec-
ular probes are being used for visualization and monitoring
intracellular processes or various subcellular targets (mito-
chondria, endoplasmic reticulum, lysosomes, nucleus, etc.).
The use of such molecules does not require genetic engineering
of the target cell and is suitable for studies with a wide variety of
cell types. However, often broad absorption or emission bands,
apart from photobleaching for many of such dyes are not
desired for multiplexing applications. Spectrally similar lumi-
nescent probes with different organelle affinity, a narrow
FWHM (full width at half maximum), a narrow luminescence
lifetime distribution, and stability towards photobleaching are
ideally suited for observing multiple species simultaneously
with high spatiotemporal resolution. Examples of such lumi-
nescent probes, beyond synthetic fluorescent organic dye
molecules, are scarce in the contemporary literature.>*>® Recent
reports further reveal that the use of perovskite nanocrystals,
which generally are stable towards photobleaching and show
luminescence bands with narrower FWHM as well as a lifetime
distribution, being used for super-resolution
microscopies.*

The images obtained through the FLIM technique are typi-
cally free from artefacts caused by spatial variations in path
length, light scattering, and concentration effects. Moreover,
probes with distinct fluorescence lifetimes can be employed for
lifetime multiplexing, allowing the possibility of simultaneous
detection of subcellular environments and organelles. The
distinction of organelles based on the lifetime variation of the
probes circumvents the issues related to the spectral crosstalk
of multiple probes during luminescence imaging.>® Probes with
distinct fluorescence lifetimes, narrow lifetime distribution,
and lifetime differences of ~0.5 ns or more are expected as
suitable pairs for multiplexing.>* However, the lack of suitable
luminescence scaffolds and design strategies currently limits
the prospects for effective intracellular fluorescence lifetime
multiplexing.

In this article, we report a new surface functionalized
perovskite material as the core and silica with a water-tolerant
passivating surface as the shell ([SiO,@Pv-NCs]tpm and
[SiO,@Pv-NCs]tsy) to impart the required structural stability
towards water for use as an efficient imaging reagent for mito-
chondria and ER, respectively, in live HeLa cells using confocal
laser scanning microscopy (CLSM). Moreover, both reagents
showed much-improved stability towards photobleaching.
Importantly, time-correlated single photon counting (TCSPC)
and FLIM studies revealed that these two reagents exhibited
detectable changes in their average fluorescence lifetimes
([Si0,@Pv-NCs]tpm: P™z,, = 3.2 ns and [Si0,@Pv-NCsltsy: 1.,
= 2.2 ns) when dispersed in water/PBS buffer (pH 7.4), or when
localized in a specific organelle ([SiO,@Pv-NCs]tpm: P™t,, = 3.1
ns in mitochondria and [SiO,@Pv-NCs]tsy: *Y1,, = 2.1 ns in ER).
Importantly, the use of silica as the passivation layer also helps
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in the retention of [SiO,@Pv-NCs]tpm within the mitochondria
by efficient physisorption of inner-mitochondrial membrane
proteins having thiol and amine functionalities.>” This enables
us to use these two surface-functionalized Pv-NCs for the
simultaneous imaging of mitochondria and ER and demon-
strate a strategy for employing fluorescence lifetime contrast for
the simultaneous imaging of multiple organelles through FLIM.

Results and discussion

Our design strategy allowed us to form a passivating shell of
silica on the core CsPbBr; perovskite nanocrystals (Pv-NCs)
capped with oleic acid (OA) and oleylamine (OAm) following
the hot-injection synthesis method. Subsequently, Pv-NCs were
subjected to a hydrolysis-condensation reaction to yield
SiO,@Pv-NCs with Pv-NCs as the core and silica-based (SiO,)
surface as the shell. Details of the synthesis of Pv-NCs and the
surface passivated SiO,@Pv-NCs are discussed in the ESL.{ For
surface passivated SiO,@Pv-NCs, Pv-NCs were dispersed in
toluene, and (3-mercaptopropyl)trimethoxysilane (C¢H;505Si-
SH, MTMS) and Milli-Q water were added to initiate the
hydrolysis of MTMS. The higher affinity of Pb>* centres towards
sulphide ions would favour the reaction between Pb>*-centres of
Pv-NCs and MTMS or its partially hydrolyzed states. This would
lead to a coating of SiO, layer as the shell on the Pv-NCs, acting
as the core, and eventually would generate SiO,@Pv-NCs with
a distinct distribution of pendent sulthydryl functionalities
(vide infra) on the shell surface. Recent literature reports also
support such a proposition.”® The SiO,-surface of this shell
structure was further functionalized either with the triphenyl-
phosphonium (tpm) ion ([SiO,@Pv-NCs]tpm) (tpm: triphenyl-
phosphonium ion) or with the -NH functionalized tosyl (tsy)
group ([SiO,@Pv-NCs]tsy) (Scheme 1). The negative mitochon-
drial membrane potential (A¥,,, ~ —108 to —180 mV) across the
mitochondrial inner membrane favours the inward transport of
cationic phosphonium ion localization in the mitochondrial
matrix.>>*® Strong physisorption of the pendant amine/thiol
functionalities of the inner mitochondrial membrane proteins
on silica surfaces is also expected to favor the retention of the
[SiO,@Pv-NCs]tpm for fixed cell imaging. The sulfonamide
functionality effectively binds to the sulfonylurea receptors of
adenosine triphosphate (ATP)-dependent potassium channel,
over-expressed on the ER, and accounts for the excellent selec-
tivity and affinity for the ER.**

As-synthesized Pv-NCs, SiO,@Pv-NCs, [SiO,@Pv-NCs]tpm,
and [SiO,@Pv-NCs]tsy were isolated from the crude solution
through direct centrifugation, and isolated solids were
adequately characterized using various analytical, spectroscopic
(UV-vis, fluorescence, and X-ray photoelectron spectroscopy
(XPS) studies), powder X-ray diffraction (PXRD), and high-
resolution transmission electron microscopy (HRTEM) tech-
niques (Fig. 1 and S1-S13, ESIT). All characterization data of
these materials, along with the characterization data of the
organelle targeting ligands PHOS-1 and ER-1, are provided in
the ESL.{ Fig. 1a shows the typical band edge absorption spec-
trum of Pv-NCs dispersed in toluene with an exciton band
around 510 nm and respective narrow-band exciton

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram for the fabrication of organelle targeting unit-functionalized silica-coated CsPbBrs perovskite nanocrystals (Pv-
NCs), i.e., [SiO,@Pv-NCs]tpm (mitochondria targeting) and [SiO,@Pv-NCs]tsy (endoplasmic reticulum, ER targeting). The synthetic procedure
involves the initial fabrication of CsPbBrs Pv-NCs, followed by the hydrolysis—condensation reaction with a thiol-group-functionalized silica
derivative to afford SiO,@Pv-NCs with a distribution of pendant sulfhydryl functionalities on the hybrid Pv-NC surfaces. The subsequent
functionalization of SiO,@Pv-NCs with allyltriphenylphosphonium (tpm) and N-allyl-4-methylbenzenesulfonamide (tsy) derivative results in
mitochondria-specific [SiO,@Pv-NCs]tpm and ER-specific [SiO,@Pv-NCsltsy, nanocrystals, respectively.

photoluminescence (PL) emission at around 525 nm (FWHM ~
20 nm). This green emission with A,.x of ~525 nm is attributed
to a band edge-exciton recombination in perovskite CsPbBr;.
The PXRD pattern of Pv-NCs shows three strong peaks located at
15.18°, 21.55°, and 30.65°, respectively, for the (100), (110), and
(200) planes of the cubic phase of perovskite CsPbBr; (ICSD no.
00-054-0752, Fig. 1h). This also typically accounts for the green
emission observed for Pv-NCs and SiO,@Pv-NCs.

HRTEM studies revealed monodisperse Pv-NC formation as
observed after the hot-injection synthesis method (see details in
the ESIT). The NCs were distributed in the cubic phase, and the
HRTEM showed the well-defined lattice fringes having a lattice
constant of 5.8 A for (100) plane reflection and a uniform size
distribution with an average size ~6.3 + 0.8 nm (Fig. 1b, c and
g). As shown in the inset of Fig. 1c, the HRTEM, FFT pattern
endorses the highly crystalline nature of the pristine nano-

crystals. The respective powder X-ray diffraction pattern (PXRD)
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Fig. 1 (a) UV-Vis absorption (brown) and luminescence (green) spectra of as-synthesized Pv-NCs in toluene; inset: luminescence spectra of
SiO,@Pv-NCs (blue) in water (Ao, = 488 nm). (b) Transmission electron microscopy (TEM) images of as-prepared Pv-NCs; scale = 10 nm. (c)
High-resolution TEM (HRTEM) image of Pv-NCs depicting the d-spacing between the (100) lattices (d = 0.58 nm); scale = 1 nm; inset: FFT image
of Pv-NCs. (d and e) TEM images of as-prepared SiO,@Pv-NCs; for (d) scale = 10 nm, (e) scale = 5 nm. (f)f HRTEM image of SiO,@Pv-NCs
depicting the d-spacing between the (100) lattices (d = 0.58 nm); scale = 2 nm. (g) Size distribution of the Pv-NCs (green) and SiO,@Pv-NCs
(blue); from this distribution profile, it is clearly observed that the size of SiO,@Pv-NCs increases after silica coating. (h) PXRD patterns of Pv-NCs
(green) and SiO,@Pv-NCs (blue) confirm the cubic arrangement of CsPbBrs perovskite nanocrystals. The broad diffraction pattern at 22° is
attributed to the characteristic peak of amorphous SiO».
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Fig. 2 XPS survey plots of (a) SiO,@Pv-NCs, (b) [SiO,@Pv-NCs]tpm, and (c) [SiO,@Pv-NCs]tsy. High-resolution X-ray photoelectron spectra for
Pv-NCs: (d) Cs (3d), (e) Pb (4f), (f) Br (3d), (g) Cs (3d); and for SiO,@Pv-NCs (h) Pb (4f), (i) Br (3d), (j) Si (2p), and (k) S (2p) regions.

shows the peaks properly indexed to the cubic-phase crystal
structure of CsPbBr; (@ = b = ¢ = 5.87 A),* in line with the
HRTEM observation of lattice fringes (Fig. 1c). The surface
passivation of Pv-NCs with a narrow layer of silica (SiO,@Pv-
NCs) shows a core-shell heterostructure followed by the
formation of narrow shell thickness ~4-5 nm over the perov-
skite core (Fig. 1d—f). The corresponding lattice reflection at the
(100) plane suggests a lattice constant of 5.8 A. A uniform size
distribution with an average dimension of ~11.5 £ 1.0 nm was
evaluated through HRTEM analysis (Fig. 1g).

The PXRD pattern for SiO,@Pv-NCs shows a broad peak
between 15° and 35° (Fig. 1h), signifying the presence of
amorphous silica.*® The Fourier-transform infrared (FTIR)
spectrum (Fig. S1, ESIT) shows symmetric stretching vibration
and asymmetric vibration of (Si-O-Si) at around 804 and
1115 cm™ ', respectively.>* After reaction with tpm, the zeta (&)
potential for [SiO,@Pv-NCs]tpm (+12.1 mV) was found to
change when compared with that for SiO,@Pv-NCs (+23.8 mV),
while that for [SiO,@Pv-NCs]tsy was evaluated as +1.2 mV
(Fig. S4, ESIY).

The full-scan X-ray photoelectron spectroscopy (XPS) spec-
trum of the SiO,@Pv-NCs, with signals identified for Cs, Br, Pb,
Si, O, and S, is shown in Fig. 2a. Peaks anticipated for each
component of Pv-NCs and SiO,@Pv-NCs could be identified.

10938 | Chem. Sci, 2024, 15, 10935-10944

The high-resolution XPS spectrum revealed additional details of
SiO,@Pv-NC formation. For pristine Pv-NCs, the elements Cs,
Pb, and Br show similar binding energy peaks to those reported
for CsPbBr; (Fig. 2b and c). In the case of SiO,@Pv-NCs, the Cs
3d peaks split into 3d;,, and 3ds,, at respective peaks of 738.2 eV
and 724.2 eV, respectively (Fig. 2d). Further, the Pb 4f orbitals
deconvoluted into 4f5;, and 4f;,, orbitals at respective peaks of
142.9 eV and 138.1 eV (Fig. 2e). The emergence of peaks at
166.6 €V and 168 eV represents the formation of Pb-S bond
(Fig. 2k).* The high-resolution XPS spectrum of the S 4p region
supports the presence of the Pb-S bonding in SiO,@Pv-NCs
along with free sulfhydryl moiety: peaks at 166.6 eV and
168.0 eV corresponding to 2p;, and 2p,,, states of the Pb-S
bond, respectively (Fig. 2k). Along with these, peaks at 162.1 eV
and 163.7 eV originate from 2p;,, and 2p4,, states of free -SH.
These suggest a distinct distribution of the free sulthydryl
functionality on the shell surface of the SiO,@Pv-NCs (shell@-
core) hybrid. Surfaces of the shell@core hybrid, SiO,@Pv-NCs
were further functionalized either with tpm ([SiO,@Pv-NCs]
tpm) or with tsy ([SiO,@Pv-NCs]tsy) by exploiting the preferen-
tial reaction between the nucleophilic sulfhydryl functionalities
of SiO,@Pv-NCs and the respective olefinic functionalities.*®
Surface charge and XPS spectra analysis of [SiO,@Pv-NCs]tpm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Temperature-dependent cellular uptake of surface functionalized Pv-NCs (Aex = 470 nm, Aem = 488-800 nm, conc. ~ 5 x 10~% mg
mL™Y) by Hela cells; confocal laser scanning microscopy (CLSM) images of Hela cells incubated with (i—iii) [SiO,@Pv-NCs]tsy and (iv-vi)
[SiO,@Pv-NCs]tpm. Hela cells were incubated with the nanocrystals at (i and iv) 4 °C, (ii and v) 20 °C, and (iii and vi) 37 °C for 30 min; scale bar =
10 um. A common intensity scale for [SiO,@Pv-NCs]tsy and [SiO,@Pv-NCs]tpm is also presented. Intracellular fluorescence intensity variation of
cells treated with (b) [SiO,@Pv-NCsltsy and (c) [SiO,@Pv-NCs]tpm at different temperatures; the bar diagrams are plotted as mean + standard
deviation (three independent measurements). (d) Effect of the endocytic inhibitor on the internalization of nanocrystals; Hela cells were pre-
treated with chlorpromazine (CPZ, 5 pg mL™1Y), amiloride (AMR, 40 uM), and filipin (FP, 1 ng mL™Y) in serum-free medium for 2 h, and then treated
with nanocrystals at 37 °C. The cells treated with nanocrystals without inhibitor treatment are considered as control (cont.), and its uptake is

expressed as 100%; Aoy = 488 Nm, Aeyy = 515 nm.

and [SiO,@Pv-NCs]tsy are provided in Fig. S4f and 2b, c,
respectively (Fig. S4, S6 and S7, ESIY).

The full-scan XPS spectra of [SiO,@Pv-NCs]tpm and
[SiO,@Pv-NCs]tsy were recorded (Fig. S6 and S7, ESIt) as a part
of the characterization. The high-resolution XPS spectrum for
[SiO,@Pv-NCs]tpm shows all the anticipated peaks for Pb 4f;,
and 4f,,, and S 4p regions, apart from additional peaks at 138.6
and 139.3 eV, indicating the presence of the phosphorus (2ps/»
and 2p;,,) element of the triphenylphosphonium ion. Also,
additional peaks at 284.8 eV and 286.3 eV further confirm the
presence of C=C (benzene) and C-S (S 4p aliphatic) at the
phosphonium moiety in [SiO,@Pv-NCs]tpm. For [SiO,@Pv-NCs]
tsy, additional peaks at 168.4 eV, 167.6 eV, 163.9 eV, 163.1 eV,
and 284.8 eV were attributed to 2p,,, and 2p;, of S-O, 2p4,, and
2psy, states of S-C, and C=C (benzene), respectively. This also
confirms the presence of the post-grafting of the tosyl group in
[SiO,@Pv-NCs]tsy.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The luminescence spectra and the time-resolved decay of Pv-
NCs and SiO,@Pv-NCs showed good structural integrity of NCs
in toluene and Milli-Q water, respectively (Fig. S9, ESIT). The
luminescence quantum yields (LQY, ESIT) were evaluated for Pv-
NCs (70%; dispersed in dry toluene) and SiO,@Pv-NCs (15%;
dispersed in Milli-Q water). Importantly, the relative lumines-
cence intensity of the pristine nanocrystals (Pv-NCs) dispersed
in Milli-Q water was found to decrease rapidly to zero (Fig. S8,
ESIY), indicating loss of structural integrity in water. Whereas
the analogous experiments with SiO,@Pv-NCs showed 15% QY.
The luminescence intensity was retained even after storing in
water for over 8 weeks, and LQY was found to be 11%. The
fitting of lifetime decay of Pv-NCs in dry toluene results in
a multi-exponential decay (r,, = 15.2 ns, Fig. S9, ESI{). Also,
a multi-exponential decay profile for SiO,@Pv-NCs (t,, = 14.3
ns) was observed in Milli-Q water (Fig. S9, ESIt). Subcellular
targeting of nanoparticles as luminescent markers for
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ability of the nanocrystals, respectively.

intracellular imaging is typically achieved through functionali-
zation of the nanoparticle surfaces with organelle/tissue-
specific moiety. We followed this methodology to function-
alize the silica surfaces of the shell part of SiO,@Pv-NCs
(shell@core structure) either with an appropriate tpm or tsy
derivative. High negative potential at the matrix face of the
mitochondrial inner membrane favours the preferential locali-
zation of the cationic triphenylphosphonium (tpm) derivatives
in the mitochondrial matrix against their concentration
gradient.**” Integrating the methyl sulphonamide moiety
within the molecular structure for [SiO,@Pv-NCs]tsy, we have
designed a luminescent probe that preferentially accumulates
in the ER by binding to sulfonylurea, the sulphonamide
receptor, which is abundant on the cytosolic face, as well as the
lumen of the ER membrane.***

UV-Vis spectra and PL decay traces for [SiO,@Pv-NCs]tpm
and [SiO,@Pv-NCs]tsy in Milli-Q water, were evaluated using
TCSPC experiments (Aex: 470 nm and Aepy: 520 nm; Fig. S5 and
S10-S13, ESIt). Biexponential decay kinetics were observed, and
T4y for was evaluated (™1, for [SiO,@Pv-NCsltpm: 3.2 ns and
1, for [SiO,@Pv-NCsltsy: 2.2 ns, Fig. S10 and S12, ESIf).
Presumably, the ability of the sulfonamide functionality to
participate in hydrogen bonding and undergo effective solva-
tion in an aqueous medium has been attributed to a slightly
lower value for “Yz,. The concentration-dependent studies
confirmed that the average fluorescence lifetime of these probes
was nominally affected by the nanocrystal concentration, and

10940 | Chem. Sci, 2024, 15, 10935-10944

thus these probes are suitable for fluorescence lifetime imaging
microscopy (Fig. S11t).*>*

The stability of the functionalized Pv-NCs ([SiO,@Pv-NCs]
tpm and [SiO,@Pv-NCs]tsy) in cell culture media was also
ensured following the literature procedure.*” No change in
absorbances was observed when [SiO,@Pv-NCs]tpm and
[SiO,@Pv-NCs]tsy were incubated with cell culture media
(Fig. S14b, ESIt). Cell viability and phototoxicity assays are
important tools for screening and assessing the response of the
cells against a drug or a chemical agent. The cell viability
studies were performed to check the influences that [SiO,@Pv-
NCs]tpm and [SiO,@Pv-NCs]tsy could have on any live cells. We
adopted a colourimetric assay using 3-[4,5-dimethylthiazol-2-yl]-
2,5 diphenyl tetrazolium bromide (MTT) as the biochemical
marker to determine the metabolic activity of the live HeLa cells
when incubated in the presence of [SiO,@Pv-NCs]tpm and
[SiO,@Pv-NCs|tsy. Details of the MTT assay studies are provided
in the ESI section (Fig. S15a, ESIt). The cells were left to incu-
bate for 24 or 48 h in the incubator using 5 x 10~* mg mL~* or
10 x 10~* mg mL " of [SiO,@Pv-NCs]tpm or [SiO,@Pv-NCs]tsy.
For the control experiment, analogous studies were performed
in the absence of any modified Pv-NCs. Studies for an extended
period (48 h) with higher concentration (10 x 10~* mg mL ") of
[SiO,@Pv-NCs]tpm or [SiO,@Pv-NCs]tsy were performed. MTT
assay studies revealed that viability levels in treated HeLa cells
remained practically unaffected when compared to a control
group (Fig. S15a, ESIf). Indeed, no decrease below 94% was
detected even on incubation with different concentrations (10

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NCsltsy and (i and iv) [SiO,@Pv-NCs]tpm; (i and iii) confocal laser
scanning microscopy (CLSM) and (i and iv) fluorescence lifetime
imaging microscopy (FLIM) images (Aex = 470 nm, Ay = 488-800
nm); scale = 10 um. A common intensity scale for CLSM and a lifetime
scale for FLIM images are shown. (b) Intracellular fluorescence decay
curves of Hela cells incubated with [SiO,@Pv-NCsltsy (cyan) and
[SiO,@Pv-NCs]tpm (green); inset: intracellular lifetime histograms of
[SiO,@Pv-NCsltsy (cyan) and [SiO,@Pv-NCsltpm (green).

mg mL™") of [Si0,@Pv-NCs]tpm or [SiO,@Pv-NCs]tsy up to 48 h
(Fig. S15a, ESIt). Additionally, for light irradiation (400 nm LED,
flux: 80.81 Im) up to 150 min with 100 pg mL ™! of Si0,@Pv-NCs,
no cell death was observed (Fig. S15b, ESIT). This confirms that
[SiO,@Pv-NCs]tpm and [SiO,@Pv-NCs]tsy are biocompatible
and show minimal toxicity towards live HeLa cells. Thus, these
two reagents could be suitable for biomedical applications.
Next, to optimize the incubation period for imaging studies
and to check the specific localization of the probes, time-
dependent imaging studies were performed. Confocal laser
scanning microscopy (CLSM) images revealed punctate patterns
at the initial stages of incubation, which resembled endosome-
trapped nanocrystals (Fig. S16, ESIf).** This observation
intrigued us to check the cellular internalization mechanism for
the surface-functionalized nanocrystals (Fig. 3). Endocytosis, an
energy-dependent process, is typical for various cells to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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communicate with the biological environments and is known to
be the dominant pathway for the internalization of nano-
particles.*® To confirm the endocytosis-mediated cellular
uptake, the temperature-dependent uptake studies were per-
formed at 37 °C, 20 °C, and 4 °C (Fig. 3). A significant reduction
in cellular uptake has been observed at 20 °C and 4 °C, with the
fluorescence intensity reduced 25-35% at 20 °C and 65-80% at
4 °C as compared to that observed at 37 °C (Fig. 3a—c). These
results suggest that an energy-dependent endocytic process
could be the preferred pathway for up to about 75% of NC
uptake, while physical diffusion or adhesion presumably
contributes to the remaining uptake of the NCs. The reduced
fluorescence intensities of the nanocrystals for only ~25-35% at
20 °C could be attributed to the concentration used, as at higher
concentrations, the cellular uptake via the endocytic pathway is
known to be enhanced.** Further, to clarify their detailed
cellular uptake pathways, the interaction between NCs and cell
membranes has been examined by treating the cells with
various chemical inhibitors for clathrin-mediated endocytosis,
caveolae-mediated endocytosis, and macropinocytosis. The
inhibition of clathrin-mediated endocytosis was investigated by
using the drug chlorpromazine, which causes clathrin to accu-
mulate in late endosomes, thereby inhibiting coated pit endo-
cytosis.*>*® The cellular uptake of the nanocrystals was reduced
by ~65%, compared with the control, indicating that clathrin-
mediated endocytosis could be involved. Similarly, amiloride
is known to inhibit Na'/H" exchange, which is required for
micropinocytosis.”” Analogous experiments with amiloride
caused a decrease in NC uptake by ~45%. For treatment with
filipin, an inhibitor of caveolae-mediated transport processes,
failed to influence the NC uptake by the HeLa cells. This could
be rationalized based on the absence of caveosomes in HeLa
cells (Fig. 3d). Taken together, these results suggest that
clathrin-mediated endocytosis and macropinocytosis are
presumed to be involved in the internalization of the
nanocrystals.

Incubation of [SiO,@Pv-NCs]tpm and [SiO,@Pv-NCs]tsy for
longer time periods revealed specific organelle patterns
(Fig. S16-S23, ESI}). Distinct tubular and sheet-like morphol-
ogies of mitochondria and endoplasmic reticulum were
observed by staining HeLa cells with [SiO,@Pv-NCs]tpm and
[SiO,@Pv-NCs]tsy, respectively (Fig. S17-S22, ESIT). Strategic
passivation of the Pv-NCs with a silica layer also offered us the
advantage of retention of [SiO,@Pv-NCs]tpm for fixed cell
imaging (Fig. S19, ESI{).>**** The subcellular localization of
[SiO,@Pv-NCs]tpm and [SiO,@Pv-NCs]tsy was investigated by
co-staining live HeLa cells with functionalized hybrid nano-
crystals and commercial probes specific for mitochondria
(MitoTracker™ Deep Red: MTR) and ER (ER-Tracker™ Red:
ERTR), respectively, due to their minimal spectral crosstalk
(Fig. 4). For [SiO,@Pv-NCs]tsy nanocrystals (Aex = 470 nm, Aey, =
500-540 nm), preferential localization at ER was ascertained
with the colocalization studies with ERTR (Aex = 640 nM, Aepy =
650-690 nm) using live HeLa cells. High Pearson's coefficient
(0.95) confirmed the localization of [SiO,@Pv-NCs]tsy in ER
(Fig. 4a-d and S21, ESIf). [Si0,@Pv-NCs]tpm NCs were excited
at 470 nm, and their emission was collected at 500 to 540 nm,
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whereas MTR was excited at 640 nm, and the emission was
collected in the range of 650-690 nm. An appreciably high
Pearson's coefficient (0.90) confirmed the localization of
[SiO,@Pv-NCs]tpm in mitochondria (Fig. 4e-h and S22, ESIY).
Cross-incubation  studies performed using the
mitochondria-targeting nanocrystal ([SiO,@PV-NCs]tpm) with
ERTracker™ Red (ERTR) and endoplasmic reticulum-targeting
probe ([SiO,@PV-NCs]tsy) with MitoTracker™ Deep Red
(Fig. S23, ESIt). The merged images depicted low PCC values for
both the cases, thus, the orthogonal targeting ability of the
nanocrystals was established (Fig. S23, ESIt). Moreover, both
surface functionalized nanocrystals showed significantly
improved stabilities towards photobleaching when compared to
commercially available dyes (MitoTracker™ Deep Red and
ERTracker™ Red used for colocalization studies) under
constant laser irradiation (power density: 1.52 W mm 2,
Fig. S24-S26, ESIt). The nanocrystals showed excellent long-
term imaging ability and could stain the cells for 3 days after
single-time incubation (Fig. $28, S29, ESIt). To the best of our
knowledge, this is the first demonstration of the use of perov-
skite materials for organelle-specific localization and imaging.

The organelle-specific localization of functionalized nano-
crystals ([SiO,@Pv-NCs]tpm and [SiO,@Pv-NCs]tsy) and the
subtle difference in their respective average fluorescence life-
time encouraged us to explore the possibility of fluorescence
lifetime imaging microscopy (FLIM) in the mitochondria and
ER. First, HeLa cells were incubated separately with [SiO,@Pv-
NCs]tpm and [SiO,@Pv-NCs]tsy dispersions in an appropriate
culture medium for 30 min at 37 °C. The lifetime maps of
[SiO,@Pv-NCs]tpm and [SiO,@Pv-NCs]tsy in live HeLa cells
demonstrated a unimodal lifetime distribution (Fig. 5a(ii) and
(iv)). Further, the intracellular average fluorescence lifetime for

were

10942 | Chem. Sci, 2024, 15, 10935-10944

[SiO,@Pv-NCs]tpm (~3.1 ns) and [SiO,@Pv-NCs]tsy (~2.1 ns)
showed close resemblance to the respective functionalized Pv-
NCs in aqueous medium (Fig. 5a(ii, iv), b and S10, ESIY), indi-
cating no adverse effects on the optical properties of the NCs
after mitochondria or endoplasmic reticulum localization,
respectively (Fig. 5a).

The similar excitation/emission range, the subtle difference
in fluorescence lifetime (~1 ns), and the distinct organelle tar-
geting ability of these NCs allowed us to investigate the possi-
bility of fluorescence lifetime multiplexing to generate lifetime
contrast for simultaneous imaging of multiple organelles using
FLIM (Fig. 6a). [SiO,@Pv-NCs]tpm and [SiO,@Pv-NCs]tsy were
found to be a suitable pair for lifetime multiplexing of mito-
chondria and ER, respectively (Aex = 470 nm, Ae, = 488-800
nm). The FLIM images of live HeLa cells co-incubated with
[SiO,@Pv-NCs]tpm and [SiO,@Pv-NCs]tsy enable the simulta-
neous visualization of mitochondria and ER (Fig. 6b). The cor-
responding fluorescence decay profile and lifetime histogram
obtained from the cells incubated with both the nanocrystals
indicated the presence of multi-exponential decay with an
average fluorescence lifetime of ~2.4 ns (Fig. 6¢ and S30, ESIT).
However, both the NCs showed a bi-exponential decay profile,
and due to the presence of closely aligned decay components,
the assignment of mitochondria and ER by choosing individual
components could be erroneous. In these circumstances,
pattern matching analysis could be more advantageous for
multiplexing studies instead of the decay fitting method.*
Thereafter, distinct organelle patterns of mitochondria,* and
endoplasmic reticulum,** were also successfully deconvoluted
using the pattern matching analysis (Fig. 6b(ii, iii) and S30b,
ESIT). Thus, the present study presents a generalized strategy
for using highly luminescent perovskite nanocrystals with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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specific organelle targeting ability and subtle lifetime variations
for simultaneous visualization of different organelles in cellular
environments.

Conclusion

In summary, we have developed a versatile perovskite material
with appropriate functionalization of the water-tolerant
passivating shell surfaces for effective organelle-specific inter-
nalization and imaging of mitochondria/ER. The use of silica as
the passivation shell makes these SiO,@Pv-NCs benign to live
HeLa cells and helps in retaining [SiO,@Pv-NCs]tpm within the
mitochondrial membrane for fixed cells through interaction
with the pendant thiol and amino functionalities of the inner
mitochondrial membrane. These hybrid core-shell structures
are found to be effective in cellular internalization. Studies
confirmed that clathrin-mediated endocytosis is the major and
macropinocytosis is the other possible pathway for internali-
zation of these functional nanocrystals. Thus, this methodology
demonstrates the relationship between surface chemistry and
the subcellular-targeting ability of fluorescent nanocrystals, as
well as a way to design pristine perovskite nanocrystals as an
efficient imaging probe. The subtle difference in the respective
average fluorescence lifetime (P™t,, for [SiO,@Pv-NCs]tpm: 3.1
ns and ¥z, for [Si0,@Pv-NCs]tsy: 2.1 ns) for these two-surface
functionalized Pv-NCs was employed successfully for simulta-
neous imaging of two different organelles using the FLIM
technique. Examples of such perovskite-based NCs that are
immune towards the photobleaching process for fluorescence
lifetime multiplexing are scarce in the contemporary literature
and are likely to open exciting research avenues of biological
relevance.
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