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1. Introduction

Highly water-stable, luminescent, and
monodisperse polymer-coated CsPbBr;
hanocrystals for imaging in living cells with better
sensitivityt

Manav Raj Kar, 2 Shamit Kumar,? Tusar Kanta Acharya,” Chandan Goswami®
and Saikat Bhaumik & *2

Recently, CsPbXs (X= Cl, Br, 1) nanocrystals (NCs) have evolved as a potential contender for various
optoelectronic applications due to some of their excellent photophysical properties. Their superior non-
linear optical properties enable them to take part in bioimaging applications due to their longer
penetration depth and less scattering effect in living cells. However, the poor stability of perovskite NCs
in aqueous media still remains a great challenge for practical usage. Comparatively stable silica-coated
NCs have a tendency to agglomerate among other NCs and transform into bigger particles. Such big
particles clog the inside of narrow channels during the uptake and can't effectively reach the targeted
cells. To tackle such issues, we introduce a fast and reproducible synthesis process of CsPbBrz NCs that
are coated with different long-chained organic ligands/polymers and compared their photophysical
properties. Among them, polyvinylpyrrolidone (PVP) encapsulated NCs are highly luminescent in the
green spectral region and showed a maximum photoluminescence quantum yield (PLQY) of up to 84%.
The incorporation of n-isopropyl acrylamide (NIPAM) along with PVP further improves the stability of the
PVP-coated NCs against heat and moisture. These NCs exhibit higher water stability compared to silica-
coated NCs and maintained their emission properties for about one week in DI water. The smaller
particle size, uniform size distribution, higher structural stability, and better dispersivity of polymer-
coated NCs in the aqueous media enable them to perform as fluorescent probes for live cell imaging in
mammalian Chinese Hamster Ovary (CHO-K1) cells. There is no adverse affect in the cells’ viability and
morphology even after long incubation periods (~72 hours). The dosage of Pb-ions contained in the
polymer-coated NCs is calculated as below 5 pg mL™, which is suitable for live cell imaging. This work
provides insight for expanding the use of these NCs significantly into bioimaging applications with higher
sensitivity.

bound to the NCs surface influence the physical and photo-
physical properties of the nanoparticles. Ligands usually

Semiconducting nanocrystals (NCs) have emerged as a new
alternative for bioimaging and diagnostic applications due to
their unique photophysical properties, such as high photo-
luminescence (PL) intensity, and superior stability, multi-
photon absorption, and more resistance to photo-bleaching.'”
The NCs generally process higher surface-to-volume ratios
allowing easy surface modifications in order to increase their
reactivity, solubility, and biocompatibility.®*'® The ligands
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passivate the NCs' surface and improve colloidal stability and
emission intensity in different ranges of biological media."***
NCs conjugated with specific ligands are tested for targeting
particular cells with high selectivity. The usage of NCs as drug
carriers is a potential strategy for improving drug-delivery
system efficiency and lowering pharmacological side
effects.’*® The NCs are of utmost importance for biomedical
fields since many proteins and biomolecules exist in similar size
ranges that are not accessible with large particles.””** The
smaller size of NCs also enables higher detection specificity,
selectivity, and intracellular uptake capacity.

Recently, CsPbX; (X= Cl, Br, I) perovskite NCs have become
a popular fluorescent material with great potential in various
optoelectronic devices.”**® These perovskite NCs also possess
some unique properties that prove to be fruitful in bioimaging

© 2023 The Author(s). Published by the Royal Society of Chemistry
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applications, such as (i) a simple colloidal and post-synthesis
process with adaptable bioconjugation strategy; (ii) tunable
bandgap with multi-colored optical imaging capability; (iii)
narrow emission spectra with a full-width at half maximum
(FWHM), which promote multiple resolutions of fluorescent
probes simultaneously. The perovskite NCs demonstrates
a great potentiality for multiphoton applications due to their
high nonlinear optical cross-section.*>** The CsPbX; NCs are
generally synthesized via the hot injection synthesis method
which is complex and time-taking.**** Ligand-assisted repreci-
pitation (LARP) is a more facile method for the synthesis of
CsPbX; NCs at room temperature.*** Long-chained organic
ligands like oleic acid (OAc) and oleylamine (OAm) are
commonly employed as primary surface capping agents for
CsPbX; NCs.***® These ligands are weakly bound to the NCs
surface which increases the density of surface trap states and
damages the crystal structure. Doping of metal ions and silica-
coating around the perovskite NCs execute better stability with
superior optical properties and are successfully implemented in
bioimaging applications.**** This synthesis method also facili-
tates the growth of nonluminous Cs,PbBrs perovskite phases
that overall reduces the NCs emission intensity.*>** However,
their bigger particle size and tendency to agglomerate among
other NCs,*™* cause adverse effects on cellular uptake in deep
tissues due to the trapping in cellular channels.*®** Overall
superior luminescent properties, smaller particle size, and
excellent water stability are some essential features that
a luminescent probe must possess for high and sensitive bio-
imaging applications.>*

Encapsulation of perovskite NCs with different functional-
ized polymers is also an alternative method for the protection of
the core perovskite materials from the external harsh
environment.>®** Different bio-compatible polymer-coated
perovskite NCs were often preferred to ensure low cytotoxicity,
higher stability, and easy uptake in the cells.***® Poly-
vinylpyrrolidone (PVP) polymer contains strongly hydrophilic
pyrrolidone moiety and hydrophobic alkyl groups that prevent
the aggregation of NCs due to their repulsive forces.®”** PVP
forms an ultrathin shell around the NCs surface via adsorption
which can easily detach under external stress. An additional
suitable coating/binding is required around PVP-coated NCs
that can maintain the particle size and improve crystal stability,
which is of utmost importance for a practical bioimaging
application. Recently, PVP polymers were used as a surfactant
for stabilizing the CsPbX; NCs and also served as an interfacial
layer for making them compatible with the coating of poly(-
methyl methacrylate) [PMMA] and polystyrene (PS) poly-
mers.>>* However, the sizes of these nanocomposites are very
large (~pm range) due to the uncontrolled coating of polymers
over the PVP layer, reducing the uptake efficiency in the cells.
Poly[n-isopropyl acrylamide] (pNIPAM) is an extensively insti-
gated thermosensitive biocompatible polymer with a lower
critical solution temperature and has been widely utilized as
a polymer hydrogel in the field of biomedical applications, such
as cancer cell imaging, drug carriers, and biosensors.®***
However NIPAM monomers can also act as binding agents due
to the presence of specific functional groups and hence result in
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passivation of NCs and thus improve stability.®® The secondary
amide of NIPAM makes them stronger H-bond acceptors
compared to primary amide groups and the presence of the
lipophilic isopropyl group is responsible for its high solubility
in nonpolar solvents.®

Herein, we report the synthesis of CsPbBr; perovskite NCs
via the LARP synthetic approach that was coated with different
stable materials. We introduced biocompatible PVP polymer
and functional NIPAM monomer as protective layers around the
perovskite NCs and compared the photophysical properties
with conventional CsPbBr; NCs. These NCs emit green emis-
sion spectra and reached a maximum PLQY of up to 84%. The
conventional long-chained organic OAc-OAm capped CsPbBr;
NCs degrade very fast in polar solvents. Comparatively stable
silica-coated NCs agglomerate among themselves and become
bigger particles with time which is not favorable for bioimaging
applications. So, we introduce PVP-coated CsPbBr; NCs which
in addition to NIPAM exhibited smaller particle sizes, were less
prone to agglomeration effect, and had higher stability toward
the water and heat, enabling them to use as a fluorescent probe
for live cell imaging in mammalian Chinese Hamster Ovary
(CHO-K1) cells. The effective coating of PVP polymer also
reduces the toxicity of NCs towards cells, and no notable
changes in cellular structure or cell organelles like lysosomes
and mitochondria were noticed even after prolonged incuba-
tion periods (~72 hours).

2. Results and discussion

The CsPbBr; NCs were synthesized via the LARP synthetic
method under normal atmospheric conditions.®” The detailed
synthesis process is discussed in the ESIT part. Here, The CPB-1
NCs were synthesized by injecting a mixed precursor of CsBr,
PbBr,, OAc, OAm, and dimethylformamide (DMF) in a toluene
solvent under vigorous stirring conditions. For the synthesis of
CPB-2 NCs, we introduced n-octylammonium bromide (OABr)
powder in the precursor and followed the same synthesis
method for the synthesis of CPB-1 NCs. CPB-3 and CPB-4 NCs
were synthesized by injecting the same precursor for synthesis
of CPB-2 NCs, while PVP polymer and PVP along with NIPAM
were premixed in the toluene before injection of the respective
precursors, respectively. Silica-coated CsPbBr; NCs were
synthesized via a similar LARP method where (3-aminopropyl)
triethoxysilane (APTMS) was chosen as a silica source.*>®® A
longer synthesis time for silica-coated NCs is required for the
completion of the hydrolysis process of alkoxysilane groups
present in APTMS to form silanol groups that cover the NCs
surface.

The UV-vis absorption spectra of the NCs in the solution
phase are shown in Fig. 1la. The absorption spectra reveal
a band edge absorption peak at around 513 nm for all NCs
denoting the presence of 3D CsPbBr; perovskite phases. In
addition, a sharp absorption peak appears at 320 nm, which
signifies the presence of 0D Cs,PbBrs phases.*»*® The absorp-
tion peak intensity of Cs,PbBrs phases in CPB-1 NCs is signifi-
cantly high as compared to other NCs. There are no observable
shifts in absorption peaks noticed for the NCs. The PL emission

RSC Adv, 2023, 13, 5946-5956 | 5947


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07019g

Open Access Article. Published on 17 February 2023. Downloaded on 12/10/2025 10:44:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

——CPB-1 = ——CPB-1

S 1.0
. ——CPB-2 o ——CPB-2
E] ——CPB-3 - ——CPB-3
s CPB-4 Fl CPB-4
Py ——NCs@Si0, [ ——NCs@Sio0,
o o 06
c -
© c
2 o4
2 o
2 £
<! (@ E oz2r (b)

5}

Z o=

300 350 400 450 500 550 600 650 700 440 480 520 560 600 640

Wavelength (nm) Wavelength (nm)

Fig. 1 Stacked (a) absorption and (b) PL spectra of CPB-1, CPB-2,
CPB-3, CPB-4 NCs, and silica-coated CsPbBrz NCs, as represented in
the legends.

spectra of the NCs are shown in Fig. 1b. The emission spectra of
all NCs are observed at nearly the same position with a similar
pattern. The emission peaks of all the NCs are obtained at
around 519 nm with a FWHM of around 18 nm. The PLQY of
CPB-1, CPB-2, CPB-3, and CPB-4 NCs were calculated as 55, 70,
84, and 82%, respectively. The PL intensity of CPB-1 NCs is low
due to the presence of dynamic ligands that cannot passivate
the NCs' surface effectively. It allows the formation of surface
trap states that don't contribute to the radiative recombina-
tion.* The PL intensity of CPB-2 NCs increased as compared to
CPB-1 NCs due to the formation of a very thin high bandgap 2D
(OA),PbBr, shell layer around the NCs in presence of OABr
precursor during synthesis that reduces the surface trap states
and improves radiative recombination process.®”” Further
incorporation of PVP and PVP-NIPAM mixture resulted in
further enhancement in PL intensities of CPB-3 and CPB-4 NCs,
which signifies the effective passivation of the NCs surface with
the polymer coating.* The silica-coated CsPbBr; NCs reveals
a band edge absorption peak at 500 nm and emission peak at
502 nm with a wider FWHM of 22 nm (see Fig. 1a and b). These
NCs showed an emission PLQY of 72%. Strikingly, the PLQY
values measured from different batches of polymer-coated NCs
were closer to each other as compared to silica-coated CsPbBr;
NCs, denoting a higher reproducibility of our synthesis process
from batch to batch.

The X-ray diffraction (XRD) patterns of different perovskite
NCs in the thin-film form are represented in Fig. 2. The XRD
diffraction patterns for all the NCs thin-film reveal mixed
perovskite phases of monoclinic CsPbBr; (PDF #00-18-0364)
and rhombohedral Cs,PbBr, (PDF #01-73-2478) crystal phases,
which are matching quite well with the reference diffraction
peaks.**”*7> The CPB-1 NC's diffraction pattern shows a higher
contribution of Cs,PbBrs phases as compared to CsPbBr; pha-
ses. CPB-1 NCs are encapsulated with OAc and OAm ligands
which are dynamic in nature and do not bind tightly at NCs
surface. The presence of excess OAm ligands in NCs solution
facilitates the degradation of CsPbBr; NCs and transforms them
into unwanted Cs,PbBrs phases.” This overall reduces the
perovskite NCs quality and emission properties. However, the
contribution of Cs,PbBrs phases decreases successively for CPB-
2, CPB-3, and CPB-4 NCs, respectively. The introduction of OABr
and polymer inhibits the degradation of perovskite NCs as they
are forming protecting shells around NCs. The presence of
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Fig. 2 Stacked XRD diffraction patterns of CPB-1, CPB-2, CPB-3,
CPB-4 NCs in thin-film form. The bottom of the Figure represents the
standard XRD diffraction patterns of monoclinic CsPbBrz and rhom-
bohedral Cs4PbBrg perovskite phases.

(OA),PbBr, crystal phase is not detected in the XRD diffraction
pattern due to a very thin shell layer formed around the NCs and
their contribution is very less as compared to other crystal
phases.

The shape and size of the NCs were investigated using
transmission electron microscopy (TEM) imaging and corre-
sponding images are shown in Fig. 3a-d. These images reveal
that the NCs are cubic in shape and highly crystalline in nature.
The maximum number of these NCs have edge size in the range
of 12-20 nm and corresponding size distributions are shown in
Fig. S1 (in ESIt). The CPB-1 and CPB-2 NCs showed a tendency
for agglomeration among other NCs, resulting in non-uniform
particle size distribution (see Fig. 3a and b). The presence of
PVP and NIPAM at the surfaces of CPB-3 and CPB-4 NCs reduces
the NCs agglomeration and exhibits monodisperse particle size
distribution (see Fig. 3c-d). Among them, CPB-4 NCs demon-
strate the best uniformity in NCs size distribution and are well
dispersed to each other. This is beneficial for the strong
confinement of charge carriers inside the NCs and enhances the
NCs emission properties. The HRTEM image of CPB-4 NCs
reveals a highly crystalline nature having an interplanar spacing
of 0.42 nm (see Fig. Sla, in ESIf) that corresponds to (110)
lattice plane for monoclinic CsPbBr; crystal structure.”* We
have also recorded the TEM image of conventional silica-coated
CsPbBr; NCs as shown in Fig. 3e. The silica-coated CsPbBr; NCs
are irregular in shape with particle size distribution in the range
of 20-40 nm. The blurred surface around these perovskite NCs
appeared from the adsorption of the compact silica shells.
These NCs are prone to agglomerate among themselves and
transform into big agglomerated structures. We further

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 TEM images of (a) CPB-1, (b) CPB-2, (c) CPB-3, (d) CPB-4 NCs, and (e) silica-coated CsPbBrz NCs. (f) DLS analysis of silica-coated CsPbBrs

NCs.

confirmed the particle sizes of the silica-coated NCs by dynamic
light scattering (DLS) measurements.”” The DLS analysis of
these NCs reveals the presence of clumped aggregation of NCs
in a silica matrix as large as several hundred nm (see Fig. 3f).
There are actually two size distributions of particles; one of
lower intensity at 24.4 nm that appeared from the individual
perovskite NCs. While intense peak at 615 nm indicates that the
maximum particles aggregated to form larger particle sizes
which is also confirmed from TEM imaging.

We have recorded the Fourier-transform infrared (FTIR)
spectra of the NCs to identify the passivating agents around the
NCs' surface. The corresponding FTIR spectra of all NCs are
shown in Fig. 4a. The FTIR spectra of all NCs reveal strong
absorption peaks at 1465, 3025, and 1740 cm ™' that originated
from -COO-, -OH, and C=O functional groups due to the
presence of the OAc capping ligand, and the additional peak at

®
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Fig. 4 (a) FTIR spectra of CPB-1, CPB-2, CPB-3, and CPB-4 NCs.
Inset: schematic diagram of CPB-4 NCs that is coated with PVP and
NIPAM. (b) NMR spectra of CPB-3 and CPB-4 NCs, as shown in legend
(* indicates NMR peak of solvent). Inset: zoomed NMR spectra of the
NCs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

1575 cm™ " appears from the N-H bending of the OAm capping
ligand.*”** These results signify that the OAc and OAm ligands
are present around all the NCs. However, CPB-3 and CPB-4 NCs
exhibit some other absorption peaks along with the peaks of
OAc and OAm capping ligands. The absorption peaks at 1290,
1440, and 1645 cm ' represent the C-N stretching, C-H
bending, and C=0 stretching bonds of PVP polymer that are
attached around the NCs surface.”**’®* CPB-4 NCs spectrum
reveals furthermore peaks at 2890 and 3390 cm ™' that origi-
nated from C-H symmetric stretching and N-H stretching
bonds, along with the peaks at 3208 cm™" and 1580 cm ™" rep-
resenting N-H stretching and N-H bending vibrations of
NIPAM.””7® The absorption peak intensities at 1645 and
3390 cm™ ' became intense with the introduction of NIPAM into
the NCs (i.e., CPB-4 NCs) as compared to the NCs without
NIPAM (i.e., CPB-3 NCs), revealing stronger C=0O bonding
interactions and N-H bending vibrations, respectively. Here,
the C=O0 group of PVP interacts with N-H group of NIPAM via
hydrogen bonding to form a compact layer of polymer shell.
Similar observation was noticed for interaction of PVP with
other species containing similar N-H groups.””® The
enhancement of absorption peaks at 1465 and 1575 cm
suggests that the polymer coating around the NCs improves the
bonding of OAc and OAm ligands with the NCs surface.

We conducted nuclear magnetic resonance (NMR) spec-
troscopy of CPB-3 and CPB-4 NCs in deuterated-chloroform and
the resultant 1-D 'H NMR spectra are shown in Fig. 4b. This
characterization technique is usually considered to understand
the binding ability of a mixture of different ligands with the
NCs. The NMR spectra for CPB-3 and CPB-4 NCs seem identical
and no such detectable chemical shift is noticed. The chemical
shifts less than 2.2 ppm are originated due to alkyl chains of the

RSC Adv, 2023, 13, 5946-5956 | 5949
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organic capping ligands and polymer.*”**** The resonance
signals for methylene (*CH,) and methine (°CH) protons of PVP
polymer are obtained at 6 = 1.47 and 3.41 ppm, respectively.
Moreover, the resonance peaks obtain at 6 = 2.2 (“CH,) and
2.88 ppm (“CH,) indicate shifting of resonance peaks for -CH,
groups attached to C=O group and adjoining -N atom,
respectively. The downfield chemical shifts (~0.5 ppm) of CH,
groups that bonded with N-C=0 of acylamino groups in CPB-3
NCs as compared to pure PVP, can be attributed to the inter-
actions between the N-C=0 of acylamino and Cs'-ions of the
CsPbBr; perovskites that exposed to the NCs surface.** The
resonance signals for 6 = 3.41 (°CH) and 1.11 ppm (‘CHj;) are
appeared from methine and methyl protons of NIPAM.**
Moreover, the spectra of CPB-4 NCs shows reduction in reso-
nant signal intensities at ¢ = 2.2, 1.47, and 1.11 ppm, indicating
increase in ligand binding and bonding interactions.®* The
increase in resonant signal at ¢ = 3.41 ppm is appeared as
a result of interaction between NIPAM with PVP.*

From the observations from FTIR and NMR spectra, it can be
considered that the CsPbBr; NCs are capped with the functional
groups of OAc and OAm ligands that are bonded with outermost
Pb, Br-ions, respectively. The Cs-ions are interacted with C=0
groups of PVP and the polymer chains form mesh-like coating
that covers the entire NCs surface (see inset of Fig. 4a). The
C=0 groups of PVP are directed in both outward and inward
directions of the mesh-like coating. The inner C=O groups of
PVP chemically interacted with the outermost Cs-ions of the
NCs, while the outer C=0 groups attach with N-H groups of
NIPAM via hydrogen bonding which evident from increase in
signal intensity at 3.41 ppm (see inset of Fig. 4b). The compact
PVP coating also prevents detachment of OAc and OAm ligands
from NCs surface. Such chemical structure around the NCs
significantly improves the stability.

Higher water stability of NCs is preliminarily required for
practical bioimaging application in live cells. We studied the
water stability of these NCs both in the solution phase and thin-
film form. In the first case, we dispersed each NCs powder in
separate vials containing DI water while maintaining the same
concentration and then recorded the change in PL intensities
with respect to time. The normalized PL intensities of the NCs
over regular time intervals are shown in Fig. 5a and Fig. S2 (in
ESIT). The photographic images of the NCs solutions dispersed
in DI water with respect to time under a UV lamp are shown in
Fig. 5¢. The PL intensities of all the NCs decrease continuously
over time because the water molecules accelerate the degrada-
tion process of the perovskite structures.®***® The CPB-1 NCs
degraded very fast where 93% of PL intensity was quenched
within 5 min. It reveals that the dynamic OAc and OAm ligands
of CPB-1 NCs are not sufficient to protect the perovskite mate-
rials against water. The PL intensities of CPB-2 and CPB-3 NCs
quenched 80% of their initial PL intensities after 45 and 60 min,
respectively. However, the CPB-4 NCs retain almost 75% its
initial PL intensity after 60 min and are luminescent under a UV
lamp nearly 1 week. The water stability of these NCs (i.e., CPB-2,
CPB-3, CPB-4 NCs) significantly improves with addition of OABr
and the polymers during the NCs synthesis, form protecting
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shells that resist the interaction of perovskite materials from
water.®

In another water stability test, we took 100 pL of each NCs
solution (~10 mg mL') in separate glass vials containing
toluene followed by consecutive addition of 50 pL DI water in
sequence followed by stirring and sonication. Then, we recor-
ded the amount of DI water required to completely quench the
emission intensity of each NCs solution. The corresponding
change in normalized emission intensity of CPB-1, CPB-2, CPB-
3, and CPB-4 NCs are shown in Fig. 5b and Fig. S3 (ESI{). Here
also the CPB-1 NCs degraded at a much faster rate as compared
to other NCs. The PL intensity of CPB-1 NCs was quenched by 55
and 90% of its initial PL intensity after the addition of 100 and
200 pL DI water, respectively. Similarly, the emission intensities
of CPB-2, CPB-3, and CPB-4 NCs were decreased by 59, 46, and
36%, respectively after the addition of 200 puL DI water. In the
second case, we tested the water stability of the NCs in thin-film
form. In this regard, we drop-casted the NCs solutions on
separate glass substrates and then immersed them in a glass
beaker containing DI water. The PL spectra of the correspond-
ing NCs films were recorded at regular time intervals. The
photographic images of these NCs films in DI water under a UV
lamp with time intervals of 60 min are shown in Fig. S4 (ESIf).
As earlier, the CPB-1 NCs films quenched much faster than
other films while CPB-4 NCs films showed maximum stability.
The degradation times for CPB-1, CPB-2, CPB-3, and CPB-4 NCs
films were recorded as approximately 60, 120, 180, and 300 min,
respectively. All these water stability results show that the
addition of OABr and polymer significantly improves the NCs
stability via effective passivation of NCs surfaces that protect
from outside harsh atmosphere.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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We also examined the PL stability of these NCs films in
different heating and cooling cycles. The high stability is very
important for optoelectronic devices as the conduction of
charge carriers through the films produces heat. Here, we
recorded the percentage of PL intensity of the NCs films that
were retained back after heating them to a certain temperature
and then cooled down to room temperature. In this case, the PL
intensities of the different NCs films were measured at different
temperatures during the heating and cooling process. The
subsequent changes in PL intensities are shown in Fig. 5d. We
observed that while increasing the temperature to 60 °C, the PL
intensities of CPB-1, CPB-2, CPB-3, and CPB-4 NCs films were
decreased by 70, 55, 53, and 47%, respectively as compared to
their emission intensities measured at room temperature. The
decrease in PL intensities of these films attributes to the
strengthened lattice vibration at higher temperatures, which
leads to more non-radiative recombination.®” Then the films
were cooled down to room temperature to complete the first
heating—cooling cycle. Interestingly, the PL emission intensities
of the films recovered gradually during the cooling process. The
retention percentage in PL intensity for CPB-1 NCs films is
lowest (i.e., 46%), while it is highest for CPB-4 NCs films (i.e.,
95%). The CPB-2 & CPB-3 NCs films show the PL retention
percentage as 55 & 89%, respectively for first cycle. The films
have not recovered their PL intensities completely due to the
degradation of perovskite structure or formation of trap states
at higher temperatures.?® In the second heating-cooling cycle,
the PL retention intensities for CPB-1, CPB-2, CPB-3, and CPB-4
NCs films were measured as 21, 35, 41, and 45%, respectively.
The retention percentage of PL intensities of all NCs decrease
with further heating-cooling cycles. These results indicate that
polymer coating also help to improve the heat stability of the
NCs.

Further, we measured the contact angle of all NCs films in
order to examine the hydrophobicity or the degree of moisture
diffusion of the films. The photographic images of contact
angles for different films are shown in Fig. 6a-d. The contact
angle for CPB-1 NCs film was calculated as 59°, indicating the
hydrophilic nature of the film. The contact angles for CPB-2,
CPB-3, and CPB-4 NCs films were measured as 68°, 73°, and

.
aalll

Fig. 6 Contact angle measurement images of (a) CPB-1, (b) CPB-2, (c)
CPB-3, and (d) CPB-4 NCs films, respectively. Fluorescence micros-
copy images of (e) silica-coated CsPbBrz and (f) CPB-4 NCs films.

(c)
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82°, respectively. The higher contact angle value for polymer-
coated NCs films indicates the increase in hydrophobicity and
defensive function to suppress the moisture invasion inside the
films due to the presence of polymers coating around the NCs
surface.®»® Later we compared the film coverage and the local
emission properties of silica-coated CsPbBr; NCs and CPB-4
NCs films by fluorescence microscopy mapping, and corre-
sponding images are shown in Fig. 6e and f, respectively. The
fluorescent map of silica-coated NCs evidence highly agglom-
erated NCs or clustering of the NCs that were detected from the
presence of brighter regions with a characteristic size of a few
um. Some places of the film are dark in color which indicates
the lack of NCs in those regions. However, the CPB-4 NCs film
shows well-distributed particles over the substrate and can't
observe any big clusters. This confirms that the polymer coating
around the NCs reduces the agglomeration among other NCs
and facilitates the growth of smaller, well-dispersed NCs that
are necessary for the intake of NCs in cells for bioimaging
applications.

We investigated the potential use of silica-coated CsPbBr;
NCs and polymer-coated CPB-4 NCs for bioimaging applica-
tions using live-cell confocal microscopy. For this purpose,
CHO-K1 mammalian cells were first incubated with silica-
coated CsPbBr; NCs with a dilution ratio of 1:100. In order to
check the interactions of NCs with sub-cellular organelles, the
cells were co-stained with Nonyl-Acridine Orange (mitochon-
dria) and Lysotracker Red (lysosomes). Low uptake of NCs was
observed in the cells along with scarce distribution and
agglomeration of NCs at certain regions in the cytoplasm (see
Fig. 7). In second case, CHO-K1 cells were incubated with CPB-4
NCs at a dilution of 1:250 for 1 hour. The live cell confocal
images are shown in Fig. 8. The uptake of the NCs were seen in
the cells and no notable visible morphological changes were

Zoom (4x) Zoom (4x)

Silica coated NCs
Silica coated NCs

Lysosome
(LysoTracker Red)

Mitochondria
(Nonyl-acridine Orange)

Merged

Merged

DIC

Fig. 7 Bioimaging of silica-coated CsPbBrz NCs in CHO-K1 cells. The
NCs (cyan) are agglomerated in the cytoplasm. Mitochondria stained
by Nonyl-Acridine Orange (represented as the pseudo color red) and
lysosomes (red) by Lysotracker red.
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Fig. 8 Bioimaging of CPB-4 NCs in mammalian cells. The NCs (cyan)
are internalized by CHO-K1 cells. No evident morphological alter-
ations of mitochondria (red) and lysosomes (red) are observed.

observed in cells suggesting CPB-4 NCs did not cause any
cellular toxicity. Further, we went ahead to test whether these
NCs are detrimental to sub-cellular organelles or have any
possible interactions with them. Towards this, we co-stained
the cells for mitochondria (MitoTracker Red) and lysosomes
(LysoTracker Red) along with NCs. In both situations, the
structural integrity of mitochondria and lysosomes was found
to be intact. Also, the intensity of mitochondria and lysosomes
was not distorted suggesting that both mitochondria and lyso-
somes are functional in nature in NCs treated cells.

Finally, we inspected the long-term effect of CPB-4 NCs in
cells. Here we incubated the cells for 24, 48, and 72 hours in
presence of the NCs and tested the cell viability using MTT assay
as shown in Fig. 9. Our results suggest that CPB-4 NCs does not
affect the cells viability/proliferation and cell morphology with
prolonged incubation up to 3 days (see Fig. 9a and b).
Furthermore, the cell viability (as measured by MTT assay) was
not affected greatly up to 3 days of NCs incubation. In all the
CPB-4 NC-treated cases, the cell viability was greater than 85%
as compared to the control (untreated cells). Additionally, we
tested the fluorescence properties of the CPB-4 NCs treated cells
at the same time points (see Fig. 9c). We observed that the
fluorescence of the CPB-4 NCs was retained for up to 3 days of
incubation. It seems that the fluorescence intensity of the CPB-4
NCs increases after 24 hours. Therefore, both the cellular
uptake and fluorescence efficiency of CPB-4 NCs seem to
improve in the cells with longer periods of incubation time (48
and 72 hours). Overall, our data suggest that CPB-4 NCs does
not have notable cytotoxicity, and the fluorescence property of
the NCs increases with more time of incubation in cells.

Compared to silica-coated CsPbBr; NCs, CPB-4 NCs are more
uniformly distributed in cytoplasm and thereby increase the
resolution of imagery that imparts better sensitivity. The silica-
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Fig. 9 Effect of long-term incubation of CPB-4 NCs in CHO-K1 cells.
(a and b) Cells were treated with CPB-4 NCs at 1: 250 dilution for 24,
48 and 72 hours. Prolonged exposure of these NCs to cell does not
affect the cell viability and proliferation as indicated by MTT assay. (c)
The fluorescence property of the NCs was evaluated in long-term
incubation periods. The fluorescence of NCs in cells retains upto 72
hours of incubation.

coated CsPbBr; NCs degrade at much faster rate releasing toxic
lead contents resulting in cell death whereas compact polymer
coating of CPB-4 NCs reduces its degradation in cells and
leaching of lead thereby averting cell death.”*> At higher
concentrations the NCs have detrimental effect on cells. Overall,
CPB-4 NCs performed better in terms of cell uptake due to
smaller size, with reduced agglomeration and well distributed
throughout cytoplasm. The concentration of Pb-ions inside the
NCs was maintained less than 5 ug mL™" that is below the
toxicity threshold value, reducing overall cytotoxicity and cell
death.*® Compact coating of polymers avoided leaching of toxic
lead thereby reducing cell death. Therefore, we propose that
these CPB-4 NCs can be executed for potential bioimaging
applications in live cells.

3. Conclusions

In summary, we have synthesized CsPbBr; NCs via LARP
synthetic approach in an open atmosphere (relative humidity
level >70%). These NCs were encapsulated with different
capping ligands and polymer and their optical and structural
properties were tested. The XRD diffraction patterns of all NCs
reveal mixed phases of CsPbBr; and Cs,PbBrg perovskite pha-
ses. The OAc-OAm capped NCs are not stable in polar solvents
which can be a result of the dynamic nature of ligands.
However, silica or polymer coating improves the NCs stability

© 2023 The Author(s). Published by the Royal Society of Chemistry
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due to effective passivation of NCs surface. Silica-coated
CsPbBr; NCs tend to agglomerate among other NCs and
become bigger particles, which is detrimental for bioimaging
applications. In this regard, we synthesized highly stable,
luminescent, and bio-compatible polymer-coated NCs with
PLQY more than 80%. The NCs synthesized in presence of both
NIPAM and PVP exhibited excellent heat and water stabilities.
The FTIR and NMR analysis reveals that PVP polymer is not only
adsorbed on NC surface but also bonds with NC surface atoms
and NIPAM. These NCs are easily dispersible in water and had
a PL retention intensity of 75% after 1 hour in DI water. The
overall stability is around 1 week which is favourable for incu-
bation of NCs in biological cell mediums. The higher stability of
polymer-coated NCs allows the successful incorporation of
these NCs in mammalian Chinese hamster ovary (CHOK1) cells
for bioimaging applications.

The enhanced stability of NCs enables incubation in cells at
very low concentrations such that the Pb concentration is less
than 5 pg mL™", below toxicity threshold of the respective
element thus reducing overall cytotoxicity and cell death. The
uptake efficiency of polymer coated NCs is higher as compared
to silica-coated NCs. The polymer-coated NCs have lesser
cellular toxicity as compared to silica coated NCs. Additionally,
the cellular uptake and fluorescence efficiency of polymer
coated NCs improve in the cells for longer incubation times.
These observations make polymer-coated perovskite NCs as
potential candidates for live-cell bioimaging applications.
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