Microchimica Acta (2025) 192:217
https://doi.org/10.1007/s00604-025-07070-8

RESEARCH q

Check for
updates

Synthesis of trypsin-protected CsPbCl; fluorescent nanocrystals
for hydroxyl radical sensing

Suresh Kumar Kailasa' - Kartik Pankajbhai Makwana' - Madhura Pradeep Deshpande? - Yoojin Choi? -
Ruth Stephanie? - Chan Yeong Park? - Tae Jung Park?

Received: 12 November 2024 / Accepted: 25 February 2025
© The Author(s) 2025

Abstract

Water-dispersible perovskite nanocrystals (PNCs) show promising applications in recognizing ionic and molecular species
because of their excellent optical properties. However, lead halide PNCs have some limitations when they are used as probes
for molecular species sensing in aqueous media. Here, we introduce trypsin (Try) as a bioligand for the synthesis of cesium
lead chloride (CsPbCl;) PNCs with high water stability. The as-fabricated Try-CsPbCl; PNCs show Ag, g, at 433/370 nm
with a quantum yield of 17.26%. The fluorescence emission spectral characteristics of Try-CsPbCl; PNCs demonstrated
that water-stable Try-CsPbCl; PNCs acted as a promising fluorescent probe for the detection of hydroxyl radical (*OH) via
turn-off mechanism. The Try-CsPbCl; PNCs-based turn-off fluorescence approach displayed good selectivity for hydroxyl
radical in water, showing a wider linear range (0.01-5 uM) with a remarkable detection limit of 3.10 nM for hydroxyl radi-
cal. The Try-CsPbCl; PNCs were demonstrated to be a facile probe for sensing *OH in water samples, which signifies that

Try-CsPbCl; PNCs exhibited broad applications for hydroxyl radical sensing in real samples.
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Introduction

In recent years, lead halide perovskite nanocrystals (PNCs)
have emerged as outstanding materials in fabricating solar
cells, sensors, light-emitting diodes, and optoelectronic
devices because of their remarkable characteristics includ-
ing superior quantum yield (QY), narrow full width at half-
maximum, impressive charge transport capabilities, high
photocatalytic properties, and tunable emission wavelength
in complete visible and near-infrared region [1-5]. Interest-
ingly, it was noticed that perovskite oxides are quite stable
in water, whereas lead halide PNCs are highly unstable in
water and easily degraded by exposing them to heat, light,
and moisture [6-8], resulting in limiting their promising
applications in multidisciplinary research.
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To improve lead halide PNCs water stability, several
researchers have introduced different strategies to fabri-
cate lead halide PNCs including lead chloride PNCs with
high water stability. For example, perflorocompounds
were used as ligands for the preparation of water-stable
CsPbBr; @Cs,PbBrg PNCs [9]. Furthermore, various pol-
ymers (poly(l-lactide) polypropylene glycol, polysulfone
[10], NH,-PEG-COOH [11], NH, group terminated hyper-
branched polymer [12], polymethyl methacrylate [13], poly-
styrene [14], polystyrene-cetyltrimethylammonium bromide
[15], and polyethylene glycol [16]), organic molecules (eth-
ylenediaminetetraacetic acid [17], bolaamphiphilic ligand
(NKE-12) [18], adamantane-1-amine [19], (4,4"-bipyridine
and 2,2'-bipyridine) [20], glycyrrhizic acid [21], 4-bromo-
butyric acid-oleylamine [22], oleylamine-oleic acid [23], and
oleic acid-3-bromopropionic acid [24]), and inorganic salts
and compounds (cesium trifluoroacetate [25], MAPbBr; @
lead laurate [26], mesoporous silica [27], Al,O5 [28],
metal-organic frameworks [29], ZrO, [30], and TiO, [31]),
respectively. The above approaches successfully produced
high stability of lead halide PNCs without losing their
fluorescence properties, suggesting encapsulation of lead
halide PNCs with suitable ligand chemistry offers several
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features such as water stability, good QY, and superior opti-
cal properties. Furthermore, it is a very challenging task to
design water- and air-stable lead chloride PNCs without the
use of complicated synthetic approaches as well as ligand
chemistry. Since hydroxyl radical is selectively damaged,
the protein structures include trypsin [32]. Furthermore,
free radicals including hydroxyl radicals were effectively
inactivated trypsin by the oxidation of trypsin residues to
N-formylkynurenine and other residues [33]. In order to
alter the surface chemistry and fluorescence properties of
CsPbCl; PNCs, trypsin (Try) was explored as a bioligand for
the preparation of water-stable CsPbCl; PNCs in the sensing
of hydroxyl radical.

Reactive oxygen species (ROS) are produced by mito-
chondria in the cells, exhibiting a highly reactive nature
[34]. The ROS (oxygen-containing radicals-superoxide,
peroxyl, hydroxyl (*OH), and hydroperoxyl) and non-radical
agents, ozone, HOCI, and H,0,, which are easily converted
into ROS, play a key role in numerous biochemical path-
ways in the cells [35]. It was observed that certain levels
of ROS efficiently enhance cellular functions (migration,
proliferation, and differentiation) [36]. However, ROS have
potentially induced oxidative stress and cell damage, which
yield cell death [37]. Among ROS, hydroxyl radical is rec-
ognized as one of the highly reactive ROS, exhibiting a life-
time in the nanoseconds [38, 39]. Usually, hydroxyl radi-
cal is produced in in vivo via oxygen molecule oxidation
to superoxide, higher levels of *OH cause oxidative dam-
age to various bio-macromolecules (nucleic acids, lipids,
carbohydrates, and proteins), demonstrating that significant
attention must be paid to monitoring of *OH in cells and
various environments. Importantly, *OH plays a key role in
initiating numerous free radical-induced reactions (oxida-
tion of many organic and inorganic chemical species via
electron transfer reactions and addition reactions), favoring
to boost-up advanced oxidation process, which improves the
removal of organic and inorganic pollutants from environ-
mental water and wastewater treatment plants [40, 41]. It
was also observed that the levels of *OH can enhance the
biotreatability of agro- and pharmaceutical and industrial
wastewaters, thereby minimizing concentrations of toxic
organic and inorganic species via degradation process [42,
43]. These reports illustrated that *OH is widely present in
aquatic regions, exhibiting an essential role in biochemi-
cal cycles. In order to identify *OH radical, several ana-
lytical techniques such as electrochemical, electron spin
resonance, fluorescence, and UV-visible spectroscopic and
high-performance liquid chromatographic techniques have
been applied to detect ROS including *OH radical [44-52].
Importantly, several fluorescent probes including terbium
complexes [38], Coumarin—Neutral Red [47], copper and
molybdenum nanoclusters [53, 54], Ag—Au nanocages [55],
carbon dot-based hydrogel [56], and dihydroquinolines have
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been utilized as fluorescence probes for sensing of *OH radi-
cal with lower limit of detection (LOD) [57]. The nanomate-
rial- and organic molecule-based fluorescence probes have
proven to be promising readers to selective assay of *OH in
biological and environmental systems. Due to their complex
procedures in fabricating fluorescence probes, there is a still
necessity to introduce a facile and novel fluorescence probe
for *OH sensing in water samples.

In this work, we report a simple and selective hydroxyl
radical (*OH) sensing strategy using aqueous-stable trypsin
(Try) encapsulated cesium lead chloride (CsPbCl;) PNCs as
a nanoprobe (Scheme 1). The as-synthesized Try-CsPbCl,
PNCs were stable in aqueous medium and displayed spheri-
cal shape morphology with a mean size of 2.5 +0.5 nm.
Further, Try-CsPbCl; PNCs exhibited blue fluorescence
under UV lamp (365 nm), showing Ay, g, at 433/370 nm,
which offers a QY of 17.26%. Noticeably, the emission
intensity of Try-CsPbCl; PNCs was quenched by hydroxyl
radical, leading to the development of a fluorescence turn-
off approach for *OH assay with an LOD of 3.10 nM. The
developed sensing strategy was used to detect *OH in water
samples, demonstrating Try-CsPbCl; PNCs-based fluores-
cence method could be an effective tool for monitoring *OH
in real samples.

Experimental section
Materials and instruments

Lead (II) chloride (PbCl,, 98%) and cesium chloride (CsCl,
99.99%) were produced from SRL and BLD pharm, respec-
tively. Trypsin was obtained from Enzyme Bioscience Pvt.
Ltd. (Surat, Gujarat, India) as a gift sample. 1-Octadecene
(ODE) and potassium superoxide (KO,) were obtained from
Sigma-Aldrich (St. Louis, MO, USA); N-bromo succinim-
ide (NBS), sodium hypochlorite (NaOCl), and hydrogen
peroxide (H,0,) were purchased from SRL, FINAR, and
SDFCL Chemicals, respectively. Deionized water was used
for the preparation of solutions and sensing experiments,
and analytical-grade chemicals were utilized without any
further purification.

The as-prepared Try-CsPbCl; PNCs size and mor-
phology were investigated using field emission trans-
mission electron microscopy (FETEM) (JEOL-200,
Tokyo, Japan). Fluorescence (emission and excitation)
spectra of Try-CsPbCl; PNCs were examined by a Cary
Eclipse fluorescence spectrometer (Agilent Technolo-
gies, Santa Clara, CA, USA). UV/Vis absorption spectra
were recorded with a Maya Pro 2000 spectrophotometer
(Ocean Optics, Orlando, FL, USA). Infrared spectra of
Try-CsPbCl; PNCs were examined with an ALPHA II
Fourier transform infrared (FT-IR) spectrometer (Bruker,
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Scheme 1 Schematic illustra-
tion for Try-CsPbCl; PNCs
synthesis and sensing of *OH

+
ODE

PbCl,
solution

Try-CsPbCl; PNCs + ‘'OH

Billerica, MA, USA). X-ray diffraction (XRD) spectrum
of Try-CsPbCl; PNCs was recorded using a D8-Advance
Instrument (Bruker AXS). X-ray photoelectron spec-
troscopy (XPS) (K-alpha+, Thermo Fisher Scientific,
Waltham, MA, USA) was performed for the confirma-
tion of the elemental composition of Try-CsPbCl; PNCs.
Hydrodynamic diameter and zeta potentials of Try-
CsPbCl; PNCs were obtained using a NanoZS90 nano-
particle size potential analyzer (Malvern, UK).

Synthesis of try-CsPbCl; PNCs

Blue fluorescence water-stable CsPbCl; PNCs were pre-
pared with a slight modification [58, 59] using Try as a
ligand via a simple reaction. Firstly, 100 mM (33.6 mg)
of PbCl, and 100 mM (55.6 mg) of CsCl precursors were
dispersed in 2 mL of ODE separately and stirred for
30 min at room temperature. Then, the preparation of
CsPbCl; PNCs was initiated by mixing both solutions in
10 mL of reaction flask. The mixture was stirred at room
temperature for 3 h. The formed CsPbCl; PNCs were
capped with Try by adding Try (32 mg) into CsPbCl,
solution (4.0 mL) and then stirred for 12 h, triggering the
formation of blue fluorescent Try-CsPbCl; PNCs. The
formed Try-CsPbCl; PNCs were washed with hexane and
then dispersed in water for sensing applications.

VI

Stirring ,( B,
-]

ODE %
CsCl RT Trypsin
i CsPbCl, PNCs Stlmng

solution

RT

Hydroxyl radical

Try-CsPbCl; PNCs

Fluorescence sensing of “OH using try-CsPbCl; PNCs
as a turn-off probe

In the sensing study, the following reactive species solu-
tions were prepared as follows, hydroxyl radical (*OH) solu-
tion was prepared via the Fenton reaction (*OH and OH

- were produced by the reaction between Fe’* and H,0,),

superoxide anion (*O3) was prepared by using 0.711 mg of
KO, in 10 mL DMSO, and other species (MnO,”, Cr,0,>7,
HPO,*", S,04*", and NBS) were generated by dissolving
their salts in water. For *OH sensing, the as-prepared Try-
CsPbCl; PNCs were used to detect *OH radical, and the
fluorescence spectra of Try-CsPbCl; PNCs (1 mL, 2.45 mg/
mL) were investigated with different concentrations of *OH
radical (0.5 mL). Briefly, 1.0 mM of *OH radical was gen-
erated by mixing Fe?* ion (1 mM) with H,0, (10%) at a
volume ratio of 1:1. Different concentrations of *OH radi-
cal (0.01-500 uM, 0.5 mL) were treated separately with
1 mL of Try-CsPbCl; PNCs (2.45 mg/mL), and then their
emission spectra were recorded, leading to establish good
calibration graph between the ratio of 1,/ at 433 nm and
concentrations of *OH radical. To ensure the selectivity of
Try-CsPbCl; PNCs, different chemical species (MnO,"~,
Cr,0,°~, HPO,*", S,04°", O, *~, and NBS) were added sep-
arately into Try-CsPbCl; PNCs solutions and examined their
impact on the emission spectral intensities of Try-CsPbCl,
PNCs. The fluorescence emission spectra of Try-CsPbCl,
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PNCs were recorded with Ag, at 370 nm for *OH radical
sensing and selectivity tests. The selectivity of Try-CsPbCl,
PNCs toward *OH radical was evaluated by investigating the
emission spectra of Try-CsPbCl; PNCs in the presence of
various biomolecules (cysteine, arginine, tryptophan, and
alanine, 500 uM), cations (Na*, Ca**, Mg?*, Zn>*, Cu**, and
Fe**, 500 uM), and anions (CI1~, I, Br~, PO,*~, and SO,>",
500 uM) with and without addition of *OH radical.

Fluorescence detection of "OH radical in water
samples

To apply potential application of the probe, tap and river
waters from Tapi River, Surat, Gujarat, India, were used in
the present study. The water samples were filtered through
a microfilter and then treated the sample with different con-
centrations (0.01, 0.1, 0.5, 1.0, 2.5, 5.0, 10.0, and 25.0 uM)
of *OH radical and then introduced 1 mL of Try-CsPbCl,
PNCs and vortexed for 2 min. The fluorescence emission
intensities of Try-CsPbCl; PNCs at 433 nm were examined,
and the spectral studies were repeated three times and repre-
sented the statistical data as mean + relative standard devia-
tion (RSD).

Results and discussion
Synthesis and characterization of Try-CsPbCl; PNCs

The synthesis pathway for the preparation of Try-CsPbCl,
PNCs and their application for *OH radical sensing in aque-
ous medium were shown in Scheme 1. Initially, the influ-
ence of Try concentration (2-10 mg/mL) was studied on
the fluorescence spectra of CsPbCl; PNCs using PbCl,
(100 mM) and CsCl (100 mM) as precursors (Figure S1).
Upon increasing Try concentration from 2.0 to 8.0 mg/mL,
the intensity of fluorescence emission spectra of CsPbCl,
PNCs was increased; however, the emission intensity was
decreased by using 10 mg/mL of Try due to the excessive
Try molecules on Try functionalized CsPbCl; PNCs, which
leads to form Try-CsPbCl; PNCs nanoaggregates that will
result to quench the emission peak of CsPbCl; PNCs. These
results suggest that 8.0 mg/mL of Try effectively enveloped
CsPbCl,; PNCs, thereby improving their dispersion ability
in water with good fluorescence intensity. Similarly, we also
investigated the optimum reaction time for the preparation of
Try-CsPbCl; PNCs (Figure S2). It was clearly observed that
the emission intensity of Try-CsPbCl; PNCs at 433 nm was
increased with increasing reaction time from 3 to 12 h; after
that, the emission peak intensity was decreased, confirming
the 12 h was found to optimum reaction time for the fabrica-
tion of Try-CsPbCl; PNCs. In order to confirm the origin of
emission spectra, absorption and emission spectra of Try and
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Try-CsPbCl; PNCs were examined and shown in Figure S3.
The spectral results demonstrated that Try did not show any
emission peak; however, Try-encapsulated CsPbCl; PNCs
displayed a characteristic emission peak at 433 nm (Fig-
ure S3a). Interestingly, pure Try and Try-CsPbCl; PNCs
exhibited different absorption spectral characteristics (Fig-
ure S3b), indicating the formation of Try-CsPbCl; PNCs.
In order to investigate the role of halide ion in improving
fluorescence properties and stability of Try-CsPbX; PNCs,
we studied the water dispersion abilities and fluorescence
properties of Try-CsPbBr; and Try-CsPbl; PNCs (Fig-
ure S4). It can be noticed that the aqueous solution of Try-
CsPbBr; and Try-CsPbl; PNCs exhibited Ag,, at 521 and
580 nm when excited at 440 and 482 nm, respectively. It can
be noticed that the emission spectra of both Try-CsPbBr;
and Try-CsPbl; PNCs were blue shifted to 482, 498, 410,
and 433 nm with a noticeable decrease in their intensities
when the emission spectra measured after PNCs synthesis at
different time intervals 3 h and 6 h. Furthermore, the emis-
sion spectra of three synthesized PNCs, i.e., Try-CsPbCls,
Try-CsPbBr;, and Try-CsPbl; PNCs were investigated by
applying the same excitation wavelength (A, =370 nm) at
three different times (10 min, 3 and 6 h) (Figure S5). The
as-prepared Try-CsPbCl; PNCs exhibited intense emission
peak spectra at three-time intervals, whereas Try-CsPbBr;
PNCs showed a weak emission peak at 521 nm at 10 min as
compared to Try-CsPbCl; PNCs. Noticeably, the emission
spectra of Try-CsPbBr; PNCs were noticed with very weak
intensity at 3 and 6 h time intervals, whereas Try-CsPbl,
PNCs did not show any noticeable emission intensities at
three-time intervals by applying excitation wavelength of
370 nm. These spectral results confirmed that the synthe-
sized Try-CsPbCl; PNCs exhibited good water resistance
with high emission intensity by applying A, at 370 nm.
Importantly, Try-CsPbCl; PNCs showed remarkable stabil-
ity in the aqueous medium even after 6 days (Figure S3 and
S6), indicating that the aqueous stability of Try-CsPbCl,
PNC:s is high as compared to Try-CsPbBr; and Try-CsPbl,
PNCs, which promotes to use Try-CsPbCl; PNCs as a fluo-
rescent probe.

After optimizing the reaction conditions, we examined
the spectral characteristics, size, morphology, zeta poten-
tial, and elemental composition of Try-CsPbCl; PNCs.
The as-fabricated Try-CsPbCl; PNCs displayed A, at
377 nm, whereas the emission/excitation peaks exhibited
at 433/370 nm (Fig. 1). The obtained spectral character-
istics of Try-CsPbCl; PNCs were well matched with the
reported method for CsPbCl; PNCs dispersed in organic
solvent (hexane) [60]. To further investigate the role of Try
to encapsulate CsPbCl; PNCs, we studied the absorption and
emission spectra of Try-capped CsPbCl; PNCs, unmodified
CsPbCl; PNCs (dispersed in toluene and water), and pure
Try (Figure S3 and S7). It can be noticed that Try capped
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Fig.1 Absorption (A, =377 nm), fluorescence excitation, and emis-
sion (Ag, =370 nm; Ag, =433 nm) spectra of Try-CsPbCl; PNCs
(Inset: Digital images of Try-CsPbCl; PNCs in daylight and under
UV light at 365 nm)

CsPbCl; PNCs (water), pure Try (water), and unmodified
CsPbCl; PNCs (toluene) exhibited A, at 377, 301, and
355 nm, respectively, confirming that they have different
absorbance values. Importantly, the characteristic emission
peak of unmodified CsPbCl; PNCs exhibited good intensity
when they dispersed in toluene; however, the emission spec-
trum of unmodified CsPbCl; PNCs does not appear when
they dispersed in water, revealing that unmodified CsPbCl;
PNCs exhibited poor water stability. These absorption and
emission spectral data demonstrated that the water stabil-
ity of CsPbCl; PNCs was greatly improved by the encap-
sulation of CsPbCl; PNCs with Try. Upon irradiation of
Try-CsPbCl; PNCs solution with 365 nm of UV light, blue
fluorescence was noticed, which confirms the formation of
Try-CsPbCl; PNCs (Inset of Fig. 1). Furthermore, excita-
tion-dependent emission spectral characteristics of Try-
CsPbCl; PNCs were studied and shown in Figure S8. The
emission spectral profiles of the as-prepared Try-CsPbCl,
PNC:s at different excitation wavelengths (300—400 nm) dis-
played the almost nonvariant nature in the emission spectra;
however, the emission peak intensity was increased with
increasing Ap, from 300 to 370 nm; after that, the inten-
sity was decreased. The maximum emission intensity was
noticed at Ag,, =433 nm upon excitation of Try-CsPbCl,
PNCs at Az, =370 nm. In addition, the fluorescence QY of
Try-CsPbCl; PNCs was 17.26%, and the lifetime of Try-
CsPbCl; PNCs was t=1.64 ns (Figure S9). In order to apply
Try-CsPbCl; PNCs as a promising fluorescence probe, it is
essential to investigate the stability of Try-CsPbCl; PNCs.
The stability of fabricated Try-CsPbCl; PNCs in water was
examined by monitoring the emission spectral profiles at
different time intervals (Figure S6). The emission spectral
profiles of Try-CsPbCl; PNCs exhibited almost negligible

changes up to 8 days; after that, the emission peak inten-
sity was decreased, which confirms that Try-CsPbCl; PNCs
displayed good stability to use as a fluorescence probe for
sensing applications.

The FT-IR spectral profiles of pure Try and Try-CsPbCl,
PNCs were studied, and the data were depicted in Fig-
ure S10. The FT-IR spectrum of Try displayed a strong
broad band in the range of 3600-3000 cm~!, which con-
firms to O—H and -N-H bonds stretching vibrations. The
bands at 1650 and 1523 cm™' are ascribed to the amide I
and II bands of Try, respectively. Similarly, the stretching
vibrations of COO™, C-N stretching, and N—H bending were
noticed at 1438, 1253, and 1519 cm™, respectively. The
characteristic FT-IR spectral profiles of Try were completely
changed due to the encapsulation of CsPbCl; PNCs. It can
be observed that a noticeable decrease in the intensity of
broadband in the range of 3600-3000 cm™! for -OH and
-NH, groups stretching and a drastic shift in the characteris-
tic amide bands confirm the backbone structural deformation
in Try due to the formation of Try encapsulated CsPbCl,
PNCs. Size and morphological analyses of the as-synthe-
sized Try-CsPbCl; PNCs were further confirmed by using
FE-TEM and dynamic light scattering (DLS) (Fig. 2 and
Figure S11a). The as-prepared Try-CsPbCl; PNCs are nearly
spherical shape with a mean size of 2.5+ 0.5 nm, suggest-
ing that Try-CsPbCl; PNCs are highly monodispersity, as
confirmed from histogram (Fig. 2a—c). The hydrodynamic
diameter of Try-CsPbCl; PNCs was 10.34 nm, displaying a
higher size as compared to FETEM data due to the meas-
urement of Try-CsPbCl; PNCs with water molecules. The
as-fabricated Try-CsPbCl; PNCs exhibited a negative charge
(—19.51 mV) (Figure S12a), which was confirmed by meas-
uring zeta potential.

The elemental spectral profile of Try-CsPbCl; PNCs was
further investigated by XPS, and the XPS survey spectrum
of Try-CsPbCl; PNCs was shown in Fig. 3a, indicating the
as-synthesized Try-CsPbCl; PNCs contains C, O, Cs, Pb,
and Cl elements. Figure 3b shows the Cs 3d high resolu-
tion (HR) spectrum, displaying two peaks at 726.7 eV and
740.7 eV are correspond to the Cs 3ds;, and Cs 3d,,,, respec-
tively, confirming the presence of Cs* ion in Try-CsPbCl,
PNCs. It can be observed that HR-XPS spectrum of Pb
4f exhibited two peaks at 144.7 and 139.6 eV, which are
ascribed to the Pb 4f;,, and Pb 4f,, of Try-CsPbCl; PNCs,
respectively (Fig. 3c). Similarly, the HR spectrum of Cl 2p
displayed two peaks at 200.3 and 201.8 eV, indexing to the
ClI 2p;,, and C1 2p,,, binding energy levels, respectively
(Fig. 3d). Furthermore, the XRD pattern of Try-CsPbCl,
PNCs is shown in Figure S13, exhibiting the diffraction
peaks at 20=15.9, 22.4, 32.2, 35.7, 43.12, 46.3, and 54.5
correspond to 100, 110, 200, 211, 220, 310, and 222 lattice
planes of Try-CsPbCl; PNCs, which is well agreed with the
XRD pattern of CsPbCl; PNCs [61, 62]. The as-fabricated
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Fig.2 HR-TEM pictures of Try-
CsPbCl; PNCs with scale bars
of a 50 nm and b 20 nm. ¢ The
size distribution of Try-CsPbCl,
PNCs. d HR-TEM picture of
Try-CsPbCl; PNCs with *OH

1/
A\

1.0 15 20 2.5

Size (nm)

Try-CsPbCl; PNCs are in crystalline nature with high mono-
dispersity. All the above data strongly support the formation
of Try-CsPbCl; PNCs with monodispersity and good spec-
tral characteristics, which explore them as potential probes
for *OH sensing.

Fluorescence sensing of "OH radical

To examine the fluorescence detection capability of Try-
CsPbCl; PNCs toward *OH radical, several oxidizing and
ROS (MnO,~, Cr,0,*~, HPO,*~, *OH, S,04*~, 0, *~, and
NBS, 1 mM, 0.5 mL) were mixed with 1 mL of Try-CsPbCl,
PNCs, separately, followed by vertexing the samples for a
few minutes. The fluorescence emission spectra of the sam-
ples were evaluated (Fig. 4). As can be seen, the emission
spectra of Try-CsPbCl; PNCs in a significant decrease in
the fluorescence emission intensity of Try-CsPbCl; PNCs
was noticed in the presence of *OH radical, while no signifi-
cant fluorescence quenching was noticed in the presence of
other oxidizing and ROS. These emission spectral profiles
demonstrated that the as-prepared Try-CsPbCl; PNCs could
be utilized as a probe for fluorescence analysis of *OH radi-
cal in aqueous media. Moreover, the fluorescence color of
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3.0

Try-CsPbCl; PNCs solution with the addition of the above
species was monitored under 365 nm of UV light, indicat-
ing the blue fluorescence of Try-CsPbCl; PNCs was almost
non-fluorescent nature (Inset of Fig. 4), which signifies that
Try-CsPbCl; PNCs act as a turn-off fluorescent probe for
*OH radical sensing. The fluorescence emission signals of
Try-CsPbCl; PNCs were evaluated in the presence of phos-
phate-buffered saline (PBS) with pH from 2.0 to 12.0 with
and without *OH radical (Figure S14a), demonstrating that
the addition of PBS pH (2.0-12.0) into Try-CsPbCl; PNCs
did not affect the fluorescence spectra of Try-CsPbCl; PNCs.
However, the maximum fluorescence emission quenching
was observed with *OH radical at PBS of pHs 10 and 12
(Figure S14b), and PBS of pH 10 was selected as an opti-
mum pH for sensing of *OH radical using Try-CsPbCl,
PNC:s as a probe.

Fluorescence sensing mechanism

In order to evaluate the fluorescence sensing mechanism of
°*OH radical using Try-CsPbCl; PNCs as a probe, several
analytical techniques (TEM, DLS, zeta potential, and life-
time) were examined. As can be seen in the FETEM image
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Fig.3 XPS characterizations of
Try-CsPbCl; PNCs: a survey (a)
spectrum, HR spectra of b Cs
3d, ¢ Pb 4f, and d Cl 2p
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Fig.4 Fluorescence emission spectra of Try-CsPbCl; PNCs after
adding different ROS (MnO,", Cr,0,>~, HPO,*~, *OH, S,0,°7, 0, *~,
and NBS). Inset picture of Try-CsPbCl; PNCs after the addition of
various ROS (1. MnO,, 2. Cr,0,%7, 3. HPO,>", 4. *OH, 5. S,04°", 6.
O, *7, and 7. NBS) under UV light (365 nm)

of Try-CsPbCl; PNCs with the addition of *OH radical
(Fig. 2d), the morphology and size of Try-CsPbCl; PNCs
were drastically changed by the addition of *OH radical,
indicating the deformation of Try-CsPbCl; PNCs by *OH
radical, which leads to form Try-CsPbCl; nanoaggregates.

T
145
Binding energy (eV)

Binding energy (eV)

Similarly, the hydrodynamic diameter of Try-CsPbCl;
PNCs was significantly increased to 21.5 nm by introduc-
ing *OH radical (Figure S11b), leading to destabilization of
Try-CsPbCl; PNCs, which resulted in quenching the fluo-
rescence of Try-CsPbCl; PNCs. The zeta potential of Try-
CsPbCl; PNCs was — 19.51 mV; however, it was increased
to—28.23 mV (Figure S12b). Interestingly, the negligible
change (from 1.64 to 1.51 ns) in the lifetime of Try-CsPbCl,
PNCs was observed with the addition of *OH radical, indi-
cating the static quenching mechanism (Figure S9). The
characteristic FT-IR spectral profiles of Try-CsPbCl; PNCs
were significantly changed upon the addition of *OH radi-
cal (Figure S15), suggesting the structural changes in the
Try-CsPbCl; PNCs by *OH radical. Importantly, FT-IR
spectral data are commonly used to examine the variations
in the secondary structure of proteins and protein-chemical
species interactions [32, 33]. As shown in Figure S15, the
amide I and II spectral characteristics of Try were observed
in the range of 1600—1700 and of 1500-1600 cm™!, respec-
tively. By comparing FT-IR spectrum of pure Try to that
of Try-CsPbCl; PNCs with *OH radical, the peak intensity
and peak position of the amide I (1600—1700 cm™") and II
(1500-1600 cm™") bands were changed, revealing the drastic
changes in the secondary structure of Try upon the addition
of *OH radical. To further evaluate the inner filter effect
(IFE), the fluorescence (excitation and emission) spectra
of Try-CsPbCl; PNCs and the absorption spectrum of *OH
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radical were studied (Figure S16), revealing the overlapping
of absorption spectrum of *OH radical with excitation spec-
trum of Try-CsPbCl; PNCs, which confirms the IFE. Thus,
the as-prepared Try-CsPbCl; PNCs act as a turn-off fluores-
cence probe for the detection of *OH radical.

Sensitivity

Under the optimal conditions, the variations in the fluo-
rescence intensity of Try-CsPbCl; PNCs were investi-
gated by adding different concentrations of *OH radical
(0.01-500 uM). As can be noticed in Fig. 5, the fluores-
cence emission intensity of Try-CsPbCl; PNCs centered
at 433 nm was gradually quenched along with increasing
concentration of *OH radical. Then, the emission intensity
of Try-CsPbCl; PNCs was quenched at 77% when *OH radi-
cal at 500 uM. Figure S17 displayed the constructed plot of
the ratio /I (where I, and I represent the emission inten-
sity of Try-CsPbCl; PNCs in the absence and presence of
*OH radical, respectively) against *OH radical concentra-
tion (0.01-500 uM). Furthermore, with *OH radical con-
centration in the range of 0.01-5.0 uM, the fluorescence
quenching efficiency showed the linear fitting equation of
y=0.2596x +1.2061 (R*=0.9795) (Inset of Figure S17).
The LOD was 3.10 nM (30/s, where “s” is the slope of
the calibration curve and “c” is the standard deviation of
the blank) for *OH radical. The analytical characteristics
of the developed Try-CsPbCl; PNCs-based fluorescence
approach were compared with other reported methods [53,
63-70] for *OH radical sensing (Table S1), revealing the
developed probe exhibited superior and comparable analyti-
cal performance with other analytical techniques for *OH

1000
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pALx

500 pM Try-CsPbCl; PNCs
>

& ——0.01 pM|

——0.05 uM|
[

—05uM
—1puM
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=
1

600 - —2.5puM
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Fluorescence intensity (a.u.)

200

Fig.5 Fluorescence spectra of Try-CsPbCl; PNCs in the existence of
various concentrations of *OH (0.01-500 pM). Inset picture demon-
strates the variations in the blue fluorescence of Try-CsPbCl; PNCs
with the addition of *OH (0.01-500 uM) under UV light at 365 nm
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radical sensing. Furthermore, the developed Try-CsPbCl,
PNCs-based turn-off fluorescence strategy exhibits several
analytical features such as free surface modification, simple
chemical routes, good selectivity and sensitivity, and good
stability in aqueous phase, which allows for use as a promis-
ing fluorescence probe for *OH radical sensing.

Selectivity

The sensing selectivity of Try-CsPbCl; PNCs toward *OH
radical was investigated in the presence of various metal
ions, ROS, and biomolecules phosphate buffer (20 mM,
pH 7.4). As shown in Figure S18, the fluorescence behav-
ior of Try-CsPbCl; PNCs in the presence of biomolecules
(cysteine, arginine, tryptophan, and alanine, 500 uM), cati-
ons (Nat, Ca**, Mg?*, Zn?*, Cu®*, and Fe3+, 500 uM) and
anions (C17, I", Br™, PO43', and SO42', 500 uM) is almost
same and did not show any significant changes. As antici-
pated, Try-CsPbCl; PNCs exhibited a remarkable fluores-
cence quenching only with *OH radical even in the existence
of the other interfering chemical species, revealing that the
as-prepared Try-CsPbCl; PNCs stand out as a highly selec-
tive turn-off fluorescence probe for *OH radical sensing.

Analysis of "OH radical in water samples

To evaluate the practical application of Try-CsPbCl; PNCs
in monitoring *OH radical in real samples, the collected
water (tap and river) samples were filtered and subsequently
added different concentrations of *OH radical (0.01, 0.1, 0.5,
1.0,2.5,5.0, 10.0, and 25.0 pM). Then, *OH radical treated
water samples were added into Try-CsPbCl; PNCs, and their
concentrations were estimated by the aforesaid procedure.
From Table S2, it can be noticed that the recovery rates of
*OH radical in water samples were 98.80-101.40% with a
relative standard deviation of <2.0%. In order to estimate
the accuracy and precision of the developed method for the
analysis of *OH radical in spiked water samples, inter- and
intra-day accuracy and precision of Try-CsPbCl; PNCs-
based fluorescence turn-off approach was performed, and
the data were depicted in Table S3. The data showed that the
percentage recoveries were in the ranges of 98.80-99.76%
and 98.57-99.64% for tap and river waters. Moreover, inter-
and intra-day accuracy and precision of the method are in the
ranges of 0.38-1.20% and 0.5 and 1.13% for tap water and
0.42-1.29% and 0.41-0.76% for river water, respectively.
The data in Table S2-S3 represent that the Try-CsPbCl;
PNCs-based fluorescence method is a facile, more preci-
sion and accurate analytical approach for the detection
of *OH radical in real samples, demonstrating that Try-
CsPbCl; PNCs could be used as the potential fluorescence
turn-off probe for the detection of *OH radical in real sam-
ples. Although the developed Try-CsPbCl; PNCs-based
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fluorescence method showed good selectivity and sensitivity
towards *OH radical sensing in real samples, however the
synthesis of Try-CsPbCl; PNCs requires lead salts, which
is a toxic nature. Furthermore, the developed method had a
limitation to detect *OH radical in living cells. Overall, the
as-prepared Try-CsPbCl; PNCs have good water stability
for the development of a facile fluorescent probe for sensing
*OH radicals in water samples with high selectivity.

Conclusions

In summary, a simple analytical tool was developed for sens-
ing *OH radicals using water-dispersible Try-CsPbCl; PNCs
as a turn-off fluorescence probe. The as-fabricated Try-
CsPbCl; PNCs exhibited blue fluorescence under UV irradi-
ation (A ~ 365 nm) and displayed Ag,,,/z, =433/370 nm. The
developed Try-CsPbCl; PNCs-based fluorescence approach
has a highly selective and sensitive response toward *OH
radical with a good linearity in the concentration range of
0.01-5.0 uM, which achieves the LOD of 3.10 nM. Impor-
tantly, Try-CsPbCl; PNCs exhibit superior selectivity for
*OH radical with virtually no fluorescence quenching by
other interfering chemical species (ROS, metal ions, anions,
and biomolecules). Furthermore, Try-CsPbCl; PNCs-based
analytical approach was successfully applied to detect *OH
radical in water samples. Thus, the as-synthesized Try-
CsPbCl; PNCs could be successfully integrated with fluo-
rescence spectrometry for the detection of *OH radical in
real samples.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-025-07070-8.
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