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selective detection of glutathione through
a competitive displacement mechanismt
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Glutathione (GSH) is a vital biomolecule that plays a fundamental role in biological systems, regulating
numerous cellular functions. Given its physiological significance, the development of analytical sensors
capable of sensitively and selectively detecting GSH is of great importance. In this study, a novel
fluorescent probe was designed for the detection of GSH in dietary supplements and human biological
fluids. The probe consists of nickel nanoclusters (NiNCs) stabilized by polyethyleneimine (PEI) and
dithioerythritol (DTH) (PEI/DTH@NINCs) as dual-protecting ligands. DTH functions as both a stabilizing
and reducing agent, while PEl serves as an additional stabilizer, enhancing the structural integrity and
stability of the nanoclusters. The fluorescence emission of PEI/DTH@NINCs was significantly quenched
in the presence of Fe** ions due to aggregation-induced quenching. However, upon the introduction of
GSH, a stronger coordination interaction occurs between GSH and Fe®*, leading to the formation of
a more stable chelate complex. This competitive binding disrupts the aggregation process, effectively
restoring the fluorescence emission of the probe. Under optimized conditions, the fluorescence
response exhibited a linear increase with GSH concentration in the range of 0-250 uM. The limit of
detection (LOD), calculated based on the signal-to-noise ratio, was determined to be 7.0 nM. The
developed probe was successfully applied for GSH detection in dietary supplements and biological
samples, yielding recovery rates ranging from 96.9% to 104.1%, with relative standard deviation (RSD)

rsc.li/rsc-advances values between 1.87% and 4.01%.

1. Introduction

Glutathione (GSH), a tripeptide, is a pivotal antioxidant present
in animals, plants, and microorganisms. As the primary thiol (-
SH) compound synthesized within these organisms, it plays an
essential role in cellular defense mechanisms.” Beyond its
fundamental biological functions, GSH is associated with
therapeutic applications for conditions such as influenza,
certain cancers, cystic fibrosis, and diabetes. In the pharma-
ceutical industry, it is highly regarded for its anti-aging prop-
erties, immune-boosting capabilities, and  powerful
detoxification effects.** Irregular levels of GSH have been linked
to a range of diseases, including cancer, chronic renal failure,
Alzheimer's disease, diabetes, liver disorders, heart attacks, and

“Department of Pharmaceutics, College of Pharmacy, King Saud University, Riyadh,
Saudi Arabia. E-mail: Ybinjardan@ksu.edu.sa

tSchool of Chemical Engineering, Sungkyunkwan University (SKKU), Suwon, 16419,
Republic of Korea

‘Department of Pharmaceutical Analytical Chemistry, Faculty of Pharmacy, Assiut
University, Assiut, 71526, Egypt. E-mail: mohamed.elwakeel@pharm.aun.edu.eg;
mohamed. mohamoud@ymail.com

DOI:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d5ra01681a

(ES)

18826 | RSC Adv, 2025, 15, 18826-18835

Parkinson's disease.> Accurate GSH measurement in biological
samples is essential for evaluating and diagnosing these
diseases early. Analytical surveys identify HPLC,*” colorim-
etry,>® and electrochemical'>'* methods are the most common
methods for its determination. However, HPLC technique is
time consuming, needing exhaustive pretreatment steps, and
complicated instrumentation,'” while colorimetric methods are
of low sensitivity and selectivity.”® Electrochemical methods
distinguished by electrode fouling and low selectivity." In
contrast, fluorometric-based sensing methods have several
advantages such as short response time, low LOD, selectivity,
and simplicity.”>'®* Among fluorescent nanomaterials, metal
nanoclusters (MNCs) are distinguished by their ease of
synthesis, low toxicity, and remarkable photostability."”'®
Extensive research has been dedicated to noble metal nano-
clusters, particularly gold and silver, as fluorescent probes,
owing to their exceptional optical properties.”**® Nickel is
a preferred choice due to its lower cost and greater abundance
compared to gold and silver. Nickel nanoclusters (NiNCs) have
garnered significant attention over other metal nanoclusters
(e.g., AuNCs, AgNCs) due to their water solubility, biocompati-
bility, very small size, and good stability.*** The synthesis of
MNGCs typically relies on proteins or peptides as reductants.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Compared to biomolecules such as GSH and BSA (bovine serum
albumin), polyethyleneimine (PEI) and dithioerythritol (DTH)
offer a more stable, cost-effective, and biocompatible alternative
that is readily available.**** Double protection of nanoclusters is
crucial for their stability, functionality, and application perfor-
mance. Nanoclusters, especially metal-based ones, are highly
reactive due to their high surface energy and small size. Without
adequate protection, they tend to aggregate, oxidize, or degrade,
losing their unique properties. Ali et al. successfully synthesized
double-protected, red-emissive copper nanoclusters (CuNCs)
for detecting melamine in dietary supplements, utilizing Hg**
ions as an assisting agent.> Similarly, Ren et al. developed PEI-
functionalized green emitting CuNCs for fluorometric sensing
of cobalt and temperature measurement.”

Inspired by the aforementioned studies, novel double-
protected nickel nanoclusters (NiNCs) were synthesized for
the detection of glutathione (GSH). The stabilization was ach-
ieved using polyethyleneimine (PEI) and dithiothreitol (DTH),
enhancing the nanoclusters’ stability and water solubility. In
this system, PEI functions as a stabilizer, while DTH serves both
as a stabilizer and a reducing agent. The introduction of ferric
ions (Fe**) selectively chelated the thiol (-SH) and amino (NH,)
groups on the NiNCs surface, inducing aggregation and
subsequently quenching fluorescence emission through the
aggregation-induced quenching (ACQ) phenomenon. Upon the
addition of GSH, Fe** ions were removed from the NiNC surface
via coordination interactions, restoring the fluorescence emis-
sion. The PEI/DTH@NiNCs probe was successfully applied for
the quantification of GSH in real samples, demonstrating
satisfactory recovery percentages.

2. Experimental

2.1. Chemicals and instruments

Glutathione (GSH, 98.7%), ascorbic acid (97.8%), uric acid
(98.1%), dopamine (99.3%), glucose (98.5%), methionine
(97.6%), tryptophan (97.3%), lysine (99.5%), cysteine (98.6%),
nickel nitrate  hexhydrate ((Ni(NOs),-6H,0)), 2-[4-(2-
hydroxyethyl)piperazin-1-yllethanesulfonic =~ acid  (HEPES),
dithioerythritol (DTH), polyethyleneimine (PEI), ferric chloride
hexahydrate (FeCl;-6H,0), NaOH, and HCl were purchased
from Sigma Alrich.

Fluorescence intensity was analyzed using a Shimadzu RF-
5301 PC, while UV-Vis absorbance measurements were per-
formed with a Shimadzu 1601 PC (both from Tokyo, Japan). X-
ray photoelectron spectroscopy (XPS) spectra were acquired
using a Thermo EscalAB 250Xi (Thermo Fisher Scientific, USA),
whereas Fourier transform infrared (FT-IR) spectra were recor-
ded with a Nicolet™ iSTM10 (Varian, USA). Dynamic light
scattering (DLS) and zeta potential assessments were conducted
with a ZEN 3600 Nano ZS (Malvern, UK). The morphological
characterization of PEI/DTH@NINCs was carried out using
a JEOL JEM-100CX II transmission electron microscope (USA),
while their crystallographic properties were examined via X-ray
diffraction (XRD) analysis using a Philips-FEI PW 1710 spec-
trometer (Netherlands).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Preparation of PEI/DTH@NIiNCs

The optimized synthesis conditions for PEI/DTH@NiNCs were
as follows: 0.87 g of PEI and 1.17 g of DTH were dissolved in
30 mL of deionized water (DIW) under sonication for 10
minutes to ensure complete dispersion. The pH of the resulting
solution was then adjusted to 10.0 by the dropwise addition of
NaOH. Subsequently, 3.2 mL of 80.0 mM Ni(NO;), 6H,0 was
added to the solution, and the mixture was heated to 90 °C for
five hours to facilitate the formation of NiNCs. After heating, the
solution was allowed to cool to room temperature. The resulting
colloidal suspension was then filtered and subjected to dialysis
(MWCO = 2000 Da) for 48 hours, with the dialysis water
replaced every 8 hours to ensure the complete removal of
unreacted species and byproducts. Finally, the purified
suspension was freeze-dried and lyophilized, yielding a fine
powder of PEI/DTH@NIiNCs suitable for further characteriza-
tion and application.

2.3. Detection procedures

A volume of 250 pL of PE/DTH@NINCs (15 mg mL ') was
mixed with 300 uL of HEPES buffer (pH 7.0). Subsequently, 300
uL of 25.0 mM Fe** was added to the prepared solution and the
reaction was initiated at room temperature for 6 minutes.
Following this, 150 pL of GSH at varying concentrations was
introduced, and the reaction mixture was incubated at room
temperature for an additional 3 minutes. After excitation at
335 nm, the fluorescence spectra were recorded at 465 nm.

2.4. Real sample analysis

Ten dietary supplement containing capsules (500 mg each) were
weighed, and the average weight of a single capsule was
dispersed in 30 mL of DIW, then diluted to 100 mL with DIW
and sonicated for 20 minutes. The resulting dispersion was
filtered, and the filtrate was analyzed before and after the
addition of GSH using the standard addition method.

Human biological samples were analyzed using the
proposed method after a 20x dilution with HEPES buffer (pH
7.0). GSH levels were quantified both before and after spiking.
The study adhered to Egyptian regulations, received approval
from the Ethics Committee of Assiut University, and obtained
informed consent from all participants.

3. Results and discussions

3.1. Characterization

The as-fabricated PEI/DTH@NiINCs probe was first character-
ized using TEM to examine its morphological properties
(Fig. 1A). The nanoparticles exhibited a well-dispersed pattern
with a spherical shape. The particle sizes of PEI/DTH®@NiNCs
ranged from 1.2 to 2.7 nm, with an average diameter of
2.2 nm. The inset of the TEM image shows a high-resolution
TEM (HRTEM) image, revealing a lattice fringe spacing of
0.22 nm, which aligns well with previously reported literature.*®
The functional groups on the surfaces of DTH, PEI, and PEI/
DTH®@NINCs were analyzed using FTIR (Fig. 1B). The FTIR
spectrum of DTH (Fig. 1B(a)) exhibits absorption bands at 3236,
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Fig. 1
DTH@NINCs; (D) EDX of PEI/DTH@NINCs.

2813, 2319, 1707, 1685, 1388, and 1137 cm ™, corresponding to
v(OH, NH), »(CH), »(SH), »(C=0), 6(OH, NH), »(C-S), and »(C-
0), respectively. The FTIR spectrum of PEI (Fig. 1B(b)) shows an
absorption bands at 3222 cm™" and 1677 cm ™", attributed to
»(NH) and 6(NH), respectively. After the modification of NiNCs
with DTH and PEI, the main absorption bands of DTH and PEI
were retained, except for the disappearance of the SH group in
DTH, indicating the successful formation of PEI/DTH@NiNCs
(Fig. 1B(c)). Moreover, the crystal structure of the PEI/
DTH®@NINCs was investigated using XRD (Fig. 1C). The
diffraction peaks at 46.8°, 52.8°, and 73.1° suggest a face-
centered cubic (FCC) structure of metallic nickel, correspond-
ing to the (111), (200), and (220) planes, confirming the crys-
talline nature of the nanoclusters (JCPDS Card No. 04-0850).
The EDX pattern of PE/DTH@NiINCs shown in Fig. 1D suggests
the existence of five sharp peaks corresponding to C, N, O, S,
and Ni. The presence of sharp peaks suggests that the elements
are well-distributed and possibly indicate a strong interaction
between the organic matrix (PEI/DTH) and NiNCs. Fig. S17
presents the EDX mapping of the elements in PEI/DTH@NiNCs,
revealing their heterogeneous distribution. Fig. S2AT presents
the full XPS spectrum of PEI/DTH®@NINCs, highlighting
prominent peaks corresponding to C 1s, N 1s, O 1s, S 2p, and Ni
2p. The detailed C 1s spectrum reveals three main peaks at
287.4 eV, 289.5 eV, and 290.8 eV, indicating the presence of C-C/
C=C, C-N, and C=0, respectively (Fig. S2Bt). The deconvo-
luted XPS spectrum of N 1s reveals the presence of pyridine N,
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(A) TEM image (inset is particle distribution and HRTEM); (B) FTIR spectra of DTH, PEIl, and PEI/DTH@NINCs; (C) XRD pattern of PEI/

quaternary N, and pyrrole N, with binding energies at 402.1 eV,
403.3 eV, and 403.9 eV, respectively (Fig. S2Ct). Fig. S2D¥
presents the detailed XPS spectrum of O 1s, featuring sharp
peaks corresponding to C-O, C-OH, and C=O0, with binding
energies of 532.2 eV, 533.7 eV, and 534.8 eV, respectively. The
deconvoluted XPS spectrum of S 2p (Fig. S2ET) exhibits prom-
inent peaks corresponding to C-S/C=S and C-Sox, with
binding energies of 162.3 eV and 170.8 eV, respectively. Two
distinct peaks, as depicted in Fig. S2F,T were observed in the
XPS spectrum of Ni 2p at binding energies of 861.3 eV and
869.7 eV, corresponding to Ni 2p;, and Ni 2p;,, respectively.??

The fluorescence characteristics of PEI/DTH@NiINCs are
presented in Fig. 2. The fluorescent probe exhibited an emis-
sion peak at 465 nm upon excitation at 335 nm (Fig. 2A).
Additionally, excitation wavelengths were varied between
280 nm and 370 nm (Fig. 2B), revealing that maximum emission
occurred at 335 nm, which was subsequently used for GSH
determination. The excitation-independent emission behavior
indicates that the nanoclusters possess a homogeneous surface
composition, with uniformly distributed functional groups,
resulting in consistent electronic transitions across all parti-
cles.”® The fluorescence quantum yield was determined using
quinine sulfate as a reference and calculated to be 19.78%.>***
The stability of the fluorescent interface was evaluated under
different conditions (Fig. S3f), demonstrating that PEI/
DTH@NINCs exhibit excellent stability. These findings
confirm their potential applicability in biosensing.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01681a

Open Access Article. Published on 04 June 2025. Downloaded on 2/11/2026 12:22:31 PM.

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

(cc)

Paper

(A)

750

Excitation Emission

600

450 4

3001

Fluorescence intensity (a.u.)

150 1

0 T T T
300 350 400

450 500 550

Wavelength (nm)

Fig. 2

3.2. Optimization of variables

To improve the detection sensitivity of the fluorometric method,
key variables influencing both the synthesis of the probe and its
interaction with GSH were systematically optimized. Notably,
NiNCs modified individually with either PEI or DTH exhibited
low fluorescence intensity. However, when NiNCs were co-
modified with PEI as a stabilizer and DTH as both a stabilizer
and a reducing agent, a significant enhancement in fluores-
cence intensity was observed. Based on these findings, PEI/
DTH-functionalized NiNCs were selected as a highly fluores-
cent probe for the sensitive and selective determination of GSH.
To validate this approach, a series of spectroscopic analyses and
zeta potential measurements were conducted. As illustrated in
Fig. S4A,T the UV-Vis spectra of different ligands and ligand-
modified Ni revealed that only the PEI/DTH@NINCs exhibited
a notably strong absorption at 258 nm and 316 nm, which are
attributed to ligand-metal charge transfer and interband tran-
sitions in NiNCs. These results underscore the crucial role of
dual functionalization in enhancing the probe's fluorescence
properties, thereby improving its analytical performance for
GSH detection. Furthermore, the fluorescence emission spectra
of various ligands and ligand-modified NiNCs are presented in
Fig. S4B.f The results clearly demonstrate that PEI/
DTH@NINCs exhibit the highest fluorescence emission
among all tested ligands/probes. This superior fluorescence
performance further confirms the synergistic effect of PEI and
DTH in enhancing the optical properties of NiNCs, making
them a highly effective probe for GSH detection. The zeta
potential values of various ligands and ligand-modified NiNCs
were measured to assess their surface charge characteristics
(Fig. S4CT). The results indicate that the zeta potential values for
PEI, DTH, and PEI/DTH were 6.78 mV, —24.45 mV, and
—12.78 mV, respectively. However, upon the introduction of
nickel ions, these values shifted to —7.58 mV, —15.78 mV, and
—18.56 mV for PEI/Ni, DTH/NINCs, and PEI/DTH@NiNCs,
respectively. This significant decrease in zeta potential for
PEI/DTH@NiINCs upon Ni** coordination suggests enhanced
electrostatic interactions and improved colloidal stability of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Excitation/emission spectra of PEI/DTH@NINCs; (B) emission-independent excitation behavior of PEI/DTH@NINCs.

modified NiNCs. The pronounced change in surface charge
further supports the successful functionalization of NiNCs and
their potential for effective interaction with GSH in fluorometric
applications. The high negative charge of PEI/DTH®@NiINCs is
attributed to the strong reducing power of DTH, which
contribute to the formation of NiNCs with a negatively charged
surface. While DTH serves as both a stabilizer and a reducing
agent, PEI primarily functions as an effective stabilizer,
enhancing the long-term stability of the probe. PEI stabilizes
the NiNCs through steric hindrance and the formation of N-Ni
covalent bonds, which prevent aggregation and improve
colloidal stability. Furthermore, the lone pair of electrons on the
PEI molecules facilitates additional interactions with nickel
ions via Lewis acid-Lewis base chemical interactions, further
reinforcing the structural integrity of the nanoclusters.?””*® The
reaction variables were optimized, including the amounts of
PEI and DTH, reaction temperature, and reaction time
(Fig. S51). The optimal conditions were determined to be 0.87 g
of PEI, 1.17 g of DTH, a reaction temperature of 90 °C, and
a reaction time of five hours.

The factors influencing the chemical reaction between GSH
and the probe (PEI/DTH@NINCs/Fe*") were evaluated (Fig. 3).
Fig. 3A illustrates the effect of PEI/DTH@NiNCs volume,
ranging from 50 to 400 pL. The results indicate that maximum
fluorescence was achieved at 250 pL. Beyond this volume,
increasing PEI/DTH@NiINCs did not significantly enhance
fluorescence emission, suggesting that 250 pL is the optimal
volume for subsequent determinations. Fig. 3B examines the
impact of different metal ions on the quenching of PEI/
DTH@NINCs fluorescence. Among the tested metals, Fe**
exhibited the most pronounced fluorescence quenching effect,
indicating its strong interaction with the probe. Furthermore,
the influence of Fe** concentration on fluorescence response
was analyzed (Fig. 3C and D). The results showed that
maximum quenching was achieved at 25.0 pM Fe®". The effect
of pH on the fluorescence response was investigated over
a range of 5.0 to 9.0, as illustrated in Fig. 3E. The results
demonstrate that the optimal fluorescence response occurs at

RSC Adv, 2025, 15, 18826-18835 | 18829
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Fig. 3 Influence of the detection parameters: (A) volume of PEI/DTH@NINCs, (B) different metal ions (25.0 uM), (C) different Fe** concentration
(0-40 uM), (D) calibration plot between F/F° and concentration of Fe®* ion, (E) pH value, (F) reaction time between PEI/DTH@NINCs and 25.0 uM

Fe3* ion, (G) reaction time between PEI/DTH@NINCs/Fe>* and GSH.

pH 7.0. Under acidic conditions, Fe*" exists in a less reactive
form and the -SH group of GSH is protonated, significantly
reducing its reactivity. In contrast, under alkaline conditions,
Fe’" tends to precipitate as Fe(OH)s, limiting its solubility and
preventing effective interactions with both the fluorescent
probe and GSH. These findings highlight the critical role of pH
in modulating the reactivity of Fe*" and the overall sensing
mechanism. The effect of quenching time between PEI/
DTH@NIiNCs and Fe** ion was demonstrated in Fig. 3F. It was
found that the maximum quenching of PEI/DTH@NiINCs by
Fe®" ions was achieved after six minutes, while the optimal
reaction time for recovering PEI/DTH@NiNCs after the addition
of GSH was three minutes, as depicted in Fig. 3G. The response
time is calculated by measuring how fast the sensor's signal
changes after adding analyte. The signal was tracked until it
stops changing much, and the time it takes to reach that point
is recorded as the response time.

3.3. Mechanism

To illustrate the detection mechanism of the proposed strategy,
a series of spectroscopic analyses, size measurements,
morphological assessments, and zeta potential recordings were
conducted (Fig. S6t1). TEM images (Figs. S6A and Bt) display
PEI/DTH@NINCs after the addition of Fe®* and GSH,

18830 | RSC Adv, 2025, 15, 18826-18835

respectively. A significant increase in particle size was observed
upon Fe*" introduction, indicating aggregation. Conversely, the
addition of GSH reduced the particle size, suggesting the
removal of Fe*" from the probe's surface. Dynamic light scat-
tering (DLS) measurements further confirmed these findings.
The particle diameter of PEI/DTH@NiNCs/Fe*" was recorded at
448.65 nm, which decreased to 82.89 nm after GSH addition,
demonstrating the disassembly of Fe**-induced aggregates
(Fig. S6CT). To investigate the quenching mechanism between
PEI/DTH@NINCs and Fe®*, spectroscopic analyses were per-
formed. Fig. S6Df presents the UV/Vis spectrum of Fe*" ions
alongside the excitation spectrum of PEI/DTH®@NiNCs. Partial
overlap between the two spectra was observed, confirming the
presence of an inner-filter effect.*>** Furthermore, fluorescence
lifetime measurements were conducted for PEI/DTH@NiINCs,
PEI/DTH@NINCs/Fe*", PEI/DTH@NINCs/Fe*"/GSH,
yielding values of 4.84 ns, 4.76 ns, and 4.82 ns, respectively
(Fig. S6ET). These minimal variations suggest the occurrence of
static quenching, which supports a non-collisional,
complexation-based interaction.®* Zeta potential measure-

and

ments were conducted, as shown in Fig. S6F.f The recorded
values for PEI/DTH@NiNCs, PEI/DTH@NiNCs/Fe**, and PEI/
DTH®@NINCs/Fe*'/GSH were —16.78 mV, —5.98 mV, and
—12.56 mV, respectively. This shift indicates that GSH altered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the surface chemistry by removing Fe*" ions through a direct
interaction. Together, these findings point to coordination
interaction as the dominant mechanism. GSH, which contains
both thiol and amino groups, has a strong binding affinity
toward Fe®", forming a stable chelate that removes Fe*" from the
nanocluster surface, thereby restoring fluorescence.*> The
collective evidence—structural (TEM, DLS), spectral (UV/Vis),
electrokinetic (zeta potential), and photophysical (fluorescence
lifetime)—strongly supports that: (i) Fe** binds to the surface of
PEI/DTH@NINCs via coordination with amino and thiol
groups, inducing aggregation and fluorescence quenching. (ii)
GSH then competes and replaces these interactions through its
stronger bidentate coordination with Fe** (via -SH and -NH,
groups), displacing Fe®', disaggregating the clusters, and
restoring fluorescence. Thus, coordination interaction is the
primary mechanism, rather than redox or simple electrostatic
displacement.

3.4. Sensitivity of PEI/DTH@NiINCs Fe** system towards
GSH detection

After optimizing the experimental parameters, the proposed
system was employed to measure the fluorescence response of
GSH at varying concentrations. Fig. 4A illustrates the emission
spectra of the PEI/DTH@NiNCs/Fe** system upon the

View Article Online
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successive addition of GSH in the concentration range of 0-250
uM. Within this linear range, the fluorescence recovery ratio
exhibited a proportional increase with rising GSH concentra-
tions. The relationship between fluorescence intensity and GSH
concentration was characterized by the following linear
regression equation: [F/F°] = 1.229 + 0.011Cggy where F and F°
represent the fluorescence emission intensities of the probe
after and before GSH addition, respectively (Fig. 4B). The
detection limit was determined using a signal-to-noise ratio of
3:1, yielding a sensitivity of 7.0 nM. To highlight the signifi-
cance of the proposed system, its analytical performance was
benchmarked against other colorimetric and fluorometric
sensors. The results demonstrated that this sensor offers
distinct advantages, including ultra-low detection limits, rapid
response times, a broad linear range, and cost-effectiveness
(Table 1). These attributes make it a promising tool for highly
sensitive GSH detection in various applications.

3.5. Reproducibility and selectivity/anti-interference studies

Reproducibility is a critical parameter in assessing the reli-
ability of the proposed sensor for detecting the target analyte.
To evaluate this, eight independently prepared PEI/
DTH®@NINCs/Fe*" sensors, fabricated under identical condi-
tions, were tested for the detection of 10.0 uM GSH. The results

A (B)4s
= 7501 . y=0.0£l.\'+1.3269
o R*=0.9965
2 6001 35
Z
2 250 pM
E 450 3 g 4
-5 iy
2 l 25
@
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Fig.4 (A) The FL signal spectra of PEI/DTH@NINCs Fe** system after addition of GSH in the range of 0 to 250 uM. (B) Calibration plot between F/

F° and concentration of GSH.

Table 1 Comparison of PEI/DTH@NINCs/Fe®* and other sensors for determination of GSH

Method Sensor/system Linear range (uM) LOD (uM) Response time (min) Reference
Colorimetry Mn-doped CDs/AgNPs 0-300 0.53 3 33
Fe;0,@polypyrrole 0.5-80 0.15 30 34
FeOCI NS 3-33 2.23 30 35
A g-CDs 1-60 0.38 20 36
CoOOH NS 33-1300 13.7 10 37
Fluorescence N,S-CQDs 0.1-200 0.07 3 38
PEI@CDs 0-50 0.062 3 39
Eu-doped CDs 0-50 0.03 2 40
MnO,/polydopamine 0-350 1.5 5 41
Ag/Au NCs/Fe®* 0.03-95 0.009 5 42
PEI/DTH@NINCs/Fe*" 0-250 0.007 3 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Selectivity and anti-interference evaluation of PEI/DTH@NINCs/Fe** in the presence of 25.0 uM GSH (1) and a 30-fold concentration of
various potential interfering species. Interfering ions are represented as follows: (2—12) correspond to K*, Na*, Mg?*, Ca?*, Ba?*, Li*, HCO3~, CL~,
COs%~, 50427, and PO,>~, while (13-20) represent small biomolecules, including lysine, uric acid, dopamine, glucose, tryptophan, methionine,

cysteine, and ascorbic acid.

demonstrated that the relative standard deviation (RSD) did not
exceed 3.08%, indicating the high precision and accuracy of the
proposed sensor for GSH quantification.

Selectivity is a critical parameter that determines the prac-
tical applicability of the proposed method. To evaluate this, the
as-fabricated sensing system was employed to measure 25.0 uM
GSH in the presence of a 30-fold concentration of potential
interfering species, both separately (to assess selectivity) and in
combination (to evaluate anti-interference effects). The tested
interfering species included various ions (K", Na*, Mg>*, Ca>",

Ba®*, Li", HCO; , Cl-, CO;*>", SO,>, PO,>) and small
biomolecules (lysine, uric acid, dopamine, glucose, tryptophan,
methionine, cysteine, and ascorbic acid). These species are
abundant in biological fluids and may potentially interfere with
the sensing mechanism. Testing against them ensures that the
probe’s response is specific to Fe**, confirming its reliability
and selectivity in complex biological matrices. The results
demonstrated that GSH induced a significant enhancement in
fluorescence response due to the formation of a stable chelate
complex between GSH and Fe®* ions (Fig. 5). Notably, cysteine

Table 2 Applications of PEI/DTH@NINCs/Fe>* for detecting GSH in real samples (n = 4)

PEI/DTH@NiNCs/Fe’* Standard HPLC method*’
Sample Amount added (uM) Found (uM) Recovery (%) RSD (%) Found (uM) Recovery (%) RSD (%)
Dietary supplement 0.0 6.98 — 3.08 7.34 — 3.64
2.0 9.35 104.1 2.87 9.76 104.5 4.23
5.0 11.78 98.3 3.65 12.67 102.7 3.87
10.0 16.58 97.6 1.87 17.09 98.6 4.67
Urine 0.0 7.26 — 2.65 6.98 — 3.76
2.0 9.47 102.3 3.29 9.34 104.0 3.65
5.0 12.53 102.2 1.85 11.75 98.0 4.39
10.0 17.14 99.3 3.65 17.42 102.6 4.87
Serum 0.0 10.25 — 2.78 10.76 — 3.52
2.0 12.56 102.5 3.08 13.08 102.5 3.87
5.0 15.76 103.3 3.67 16.00 101.5 2.76
10.0 19.97 98.6 2.24 21.13 101.7 4.19
Saliva 0.0 5.56 — 3.27 5.78 — 2.87
2.0 7.35 97.2 2.50 8.08 103.9 3.65
5.0 10.24 96.9 3.78 11.26 104.5 2.54
10.0 15.98 102.7 4.01 15.02 95.2 4.75
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and ascorbic acid exhibited slight interference by moderately
increasing the fluorescence signal. This interference may be
attributed to the ability of cysteine to chelate Fe** ions, albeit
with a lower binding affinity compared to GSH. Additionally,
ascorbic acid was found to reduce Fe*" ions, thereby dimin-
ishing their influence on the aggregation of the fluorescent
probe. These interfering compounds, ascorbic acid and
cysteine, are typically present at significantly lower concentra-
tions than GSH,*” minimizing their impact on the sensor's
performance.

3.6. Real samples analysis

The as-prepared sensing system was applied for GSH detection
across various sample matrices with different GSH concentra-
tions. The fluorometric method was employed both before and
after spiking with known amounts of GSH. The recovery rates
for all samples ranged from 96.9% to 104.1%, with relative
standard deviation (RSD) values between 1.87% and 4.01%.
Furthermore, the performance of the proposed method was
validated by comparing the results with those obtained using
a reported HPLC/UV method.”® As presented in Table 2, the
findings confirm the high accuracy of the fluorometric
approach, highlighting its potential for reliable GSH quantifi-
cation in complex matrices.

4. Conclusion(s)

In this study, a novel fluorometric system was developed for the
selective and sensitive detection of GSH. The sensing probe
consists of nickel nanoclusters (NiNCs) functionalized with pol-
yethyleneimine (PEI) and dithioerythritol (DTH), which enhance
stability and facilitate the reduction of Ni*" ions during nano-
cluster formation. The resulting PEI/DTH@NiNCs probe exhibit
strong fluorescence intensity and excellent stability under
varying conditions. Upon the introduction of Fe*', strong
chelation occurs between Fe** and the amino and thiol groups
on the probe's surface, inducing aggregation-mediated fluores-
cence quenching. However, in the presence of GSH, fluorescence
recovery is observed due to the preferential coordination of GSH
with Fe**, leading to the formation of a stable chelate complex.
Under optimized conditions, the probe demonstrated a low LOD,
high selectivity, and a rapid response time for GSH quantifica-
tion. Furthermore, the fluorescent sensor was successfully
applied for GSH detection in urine, serum, saliva, and dietary
supplements, yielding satisfactory results, confirming its poten-
tial for real-world analytical applications. Nickel's known cyto-
toxicity and potential to elicit allergic or inflammatory responses
may restrict its use in biomedical applications, particularly for in
vivo diagnostics or therapeutic platforms. Strategies to mitigate
this include encapsulation, doping, or substituting with more
biocompatible metals.
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