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Cisplatin (CIS) and etoposide (ETP) combination therapy is highly effective for treating various cancers.
However, the potential for pharmacokinetic interactions between these drugs necessitates selective
sensing methods to quantitate both CIS and ETP levels in patient's plasma. This work develops a dual
fluorescence probe strategy using glutathione-capped copper nanoclusters (GSH-CuNCs) and nitrogen-
doped carbon dots (N-CDs) for the simultaneous analysis of CIS and ETP. The fluorescence signal of
GSH-CuNCs at 615 nm increased linearly with CIS concentration while the N-CD emission at 480 nm
remained unaffected. Conversely, the N-CD fluorescence was selectively enhanced by ETP with no
interference with the CuNC fluorescence. Extensive materials characterization including UV-vis,
fluorescence spectroscopy, XRD, and TEM confirmed the synthesis of the nanoprobes. The sensor
showed high sensitivity with limits of detection of 6.95 ng mL™ for CIS and 7.63 ng mL™* for ETP along
with excellent selectivity against potential interferences in rabbit plasma. Method feasibility was
demonstrated with application to real rabbit plasma samples. The method was further applied to
estimate the pharmacokinetic parameters of CIS before and after ETP coadministration. The dual
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1. Introduction

Cisplatin (CIS) is a widely used chemotherapeutic agent for
treating various solid malignancies including testicular,
ovarian, bladder, and lung cancers."” CIS contains a plati-
num(u) center that forms nuclear DNA crosslinks, blocking
replication and transcription to induce cytotoxicity.® Mean-
while, etoposide (ETP) is a topoisomerase II inhibitor employed
for treating testicular cancer, lung cancer, lymphoma, and
leukemia.** Due to their different mechanisms of cytotoxicity,
CIS and ETP are often combined as part of chemotherapy
regimens for refractory germ cell tumors and small cell lung
cancer.®” The two agents work synergistically to induce cell
cycle perturbations and DNA damage leading to apoptotic cell
death.” CIS exhibits dose-dependent elimination, meaning its
clearance slows with increasing doses. This necessitates careful
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therapeutic drug monitoring and optimization of combination chemotherapy regimens.

dose adjustments to avoid dose-limiting nephrotoxicity, which
occurs in nearly one-third of patients exceeding 100 mg m 2.
Although its distribution half-life is short (25-49 min), its
elimination half-life is greater than 3 days which contributes to
prolonged side effects like nausea, vomiting, and ototoxicity. A
standard dose of 75-100 mg m™~ > is administered intravenously
for 3 weeks, with dose modifications guided by renal function
and individual tolerability.'* ETP's pharmacokinetics demon-
strate elements of non-linearity, with greater than proportional
increases in drug exposure at higher doses. This biphasic
elimination features an initial rapid clearance followed by
a slower terminal phase with a half-life of 4-11 hours. The
typical dosing range is 50-100 mg per m” per day for 3-5 days,
repeated every 3-4 weeks, but varies depending on the specific
treatment regimen. Myelosuppression, particularly neu-
tropenia, is the primary dose-limiting toxicity, with the inci-
dence of severe cases depending on the specific dose and
schedule used, not simply exceeding a certain threshold.™
However, both drugs share certain pharmacokinetic prop-
erties that raise concerns about potential interactions. Specifi-
cally, CIS and ETP are extensively protein-bound in plasma and
undergo partly overlapping metabolic pathways including
CYP3A4 metabolism."® These similarities create risk for
displacement interactions at protein binding sites and meta-
bolic enzyme inhibition between the two agents when given

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concurrently.”*® Such interactions can lead to excessive free
drug levels and systemic buildup of CIS when co-administered
with ETP. This may lead to toxicity including myelosup-
pression, nephrotoxicity, peripheral neuropathy, and ototox-
icity."?*® Careful monitoring of CIS pharmacokinetics and
adverse effects is warranted to ensure optimal efficacy while
avoiding potentiation of toxicity. Dose adjustments may be
required to mitigate harm from interactions between these first-
line chemotherapeutics. The studied drugs were previously
analyzed utilizing various analytical techniques, including
HPLC (High-Performance Liquid Chromatography),*° spec-
trophotometric,***”  spectrofluorometric,®*>* and electro-
chemical methods.**"*

Fluorescent metal nanoclusters are emerging as a new class
of nanoscale fluorophores.* Metal nanoclusters with particle
sizes below 10 nm exhibit bright photoluminescence emission
due to quantum confinement effects.** Their ultra-small sizes,
large Stokes shifts, good photostability, and biocompatibility
make them ideal for a wide range of sensing and imaging
applications.* Different metal nanoclusters have been devel-
oped including gold, silver, copper, and platinum nano-
clusters.*>** These can be stabilized using various ligands and
capping agents such as DNA, glutathione (GSH), proteins,
polymers, and dendrimers.** Reported applications include
chemical sensing, bioimaging, drug delivery, photodynamic
therapy, and optoelectronics. For example, DNA-stabilized silver
nanoclusters have been applied for metal ion detection** and
GSH-protected gold nanoclusters for live cell imaging.*® The
choice of ligands for stabilizing metal nanoclusters can signif-
icantly impact their properties.** GSH-coated copper nano-
clusters in particular offer advantages such as ease of
preparation, low toxicity, good water solubility, and long-term
stability.***® They exhibit strong photoluminescence and high
quantum yields while maintaining small hydrodynamic sizes
under 5 nm.* The carboxyl, thiol, and amino groups of GSH
allow excellent surface passivation and water dispersibility.*
Additionally, the copper centers provide multifunctionality for
catalysis and sensing.*

Glutathione-protected copper nanoclusters (GSH-CuNCs)
were applied as fluorescent sensors for the determination of
CIS. The strong coordination between copper and the sulfur
groups of glutathione provides stabilization and aqueous dis-
persibility. Additionally, the carboxyl and amino groups of GSH
allow effective surface passivation to yield highly fluorescent
copper nanoclusters.”® CIS can interact with GSH-stabilized
copper nanocluster system leading to aggregation-induced
emission enhancement (AIEE).”> However, ETP preclude such
interactions with copper nanoclusters. Therefore, fluorescent
carbon dots were used as probes for ETP sensing. Carbon dots
(CDs) offer many advantages like low toxicity, chemical stability,
and tunable photoluminescence.”® They have diverse applica-
tions in biosensing, bioimaging, photocatalysis, and drug
delivery.** Hydrothermal approaches provide a simple route for
synthesizing carbon dots from various precursors.> To prepare
nitrogen-doped carbon dots (N-CDs) in this study, a hydro-
thermal method was employed using a mixture of citric acid
and triphenylamine.
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Fluorescent nanomaterials like metal nanoclusters and
carbon dots have previously been applied for multichannel
sensing of various analytes. For example, combined carbon dots
and gold nanoclusters were utilized for selective quantitation of
multiple metal ions.*® Dual emissive carbon dots and copper
nanoclusters were developed for arginine and acetaminophen
sensing.*” In this work, we pioneer the first use of dual emissive
GSH-CuNCs and N-CDs for fluorometric quantitation of the
important chemotherapy agents; CIS and ETP. CIS and ETP are
first-line treatment for various tumors, but co-administration
raises concerns of pharmacokinetic interactions impacting
efficacy and safety. However, analytical methods to investigate
such interactions have been limited. This work addresses the
need for a simple technique to study CIS and ETP pharmaco-
kinetics. GSH-CuNCs and N-CDs were rationally designed as
probes selective to CIS and ETP, respectively. By enabling rapid,
mix-and-detect analysis of both drugs, this dual nanoprobe can
unlock new pharmacokinetic insights to guide combination
chemotherapy.

2. Experimental

2.1. Reagents and chemicals

CIS (99.0%) and ETP (99.0%) were retrieved from Hikma Phar-
maceuticals (Cairo, Egypt). Unistin® vial containing 100 mg CIS
per vial and Etopul® vial containing 100 mg ETP per vial were
obtained from local drug store. Citric acid and triphenylamine
were acquired from Sigma-Aldrich (Steinheim, Germany).
Glutathione (GSH), sodium hydroxide (NaOH) and copper
sulphate pentahydrate (CuSO,-5H,0) were obtained from Fluka
(Buchs, Switzerland). For the preparation of all aqueous solu-
tions in this study, double distilled water was used.

2.2. Instrumentation

A Shimadzu RF-5301PC fluorescence spectrometer (Tokyo,
Japan) was utilized for the fluorescence emission spectrum
measurements. The instrument was equipped with a 1 cm
quartz cell and employed a 5 nm slit width. UV-visible
measurements were performed on Shimadzu UV-1601 (Tokyo,
Japan). Transmission electron microscopy (TEM) images were
captured from (JEOL, JEM-1400, 200 kV, Japan). FT-IR spectral
studies were performed using a Nicolet 6700 FT-IR series
spectrophotometer with KBr pellets as the source material,
covering a spectral range from 4000 cm " to 400 cm ™', The X-
ray diffraction pattern was performed on Philips PW 1700 X-
ray diffractometer (Eindhoven, Netherlands). X-ray photoelec-
tron spectroscopy (XPS) data were acquired using an ESCALAB
250 XI instrument (Thermo Scientific) attached with an Al Ko X-
ray radiation as excitation source. Particle size measurements
were conducted using a Zetasizer Nano analyzer.

2.3. Preparation of N-CDs/GSH-CuNCs

To ensure the cleanliness of all glassware employed in the
synthesis of GSH-CuNCs, they were immersed in a freshly
prepared aqua regia solution for a duration of 10 hours, fol-
lowed by thorough rinsing with double distilled water. The
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proposed procedure was conducted following previously re-
ported method with minor modifications.”® In a 50 mL round-
bottomed flask, 0.1 M solution of GSH (1 mL) was added to
a 0.1 M solution of CuSO, (0.1 mL) in a 50 mL round-bottomed
flask while continuously stirred. This transparent solution
underwent a transformation, resulting in a white suspension.
Subsequently, a 1.0 M NaOH solution was cautiously added
drop by drop until the previously turbid liquid became trans-
parent and acquired a light-yellow color. The resulting nano-
clusters were subjected to centrifugation at 10 000 rpm for 10
minutes. Subsequently, the supernatant was collected and
lyophilized. The obtained powder of GSH-CuNCs (yield = 32%
+ 3%, n = 3 syntheses) stored at 4 °C for further
experimentation.

N-CDs were synthesized using a one-step hydrothermal
method. To initiate the process, a mixture containing 3.0 g of
citric acid and 3.0 g of triphenylamine was added to 25 mL of
a mixture comprising an equal ratio of double distilled water.
The mixture was thoroughly mixed until complete dissolution
was achieved. Subsequently, the obtained solution was moved
into a Teflon-lined stainless-steel autoclave with a capacity of
50 mL and subjected to heating at 200 °C for duration of 8
hours. After the reaction, the solution was centrifuged at
5000 rpm for 10 minutes, and the resulting supernatant was
subsequently filtered through a 0.22 pm syringe filter to remove
any impurities. To purify the N-CDs and remove unreacted
reagents or molecular fluorescent impurities, the filtered solu-
tion underwent dialysis for 48 hours using 1000 Da dialysis bag.
The N-CDs particles was acquired by lyophilization. The
prepared N-CDs (yield = 28% =+ 5%, n = 5 syntheses) was stored
at 4 °C until use.

2.4. Fluorescence quantum yields (QYs) of N-CDs/GSH-
CuNCs

For detailed procedures, please refer to the ESI file.}

2.5. Simultaneous fluorescence detection of ETP and CIS
using N-CDs/GSH-CuNCs

To prepare N-CDs/GSH-CuNCs dual sensor, 1 mL of N-CDs
(1 mg mL™") and 4 mL of GSH-CuNCs (0.5 mg mL ") were
added to 5.0 mL double distilled water. The resulting mixture
was stirred thoroughly at room temperature. The fluorescence
spectrum of the N-CDs/GSH-CuNCs was measured at excitation
wavelength of 380 nm and emission wavelengths of 480 nm and
615 nm. In the experimental procedure, a 1.0 mL solution of N-
CDs/GSH-CuNCs was combined with 100 uL of ETP and 100 pL
of CIS, each with varying concentrations. The prepared solution
was then diluted to a total volume of 10 mL in a volumetric flask
using Britton-Robinson buffer (pH 4.0, 10 mmol L™"). After
incubating the solution for 120 seconds to facilitate interaction,
the fluorescence spectra were measured and recorded.

2.6. Sample preparation

The precipitation method for plasma sample preparation is a cost-
effective approach that has been demonstrated to yield compa-
rable results when compared to the conventional plasma
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ultrafiltration technique, as reported in the literature.® For the
measurement of unbound CIS concentrations, proteins in 1 mL of
plasma samples were precipitated by adding 1 mL of 20% cold
trichloroacetic acid. Following a 10 minute incubation on ice, the
samples were centrifuged at 10000 rpm for 10 minutes at
a temperature of 4 °C. The resulting supernatant was then
analyzed for unbound concentrations of both CIS and ETP.

2.7. Animals

Assiut University Ethics Committee has granted the approval for
the experimental procedures involving the care and use of
animals, and all the experiments were performed in accordance
with the principles outlined in the Declaration of Helsinki. Eight
male New Zealand white rabbits, with an average weight of
approximately 2.5 £ 0.2 kg, were procured from an authorized
animal supplier located in Assiut, Egypt. These rabbits were
housed in a controlled environment free from pathogens and
provided with unlimited access to food. The room temperature
was maintained at 20 £+ 2 °C, while the relative humidity was
maintained at 40 & 5%. Prior to the initiation of the experiment,
the rabbits underwent a fasting period of approximately 12 hours,
during which they were allowed access to water.

2.8. Determination of plasma pharmacokinetics

A group of eight male New Zealand white rabbits (n = 8)
received a single intravenous dose of 5 mg per kg CIS. Following
a washout period of 14 days to ensure clearance of any
remaining CIS from the blood of the test rabbits, the same
rabbits were administered CIS (5.0 mg kg™ ', intravenous infu-
sion) in combination with ETP at a dose of 5.0 mg kg™ ' via
intravenous infusion. Blood was drawn from rabbits through
the marginal ear vein. Blood samples were drawn before the
start of infusion (blank plasma) and at 0.25, 0.5, 1, 1.5, 3, 5, 7,
10, 14, 18, and 24 h after the first infusion. Heparinized tubes
were used to receive the collected blood samples, and plasma
was obtained by centrifuging at 5000 rpm for 10 minutes. The
plasma samples were frozen at —20 °C until analysis. Plasma
concentrations of CIS were individually plotted versus time, and
a pharmacokinetic analysis was conducted utilizing a two-
compartment model with Win-Nonlin Professional software,
provided by Scientific Consulting, Inc., based in Lexington, KY,
USA. Several key parameters were examined in this pharmaco-
kinetic study to characterize the drug concentration-time
profile. These included the total drug exposure quantified by
area under the curve (AUC) from 0 to 24 hours and extrapolated
to infinity, peak plasma level (Cp,.y), the first-order elimination
rate constant (k.j), distribution half-life representing the initial
rapid distribution phase (¢;/,,), terminal elimination half-life
(t1/2p), mean residence time (MRT), volume of distribution in
the central (V.), and peripheral compartments (V;,) denoting
drug tissue partitioning, and total body clearance (CL). The
pharmacokinetic parameters were reported as mean plus or
minus the standard deviation to convey the central tendency
and variability in the measured values. Pharmacokinetic
calculations for the samples were conducted by Graph Pad
Prism (version 3.02, Graph Pad Software, San Diego, CA, USA).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussions

3.1. Characterizations and morphology of N-CDs/GSH-
CuNCs

The morphology of N-CDs and GSH-CuNCs was characterized
by TEM. As depicted in Fig. 1A, the prepared N-CDs were
uniformly distributed and had good dispersion. The inset of
Fig. 1A presented the particle size distribution of N-CDs with an
average diameter of 4.4 + 0.50 nm. As shown in Fig. 1B, GSH-
CuNCs were spherical and had monodispersed dispersion.
The particle-size distribution of GSH-CuNCs is shown in the
inset of Fig. 1B (The average particle diameter is 2.51 + 0.30
nm).

The FT-IR spectra of N-CDs and GSH-CuNCs are depicted in
Fig. 1C. The FT-IR spectrum of N-CDs displayed a peak at
3400 cm ™', which can be assigned to O-H and N-H stretching
vibrations. The sharp peak at 1640 cm ™ corresponds to C=0
stretching of carbonyl groups, likely from carboxylic acids and
amides. The peak at 1582 cm ™' can be associated with C=C
stretching vibrations of aromatic rings. The bending vibrations
of methyl and methylene groups resulted in sharp peak at
1436 cm ', The peak at 1336 cm™ ' can be allocated to C-N
stretching vibrations, implying that nitrogen functionalities like
amines or amides are present. The peak at 984 cm™ " is indica-
tive of C-O stretching in carboxylic acids. Finally the peaks at
880 cm™' and 781 cm ' correspond to out-of-plane C-H
bending of aromatics, further confirming the presence of
aromatic groups.®® The FTIR spectrum suggests the N-CDs
contain hydroxyl, carbonyl, carboxyl, amine/amide, aromatic,
and aliphatic functional groups.

The FT-IR spectrum of GSH-CuNCs displayed a peak at
3420 cm ! attributable to O-H stretching vibrations. Addition-
ally, a peak at 1669 cm ' corresponded to C=O stretching.
These results indicate that carboxylic acid groups are present on
the synthesized GSH-CuNCs surfaces. Peaks were also observed
at 2929 cm™ " and 1404 cm ™', related to C-H stretching and
bending vibrations, respectively. A shoulder peak at 3134 cm ™"
was associated with N-H stretching, suggesting amine func-
tionalities. The FT-IR spectrum of the GSH-CuNCs confirmed
the presence of carboxyl, hydroxyl, and amine surface groups
derived from the capping GSH ligands. Notably, the spectrum
lacked a peak at 2522 cm ™" related to S-H stretching vibrations
of free GSH.*® The absence of free thiol groups implies covalent
Cu-S bonds are formed between the copper core and GSH
capping agents.

The copper oxidation state in CuNCs was studied using X-ray
photoelectron spectroscopy (XPS) (Fig. 1D). The XPS measure-
ments revealed two intense peaks at 932.8 and 952.5 €V, which
can be credited to the Cu 2p3/, and Cu 2p;,, signals of metallic
copper (Cu®), respectively. Critically, the absence of an addi-
tional satellite peak around 942 eV indicates that Cu®" species
are not present. The lack of Cu®*' suggests that the Cu®*
precursor used in the nanoclusters synthesis was fully reduced
to Cu® during the preparation method. Therefore, the XPS
results provide evidence that the one-pot reaction successfully
generated CuNCs containing only zerovalent copper.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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XPS analysis was conducted to further explore the chemical
compositions of the N-CDs. The XPS results, as shown in
Fig. S1A,7 revealed the presence of three main element peaks: C
1s, N 1s, and O 1s. The C 1s spectrum (Fig. S1Bt) exhibited three
distinct bands at 283.93 eV (representing C-C/C=C bonds),
284.67 eV (indicating C-N/C-O bonds), and 285.92 eV (corre-
sponding to C=N bonds). The N 1s peak (Fig. S1Ct) was
resolved into three peaks at 399, 399.5, and 400.2 eV, which
were assigned to pyridinic N, pyrrolic N, and amino N, respec-
tively. The O 1s spectrum (Fig. S1D¥) displayed peaks corre-
sponding to C=0O at 531.2 eV, C-O at 531.93 eV, and O-H
groups at 533.12 eV.*%*

The X-ray diffraction (XRD) pattern shown in Fig. 1E displays
a diffraction peak at 25.5°, which is associated with the (0 0 2)
diffraction angle of carbon. This peak indicates that the N-CDs
possess an amorphous structure.®

3.2. Photoluminescence properties of N-CDs/GSH-CuNCs

N-CDs and GSH-CuNCs were characterized using UV-visible
absorption spectroscopy and fluorescence emission spectros-
copy. Fig. 2A shows broad absorption peaks around 241 nm and
300 nm for N-CDs. Additionally, noticeable fluorescence exci-
tation and emission signals are observed at 377 nm and 480 nm,
respectively. Under excitation at 365 nm using a UV lamp, N-
CDs exhibit blue-emitting fluorescence, as depicted in the
insets of Fig. 2A. Fig. 2B shows that the emission wavelengths of
N-CDs do not depend on the excitation wavelengths. GSH-
CuNCs exhibited an absorption maximum at 300 nm in the
UV-visible spectrum (Fig. 2C). Excitation of the CuNCs at
380 nm resulted in strong fluorescence emission peaked at
615 nm, as revealed by the excitation and emission profiles
(Fig. 2C). Under 365 nm UV illumination, the synthesized GSH-
CuNCs displayed bright red fluorescence, visually confirming
their emissive behavior (Fig. 2C insets). Fig. 2D presents the
fluorescence emission of GSH-CuNCs under several excitation
wavelengths. It is shown that GSH-CuNCs probe exhibits slight
shift in emissions under various excitation wavelengths, which
may be because of the slight difference in sizes of CuNCs.
Excitation of GSH-CuNCs at 380 nm resulted in dual emission
peaks at 480 nm and 615 nm. The quantum yield of GSH-CuNCs
was measured to be 34%, while N-CDs exhibited a quantum
yield of 29%.

3.3. Fluorescence stability of N-CDs/GSH-CuNCs

Various parameters were tested to evaluate the spectroscopic
properties of N-CDs and GSH-CuNCs, including pH values
(ranging from 2 to 11), NaCl concentrations (0.01 to
2.0 mol L™ 1), storage times (up to 60 days), UV irradiation (up to
3 hours), and different temperatures (20 to 60 °C). Fig. S2F
illustrates the results obtained. The fluorescence intensity of N-
CDs reached its maximum at pH 6 (Fig. S2Af), while the
intensity of GSH-CuNCs decreased as the pH shifted from acidic
to alkaline (Fig. S2Bt). This pH-induced variation in fluores-
cence can be associated with the protonation and deprotona-
tion of surface groups. Furthermore, the fluorescence intensity
showed no significant reduction as the NaCl concentration

RSC Adv, 2024, 14, 2380-2390 | 2383
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Fig. 1 (A) TEM image of N-CDs, (B) TEM image of CuNCs, (C) FT-IR of N-CDs and GSH-CuNCs, (D) high resolution XPS spectra of the Cu 2p in
CuNCs (E) XRD pattern of N-CDs.

increased from 0.01 to 2.0 mol L™ (Fig. S2C and D7), and even  decrease in fluorescence compared to N-CDs. These findings
after 3 hours of UV irradiation (Fig. S2E and Ff). After being suggest that GSH-CuNCs and N-CDs demonstrated excellent
stored at 4 °C for 60 days (Fig. S2G and H}) and exposed to high  storage stability.

temperature (Fig. S2I and J}), GSH-CuNCs exhibited a slight
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(A) UV-visible absorption (black), fluorescence excitation (red), and emission (blue) spectra of the N-CDs. Inset displays photographs

under ambient light and 365 nm UV illumination. (B) Emission spectra of the N-CDs at excitation wavelengths from 320 to 410 nm. (C) UV-vis
absorption (black), excitation (red) and emission (blue) spectra for the glutathione-capped copper nanoclusters. Inset shows images under visible
and UV light. (D) Fluorescence emission spectra of the Cu nanoclusters obtained with excitation wavelengths ranging from 350 to 410 nm.

3.4. Optimization of CDs/GSH-CuNCs for CIS and ETP
determination

To obtain the strongest fluorescence signal, pH of the solution
(Fig. S3At) and incubation time (Fig. S3Bt) were studied to achieve
the best reaction conditions. The fluorescence quenching of GSH-
CuNCs induced by the addition of CIS was found to be virtually
constant across a wide pH range from 3 to 11. This pH-
independent quenching suggests that the interaction between
CIS and the nanoclusters is not driven by protonation or depro-
tonation of the GSH thiol groups. While acidic pH can potentially
compete with ligand binding at the platinum center, GSH has
a high affinity and can still bind and displace chloride of CIS.*
This coordination likely causes structural changes or aggregation
of the nanoclusters, disrupting the metal-thiolate bonds critical
for fluorescence emission. The interaction between N-CDs and
ETP led to an enhancement in the fluorescence intensity of N-CDs.
Interestingly, this fluorescence enhancement was noted to be at
its greatest value at pH 4. It is important to mention that the

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

fluorescence of N-CDs alone was relatively low at this pH. Despite
this, pH 4 was chosen as the preferred pH for the subsequent
investigations due to the significant fluorescence enhancement
observed after the addition of ETP. This result suggests that the
interaction between N-CDs and ETP is pH-dependent, with pH 4
providing optimal conditions for the fluorescence enhancement
effect. The underlying mechanism behind this pH-dependent
fluorescence enhancement could be associated with the changes
in the surface properties due to hydrogen bond formation and
charge distribution of the N-CDs at variable pH levels. Therefore,
pH 4 is used for all subsequent measurements. The effect of
incubation time on the interaction between N-CDs and ETP was
investigated. The results indicated that the optimum incubation
time was found to be 1.0 minute. The optimal incubation time for
the interaction between CIS and nanoclusters was determined to
be 120 s. Based on these findings, a simultaneous determination
method for both drugs was developed, utilizing an incubation
time of 120 s.
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3.5. Evaluation of analytical performance

The fluorescence reduction of GSH-CuNCs towards CIS sug-
gested that it was possible to utilize GSH-CuNCs probe for CIS
sensing. As displayed in Fig. S4A,} the fluorescence signal of
GSH-CuNCs at 615 nm was increased with increasing the
concentration of CIS while the signal at 480 nm of N-CDs is not
affected. Moreover, the fluorescence intensity increased linearly
with increasing the concentration of CIS from 20 to 160 ng
mL " (Fig. S4A insetf). The linear regression between (F/F,) and
CIS concentration was described as F/F, = 0.017 [CIS] + 1.10 (R
= 0.9964). Based on this equation, the LOD was calculated to be
5.2 ng mL~'. Where F and F, represent the fluorescence inten-
sities of the sensor with and without CIS, respectively. The
fluorescence enhancement of N-CDs towards ETP suggested
that it was possible to apply N-CDs for ETP sensing. As displayed
in Fig. S4B,} the fluorescence intensity of N-CDs at 480 nm was
increased with raising the concentration of ETP while the signal
at 615 nm of GSH-CuNCs is not affected. The fluorescence
intensity increased linearly with increasing the concentration of
ETP from 25 to 200 ng mL " (Fig. S4B inset{). The linear
correlation between (F/F,) and ETP concentration was described
as F/F, = 0.0175 [ETP] + 1.00 (R*> = 0.9964). Based on this
equation, the LOD was calculated to be 7.9 ng mL™". As a result,
CIS and ETP can be simultaneously quantified using N-CDs/
GSH-CuNCs as a fluorescent probe (Fig. 3A). Reliable linearity
was reflected from the plotted calibration curves across the
concentration range of (20-160 ng™' for CIS and 25-200 ng
mL~" for ETP) as illustrated in Fig. 3B. The calculated regres-
sion equations were as follows:

FIFy = 0.018 [CIS] + 1.10 (R* = 0.9983)
FIFy = 0.016 [ETP] + 1.11 (R? = 0.9976)

The limits of detection (LOD) for CIS and ETP were deter-
mined to be 5.08 and 7.57 ng mL ™, respectively. Additionally,
the limits of quantification (LOQ) were depicted as 15.56 and
22.93 ng mL~" for CIS and ETP, respectively.

L N-CDs

Increasing concentration

GSH-CuNCs

Increasing concentration >
CIS

Fluorescence intensity (a.u.)

500 600 650
Wavelength (nm)

4.;0 5‘:50

700

750

View Article Online

Paper

The sensitivity of the proposed dual nanoprobe strategy is
improved compared to previous fluorescence-based tech-
niques for quantitation of CIS and ETP, as evidenced by the
LODs achieved in this work. The LOD of 6.95 ng mL ™" for CIS
detection is considerably lower than LODs ranging from 24.0
to 216.0 ng mL™" reported by other fluorescence methods
(Table S17). For ETP, the LOD of 7.63 ng mL ™' demonstrates
much higher sensitivity versus the prior fluorescence
approach relying on native ETP emission, which had an LOD
of 23 ng mL™".2®

3.6. Selectivity of N-CDs/GSH-CuNCs system

To assess the selectivity of N-CDs/GSH-CuNCs nanoprobe, the
influence of various coexisting species was examined, including
K+, Na+, Fez+, Zn2+, Mg2+, M1’12+, Caz+, Cu2+, A13+, C02+, Ni2+,
dopamine, ascorbic acid, glucose, cysteine, adenine, guanine,
uric acid, and bovine serum albumin (BSA). In addition, the
selectivity study was conducted to assess the impact of
commonly co-administered pharmaceutical compounds,
including penicillin, tetracycline, aspirin, ibuprofen, and para-
cetamol, on the performance of the N-CDs/GSH-CuNCs
nanoprobe. The inclusion of these pharmaceutical
compounds is crucial as they are frequently co-administered
with anticancer drugs in therapeutic treatments. The final
concentration for the studied drugs and possible interferences
was 50.0 and 500.0 ng mL ™", respectively. Notably, the presence
of these interfering species did not exhibit a remarkable effect
on the fluorescence signal of the N-CDs/GSH-CuNCs nano
system. However, when CIS was introduced, a pronounced
variation in the fluorescence response was observed, indicating
the selectivity of the N-CDs/GSH-CuNCs nanoprobe for CIS
sensing (Fig. 4A). Moreover, the selectivity of the N-CDs/GSH-
CuNCs nanoprobe towards ETP was investigated (Fig. 4B). The
results demonstrated that the nanoprobe displayed excellent
selectivity for ETP even in the presence of the aforementioned
coexisting species. This finding confirms the ability of the N-
CDs/GSH-CuNCs nanoprobe to selectively detect CIS and ETP
while maintaining minimal interference from other substances.

0
» CIS
S B s ETP

o
in

T

0 50 100 150 200

Concentration (ng mL'l)

Fig. 3 (A) The influence of variation of concentrations of CIS (20-160 ng mL™) and ETP (25-200 ng mL™) on the emission intensity of N-CDs/

GSH-CuNC:s. (B) Relationship of (F/Fp) against concentration of CIS/ETP.
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Fig. 4 (A) The selectivity GSH-CuNCs towards CIS in the presence of
different interferents species. (B) The selectivity of N-CDs towards ETP
in the existence of different interferents.

3.7. Sensing mechanism

CIS has been shown to selectively react with the GSH capping
ligands on the surface of CuNCs. Cisplatin [PtCl,(NHj),]
contains two labile chloride ligands that can be readily
substituted by sulfur donors like the cysteine residue of GSH.
The thiol group of cysteine forms a coordinate bond with the
platinum center of CIS, displacing a chloride ligand.®* The
CIS-GSH causes aggregation of CuNCs, which has been
directly visualized by TEM images. The TEM images reveal
clear formation of aggregated nanocluster species upon CIS
addition (Fig. S5At). This controlled aggregation process
turns on the strong fluorescence of the CuNCs, leading to
a marked enhancement in the emission intensity. The fluo-
rescence activation is attributed to several factors related to
aggregation. Firstly, aggregation minimizes non-radiative
relaxation pathways thus reducing exciton quenching
effects. Secondly, exciton migration between closely spaced
nanoclusters in aggregates enables excitation energy to fun-
nel into emissive trap states. Finally, the CIS-induced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structural changes on the nanocluster surface may improve
passivation and reduce electronic defects that can favor
fluorescence.®®

The fluorescence enhancement of N-CDs triggered by ETP
addition can be attributed to specific intermolecular interac-
tions between the nanoparticles and drug.*® N-CDs possess
abundant oxygen-containing functional groups like carboxyl-
ates and hydroxyls along with amine moieties on their surface.
These groups provide sites for hydrogen bonding with the
multiple hydroxyl substituents present in ETP's structure. The
binding of ETP to N-CDs also induces a noticeable decrease in
the hydrodynamic diameter of the nanoparticles, as shown in
TEM images (Fig. S5B and Cft). The disaggregation effect
provides further evidence for specific intermolecular interac-
tions driving the fluorescence enhancement. ETP binding
appears to disrupt weak attractive forces between adjacent N-
CDs in aggregated dots. This reduces interparticle contacts,
thereby decreasing the ensemble particle size. Relatedly,
disaggregation helps spatially isolate N-CDs and prevents fluo-
rescent quenching mechanisms that arise from direct dot-dot
interactions. The changes in both optical properties and phys-
ical dimensions indicate ETP intercalates within existing N-CD
aggregates, interacting with multiple dot surfaces to lower
interparticle cohesion. Breaking up of N-CD assemblies into
smaller, discrete dots underlies the fluorescence turn-on by
eliminating aggregation-induced quenching pathways.

3.8. Method applications

3.8.1. Sensing of CIS and ETP in spiked rabbit plasma
samples. The intended approach seeks to evaluate the effec-
tiveness of the formulated probe in precisely measuring the
concentrations of the investigated drugs in rabbit plasma
samples. In practical clinical scenarios, the unbound plasma
protein concentrations of CIS and ETP, administered intrave-
nously, are commonly reported to fall within the range of 50 to
2000 ng mL~", depending on the administered dose. Using the
proposed method, the concentrations of both CIS and ETP in
the plasma samples were effectively measured. The determined
range of concentrations for CIS was found to be 25-160 ng
mL ™", while for ETP, it was 30.0-200 ng mL " (as illustrated in
Fig. S61). Regression equations were derived from the obtained
results to establish a quantitative relationship.

FIF, = 0.019 [CIS] + 1.02 (R* = 0.9939)

FIFy = 0.017 [ETP] + 1.05 (R> = 0.9973)

The estimated LOD for CIS and ETP were calculated to be
6.95 and 7.63 ng mL", respectively, while LOQ were deter-
mined to be 21.01 and 23.12 ng mL ™", correspondingly.

3.8.2. Pharmacokinetic application. The calculated funda-
mental pharmacokinetic parameters for CIS before and after
coadministration with ETP, using a two-compartment model,
reveal minor changes that suggest the addition of ETP does not
significantly impact CIS's pharmacokinetics (Table 1 and
Fig. 5). The Cpax values show a slight increase after
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Table 1 The pharmacokinetic parameters of CIS when administered
alone and after combination with ETP following intravenous infusion in
rabbits (n = 8)

Parameters CIS CIS in presence of ETP
Crnax (ng ML) 700 + 81.07 720 + 45.12

t1120 (h) 0.35 + 0.074 0.41 % 0.058

t1op () 5.98 + 0.87 6.73 + 0.18°

Ve (Lkg™) 0.094 % 0.031 0.087 % 0.024

Vo (Lkg™) 21.5 + 0.83 20.2 £ 0.55

ka (™) 0.12 % 0.024 0.103 % 0.054
CL(Lkg'h™h 0.046 + 0.051 0.041 + 0.041

MRT (h) 6.42 + 0.15 7.18 + 0.72°

8700 £ 7955.56
9300 + 9850.81

9450 + 647.02
10200 + 735.45

AUCo5s (ngh mL™")
AUC, o, (nghmL ™)

¢ Indicates statistically significant differences between parameter values
of CIS and CIS/ETP (p < 0.05).

coadministration, indicating a potential influence on distribu-
tion or elimination. The t,,,, values remain similar, suggesting
minimal impact on distribution, while ¢;,,5 shows a slightly
longer elimination half-life after coadministration. V. and V,
exhibit minor decreases, indicating slight alterations in distri-
bution within the central and peripheral compartments,
respectively. The k. values suggest a slightly slower elimination
after coadministration, while CL shows a small reduction in
clearance. MRT indicates a slightly longer mean residence time,
and AUC,_,, and AUC,_. demonstrate slightly higher overall
exposure to CIS after coadministration. ETP does not signifi-
cantly alter the pharmacokinetic profile or exposure of CIS to
a clinically meaningful extent. The lack of significant alterations
in CIS pharmacokinetics implies that ETP does not cause
substantial protein binding displacement or competition for
renal elimination. The minor changes observed in distribution
and elimination parameters are unlikely to require dose
adjustment when combining these chemotherapies.

3.9. Real sample analysis and potential limitations

While this dual nanoprobe strategy demonstrated excellent
sensitivity and selectivity for quantitation of CIS and ETP at
pharmacologically relevant concentrations in rabbit plasma,
analysis at the lower clinically relevant levels in human patient
samples may be challenging without further optimization. The
current detection limits of CIS and ETP may require pre-
concentration or analyte enrichment steps for application to
human plasma samples. Testing CIS and ETP spiked into
pooled human plasma at these lower clinically relevant
concentrations represents an important future direction, along
with optimization of the assay sensitivity if needed via
enhanced fluorescence signaling or reduced matrix interfer-
ence. Variations in matrix composition and physiological
conditions between rabbit and human plasma may influence
the sensor's performance. Additionally, the pharmacokinetic
parameters estimated in rabbit plasma may not precisely mirror
those in humans, necessitating further validation studies. The
potential interferences in human plasma, distinct from those
encountered in rabbit plasma, should be systematically
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investigated to ensure the method's robustness and reliability.
Addressing these challenges will be crucial in establishing the
clinical utility of the dual fluorescence probe strategy for
simultaneous analysis of CIS and ETP in human samples.

4. Conclusions

In conclusion, this study highlights the significance of moni-
toring combination therapy using cisplatin (CIS) and etoposide
(ETP) in cancer treatment. To address this, a fluorescence-based
probe utilizing glutathione-stabilized nanoclusters and
nitrogen-doped carbon dots (N-CDs/GSH-CuNCs) was devel-
oped for their simultaneous sensing. The proposed probe
exhibited excellent selectivity and sensitivity. Moreover, the
application of the proposed method to spiked rabbit plasma
samples further validated its robustness. By estimating the
pharmacokinetic parameters of CIS before and after coadmin-
istration with ETP, this study provided valuable insights into
potential pharmacokinetic interactions and the necessity of
dose adjustment. The results revealed a minor pharmacokinetic
interaction with ETP slightly prolonging the half-life and
clearance time of CIS. This indicates combination of CIS and
ETP therapy requires monitoring but no dose adjustments.
Compared to conventional methods like HPLC or LC-MS, this
rapid and simple fluorescence strategy for the quantification of
CIS and ETP offers significant advantages in terms of cost-
effectiveness, ease of operation, and high throughput analysis,
making it promising for clinical applications requiring frequent
drug monitoring. This research contributes to the development
of effective therapeutic strategies and analytical methods for
optimizing combination therapies in cancer treatment.
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