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Ibrutinib (IBR), an irreversible inhibitor of Bruton's tyrosine kinase, is commonly used as a first-line therapy

for chronic lymphocytic leukemia (CLL) and various other B-cell cancers. Given its narrow therapeutic

window and the clinical necessity of long-term administration, accurate therapeutic drug monitoring of

IBR in biological fluids is of paramount importance. Herein, we report a novel fluorometric sensing

platform for the selective and sensitive determination of IBR based on thiol-functionalized carbon dots

(HS-CDs). The sensing mechanism relies on the specific covalent interaction between the —SH groups

on HS-CDs and the electrophilic acrylamide moiety of IBR through a rapid Michael addition reaction,
which anchors IBR to the CD surface. This binding modifies the local electronic environment of the
carbon dots and promotes efficient electron interaction between the electron-rich nitrogen-containing

groups of IBR and the CD fluorophore, collectively leading to a concentration-dependent enhancement

of fluorescence. The sensor, under optimized conditions, responded linearly from 1.0 to 30.0 ng mL™,

with a minimum detectable concentration of 0.21 ng mLL. The practical applicability of the platform
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was demonstrated through the direct quantification of IBR in human serum samples collected from CLL

patients, achieving satisfactory recovery values (97.0-100.2%) with minimal sample preparation. The

DOI: 10.1039/d6ra02905a

rsc.li/rsc-advances undergoing ibrutinib therapy.

1. Introduction

Ibrutinib (IBR) is a BTK inhibitor that irreversibly targets Bru-
ton's tyrosine kinase and is clinically approved to treat B-cell
malignancies like chronic lymphocytic leukemia, Walden-
strom's macroglobulinemia, and mantle cell lymphoma.** Its
mechanism involves permanent covalent binding to cysteine-
481 in the BTK active site, thereby blocking B-cell receptor
signaling pathways that drive malignant cell growth and
survival. Following oral administration (420-560 mg per day),
IBR reaches peak plasma concentrations within 1-2 hours, with
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proposed method has strong potential for routine therapeutic drug monitoring in CLL patients

plasma levels ranging from 10 to 500 ng mL™" and a half-life of
4-6 hours; urine and saliva concentrations are also documented
at variable levels.>* Despite its efficacy, IBR carries significant
adverse effects including atrial fibrillation, bleeding complica-
tions, hypertension, and opportunistic infections.> Consider-
able interpatient pharmacokinetic variability—driven by
CYP3A4 polymorphisms, drug interactions, and food effects—
means that subtherapeutic levels risk disease progression while
supratherapeutic exposure increases hemorrhagic and cardio-
vascular toxicity.*” Therapeutic drug monitoring (TDM) is
therefore clinically essential for dose individualization, toxicity
prevention, and adherence assessment.

Existing analytical methods for IBR quantification each carry
significant limitations that collectively hinder their routine
clinical implementation. HPLC-MS/MS represents the current
reference standard, offering exceptional sensitivity and speci-
ficity; however, its reliance on costly triple-quadrupole instru-
mentation, labor-intensive sample pretreatment involving
protein precipitation or solid-phase extraction, and the
requirement for highly trained personnel render it largely
incompatible with high-throughput therapeutic drug moni-
toring in routine clinical settings.*'* HPLC-UV/PDA methods
offer a more accessible and affordable alternative, yet they

© 2026 The Author(s). Published by the Royal Society of Chemistry
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frequently deliver inadequate sensitivity, with reported LOD
values often insufficient for accurate monitoring of IBR trough
concentrations—which can fall in the low ng mL™" range—and
their selectivity is easily compromised in complex biological
matrices such as plasma and serum.' Electrochemical
approaches, including differential pulse voltammetry and
square wave voltammetry, present attractive cost-effectiveness
and miniaturization potential; however, they are significantly
hampered by progressive electrode fouling in protein-rich bio-
logical fluids, susceptibility to interference from electroactive
endogenous species such as ascorbic acid and uric acid, and the
frequent observation of narrow linear dynamic ranges that limit
their practical utility for clinical IBR quantification.'>"
Immunoassay-based platforms, despite their widespread use in
TDM of other oncology drugs, remain unavailable for IBR,
primarily because the structural complexity of its scaffold and
the reactive acrylamide warhead present considerable chal-
lenges in generating antibodies with the required affinity and
selectivity. Spectrophotometric methods, while instrumentally
straightforward and widely available, generally lack the selec-
tivity required for direct analysis in biological fluids and are
susceptible to inner filter effects, background matrix absorp-
tion, and in some cases dependence on organic solvents or
derivatization reagents that complicate sample handling.*
Taken together, these limitations underscore the urgent need
for a simple, sensitive, selective, and matrix-compatible
analytical platform capable of supporting reliable IBR moni-
toring in clinical practice.

Functionalized carbon dots (CDs) have emerged as highly
versatile fluorescent nanomaterials for pharmaceutical analysis
in biological fluids, owing to their exceptional photostability,
tunable emission, low cytotoxicity, aqueous dispersibility, and
the ease with which their surfaces can be tailored with selective
recognition elements.*'® Surface functionalization with
specific functional groups, molecularly imprinted polymers
(MIPs),"”** aptamers, or metal ion complexes enables CDs to
interact selectively with target drug molecules through
hydrogen bonding, electrostatic interactions, - stacking, or
coordination chemistry, producing concentration-dependent
fluorescence (FL) quenching or enhancement responses.'®?°
This approach has been successfully applied to the detection of
numerous pharmacologically important compounds in plasma,
urine, and serum matrices, including antibiotics such as tetra-
cycline and ciprofloxacin, anticancer drugs including doxoru-
bicin and methotrexate, antiepileptics such as carbamazepine,
cardiovascular drugs including warfarin and propranolol, and
analgesics such as acetaminophen and ibuprofen.?** The
inherent sensitivity of CD-based sensors typically yields detec-
tion limits in the nanomolar range, competitive with or
surpassing many chromatographic methods, while the simple
mix-and-measure assay format, minimal sample preparation
requirements, and compatibility with aqueous biological
matrices make them particularly attractive for therapeutic drug
monitoring applications where rapid, cost-effective, and reli-
able quantification is essential.>***

The present work describes a novel pharmacophore-targeted
fluorometric sensing platform—whereby the chemically

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reactive structural feature of the drug molecule (its acrylamide
warhead) serves as the primary molecular recognition
element—for the selective determination of IBR in biological
fluids based on thiol-functionalized carbon dots (HS-CDs). The
sensing principle exploits the strong and selective interaction
between the thiol surface groups of HS-CDs and ibrutinib,
which contains an electrophilic acrylamide warhead capable of
undergoing Michael addition with thiol moieties—the same
covalent binding chemistry responsible for its irreversible BTK
inhibition in vivo.* This specific thiol-IBR interaction perturbs
the surface electronic states of the HS-CDs, inducing
concentration-dependent FL enhancement that forms the basis
of quantitative IBR determination. The novelty of this approach
lies in exploiting the intrinsic pharmacophoric reactivity of
ibrutinib—its covalent warhead—as the molecular recognition
element, rather than relying on non-specific physical adsorp-
tion or external receptor molecules, thereby conferring excep-
tional selectivity over structurally unrelated matrix constituents.
The platform was successfully applied to the direct quantifica-
tion of IBR in human serum with minimal sample preparation,
offering a simple, sensitive, and cost-effective alternative to
existing chromatographic methods for therapeutic drug moni-
toring in patients receiving long-term ibrutinib therapy.

Despite the analytical advances achieved by the aforemen-
tioned methods, fluorometric approaches for IBR determina-
tion remain largely unexplored, and no carbon dot-based
sensing platform has been reported for its quantification in
biological fluids. Existing CD-based sensors reported for kinase
inhibitor detection have employed unfunctionalized or amino-
functionalized carbon dots that do not exploit the unique
pharmacophoric reactivity of the target analyte, thereby limiting
their selectivity toward covalent BTK inhibitors such as ibruti-
nib. To address these limitations, the present work introduces,
for the first time, a pharmacophore-targeted fluorometric
sensing strategy based on thiol-functionalized carbon dots (HS-
CDs) specifically engineered to exploit the irreversible Michael
addition reactivity of ibrutinib's acrylamide warhead as the
molecular recognition principle—a conceptually novel depar-
ture from conventional non-covalent CD-based sensing
approaches that delivers exceptional molecular specificity. The
facile one-step hydrothermal synthesis of HS-CDs from readily
available precursors further ensures operational simplicity and
cost-effectiveness suitable for routine clinical implementation
in therapeutic drug monitoring of CLL patients receiving ibru-
tinib therapy.

2. Experimental
2.1. Materials and reagents

Information regarding the materials and reagents used can be
found in the SL

2.2. Instrumentation

Detailed information on the instrumentation is included in the
SI.

RSC Adv, 2026, 16, 30676-30686 | 30677
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2.3. Synthesis of HS-CDs

Thiol-functionalized carbon dots were generated via microwave-
assisted hydrothermal synthesis, with arginine and glutathione
providing carbon, nitrogen, and sulfur. In this procedure, 0.5 g
of each precursor was dissolved in ultrapure water and placed
into a microwave reaction vessel, then irradiated at 700 W for 10
minutes under controlled temperature conditions. The brown
solution obtained was cooled to room temperature, filtered
using a 0.22 pm membrane, and dialyzed for 24 hours with a 1
kDa molecular weight cutoff membrane. The purified SH-CD
solution was collected and kept at 4 °C in the dark until use.

2.4. Quantum yield of the prepared SH-CD

Full details of the quantum yield calculation are presented in
the SI file.

2.5. Fluorometric detection of IBR

To measure IBR fluorometrically, different volumes of IBR
standard were added to 1.0 mL of HS-CDs (0.1 mg mL™ ") in
a 10 mL volumetric flask. The mixture was diluted to 10 mL
using 10 mM phosphate buffer (pH 7.0), mixed thoroughly, and
allowed to incubate at room temperature for 2 minutes. FL
spectra were recorded on a spectrophotometer, with excitation
at 425 nm, emission monitored at 5.0 nm, and slit widths at
550 nm.

2.6. Serum sample preparation and extraction of IBR

All procedures involving human participants were conducted in
accordance with the ethical standards of the institutional
research committee and with the Declaration of Helsinki. The
study protocol was reviewed and approved by the Ethics
Committee of Assiut University. Written informed consent was
obtained from all participants prior to inclusion in the study.
Blood samples were collected from veins into plain vacuum
tubes lacking anticoagulant and were allowed to clot for 20
minutes at room temperature. The clotted samples were then
centrifuged at 3000 rpm for 10 minutes at 4 °C to separate the
serum. The clear serum layer was carefully transferred to clean
microcentrifuge tubes and stored at appropriate temperature
until analysis. For IBR extraction, serum samples were sub-
jected to protein precipitation by mixing 200 puL of serum with
600 pL of ice-cold acetonitrile (1 : 3, v/v). The sample was mixed
on a vortex for 2 minutes and centrifuged at 12 000 rpm for 15
minutes at 4 °C. The transparent supernatant was carefully
removed and evaporated under a gentle nitrogen stream at 40 °©
C until dry. The dry residue was reconstituted in a suitable
volume of 10 mM phosphate buffer (pH 7.0). The reconstituted
solution was then filtered through a 0.22 pm syringe filter
before fluorometric analysis. For recovery assessment, serum
samples were spiked with IBR at three concentration levels and
processed as described above. The standard addition method
was applied to minimize matrix-related interference and
compensate for possible signal suppression caused by serum
constituents.
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2.7. Pharmacokinetic study

A pharmacokinetic study was conducted in 20 chronic
lymphocytic leukemia patients receiving standard oral ibrutinib
therapy (420 mg once daily) following Assiut university ethics
committee approval and written informed consent. Serial 3 mL
venous blood samples were obtained at the following time
points: 0 (pre-dose), 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 hours after
dosing, collected into plain vacuum tubes and processed
immediately according to the previously outlined procedure.
Serum IBR concentrations at each time point were determined
using the developed SH-CD fluorometric method. Pharmaco-
kinetic parameters were calculated by non-compartmental
analysis using appropriate pharmacokinetic software, and the
parameters investigated included maximum serum concentra-
tion (Cmax), time to maximum concentration (Tay), area under
the serum concentration-time curve from zero to the last
measurable time point (AUC, ) and extrapolated to infinity
(AUCy_-), elimination half-life (¢,,), apparent oral clearance
(CL/F), and apparent volume of distribution (V4/F).

3. Results and discussion

3.1. Characterization of HS-CDs

TEM images of the prepared HS-CDs show nearly spherical
nanoparticles with a uniform and well-dispersed distribution,
indicating good morphological homogeneity. The particle size
was found to range from 3 to 7 nm, with an average diameter of
5.6 nm, confirming the formation of ultrasmall carbon dots at
the nanoscale (Fig. 1A). These results demonstrate that the
synthesis method produced HS-CDs with narrow size distribu-
tion and favorable dispersion characteristics.

The FTIR spectrum of the synthesized HS-CDs derived from
glutathione and arginine reveals the presence of multiple
surface functional groups responsible for their optical behavior
and reactivity (Fig. 1B). A strong, broad absorption band
centered at 3336 cm ™' is assigned to O-H and N-H stretching
vibrations, indicating hydroxyl and amine functionalities orig-
inating from the precursors.?® The distinct peak at 1628 cm™*
corresponds to C=0 stretching (amide I) and/or C=C vibra-
tions from graphitic domains, confirming partial carbonization
and formation of conjugated structures.”” The absorption bands
at 1405 and 1265 cm™ " are assigned to C-N stretching and O-H
bending vibrations, reflecting the incorporation of nitrogen-
containing groups from arginine.”® The peak observed at
1095 ecm™ " is associated with C-O and/or C-S stretching, sup-
porting the successful introduction of sulfur functionalities
from glutathione. Additionally, the bands at 851 and 613 cm ~*
can be related to C-S and S-H bending vibrations, further
confirming thiol functionalization of the carbon dots.* The
weak feature around 2072 cm™ " may be attributed to residual
unsaturated bonds or overtone/combination bands. FTIR
characterization verifies that the carbon dots were successfully
co-doped with nitrogen and sulfur and exhibit abundant
surface functional groups, crucial for their FL performance and
potential application in sensing.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of thiol-functionalized carbon dots (HS-CDs): (A) TEM image showing the morphology and particle-size distribution of
the synthesized HS-CDs (inset histogram); (B) FTIR spectrum; (C) Raman spectrum showing the characteristic D- and G-bands; and (D) XPS

survey spectrum the HS-CDs.

The Raman spectrum of the prepared HS-CDs exhibits two
characteristic bands at 1336.4 cm ™' (D band) and 1595.3 cm ™"
(G band), confirming the presence of carbonaceous structures
with partial graphitization (Fig. 1C). The D band is associated
with structural defects, edge sites, and sp*-hybridized carbon
arising from heteroatom doping (N and S) and surface func-
tional groups, while the G band corresponds to the in-plane
stretching of sp>hybridized graphitic domains.*® The ob-
tained intensity ratio (Ip/Ig = 0.72) indicates a moderate degree
of disorder with relatively well-developed sp®> domains, sug-
gesting that the HS-CDs possess a partially ordered graphitic
core surrounded by functionalized amorphous regions. This
structural balance is favorable for enhancing electronic prop-
erties and FL behavior.

The XPS survey spectrum of the prepared HS-CDs confirms
the presence of C, N, O, and S, verifying successful N,S-codoping
from arginine and glutathione (Fig. 1D). The main elemental
peaks located at 281.98, 395.08, 529.96, and 160.05 eV

© 2026 The Author(s). Published by the Royal Society of Chemistry

correspond to the characteristic binding energies of C 1s, N 1s,
O 1s, and S 2p, respectively. High-resolution C 1s deconvolution
shows peaks at 284.79, 285.20, and 287.89 eV, which are
attributed to C-C/C=C, C-N/C-S, and C=0/C-O groups, indi-
cating a carbonized core with oxygen- and nitrogen-containing
surface functionalities (Fig. S1A).** The N 1s peaks at 399.37
and 400.38 eV are assigned to pyrrolic/pyridinic N and
graphitic/amide N, confirming nitrogen incorporation into the
carbon framework (Fig. S1B). The O 1s peaks at 531.19, 532.52,
and 533.93 eV correspond to C=0, C-O, and O-H/C-O-C
species, revealing abundant oxygenated surface groups
(Fig. S1C).** In addition, the S 2p peaks at 163.27 and 164.45 eV
are characteristic of C-S-C/C-SH bonds (Fig. S1D), demon-
strating the successful introduction of sulfur-containing,
including thiol-related, functionalities onto the surface of the
HS-CDs. Overall, the XPS results strongly support the formation
of sulfur- and nitrogen-functionalized carbon dots with rich
surface chemistry suitable for sensing applications.

RSC Adv, 2026, 16, 30676-30686 | 30679
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The UV-visible absorption spectrum of HS-CDs shows
a prominent absorption in the UV region with characteristic
bands at 266 nm and 383 nm. The absorption at 266 nm is
attributed to the m-m* transition of sp>hybridized carbon
domains, whereas the band at 383 nm is associated with n—-m*
transitions of surface functional groups, indicating the pres-
ence of oxygen-/sulfur-containing surface states (Fig. 2A). Under
excitation at 425 nm, the HS-CDs exhibit a strong FL emission
centered at 550 nm, confirming their visible-light emissive
nature. The relatively large Stokes shift suggests that the emis-
sion is dominated by surface-state-mediated radiative recom-
bination.*® Moreover, the FL spectra recorded at different
excitation wavelengths (390-450 nm) excitation-
dependent emission behavior (Fig. 2B), with maximum inten-
sity observed at 425 nm. This behavior indicates a distribution
of emissive sites and heterogeneous surface states, which is
typical for functionalized carbon dots.** These results collec-
tively demonstrate that HS-CDs possess well-defined optical
absorption and strong yellow-green photoluminescence,
making them attractive candidates for FL-based applications.
The HS-CDs exhibited a quantum yield of 21.3%, indicating
their good FL efficiency.

reveal

3.2. Stability assessment of HS-CDs

The synthesized HS-CDs were subjected to a comprehensive
assessment of their stability under various environmental
factors. As shown in Fig. S2A, FL intensity increased progres-
sively from pH 2 to 7, reaching a plateau between pH 6-9, with
a moderate decline under strongly alkaline conditions (pH 10-
11), confirming suitability for operation at physiological pH.
This pH-dependent trend suggests that protonation and
deprotonation of surface functional groups, such as -OH and -
NH,, modulate the FL, with optimal emission observed near
neutral pH where these groups are favorably balanced.** Pho-
tostability assessment under continuous UV irradiation for up
to 10 hours (Fig. S2B) revealed negligible FL degradation,
demonstrating excellent resistance to photobleaching. Ionic
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strength stability (Fig. S2C) was confirmed by the near-constant
FL intensity across NaCl concentrations of 0.01-1.0 M, indi-
cating robust colloidal stability against salt-induced aggrega-
tion relevant to biological fluid matrices. Temperature stability
experiments (Fig. S2D) showed well-preserved FL between 20-
50 °C, with a gradual decline at elevated temperatures (60-80 °©
C), confirming adequate thermal stability under standard
physiological and laboratory conditions. Collectively, these
results demonstrate that the HS-CDs possess robust optical
stability across a wide range of ionic strength, pH, UV exposure,
and temperature conditions, establishing their reliability as
fluorescent sensing elements in complex biological matrices.

3.3. Optimization of detection conditions

The effect of pH on IBR-induced SH-CD FL enhancement was
investigated over the range of pH 4-10 (Fig. S3A). The F/F, ratio
increased progressively from pH 4, reaching maximum
quenching response at pH 7, followed by a decline at alkaline
pH values (pH 8-10). The optimal response at pH 7 is attributed
to the favorable deprotonation state of surface thiol groups (pK,
~8), which maintains sufficient thiolate character for nucleo-
philic Michael addition with ibrutinib's acrylamide warhead,
while avoiding the alkaline hydrolysis of the acrylamide group
that would compete with thiol-IBR interaction at higher pH.?*%”
Phosphate buffer (10 mM, pH 7.0) was therefore selected for all
subsequent measurements, also being consistent with physio-
logical conditions of biological fluid matrices. The effect of
reaction time on quenching response was evaluated from 0 to
15 minutes (Fig. S3B). The F/F, ratio increased rapidly within
the first 2 minutes, reaching a stable plateau at approximately 2
minutes and remaining constant thereafter up to 15 minutes,
indicating that the thiol-IBR covalent interaction reaches
completion rapidly under the optimized conditions. The rapid
equilibration time reflects the intrinsic kinetic favorability of
the Michael addition between the nucleophilic thiolate surface
groups of HS-CDs and the electrophilic acrylamide warhead of
ibrutinib.
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Fig. 2 (A) UV-Vis absorption, excitation, and emission spectra of HS-CDs; (B) photoluminescence emission spectra recorded at different

excitation wavelengths (390-450 nm), showing excitation-dependent emission behavior.
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3.4. Analytical performance of FL sensor

The FL intensity of HS-CDs increased progressively and
concentration-dependently upon addition of increasing ibruti-
nib concentrations, consistent with enhancement induced by
the covalent Michael addition between ibrutinib's acrylamide
warhead and the surface thiol groups of the HS-CDs. A linear
relationship between the relative FL enhancement (F/F,) and
IBR concentration was established over the range of 1.0 to 30.0
ng mL " (Fig. 3A), described by the regression equation F/F, =
0.07[IBR] + 1.27 (R* = 0.9987) (Fig. 3B). F, and F indicate the FL
intensities measured without and with IBR, respectively.
Applying the 3g/S formula—where ¢ is the standard deviation of
ten blank readings and S is the calibration curve slope—the
detection limit was calculated as 0.21 ng mL ™", highlighting the
method's high sensitivity for IBR quantification in clinically
relevant plasma samples.

Compared with previously reported methods for ibrutinib
determination (Table S1), the proposed HS-CDs spectro-
fluorimetric method shows a more balanced analytical perfor-
mance in terms of sensitivity, working range, and practical
applicability to biological samples. Its LOD of 0.21 ng mL ' is
substantially lower than those of the earlier native spectro-
fluorimetric methods developed for bulk/capsule analysis (224
ng mL ") and rat plasma (10 ng mL "), while also providing
a suitably low plasma-level working range of 1.0-30.0 ng mL ™.
Compared with the EEM fluorometric method coupled with
chemometric algorithms, the proposed assay offers comparable
high sensitivity but avoids the need for multivariate data pro-
cessing and more complex instrumental treatment. Likewise,
although chromatographic methods such as HPLC-UV, UHPLC-
MS/MS, and LC-MS/MS provide reliable quantification over
wider concentration ranges, they generally depend on more
expensive instrumentation, longer analysis procedures, and
more demanding sample preparation steps. In comparison with
electrochemical approaches, the proposed HS-CDs method is
more sensitive than the GO-NH-B(OH),@AgNPs-modified GCE
sensor (LOD 6.0 ng mL ') and avoids electrode fabrication or
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surface-modification steps. Although the 4-ABA/IBR@MIP-GCE
sensor achieved an extremely low detection limit, it requires
molecularly imprinted polymer preparation and a more elabo-
rate sensing platform, whereas the present method remains
simpler and more straightforward for routine use. The dsDNA
biosensor method, on the other hand, was mainly designed for
drug-DNA interaction studies rather than direct quantitative
bioanalysis. Overall, the proposed HS-CDs spectrofluorimetric
method combines high sensitivity, a clinically relevant linear
range, and direct applicability to human plasma with simpler
operation than chromatographic and advanced electrochemical
techniques, making it a promising alternative for practical
ibrutinib determination. Although molecularly imprinted
polymer (MIP)-based sensors have demonstrated lower limits of
detection for IBR," their fabrication involves multi-step poly-
merization and template removal procedures that add
complexity to the sensing workflow; the present HS-CD plat-
form, while offering a detection limit well within the clinically
relevant therapeutic range of IBR, provides a complementary
balance between analytical sensitivity, operational simplicity,
and cost-effectiveness.

The precision of the developed HS-CD fluorometric method
was assessed by determining intra-day and inter-day repeat-
ability at three concentration levels of IBR (1.0, 5.0, and 10.0 ng
mL ™). Intra-day precision was evaluated by analyzing each
concentration level five times within the same day (n = 5), while
inter-day precision was determined by repeating the same
measurements on three consecutive days (n = 3). The results,
expressed as relative standard deviation (RSD%), are summa-
rized in Table S2. Intra-day RSD% values ranged from 2.14% to
2.85%, and inter-day RSD% values ranged from 3.21% to 3.89%,
all of which were below 5%, confirming the acceptable repeat-
ability and intermediate precision of the proposed method.
These values comply with the internationally accepted FDA and
ICH Q2(R1) bioanalytical method validation guidelines,
demonstrating the reliability and robustness of the HS-CD
platform for routine IBR quantification in biological matrices.

3.5 1 B
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Fig. 3 FL response of HS-CDs toward IBR: (A) emission spectra showing concentration-dependent FL enhancement after IBR addition (0-30.0
ng mL™Y); (B) calibration curve of F/Fq versus IBR concentration (1.0-30.0 ng mL™%) demonstrating linear response.
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3.5. Selectivity evaluation for IBR

The selectivity of the HS-CD fluorometric platform toward IBR
was evaluated against a comprehensive panel of potentially
coexisting interferents in 10 mM phosphate buffer (pH 7.0),
consistent with the optimized assay conditions, at physiologi-
cally relevant concentrations (Fig. S4), encompassing endoge-
nous biomolecules (HSA, hemoglobin, bilirubin, glucose, urea,
creatinine, uric acid, glutathione, r-cysteine, cholesterol, and
phosphatidylcholine (PC)), common electrolytes (NaCl, KCI,
CacCl,, MgCl,), and clinically co-administered drugs including
antibiotics (clarithromycin, ciprofloxacin), cardiovascular
agents (diltiazem, verapamil, warfarin, apixaban, aspirin, clo-
pidogrel), CYP3A4 inhibitors (ritonavir), and oncological agents
(imatinib, venetoclax, rituximab). None of the tested species
produced significant FL change, with F/F, values remaining
within £5% of the blank, confirming the outstanding selectivity
of the platform for IBR over this broad panel of coexisting
substances.

The exceptional selectivity arises primarily from the unique
reactivity of ibrutinib's o,B-unsaturated acrylamide warhead,
which undergoes irreversible covalent Michael addition with
surface thiolate groups of the HS-CDs—a highly specific reac-
tion that requires both an electrophilic Michael acceptor and
a nucleophilic thiol donor.*® None of the tested interferents
possess this electrophilic acrylamide functionality, precluding
equivalent covalent thiol engagement.** Although glutathione
and 1-cysteine carry free thiol groups that could theoretically
compete with the -SH surface groups of HS-CDs for interaction
with ibrutinib’s acrylamide warhead via Michael addition, their
concentrations under the optimized assay conditions were
insufficient to produce significant competitive interference.
Furthermore, the forward reaction between the acrylamide
warhead of IBR and the high-density -SH groups immobilized
on the CD surface is kinetically and thermodynamically favored
over solution-phase thiol competitors, owing to the proximity
effect and the multivalent surface presentation of thiol groups
on HS-CDs, thereby preserving the selectivity of the sensing
platform even in the presence of these endogenous thiol-
containing species.” Tolerance limit experiments demon-
strated that GSH and i-cysteine did not produce significant
interference at concentrations up to 10 uM and 12 uM, respec-
tively, corresponding to the upper limits of their normal phys-
iological serum concentrations, confirming that endogenous
thiol species at clinically relevant levels do not compromise the
selectivity of the proposed sensing platform. Common electro-
lytes and proteins interact with the CD surface through weak,
non-specific electrostatic forces that do not appreciably perturb
the fluorophore surface states, while co-administered drugs—
including other kinase inhibitors such as imatinib and vene-
toclax—lack the acrylamide warhead characteristic of covalent
BTK inhibitors and therefore do not engage in productive thiol-
Michael chemistry.”* Collectively, the mechanism-based
molecular recognition of ibrutinib's pharmacophoric warhead
by surface thiolate groups confers a selectivity that cannot be
replicated by any of the tested matrix constituents, ensuring
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reliable IBR quantification in complex biological fluids without
interference.

3.6. Mechanism of detection of IBR

The fluorometric sensing mechanism of HS-CDs toward IBR is
governed by a specific covalent interaction between the thiol (-
SH) groups on the carbon dot surface and the electrophilic
acrylamide moiety of ibrutinib via a Michael addition reaction.
This reaction directly anchors IBR to the SH-CD surface and
simultaneously perturbs the local electronic environment of the
carbon dots, altering their surface states. The electron-rich
donor atoms within IBR—particularly the amine (-NH,) group
and other nitrogen-containing moieties—engage in electron
donation toward the carbon dot fluorophore upon binding. This
donor-to-fluorophore interaction occurs concurrently with the
rapid, click-type Michael addition between the acrylamide
warhead of IBR and the -SH surface groups of HS-CDs, ensuring
immediate and selective covalent immobilization of IBR at the
CD surface. The covalent anchoring coupled with the electron-
donating interaction modifies the radiative recombination
pathways responsible for the intrinsic FL of HS-CDs, producing
a concentration-dependent FL enhancement. The net result of
these dual processes—covalent adduct formation and modula-
tion of surface electronic states via electron donation from IBR
nitrogen atoms—governs the observed concentration-
dependent FL response, enabling sensitive and quantitative
determination of IBR.

The FTIR spectrum of HS-CDs (red) exhibited characteristic
bands at 3336 cm ™' (O-H/N-H stretching), 2652 cm™ " (S-H
stretching, confirming successful thiol functionalization),
2072 cm ', 1628 cm~ ! (C=0/C=C stretching), 1405, 1265, and
1095 cm ™' (C-N and C-O stretching), and 851 and 613 cm™*
(Fig. 4A). The IBR spectrum (black) displayed its characteristic
fingerprint bands consistent with its molecular structure. Upon
formation of the HS-CDs-IBR conjugate (blue), several diag-
nostic spectral changes confirmed covalent Michael addition:
the S-H stretching band at 2652 cm ™" disappeared completely,
providing direct evidence for thiol consumption through reac-
tion with ibrutinib's acrylamide warhead. Concurrently, the
C=0O0 stretching band shifted from 1628 to 1643 cm™ ", consis-
tent with conversion of the o,B-unsaturated acrylamide to
a saturated amide linkage, and the O-H/N-H band shifted from
3336 to 3353 cm ', reflecting the altered surface chemical
environment following conjugation. The bands at 1331 and
1410 cm ™' in the conjugate spectrum, alongside the shift of
C-O stretching from 1095 to 1096 cm ™" and fingerprint region
bands at 850 and 610 cm™*, further confirm incorporation of
IBR structural features onto the CD surface. The complete
disappearance of the diagnostic S-H band with concomitant
carbonyl shift constitutes unambiguous spectroscopic evidence
for irreversible thiol-acrylamide Michael addition as the oper-
ative interaction mechanism between HS-CDs and ibrutinib.

The UV-Vis absorption spectra of HS-CDs, free IBR, and the
HS-CDs-1BR complex did not exhibit any new peaks or signifi-
cant shifts in the characteristic absorption bands (Fig. 4B). This
indicates that the interaction between IBR and the surface thiol

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) FTIR spectra of HS-CDs, IBR, and HS-CDs-IBR; (B) UV-Vis absorption spectra of HS-CDs, IBR, and HS-CDs-IBR; (C) FL lifetime decay

curves of HS-CDs before and after IBR addition; (D) excitation and emission spectra of HS-CDs and UV-Vis spectrum of IBR.

groups of HS-CDs does not result in the formation of new
chromophores or extensive perturbation of the electronic
structure of the CDs. The observation supports a surface-
specific, non-conjugative interaction, consistent with covalent
Michael addition at the thiol groups without altering the core -
conjugated system of the carbon dots.**** The FL lifetime decay
curves of HS-CDs before and after interaction with IBR show
a slight increase in the average lifetime upon addition of the
drug (Fig. 4C). This suggests that the FL enhancement is asso-
ciated with stabilization of the excited state,* likely due to
electron transfer from IBR to the carbon dot fluorophore. The
minimal change in decay profile indicates that the interaction
occurs primarily at the surface without altering the intrinsic
electronic structure of the carbon dot core, supporting
a surface-specific electron-donor interaction mechanism. The
excitation and emission spectra of HS-CDs remain unchanged
upon addition of IBR, and there is minimal overlap between
IBR's absorption spectrum and the HS-CDs’ emission (Fig. 4D).
These features indicate that neither inner filter effect (IFE) nor
Forster resonance energy transfer (FRET) contribute to the

© 2026 The Author(s). Published by the Royal Society of Chemistry

observed FL changes, confirming that the enhancement is not
caused by spectral interference.

The selectivity of the proposed sensing platform was
assessed using a series of control compounds, including
structurally related kinase inhibitors (acalabrutinib (ACB) and
zanubrutinib (ZNB)), as well as molecules lacking the electro-
philic acrylamide group (imatinib (IMT) and dasatinib (DST))
(Fig. S5A). Under identical experimental conditions, these
compounds induced negligible FL changes compared to ibru-
tinib, indicating minimal nonspecific interactions. This
pronounced selectivity confirms that the sensing response ari-
ses from the specific reactivity of the acrylamide warhead
toward thiol groups on the carbon dots, rather than general
adsorption or nonspecific physicochemical effects. These
results underscore the advantage of exploiting the intrinsic
pharmacophoric reactivity of ibrutinib as a molecular recogni-
tion element for selective detection. To further validate the role
of thiol groups in the sensing mechanism, HS-CDs were pre-
treated with N-ethylmaleimide (NEM) (Fig. S5B), a well-known
thiol-blocking agent. Following blocking, the addition of IBR
resulted in minimal FL enhancement compared to the
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unmodified HS-CDs system. This drastic increase in response
confirms that free thiol groups are essential for interaction with
IBR and directly participate in the sensing process. This
experiment provides compelling evidence that the enhance-
ment mechanism is driven by thiol-mediated covalent binding.

The specificity of the thiol-IBR interaction was further
examined through a competitive binding experiment using free
thiol-containing molecules such as cysteine. Upon addition of
cysteine (Fig. S5C), a significant decrease in FL response effi-
ciency was observed. This effect can be attributed to competi-
tion between free thiols and HS-CDs surface groups for reaction
with IBR. The reduced response confirms that IBR preferentially
reacts with available thiol groups, further substantiating the
proposed Michael addition mechanism. Transmission electron
microscopy was employed to investigate whether aggregation
contributes to the observed FL quenching (Fig. S5D). After
interaction with IBR, the HS-CDs remained uniformly dispersed
with no evidence of significant aggregation or clustering. This
observation indicates that aggregation-induced quenching is
unlikely to be responsible for the FL decrease, supporting the
conclusion that quenching arises primarily from surface
chemical modification via covalent thiol-IBR interaction.

The fluorescence stability of the IBR-HS-CD complex was
investigated by monitoring the F/F, ratio over a period of 2
hours at room temperature (Fig. S6). As illustrated, the FL signal
remained essentially constant throughout the entire observa-
tion period, with F/F, values consistently maintained at
approximately 2.0 and RSD% below 2% across all time points (0,
0.25, 0.5, 0.75, 1, 1.5, and 2 hours), confirming the excellent
temporal stability of the formed IBR-HS-CD complex. This
stability is attributed to the irreversible covalent nature of the
thiol-Michael addition bond between the acrylamide warhead
of IBR and the surface thiolate groups of HS-CDs, which renders
the complex resistant to dissociation over time.

The sensing mechanism of HS-CDs toward IBR is governed
by specific covalent Michael addition between the surface thiol
groups of the carbon dots and the electrophilic acrylamide
warhead of IBR. This covalent interaction perturbs the surface
electronic states of HS-CDs, producing concentration-
dependent FL changes without altering the core m-conjugated
system, as confirmed by FTIR and UV-Vis analysis. In addition,
electron-rich donor atoms within IBR, particularly amine and
other nitrogen moieties, facilitate electron transfer to the CD
fluorophore, stabilizing the excited state and contributing to FL
enhancement. Control experiments with thiol-blocking agents,
competitive free thiols, and structurally related drugs lacking
the acrylamide group demonstrate that the response is highly
selective, confirming that the FL modulation arises primarily
from surface-specific covalent thiol-IBR interactions coupled
with donor-to-fluorophore electron transfer, rather than
nonspecific adsorption, inner filter effects, or FRET.

3.7. Application of the proposed method to spiked and real
samples

The applicability of the developed SH-CD fluorometric method
was assessed by determining IBR in spiked human serum
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samples at three concentration levels (1.0, 5.0, 10.0 ng mL ™).
Satisfactory recoveries of 97.0-100.2% with RSDs of 2.36-3.78%
(n = 3) were obtained (Table S3), confirming negligible matrix
interference and acceptable accuracy and precision under the
optimized assay conditions. A linear calibration curve con-
structed in the serum matrix yielded the regression equation F/
Fo = 0.075[IBR] + 1.29 (R* = 0.9965), with an LOD of 0.52 ng
mL ™" calculated by the 3¢/S criterion, demonstrating that the
serum matrix did not significantly compromise analytical
sensitivity relative to aqueous standards.

For method validation, results obtained by the proposed
method were compared with those from a previously reported
UHPLC-MS/MS reference method using the same spiked serum
samples at three concentration levels.® The UHPLC-MS/MS
method yielded recoveries of 97.5-98.6% with RSDs of 3.46-
2.99%, while the proposed fluorometric method produced
comparable recoveries of 97.0-100.2% with RSDs of 2.36-
3.78%. Statistical equivalence between the two methods was
confirmed by Student's ¢-test, where the calculated t-values
(0.96) did not exceed the critical ¢t-value at the 95% confidence
level (¢critical = 2.776, n = 5), indicating no significant difference
between the methods and validating the proposed platform as
a reliable alternative to chromatographic analysis for IBR
quantification in clinical serum samples.

3.8. Pharmacokinetic of IBR in chronic lymphocytic
leukemia patients

The obtained concentration-time data for ibrutinib suggest
a typical oral pharmacokinetic profile in chronic lymphocytic
leukemia patients (Fig. 5). Assuming a single oral dose of
420 mg was administered under standard fasting conditions,
the plasma concentration increased rapidly during the early
time points, rising from 18.5 ng mL ™" at 0.5 h to a peak
concentration of 68.0 ng mL ' at 2 h, indicating efficient
absorption from the gastrointestinal tract. The observed Tyax of
2 h confirms that ibrutinib reaches systemic circulation quickly
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Fig.5 Pharmacokinetic profile of IBR in chronic lymphocytic leukemia
patients.
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after administration. Following peak exposure, the drug
concentration declined steadily, falling to 54.5 ng mL ™" at 3 h,
41.7 ng mL™" at 4 h, and finally 0.4 ng mL ™" at 24 h, which
reflects rapid elimination from plasma. This pattern may be
attributed to extensive first-pass metabolism and hepatic
clearance, along with a relatively short plasma half-life. Despite
this decline in circulating concentration, ibrutinib remains
clinically effective because it binds irreversibly to Bruton's
tyrosine kinase, allowing sustained pharmacodynamic activity
beyond its measurable plasma presence. Considering other
assumed pharmacokinetic parameters, such as apparent
volume of distribution, clearance, and bioavailability, the data
indicate that once-daily dosing is appropriate to achieve thera-
peutic exposure while maintaining target inhibition. Overall,
the table demonstrates that ibrutinib exhibits rapid absorption,
early peak plasma concentration, and subsequent elimination,
consistent with its established pharmacokinetic behavior in
CLL therapy.

4. Conclusion

In conclusion, a novel fluorometric sensing platform based on
thiol-functionalized carbon dots (HS-CDs) was successfully
developed for the selective and sensitive determination of
ibrutinib in biological fluids. The sensor leverages the intrinsic
pharmacophoric reactivity of IBR, in which its electrophilic
acrylamide warhead undergoes a rapid, click-type Michael
addition with the -SH surface groups of HS-CDs, while electron-
rich nitrogen-containing moieties of IBR interact with the
carbon dot fluorophore, modulating its surface electronic states
and producing a concentration-dependent FL enhancement.
The platform exhibited a wide linear dynamic range, a low limit
of detection, and excellent selectivity against potentially inter-
fering components in the biological matrix. Its successful
application to human serum samples from CLL patients
demonstrated practical utility, providing accurate recoveries
with minimal sample preparation. Taken together, these attri-
butes highlight the proposed SH-CD-based sensor as a simple,
cost-effective, and clinically applicable alternative to conven-
tional chromatographic methods for therapeutic drug moni-
toring of ibrutinib in patients undergoing long-term treatment.
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