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Monitoring their concentrations in biological fluids is essential for optimizing therapeutic efficacy,
minimizing adverse effects, accurately adjusting dosage, and evaluating clinical outcomes. In
parallel, the extensive use of chemotherapy agents has increased concern over the occurrence of
anti-cancer drug residues in environmental matrices. Consequently, reliable and sensitive
analytical approaches are required for the determination of these compounds in both biological
and environmental samples. This review critically summarizes recent advances in the analysis of
anti-cancer drugs, covering chromatographic, electrophoretic, electrochemical, and spectroscopic
techniques. Particular emphasis is placed on the role of sample preparation, including conventional
and modern extraction strategies, in improving analytical reliability and method performance.
Comparative evaluation of analytical figures of merit, such as limits of detection and practical
applicability, is presented to highlight current capabilities, methodological limitations, and
emerging challenges. In addition, recent trends toward greener analytical strategies such as solvent
minimization, micro- and miniaturized extraction techniques, and sustainable instrumental
approaches are discussed in the context of therapeutic drug monitoring and environmental
surveillance. Future perspectives integrating green chemistry principles, nanotechnology, and

miniaturized analytical devices are also outlined.

Keywords: Anti-cancer drugs, Therapeutic drug monitoring (TDM), Chromatography,

Electrophoresis, Electrochemical sensor, Sample preparation.



cancers, such as those that affect the blood or bone marrow, can also develop due to abnormal cell
division. Surgery, chemotherapy, and/or radiotherapy are often the main therapies for this leading
cause of death globally. Chemotherapy has utilized more than 100 different medications,
frequently in conjunction with other medical procedures. Based on their mode of action, these
medications can be divided into several groups, pl. Monoclonal antibodies, small molecule
inhibitors, gene delivery tools, and histone deacetylase inhibitors are some examples of the
molecular targeting agents’ group. Carboplatin and oxaliplatin, which are metal-containing drug,
constitute a third category of medications, distinguished by their ability to form either metal-DNA

or metal-protein adducts [1].

Antibiotics, which can also be recognized as anti-cancer or antitumor agents in some contexts, are
a class of medications that may interfere with DNA synthesis and replication either by intercalating
into DNA or by donating electrons, thereby producing superoxide, a highly reactive oxygen
species (ROS) capable of damaging DNA strand. This method may prevent cancer cells from

multiplying and cause them to die [2].

Tumors caused by hormonal abnormalities can be treated with hormonal medicines, commonly
referred to as hormone antagonists. Endogenous estrogens in women are steroid hormones, and
studies have revealed that postmenopausal women who lack estrogen experience a variety of
negative effects, including postmenopausal symptoms, coronary heart disease, a higher risk of

osteoporosis, and Alzheimer's disease, among others [3].

Microtubule targeting agents are a type of anti-mitotic drug that can inhibit cell proliferation by
disrupting microtubules, disrupting microtubules, which halts the cell cycle in the G2-M phase and
the production of abnormal mitotic spindles. These agents are generally classified into two main
categories based on their mechanism of action: stabilizing and destabilizing agents [4,5].

Since their initial clinical approval in the late 1990s, molecular targeting medicines have served as
the cornerstone of precision medicine for the treatment of cancer. These agents use small molecule

compounds or therapeutic monoclonal antibodies functioning as signal transduction inhibitors.



Platinum (Pt) treatments including cisplatin, carboplatin, and oxaliplatin are especially common
metal-based medications used to treat cancer [7]. When there aren't enough ions of Pt to interact
with the target DNA or when not enough Pt-DNA adducts are formed to kill cells, resistance to
cisplatin might develop. Due to their lower toxicity, novel mechanisms, tumor selectivity, and non-
cross-resistance potential, non-platinum and copper (Cu)/ruthenium (Ru) complexes may be
superior to Pt complexes [8]. Depending on how hazardous they are to humans, this group of
medications is categorized by the International Agency for Research on Cancer (IARC). They are
classified as either human carcinogens (Group 1) or potentially human carcinogens (Groups 2A
and 2B). However, many medications are still categorized as to their carcinogenicity in humans

and are placed in Group 3 (mutagenic and teratogenic) due to a lack of toxicological knowledge
(Fig. 1) [9].

Not classifiable as to
carcinogenicity in humans

Carcinogenic to humans

= Azathioprine
= N,N-Bis(2-chloroethyl)-2-
naphthylamine

5-Fluorouracil
Isophosphamide
6-Mercaptopurine

Methotrexate = Chlorambucil
Prednisone * Semustine
Vinblastine sulfate = Cyclophosphamide
Vincristine sulfate = Melphalan
= Thiotepa
5]’5)_'.]_,'.) * Treosulfan
2A

Amsacrine ﬁ"’ Adriamycin
Aziridine 0 Azacitidine
Bleomycins Q Bischloroethy! nitrosourea

Chlorozotocin

Cisplatin
N-Ethyl-N-nitrosourea
Etoposide

Nitrogen mustard
Procarbazine hydrochloride
Teniposide

Dacarbazine

Mitoxantrone 2B
Streptozotocin

2
Daunomycin iq
Merphalan @ Grounp
Mitomycin @ G J-J.r)

Fig. 1. Anti-cancer drugs are classified according to the IARC.
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samples, which might result in substantial interference, detecting these medications has become
extremely difficult [10]. Determination of the presence of anti-cancer medications requires the
development of monitoring tools that are sensitive, picky, and reliable, such as analytical
approaches [11]. The typical process of a toxicology lab for confirmation procedures involving
analytical methods includes sample pre-treatment, for example, urine hydrolysis, hair
decontamination and digestion, or tissue homogenization [12]; and at last extraction/cleanup of the
analytes of interest [13].

Early analytical approaches for the determination of anti-cancer drugs primarily relied on liquid
chromatography (LC) coupled with ultraviolet (UV) detection, which was mainly applied to
stability studies and pharmaceutical formulation development at relatively high drug
concentrations. Gas chromatography—mass spectrometry (GC—MS) was historically regarded as
the reference technique in toxicology laboratories due to its high separation efficiency,
reproducibility, and the availability of comprehensive MS spectral libraries that enable reliable
compound identification. Over the past decade, significant advancements in GC and GC-MS
instrumentation have substantially expanded their analytical capabilities. These developments
include the introduction of high-resolution and tandem mass spectrometric detectors (GC—
MS/MS), which improve selectivity and sensitivity through multiple reaction monitoring, as well
as comprehensive two-dimensional gas chromatography (GCxGC) coupled with time-of-flight
mass spectrometry, offering enhanced peak capacity and improved separation of complex mixtures
[14]. Additionally, progress in injector design, column technology, and optimized derivatization
strategies has enabled the effective analysis of thermally stable and derivatives polar anti-cancer
drugs and their metabolites. Although recent advances in LC—MS have led to its increasing use for
the analysis of polar and nonvolatile compounds by eliminating the derivatization steps typically
required in GC-MS, both GC-MS and LC-MS remain the most widely employed analytical
platforms in toxicological analysis because of their versatility and sensitivity [1]. In addition to
these techniques, capillary electrophoresis (CE) and electrochemical methods have also been
explored, with CE offering high sensitivity, low sample consumption, and compatibility with



UIVILYILAI TTIAUILES 1S UILETT UHAIENYITY UELAUSE Ul TUW dildiyLe CULILETILAUUIS ditu THLETTETENUE
from endogenous components, highlighting the importance of efficient sample preparation [19].
Sample pretreatment techniques are therefore essential for the isolation, purification, and
enrichment of target analytes prior to instrumental analysis [20—22]. Conventional approaches
such as liquid-liquid extraction (LLE) and solid-phase extraction (SPE) typically involve multiple
procedural steps and require large volumes of organic solvents, which may increase the risk of
analytical errors [23—26]. This review provides a comprehensive overview of current analytical
techniques and sample preparation strategies employed for the determination of anti-cancer drugs

in real biological and environmental samples.

2. Analytical techniques for anti-cancer drugs analysis

Effective quantification of anticancer drugs requires analytical methods that are not only sensitive
and selective but also clinically viable capable of detecting trace concentrations in limited,
complex biological samples such as plasma, serum, or urine. Despite advancements, many
published methods remain confined to idealized conditions, with limited validation in real patient
matrices or under routine clinical settings. A wide range of techniques has been established to
quantify these drugs in complex biological matrices such as blood, serum, and urine. To support
pharmacokinetic studies and therapeutic drug monitoring, methods must be sensitive enough to
detect trace drug levels in small sample volumes, with limits of detection (LODs) suitable for
limited clinical specimens [18,19]. Current techniques are broadly categorized into
chromatographic, electrophoretic, electroanalytical, and spectroscopic methods. The following
sections provide a detailed discussion of each technique, highlighting their operational principles,
recent advancements, and applications in anticancer drug analysis. Key attributes and comparative

performance metrics are summarized in Tables 1-3 to facilitate method selection and evaluation.

2.1. Chromatographic techniques

Chromatographic methods represent a cornerstone in the modern investigation of therapeutically
active compounds, playing an indispensable role in the synthesis, discovery, precise quantification,

and application of agents used in cancer prevention, treatment, and diagnosis. Renowned for their
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identification and measurement of anticancer drugs along with their active and inactive metabolites
across a wide range of biological and environmental matrices. The extensive body of contemporary
literature attests to the versatility and reliability of these techniques, underscoring their critical
importance in pharmacological research, therapeutic drug monitoring, and translational oncology.
As an advanced form of liquid chromatography, high-performance liquid chromatography
(HPLC) is extensively employed for the separation and quantification of specific analytes in
complex biological matrices. Owing to its high accuracy, reproducibility, and exceptional
selectivity, HPLC has become the method of choice for pharmaceutical analysis, including the
determination of drug concentrations in biological fluids. Within anticancer drug
development, reversed-Phase HPLC (RP-HPLC) represents the most widely adopted
chromatographic mode, particularly for analyzing drug compounds and their metabolites in
biological specimens. This preference stems from its compatibility with aqueous and organic
mobile phases, robustness with a variety of detectors, and ability to handle a broad range of analyte
polarities. The detailed analytical parameters and conditions applied in LC technique for anticancer

drug analysis are summarized in Table 1.

2.1.1. HPLC-MS and HPLC-MS/MS

HPLC-MS and its tandem variant HPLC-MS/MS represent pivotal analytical platforms for the
quantification and structural elucidation of pharmaceutical compounds. These techniques integrate
the high-resolution separation capability of HPLC with the molecular specificity and high
sensitivity of mass spectrometry, enabling precise qualitative and quantitative assessment of drugs
and their metabolites. A notable application of HPLC-MS/MS is demonstrated in the determination
of abiraterone and its metabolites specifically 3-keto-5-a-abiraterone and D(4)-abiraterone in
human plasma. Using a triple-quadrupole linear ion trap (Q-Trap) mass analyzer operated in
multiple reaction monitoring (MRM) mode, this method achieves high selectivity and sensitivity

required for reliable pharmacokinetic and bioanalytical studies [27].

Recent methodological advances have enabled more rapid, economical, and high-throughput

pharmacokinetic (PK) studies of anticancer agents. One such development is the integration
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HPLC-MS/MS method was developed for the simultaneous determination of SN38 and irinotecan,
streamlining PK research while maintaining robustness and cost-effectiveness [28]. In another
study, an HPLC-MS/MS method utilizing a triple quadrupole (QqQ) mass spectrometer with
positive ion mode electrospray ionization was established to quantify niraparib and its carboxylic
acid metabolite in both plasma and urine matrices, demonstrating versatility across biological
fluids [28]. Furthermore, a novel HPLC-MS/MS assay employing QqQ-MS with positive
electrospray ionization was validated for the simultaneous quantification of uracil and its
metabolites including a-fluoro-p-ureidopropionic acid, 5,6-dihydrouracil, a-fluoro-p-alanine, 5-
fluoro-5,6-dihydrouracil, and 5-fluorouracil in plasma. This method marked the first reported
simultaneous analysis of this full panel of analytes and offered substantial practical advantages,
including reduced run time, lower labor requirements, and minimized consumption of reagents and

sample volume [29].

The development of rapid, multi-analyte HPLC-MS/MS methods has greatly advanced the field
of therapeutic drug monitoring (TDM) in oncology. One such method achieved a total run time of
only 4.5 minutes, representing a significant reduction in analysis time for a multi-drug detection
platform. This technique is applicable to both whole blood and plasma samples using consistent
chromatographic conditions, sample preparation protocols, and analytical workflows, thereby
simplifying clinical implementation [30]. In a broader application, an HPLC-MS/MS method was
developed for the simultaneous quantification of 11 anticancer drugs: docetaxel, paclitaxel,
pemetrexed, vinorelbine, vinblastine, carboplatin, etoposide, gemcitabine, cyclophosphamide, SN-
38, ifosfamide, and irinotecan. Following rigorous validation, this multiplexed assay was
successfully applied in clinical TDM for cancer patients, demonstrating its utility in personalized
treatment strategies [30]. Further expanding the scope of multi-analyte monitoring, an HPLC-ESI-
MS/MS method was established for the simultaneous determination of several tyrosine kinase
inhibitors and their metabolites in human plasma, including sorafenib, sorafenib N-oxide, N-
desethyl sunitinib, sunitinib, axitinib, and pazopanib—agents commonly used in renal cell
carcinoma. The method exhibited excellent precision, with inter-day and intra-day coefficients of

variation below 10.3% and relative errors within £11.8%. Matrix effects for all analytes ranged
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2.1.2. HPLC-UV/Vis

Following mass spectrometry, UV/Vis detection remains one of the most widely investigated and
applied detection techniques in HPLC-based anticancer drug analysis. While generally offering
lower sensitivity compared to MS detection with typical LODs in the pg mL™ range versus the ng
mL™! range achievable with HPLC-MS—UV/Vis detectors are often favored for their simplicity,
robustness, and cost-effectiveness, making them suitable for routine clinical and quality control
applications [32]. Modern UV detectors are frequently equipped with diode array (DAD) or multi-
wavelength monitoring capabilities, enabling simultaneous detection of multiple analytes at their
respective absorption maxima. For example, a reversed-phase HPLC-UV method was developed
for the simultaneous quantification of epirubicin, cyclophosphamide, and 5-fluorouracil, along
with key metabolites, in human plasma. The method demonstrated recovery rates >93% for 5-
fluorouracil and its metabolites, and >78% for cyclophosphamide and epirubicin. Precision was
excellent, with relative standard deviation (RSD) below 2% in both plasma and aqueous matrix
(pH 4.0), and accuracy exceeded 98% for all analytes. Stability studies revealed that 5-
fluorouracil, 5,6-dihydro-5-fluorouracil, and epirubicin remained stable in agueous solution at 28—
30°C, whereas cyclophosphamide, fluorodeoxyuridine, and fluorouridine showed greater
sensitivity to storage conditions. When drug-spiked plasma was stored at —80°C for 72 hours,
only epirubicin and fluorouridine exhibited statistically significant changes in recovery (p < 0.05).
The method was successfully validated using plasma samples from six patients, confirming its
suitability for clinical monitoring [33]. Additionally, HPLC-UV assays have been routinely
applied to quantify imatinib concentrations in human plasma and serum, supporting therapeutic
drug monitoring in chronic myeloid leukemia patients [34—36]. Although lacking the specificity
of MS, these methods offer a reliable and accessible alternative for laboratories with limited access

to mass spectrometry instrumentation.

2.1.3. HPLC-PDA
HPLC coupled with photodiode array detection (HPLC-PDA, also referred to as HPLC-DAD)

serves as a robust and accessible alternative to mass spectrometry for the quantitative analysis of

9
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the determination of gefitinib in plasma and cerebrospinal fluid (CSF) of non-small-cell lung
cancer patients with brain metastases. Using SPE for plasmaand LLE for CSF, followed by
HPLC-DAD analysis, the method demonstrated high sensitivity with a lower limit of
quantification (LOQ) of 11 ng mL™ in plasma and 0.11 ng mL™* in CSF. Method optimization
revealed that acidification with formic acid enhanced elution efficiency in CSF samples, whereas
increased pH during loading improved purification but reduced elution recovery. The validated
assay was deemed highly sensitive and suitable for therapeutic drug monitoring in neurologically

involved cancer patients [37].

In another advanced application, a fabric-phase sorptive extraction (FPSE) technique combined
with HPLC-DAD was developed for the simultaneous quantification of aromatase inhibitors
exemestane, letrozole, and anastrozole in whole blood, plasma, and urine from patients undergoing
standard therapy. Using propyl-p-hydroxybenzoate as an internal standard, this method offered
a simple, efficient, green, and rugged analytical workflow [38]. Unlike many conventional
methods that rely on protein precipitation (PP) or LLE and often report higher LOQs for
anastrozole, the FPSE-HPLC-DAD approach achieved superior sensitivity. Furthermore, the entire
analysis was completed within 20 minutes, offering a faster or comparable turnaround time relative

to existing procedures.

2.1.4. HPLC-FLD
Fluorescence detection (FLD) coupled with HPLC (HPLC-FLD) is recognized as a highly

sensitive quantitative technique, particularly suitable for the analysis of micro-samples and
compounds with native or derivatized fluorescence [39—41]. Its ability to detect low concentrations
with high specificity makes it valuable in therapeutic drug monitoring and metabolic studies.
HPLC-FLD offers a highly sensitive and accessible analytical platform, particularly advantageous
in settings where mass spectrometry is unavailable or cost-prohibitive. With sensitivity 10-1000
times greater than UV/PDA detection [42], HPLC-FLD enables reliable quantification of
anticancer drugs and metabolites at trace levels, supporting both preclinical and clinical studies.

For instance, an HPLC-FLD method was developed for the quantification of alpelisib in rat

10



Y0..170, dilU TECUVETY Ul YO.1—LUUY0 |49, 44]. DLAUIIILY SLUUIES SHUWEU dIPENSIU [EHIAITNIEU SIAUIE 1Vl
24 hours in urine, plasma, and buffers with pH > 4.0, but degraded within 4 hours under acidic
conditions. Pharmacokinetic evaluation in rats revealed dose-dependent changes in systemic
exposure and gastrointestinal retention across doses from 0.5 to 10 mg kg™?. Similarly, a
simple RP-HPLC-FLD method was validated for ruxolitinib in plasma, demonstrating excellent
precision, accuracy, and recovery with no matrix interference, supporting its use in therapeutic

monitoring for myeloproliferative neoplasms [45].

In another application, HPLC-FLD provided a cost-effective alternative to LC-MS/MS for
simultaneous quantification of tamoxifen and its metabolites (4-hydroxytamoxifen and endoxifen)
in patient plasma, with a rapid run time of 16 minutes, precision of 0.23-6.00% RSD, and accuracy
of 80-100%, all without the need for derivatization [46]. Furthermore, an HPLC-FLD assay was
validated for irinotecan and its active metabolite SN-38 in dried blood spots (DBS), showing good
precision (CV 2.15-10.07% for SN-38, 2.71-5.65% for irinotecan), accuracy (94.24-100.93%),
and stability under storage conditions up to 42°C for two weeks, with strong correlation between
DBS and plasma concentrations [47].

In summary, among contemporary techniques for the quantification of anticancer drugs, LC-MS
and LC-MS/MS have emerged as the gold standard in bioanalysis, offering unparalleled
sensitivity, specificity, and analytical throughput compared to conventional UV- or fluorescence-
based chromatographic methods. These techniques not only simplify sample preparation by
reducing pretreatment complexity and required sample volume, but also when integrated with SPE
significantly mitigate matrix interference, a common limitation of precipitation-based approaches.
While HPLC with fluorescence detection (HPLC-FLD) remains a valuable and economically
viable alternative particularly noted for its wider linear range in certain applications and
accessibility in resource-constrained laboratories—LC-MS/MS excels in multiplexed assays,
delivering faster run times, higher resolution, and superior detectability for simultaneous multi-
drug monitoring. The selection between these platforms should therefore be guided by specific
analytical demands, including required sensitivity, sample throughput, operational cost, and

available laboratory infrastructure.
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Table 1. The summary of studies of chromatography methods on anti-cancer drugs.

Sample ] Run time LOD
Drug Method ] Column Mobile phase ] ,
preparation (min) (ng mL~
Mixing with 2 mL of
. ACE CisHL column
water containing Water:
. HPLC- o (100x4.6 mm, 3 pum; )
Abiraterone formic acid 0.25% . . . Ammonium 10 --
MS/MS Canadian Life Science,
(v/v) and 25 pL of formate: Methanol
. ON, Canada)
internal standard
Ammonium
acetate in water:
Mixing with 300 pL . ) .
] ] HPLC- SunFire Cis column (50 0.1% formic acid
Niraparib ACN-MeOH (50:50, / o 7 --
MS/MS ) mmx2.1 mm, 5 pm) in acetonitrile:
viv
Methanol (50:50,
viv)
Paclitaxel, Docetaxel,
Vinblastine, o
. . Acetonitrile and
Vinorelbine,
Transferred to 1.5 mL 10 mM
Pemetrexed, ) .
) ) HPLC- Eppendorf tubes and Atlantis T3-Cis column ammonium
Carboplatin, Etoposide, ) 10 0.5-50.0
. MS/MS stored at —80 °C until (2.1 x 100 mm, 3.0 um) acetate plus 0.1%
Cyclophosphamide, ) o
. analysis formic acid in
Ifosfamide,
o water
Gemcitabine,
Irinotecan, SN-38
Sorafenib
Sorafenib N-oxide o . Inertsil ODS-3 (100%x2.1 Acetonitrile: 42,37,
o HPLC- Deproteination with .
Sunitinib N-desethyl . mm, 2 pum; GL Sciences, Ammonium 16,24, --
o MS/MS acetonitrile
Sunitinib Tokyo, Japan) formate 1.3,2.2,3.0
Axitinib
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Pazopanib

5-Fluorouracil,

Cis column (4.6 mm 1. D,

10.51,

o HPLC-  Filtered through 0.22 n Water: methanol: 2.0,30.0
Epirubicin, o 150 mm length, 5 pum; o 40.248,
. uv spin filter Acetonitrile 200.0
Cyclophosphamide USA) 60.31
Plasma was basified
with 0.1 mL of sodium
hydroxide (2 M) and
extracted with 2 mL of
methyltert-butylether
(MTBE)
The cerebrospinal Zorbax Elipse XDB Cis (5 . .
o HPLC- . . Triethylamine:
Gefitinib fluid transferredtoa  um, 4.6x150 mm, Agilent, o 10 --
DAD i Acetonitrile
pre-conditioned SPE USA)
cartridge, washed with
3 mL of 20% methanol
aqueous solution, and
eluted with 6 mL of
5% formic acid in
methanol solution
Anastrozole, Luna Cis (250x4.6 pm, 5 Phosphate buffer
HPLC- 2-, 10, ani
Letrozole, DAD Based on LLE um; Phenomenex, (40 mM pH=3.5: 15 20
Exemestane Torrance, CA, USA) acetonitrile
CAPCELL PAK C18
Vortex mixer for 5 ]
. . MGIII HPLC column Potassium
. HPLC- min and centrifuged at
Alpelisib . (250%4.6 mm, 5 pm, 100 phosphate: 12 0.3
FLD 13000 rpm for 10 min L .
A; Shiseido, Tokyo, Acetonitrile

at4°C

Japan)
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SPE followed by PP

Synergi Hydro-RP 80A

Phosphate buffer

o HPLC- o atpH =4.1and
Epirubicin with different column (150x4.6 mm, 4 o 8 0.25
FLD o acetonitrile
deproteinizing agents um); Torrance, USA
(69:31, viv)
Dissolving in dimethyl Water:
. RP- sulfoxide at 5 mg/mL, Waters Symmetry Cis Acetonitrile at pH
Ruxolitinib o 5 0.05
HPLC-FL  then diluting in 100% (4.6x75 mm, 3.5 um) =4.8and (67:33,
methanol vIv)
Based on LLE with
Tamoxifen, hexane-isobutanol Cis (Zorbax Eclipse plus Acetonitrile-
) HPLC- . 0.17,0.3¢
Endoxifen, (68:32, v/v), and 100x4.6mm i.d.; 5 pm KH2PO4 (pH = 16
. FLD . o . and 0.32
4-hydroxytamoxifen adding acetonitrile and Agilent, USA) 3.0; 38:62, v/v)
K3PO4
DBS disk transferred
Phosphate buffer
. to a polypropylene .
Irinotecan HPLC- ) Eclipse Plus Cs (150x4.6 (pH=4.0 and
microtube and added . 17 --
SN-38 FLD mm, 5 pm) acetonitrile
with 350 pL of
80:20, v/v)

extraction solution
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novel trends are underway to TInd natural alternative chemotherapeutic agents, e.g., Terulic acid
(FA), as natural substances featuring low toxicity. A tumor-targeting agent radiolabeled using *3!I-
on ferulic acid through the electrophilic substitution reactions via chloramin-T was investigated.
Given the application of iodinated radiopharmaceuticals daily, the use of the short-lived *?3I, rapid,
easy-to-perform, and simple radiochemical quality control process, it is advantageous to use
miniaturized chromatography. Subsequently, the radiochemical purity (RCP) was appraised using
a variety of analytical methods, such as thin-layer chromatography (TLC), paper chromatography
(PC), paper electrophoresis (PE), HPLC, and instant TLC (ITLC), and was generalized to the
application of mini-TLC, mini-column chromatography (silica, Sephadex-G25), and miniaturized
PC (mini-PC). The 3!I-FA radiolabeling yield was equal to 96.23 + 0.45%, and these systems
indicated great effectiveness in the radiochemical purity estimation, which is comparable to the
traditional techniques characterized by accurate, specific, linear, and precise specifications [48].

2.3. Spectroscopic techniques

Spectroscopic techniques provide rapid, sensitive, and often label-free alternatives to conventional
chromatography for monitoring anticancer drugs in both clinical and environmental contexts.
Within this domain, surface-enhanced Raman spectroscopy (SERS) has gained prominence as a
transformative tool for therapeutic drug monitoring (TDM). Recognized for its non-destructive
nature, exceptional signal enhancement (typically >10*-fold), and compatibility with label-free,
on-chip biosensing [49], SERS offers a sensitive, fast, and cost-effective platform for detecting
trace analytes in biological fluids [50]. These characteristics position SERS as a practical and
resource-efficient alternative to more complex chromatographic approaches. SERS has been
successfully applied to the detection of several key anticancer agents. For instance, methotrexate,
a pyrimidine-based antifolate, has been detected using copper-based SERS substrates (CRSC)
[51]. Similarly, capecitabine, another pyrimidine derivative, spontaneously adsorbs onto chloride-
capped silver nanoparticles (Ag NPs), enabling its sensitive identification [52]. The potent
cytotoxic agent irinotecan, used in metastatic colorectal cancer, has been analyzed using both
chloride-capped Ag NPs and citrate-capped gold (Au) NPs [53, 54]. Furthermore, the

15
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significant advancement in SERS substrate design involves the use of hybrid nanomaterials to
improve sensitivity and reduce matrix interference. Graphene oxide (GO)-supported Au NPs
(Au@GO) have been employed as enhanced substrates for
detecting cyclophosphamide and paclitaxel. Using crystal violet as an internal probe, the Au@GO
hybrid demonstrated a SERS response twice as strong at 10~® M compared to pure Au colloids at
10™* M. Modification of these substrates with L-cysteine further reduced nonspecific protein
adsorption, thereby improving selectivity in complex biological matrices (Fig. 2) [56]. This
functionalized Au@GO platform enabled the detection of the non-aromatic drug

cyclophosphamide at concentrations as low as 5 nM.

Compared to conventional chromatographic techniques, SERS offers distinct practical advantages,
including reduced consumption of reagents and solvents, lower operational costs, faster analysis
times, and less demand for highly specialized operator training. These features, combined with its
high sensitivity and molecular specificity, position SERS as a promising tool for the decentralized

and real-time monitoring of anticancer drugs in clinical and point-of-care settings.

d‘p ? g Qﬁ“ e %@

Analytes

v G

L-cysteine

/ ~ J\- Pl ® . . ~
——— J ¥
/ ;:\ SAuNPs on LbL Hybrid SERS substrate: Avoiding
/ fouling by serum protein for enhancing SERS analytes
detection

Hierarchical L-cysteine coating on SAuNPs

Fig. 2. Schematic representation of the modification of AUNP SERS-substrate with a zwitterionic L-cysteine SAM,

serving as an anti-fouling brush. Reprinted from Ref. [56] with permission from ACS.
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integration of complex analytical processes into portable, efficient systems [57]. Concurrently,
advancements in nanotechnology have facilitated the design of novel colloidal aggregates with
tailored morphologies and long-term stability. These engineered NPs exhibit intrinsic SERS
activity without the need for external aggregation, enhancing reproducibility and simplifying
substrate preparation [58]. The convergence of these fields has led to the development of integrated
SERS-microfluidic chips. One such platform was designed to generate controllable aqueous
micro-droplets within an oil phase, enabling the detection of 6-thioguanine in human serum [59].
The droplet-based microfluidic approach creates isolated, stable micro-environments that confine
both the drug molecules and SERS-active colloids, significantly improving signal homogeneity
and analytical repeatability. This integrated system not only enhances detection reliability but also
aligns with the broader trend toward point-of-care diagnostics and high-throughput screening in

personalized oncology.

Similarly, fluorescence-based sensing provides highly sensitive, selective, and rapid optical
detection of drugs through mechanisms such as photoinduced electron transfer (PET) and inner
filter effects (IFE). Fluorescent probe-based sensors utilize the interaction between immobilized
fluorescent markers and an evanescent field to generate a measurable optical signal, where
fluorescence intensity correlates directly with target analyte concentration. Among fluorescent
probes, metal nanoclusters (NCs) are particularly advantageous due to their high luminescence
intensity, stability, and selectivity, making them ideal for the sensitive detection of anticancer
drugs [60,61]. A fluorescent sensor was developed using carboxylated chitosan (CC) and
dithiothreitol (DTT)-stabilized Au NCs (CC/DTT-AuNCs) for the determination of doxorubicin.
The negatively charged CC/DTT-AuUNCs interact electrostatically with positively charged
doxorubicin, facilitating strong binding between the probe and the analyte. Upon photoexcitation,
CC/DTT-AuUNCs emit fluorescence, which is quenched via photoinduced electron transfer
(PET) from the NCs to doxorubicin. This electron transfer results in the formation of two —OH
groups on the doxorubicin molecule, accompanied by a significant decrease in its absorbance band
between 400-600 nm following irradiation with 302 nm UV light for 30 minutes. The complete

PET-mediated quenching mechanism between CC/DTT-AuNCs and doxorubicin is illustrated
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conventional electrochemical and chromatographic techniques, with potential for integration into

miniaturized and point-of-care diagnostic systems.
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Fig. 3. Electron transfer from the excited state of a CC/DTT-AuNC to doxorubicin results in the suppression of the
fluorescence of the CC/DTT-AuUNC and the reduction of doxorubicin. Reprinted from Ref. [62] with permission from

Elsevier.

Bimetallic NCs have garnered significant interest due to their enhanced physicochemical
properties compared to single-metal counterparts, including superior fluorescence intensity,
stability, and quantum yield, resulting from synergistic electronic and structural interactions [63].
A fluorescent probe composed of Au/Ag bimetallic NCs templated on L-tryptophan (L-
Trp@AUAgNCs) was synthesized via a one-pot method. Compared to single-metal L-
Trp@AUNCs, the bimetallic system exhibited a fivefold enhancement in fluorescence intensity,
photostability, and quantum yield, making it a highly sensitive optical platform for drug detection.
The  fluorescence of L-Trp@AUAgNCs was quenched by the anticancer
drugs methotrexate and doxorubicin through an inner filter effect (IFE), where absorption of
excitation or emission light by the drug reduces the observed fluorescence. The sensor
demonstrated linear responses over concentration ranges of 2.5-150 uM for both drugs, with
impressive LOD of 2.5 nM for methotrexate and 3 nM for doxorubicin. Recovery studies in spiked
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Bimetallic NCs-based fluorescent probes provide enhanced brightness, stability, and sensitivity
compared to monometallic clusters, enabling low detection limits and a wide linear dynamic range.
Their tunable surface chemistry allows for selective, multiplexed detection of anticancer drugs in
biological fluids, supporting real-time, label-free analysis. By integrating nanomaterial
engineering with fluorescence spectroscopy, these probes offer a rapid, sensitive platform for

therapeutic drug monitoring suitable for point-of-care and personalized oncology applications.

2.4. Electrophoretic methods

Electrophoretic techniques, particularly capillary electrophoresis (CE) and its advanced
modalities, have emerged as powerful tools in the bioanalysis of anticancer drugs. These methods
exploit differences in electrophoretic mobility of charged species under an applied electric field,
offering exceptional resolution for ionic and polar compounds, which are often challenging to
separate using reversed-phase chromatographic approaches (Fig. 4). CE provides distinct
advantages including high separation efficiency, minimal consumption of samples and solvents,
rapid analysis times, and compatibility with various detection systems such as UV, fluorescence,

and MS spectrometry.

To address the inherent sensitivity limitations due to small injection volumes, on-line
preconcentration strategies like field-amplified sample stacking and transient isotachophoresis have been
successfully integrated, enabling detection limits comparable to those of LC-MS in some
applications. Furthermore, the development of tailored background electrolytes—incorporating ionic
liquids, cyclodextrins, or polymeric additives has improved selectivity for structurally similar
anticancer drugs and their metabolites. In clinical contexts, CE has been effectively applied to
monitor a range of chemotherapeutic agents, including platin-based drugs, anthracyclines, and tyrosine
kinase inhibitors, in biological matrices such as plasma, urine, and intracellular fluid. The
technique’s ability to directly inject minimally processed biological samples reduces pretreatment
time and minimizes analyte loss. Recent innovations also include the coupling of CE
with microfluidic and chip-based platforms, enhancing throughput and facilitating point-of-care

therapeutic drug monitoring. Despite these advances, challenges remain in standardizing methods
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solidify the role of electrophoretic techniques in personalized oncology and precision medicine
[18].
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Fig. 4. Schematic representation of a capillary electrophoresis system.

In the context of developing green CE methods for pharmaceuticals, the work of El-Yazbi et al.
[65] serves as a key example. They reported the first capillary zone electrophoretic (CZE) method
for the direct determination of the anticancer drug tigecycline in infusion bags, achieving rapid
separation (~5.9 min) using a phosphate buffer (pH 2.0) with minimal solvent consumption. Also,
a CZE method was developed for the simultaneous separation of carboplatin and temozolomide.
Using an acetate buffer (pH 3.6, 20 kV), the method achieved excellent separation with wide linear
ranges (10-240 and 5-100 ug mL™) and low detection limits (2.5 and 1.3 ug mL™1). This validated,
green approach provides a rapid and sensitive alternative for quality control of this anticancer

combination [66].

Micellar electrokinetic chromatography (MEKC) is a versatile CE mode that enhances the
separation of both charged and neutral analytes through the incorporation of surfactant micelles
into the background electrolyte. When surfactant concentration exceeds the critical micelle
concentration (CMC), micelles form with a hydrophilic exterior and hydrophobic core. In a typical
anionic surfactant system such as sodium dodecyl sulfate (SDS), micelles acquire a net negative

charge and migrate toward the anode, while the electroosmotic flow (EOF) drives the bulk solution
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remain unresolved. MEKC has been effectively applied to the analysis of anticancer drugs and
metabolites. For example, a stacking injection-MEKC-DAD (SIM-MEKC-DAD) method was
developed for the simultaneous determination of 5-fluorouracil and 5-fluoro-2'-deoxyuridine in
human plasma [67]. The method offered a 45-fold improvement in LOD compared to conventional
HPLC-DAD, achieving detection limits between 5 and 250 ng mL™1. This approach not only
provides enhanced sensitivity but also benefits from operational simplicity, reduced organic
solvent consumption, and shorter analysis times. Further extending the utility of electrophoretic
techniques, hybrid methods such as field-amplified sample injection coupled with hollow fiber-
liquid phase microextraction and CE-DAD (FASI-HF-LPME-CE-DAD) have been developed to
improve preconcentration and matrix clean-up [68], offering a cost-effective alternative to more
expensive LC-MS/MS platforms [69]. In another application, an MEKC-UV method was
validated for the quantification of sodium 2-mercaptoethanesulfonate (MESNA) in human plasma
using 2-chloro-1-methyl-lepidinium tetrafluoroborate as a derivatizing agent. The method
achieved an LOQ of 0.5 umol L™, with intra-day accuracy of 97.2-110.0% and inter-day accuracy
of 94.0-101.2%, demonstrating its suitability for clinical monitoring [70]. MEKC thus represents
a green, efficient, and sensitive analytical platform well-suited for the bioanalysis of polar and
ionic anticancer drugs, particularly in laboratories seeking to balance performance with cost and

operational simplicity.

Microemulsion electrokinetic chromatography (MEEKC) employs oil-in-water microemulsions as
a pseudostationary phase to enhance the separation of both hydrophilic and hydrophobic analytes.
However, when coupled with UV detection, MEEKC often suffers from limited sensitivity due to
the short optical path length of the capillary and small injection volumes. To address this, online
preconcentration strategies such as field-amplified sample injection (FASI) are frequently
employed to improve detection limits. In one application, MEEKC-FASI was used for the analysis
of fluorouracil in spiked urine and serum samples. The method utilized a microemulsion
containing 10 mM SDS as the pseudo-stationary phase, with sample stacking performed at 10 kV
for 6 seconds. This approach enhanced mass transfer and separation efficiency, achieving baseline

separation and LOD of 0.68 ug mL™* within a 12-minute run time using DAD detection at 200 nm.
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detection [72].

On the other hand, non-aqueous capillary electrophoresis (NACE) employs organic solvents as the
separation medium, offering distinct advantages for analyzing poorly water-soluble compounds
and reducing undesired interactions with capillary walls. While traditional aqueous CE is valued
for its simplicity, speed, and efficiency, it can be limited by matrix interference, poor
reproducibility, and low UV sensitivity for weakly absorbing analytes. NACE circumvents many
of these issues by enabling better solubility of hydrophobic drugs, enhancing selectivity, and
improving compatibility with mass spectrometric detection due to easier solvent evaporation. The
technique has been further advanced through integration with various detection systems (Table 2)
and the development of automated multi-capillary devices and cost-effective commercial Kits,
which have collectively expanded its utility in clinical and research laboratories [18, 70, 73]. When
applied to anticancer drug analysis, NACE facilitates the separation of hydrophobic
chemotherapeutic agents and their metabolites with high resolution and reproducibility, making it
a versatile complement to aqueous CE and chromatographic methods in modern bioanalytical

workflows.
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Table 2. Overview of Capillary Electrophoresis (CE) modes for the quantitative analysis of anticancer drugs.

) Capillary Length Time LOD
Drug Method Sample preparation BGE .
(ID/Tot/Eff) (cm) (min) (ng mLY)
1 mg/mL of Tygacil® 0.5 M NaOH with
Tigecycline CZE vial (50 mg) in 50 mL 50 pm i.d. phosphate buffer 60 980
5% dextrose pH 2.0
0.1 M sodium
Carboplatin CZE-HPLC- hydroxide and Acetate buffer pH - 2500
Temozolamide uv deionized water for 5 3.6 1300
min and 2 min
) 45 mM phosphate
L LLE by 30 pl sodium
5-Fluorouridine and 50 mM SDS
SIM-MEKC- acetate (1 M, pH 5.3), ] . 0.14
5-Fluoro-2'- . 65.0x50.0 pm i.d. (pH 8, adjusted 15
o DAD 0.3 ml sodium sulfate . 0.11
deoxyuridine with 2 M of
and 5.4 ml ethyl acetate
NaOH)
Dissolvation in Tris (2- 0.03mol Lt pH 7
carboxyethyl) phosphate buffer
MEKC- phosphine, Filtered with the addition )
MENSA . 41.5 cm (75 pmi.d.) 25 0.3 pmol L™
UV/Vis through of 0.01 mol L
polyethersulfone SDS, and 10%
membrane ACN
10mM SDS, 0.6%
PP with MeOH (1:1) (v/v) 1-butanol,
. MEEKC- (v/v) and dilution with 50 mm i.d. and 0.5% (v/v) ethyl
Fluorouracil ) 12 680
FASI-DAD 10Mm sodium 63/54.5 acetate and 98.9%

tetraborate (10 folds)

(v/v) borate buffer
(10 mM: pH 9)




platforms for the detection and quantification of anticancer drugs across a wide concentration
range. Methods such as cyclic voltammetry (CV), linear sweep voltammetry (LSV), differential
pulse voltammetry (DPV), and square-wave voltammetry (SWV) are commonly employed, with
CV being particularly valuable for characterizing redox behavior and reaction mechanisms. These
techniques leverage the electrochemical activity of drug molecules, offering high selectivity and
sensitivity without the need for extensive sample preparation or expensive instrumentation. The
performance of electrochemical sensors is heavily influenced by the choice of electrode material
and modification strategies. Conventional electrodes made from carbon, Au, Pt, and glassy carbon
provide a foundational platform, but recent advances have focused on enhancing sensitivity,
catalytic activity, and biocompatibility through nanomaterial integration. Materials such as carbon
nanotubes (CNTSs), conductive polymers, metal NPs (e.g., Au, Ag, Pt), graphene, and quantum
dots have been widely utilized to modify electrode surfaces. These nanomaterials improve
electrical conductivity, increase active surface area, facilitate electron transfer kinetics, and in

some cases, impart selective recognition through functionalization [74].

The combination of electrochemical methods with nanomaterial-based sensors enables the
detection of anticancer drugs at clinically relevant levels in complex biological matrices such as
blood, plasma, and urine. Moreover, the inherent portability and potential for miniaturization of
electrochemical systems align well with the growing demand for point-of-care diagnostic devices
and real-time therapeutic drug monitoring in oncology. Future developments in this field are likely
to focus on multiplexed sensor arrays, wearable electrochemical platforms, and integration with
wireless data transmission, further advancing personalized medicine through decentralized,

accessible, and continuous drug monitoring.
2.5.1. Carbon-based electrodes

Carbon-based electrodes are widely employed in electrochemical sensing due to their favorable
electrical conductivity, chemical stability, broad potential window, and cost-effectiveness.
Commonly used configurations include glassy carbon electrodes (GCE), carbon paste electrodes
(CPE), pencil graphite electrodes (PGE), carbon fiber electrodes, and carbon composite electrodes.

Among these, GCE is often regarded as the most suitable platform for electrochemical drug
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modification to enhance analytical performance. To overcome these limitations, researchers have
developed various nanomaterial-modified GCEs that significantly improve sensitivity, selectivity,
and response time. For instance, a sea-urchin-like cobalt oxide (SC-Co03;0,) modified GCE was
developed for the determination of ruxolitinib using adsorptive stripping differential pulse
voltammetry (AdSDPV). Compared to modifiers such as AuNPs, reduced graphene oxide (rGO),
graphene quantum dots (GQD), and multi-walled carbon nanotubes (MWCNT), the SC-
Co30,/GCE sensor exhibited superior sensitivity, reproducibility, and rapid response. The method
achieved LOD of 6.73 nM with a linear range of 0.08-20 uM, demonstrating high precision and

accuracy suitable for therapeutic drug monitoring [75].

In another study, ZrO,/rGO nanocomposite was synthesized via a one-pot hydrothermal method
and deposited on GCE to fabricate a sensor for regorafenib. The ZrO, NPs (=7 nm) were uniformly
dispersed on rGO sheets, providing enhanced electrocatalytic activity. The ZrO,/rGO/GCE sensor
exhibited high selectivity even in the presence of common interferents such as ascorbic acid and
uric acid, with a linear detection range of 11-343 nM and LOD/LOQ values of 17 nM and 59 nM,
respectively (Fig. 5). Notably, these detection limits surpass those reported for HPLC (LOQ = 10

ng mL™1), while the sensor also offers advantages in cost, simplicity, and analysis speed [76, 77].
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Fig. 5. The sensitive ZrO,/rGO/GCE electrochemical sensor for the quantification of regorafenib. Reprinted from
Ref. [77] with permission from ACS.

Electrochemical sensors are widely recognized for their reliability, sensitivity, and high stability,
demonstrating robustness against variations in material composition, background noise,
morphological changes, and environmental conditions. A notable advancement in this field is the
development of a ratiometric electrochemical sensor based on a TisC,Tx-MXene nanocomposite-
modified GCE, which incorporates MWCNTS to enhance electrical conductivity and methylene
blue (MB) as an internal reference for signal normalization (Fig. 6). Using CV and AdSDPV, this
sensor demonstrated excellent electrocatalytic activity toward mitoxantrone in complex biological
matrices such as serum and urine. The linear detection range spanned from 3.0 nM to 11.0 uM,
with an exceptionally low LOD of 79.15 pM. The sensor exhibited a rapid response time of
under 120 seconds and maintained strong anti-interference performance against various coexisting
compounds. Furthermore, the strong adsorption of MB onto the MXene surface ensured long-term

stability, with no significant deterioration in sensitivity observed after one month of storage.

Despite these advantages, GCE-based sensors are often hindered by practical limitations such as
complex handling, susceptibility to electrode fouling, and demanding cleaning protocols, making

them less suitable for field applications. To overcome these challenges, a portable paper-based
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hydrophilicity, compact size, and disposability. Comparative studies between the GCE-modified
and paper-based sensors confirmed that the paper platform performs comparably in detecting
mitoxantrone in serum and urine samples, with the added advantages of ease of use, cost-
effectiveness, and suitability for resource-limited or point-of-care settings. The straightforward
development process, financial feasibility, and ability to analyze a wide range of biological
samples make paper-based electrochemical sensors particularly valuable for emergency

departments and regions with limited analytical resources [78].

MIT
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MB/Ti,C,T/MWCNTs/GCE

Fig. 6. MB/TisC, T/MWCNTs/GCE fabrication scheme for the quantification of mitoxantrone by ratiometric and

non-ratiometric approaches. Reprinted from Ref. [78] with permission from Elsevier.

Beyond GCEs, pencil graphite electrodes (PGEs) and carbon paste electrodes (CPEs) offer
practical, cost-effective alternatives with distinct advantages for electrochemical detection. PGEs
are characterized by their wide availability, chemical inertness, mechanical hardness, low cost, and
ease of surface modification. Similar to conventional metal electrodes, PGEs can be functionalized
with nanomaterials, electroactive polymers, and other modifiers to enhance selectivity, sensitivity,

and disposability. A promising modification approach involves the hybridization of conducting
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rGO was developed for the detection of didanosine in pharmaceutical samples. Using differential
pulse voltammetry (DPV), the oxidation currents of guanine and adenine decreased upon
interaction with didanosine immobilized on ds-DNA/PGE/PPy/rGO. The sensor exhibited a
dynamic range of 0.02-50.0 uM and a low LOD of 8.0 nM, outperforming UV/Vis (1.5 uM), CV
(0.001 uM), and UPLC-MS/MS (0.04 uM) methods [81].

CPEs are widely used due to their broad potential window, simple preparation, affordability, and
facile modification. However, unmodified CPEs often suffer from limited selectivity, sensitivity,
and slow electron transfer kinetics. These limitations can be overcome through incorporation of
nanomaterials, inorganic compounds, or polymeric layers. In one study, a ferrocene (FC) and
MWCNT-modified CPE (FC/MWCNTS/CPE) was constructed for the analysis of flutamide in
serum, plasma, and urine. Electrochemical impedance spectroscopy confirmed that this modified
electrode exhibited the lowest charge transfer resistance (Rct) compared to MWCNTSs/CPE and
bare CPE, indicating enhanced conductivity. The FC/MWCNTSs/CPE sensor offered a low LOD,
wide linear dynamic range, high reproducibility, and excellent sensitivity, surpassing previously
reported methods [82-84]. Importantly, the sensor required no pretreatment, simplifying the

analytical workflow.

Further enhancements have been achieved through the integration of multi-component
nanocomposites. For instance, a Fe;0,@MoS,/rGO/ionic liquid-modified CPE
(FesO0,@MoS,/rGO/IL/CPE) was developed for the simultaneous detection of dasatinib and
doxorubicin using sensitive DPV. Under optimized conditions, the sensor demonstrated excellent
sensitivity and selectivity across a concentration range of 0.02-390.0 uM, with an LOD of 6.0 nM
for dasatinib. Two well-resolved oxidation peaks were observed with a peak separation of 0.38 V.
Compared to previously reported electrodes, such as Fe;0,-SWCNT/IL paste electrodes, this
sensor provided a ~8.6-fold improvement in sensitivity. Additionally, it significantly lowered the
LOD relative to other modified electrodes, including AUNPs/rGO/ds-DNA/GCE (0.009 uM) and
ZnO NPs/IL/CPE (0.5 uM), underscoring its enhanced performance for anticancer drug detection
[85-88].
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excellent conductivity, chemical stability, and catalytic properties. Gold electrodes, in particular,
are commonly functionalized via thiol-based self-assembly to create stable interfaces for
biosensing applications. This approach often involves the immobilization of antibodies or other
biorecognition elements through the thiol (-SH) groups, enabling the development of highly
specific immunosensors. A novel surface modification strategy employing diazonium salt
chemistry was used to develop an electrochemical immunosensor for methotrexate detection.
Instead of relying on traditional redox probes such as Fe(CN)¢®’*, the sensor
utilized electrochemical immittance spectroscopy (EIS) to directly monitor immunocomplex
formation without the need for a redox mediator. Following optimization and stabilization, the
sensor was successfully applied to the analysis of methotrexate in human blood serum,
demonstrating its potential for clinical therapeutic drug monitoring [89]. The integration
of bimetallic nanocomposites with graphene derivatives has been shown to significantly enhance

electrocatalytic activity and electron transfer kinetics [90,91].

A notable example is the development of a highly sensitive sensor based on a Au/Pd@rGO@p(L-
Cys) modified pencil graphite electrode (PGE) for the simultaneous determination of ifosfamide
and etoposide. The sensor exhibited wide linear ranges of 0.10-90.0 uM for ifosfamide and 0.01—
40.0 uM for etoposide, with impressively low detection limits of 9.210 nM and 0.718 nM,
respectively. The sensing mechanism relies on the covalent immobilization of the target drugs
via cysteine linkers on the Au surface. The —SH and amino (—NH;) groups of cysteine facilitate
hydrogen bonding with oxygen-containing functional groups on rGO, while also promoting
dehydration through interaction with hydroxyl (-OH) groups. This design not only enhances
binding affinity but also improves interfacial electron transfer. The Au/Pd@rGO@p(L-Cys) PGE
sensor demonstrated excellent repeatability, reproducibility, and long-term stability, and was
successfully applied to the detection of both drugs in complex biological matrices such as serum,
urine, and pharmaceutical injection solutions [92].
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electrochemical sensing, particularly for the detection of anticancer drugs. Researchers are
increasingly focused on fabricating nanocomposite materials that exhibit enhanced properties such
as superior electrocatalytic activity, excellent electrical conductivity, high surface area, and
improved chemical, thermal, and mechanical stability. These attributes make nanocomposites
ideal for constructing highly sensitive, selective, and durable electrochemical sensors [93,94]. Key
nanomaterials used in electrode fabrication include metal and metal oxide NPs such as Au, Pd, Pt,
ZnO, NiO, and CuO, which offer favorable electrochemical behavior and stability across a wide
pH range [95,96]. In parallel, CNTs are widely employed due to their exceptional conductivity and
nanoscale structure, which facilitate rapid electron transfer [97]. By integrating these materials
into hybrid nanocomposites, synergistic effects can be achieved, resulting in sensors with
significantly improved performance.

Nanomaterials have also gained considerable attention in the design of DNA-based
electrochemical biosensors, which provide a rapid, cost-effective, and sensitive platform for
applications ranging from gene sequencing and molecular diagnostics to drug monitoring and
forensic analysis [98-101]. For example, a DNA biosensor for chlorambucil was constructed using
a PGE modified with PPy, NiCo0,0,, and Pt NPs. This sensor, depicted in Fig. 7, demonstrated a
linear response over 0.018-200 uM and LOD of 4.0 nM. The sensing mechanism involves
chlorambucil binding to the minor groove of DNA through n—c interactions and hydrogen
bonding, illustrating the ability of nanomaterial-enhanced platforms to probe specific molecular
interactions [100]. In another study, a DNA biosensor was developed using a GCE modified with
Pt-Pd-ZnO/SWCNTs nanocomposite for the detection of idarubicin. The sensor operates based
on the intercalation of idarubicin into the guanine bases of immobilized double-stranded DNA (ds-
DNA), enabling sensitive detection across a concentration range of 1.0 nM to 65 uM with recovery
rates of 98.0-104.75% [102].

These examples underscore the potential of nanomaterial-modified electrodes to deliver high
sensitivity, wide dynamic range, and reliable performance in complex biological matrices. Such
advances pave the way for the next generation of electrochemical biosensors, supporting

applications in therapeutic drug monitoring, personalized medicine, and point-of-care diagnostics.
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Fig. 7. The development of the DNA biosensor for chlorambucil determination. Reprinted from Ref. [100] with

permission from RSC.

The emergence of GO nanoribbons (GONRs) has introduced a highly active nanomaterial with
superior electrochemical properties compared to traditional graphene nanosheets and carbon
nanotubes, primarily due to their abundant edge defect sites and enhanced chemical reactivity
[102]. This has accelerated their application in the fabrication of sensitive electrochemical sensors.

A prominent example is the NiCo-BTC MOFs/N-GONRs/GCE sensor, which synergistically
combines the high conductivity and electrocatalytic activity of nitrogen-doped GONRs (N-
GONRs) with the large surface area of bimetallic metal-organic frameworks (NiCo-BTC MOFs).
The sensor was constructed through a multi-step synthesis: first, MWCNTSs were longitudinally
unzipped to form GONRs; these were then hydrothermally reduced with urea to produce N-

GONRs, which were subsequently drop-cast onto a GCE. Finally, NiCo-layered double
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shifted to a lower potential with increased current intensity compared to the NiCo-BTC
MOFs/GCE, attributed to improved conductivity and electron transfer facilitated by N-GONRs.
This enabled the sensor to detect doxorubicin at nanomolar concentrations in biological fluids such

as serum and urine, demonstrating its suitability for therapeutic drug monitoring [103].

In a parallel development, a hierarchical g-C;N,@V,05s nanocomposite was synthesized via a
sonochemical method and deposited onto a screen-printed carbon electrode (SPCE) for
methotrexate detection (Fig. 8). The modified V,0s@g-CsN4/SPCE sensor exhibited sharp
voltammetric peaks, a broad linear range (0.025-273.15 uM), and high sensitivity (7.122 pA pM™
cm~2) when analyzed by differential pulse voltammetry (DPV). It also showed a stronger current
response to methotrexate compared to bare SPCE, V,05/SPCE, and g-CsN,/SPCE, confirming
the synergistic effect of the hybrid structure. The sensor was successfully applied to the analysis
of methotrexate in both pharmaceutical formulations and blood serum, highlighting its practical

utility in clinical diagnostics [104].

Collectively, these studies underscore the potential of advanced nanomaterials such as GONRSs,
MOFs, and hybrid nanocomposites to enhance the sensitivity, selectivity, and speed of
electrochemical sensors for anticancer drug detection, supporting the progression toward

personalized and point-of-care medical solutions.
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anticancer drugs, with the majority of reported applications focusing on commercial
pharmaceutical formulations, human urine, and serum samples (Table 3). These methods offer
distinct advantages in terms of cost-effectiveness, rapid analysis, and suitability for point-of-care
use. However, the field remains largely anchored in the analysis of relatively accessible matrices,
with a pronounced gap in applications involving more complex, low-volume, or tissue-based
samples. A critical limitation of many current studies is their reliance on spiked samples rather
than real patient-derived matrices, which may not fully capture the complexity of clinical
specimens, including variable protein content, metabolite interference, and heterogeneous drug-
binding profiles. A significant and necessary evolution lies in the development of multiplexed
detection platforms. Most existing sensors are designed for single-analyte detection, which does
not reflect the combinatorial nature of modern cancer therapy, where patients often receive multi-

drug regimens.

The concurrent electrochemical detection of several anticancer agents and their metabolites
remains a substantial technical challenge but is essential for comprehensive TDM. Advances
in microfabrication, array-based electrode design, and data deconvolution algorithms are critical
to achieving this goal. The functionalization of carbon-based electrodes (e.g., GCE, PGE, CPE)
with nanomaterials, conductive polymers, and molecularly imprinted polymers has undeniably
driven improvements in sensitivity, often yielding significantly lowered LOD. However, a critical
perspective must be maintained: improved LOD in buffer or spiked samples does not automatically
translate to clinical utility. Key challenges persist, including: a) Fouling and stability: Electrode
surfaces are susceptible to fouling by proteins and lipids in biological fluids, degrading
performance over time. b) Reproducibility and standardization: The manual modification of
electrodes often leads to batch-to-batch variability, hindering the transfer of methods from research
labs to clinical settings. c) Selectivity in ultra-complex matrices: While functionalization improves
selectivity, cross-reactivity with structurally similar endogenous compounds or co-administered

drugs remains a potential source of error.
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interfaces (e.g., fully integrated screen-printed strips) to move beyond laboratory-based three-
electrode cells. 3) Embracing green electrochemistry by developing sustainable nanomaterials and
minimizing toxic reagents in sensor fabrication and operation. 4) Integrating electrochemical
sensors with microfluidics and wearable formats to enable continuous, non-invasive monitoring,

which could revolutionize personalized dosing.

In conclusion, while electrochemical sensing holds immense promise for decentralizing anticancer
drug monitoring, its journey from a promising analytical technique to a mainstream clinical tool
requires a concerted shift in focus—from merely demonstrating low LODs in idealized conditions
to solving the practical challenges of accuracy, reliability, and usability in the real-world clinical
environment. The synergy of materials science, engineering, and clinical oncology will be

paramount in realizing this potential.
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Ruxolitinib AdSDPV GCE SC-C030, 6.73nM Human serum [75]
Regorafenib DPV GCE ZrO,/rGO 5.00 ng mL™ Human serum [77]
Mitoxantrone AdSDPV GCE MB/TizC,T./MWCNTSs 7.915x10° uM Serum and urine [78]
Didanosine DPV PGE PPy/rGO 8nM Pharmaceutical samples [80]
Flutamide CV and SWV CPE FC/MWCNTSs 0.001 yM Urine and blood serum [82]
Dasatinib, LSV and DPV CPE Fes0,@MoS,/fGO 6.0 1M Injection, dasatinib tablet, g,
Doxorubicin and river water specimens
Mitoxantrone EIS-MVA Au Ab/NHS-EDC/CP/AUE 7.0x1072M Serum [89]
g;)j;i:i‘('jdee' CV and DPV PGE AUPd@IGO@p(L-Cys)  9.210 and 0.718 M Serum and urine [92]
Chlorambucil DPV PGE PPy/FL-Pt/NiC0,0, 4nM Serum, urine and drug [100]
Idarubicin DPV GCE Pt-Pd-ZnO/SWCNTs 0.8nM Serum [101]
. NiCo-BTC MOFs/N- .
Doxorubicin cv GCE GONRs 6 nM Serum and urine [103]
Methotrexate DPV SPCE V,05@g-C3N, 13.26 nM Human blood serum [104]
Imatinib
mesylate DPV GCE ThFeO3/g-C3N4 0.6nM plasma [105]
(IMAT)
Oxaliplatin DPV GCE g-CsN,-TiO, 0.010 uM serum and urine [106]
(OXP)
Etoposide cv GCE graphen(eGrEg()Jrlbbons 0.1uM urine and serum [107]
Sunitinib (STB) DPV GCE 2DMOF-CNTs 5nM urine and serum [108]

3.

The direct analysis of biological matrices such as plasma, urine, and serum is generally impractical
due to their complex composition. Endogenous constituents, including proteins, lipids, salts, and
other co-extracted biomolecules, can severely compromise chromatographic performance by
causing column fouling, peak distortion, and reduced separation efficiency. In addition, direct
coupling of untreated biological samples with MS detection may result in ion suppression or
enhancement effects, system contamination, and reduced long-term instrument stability, ultimately

affecting analytical accuracy and sensitivity. Therefore, sample preparation is not merely a

Sample preparation methods
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conventional extraction techniques such as PP, LLE, and SPE remain widely used due to their
simplicity and robustness, they often suffer from drawbacks such as high solvent consumption,
limited selectivity, and labor-intensive workflows. In contrast, modern sample preparation
approaches aim to overcome these limitations by improving extraction efficiency, reducing matrix
interferences, and enhancing method sustainability through miniaturization, automation, and the

use of green solvents.

Emerging techniques including dispersive solid-phase extraction (dSPE), magnetic solid-phase
extraction (MSPE), fabric-phase sorptive extraction (FPSE), and various liquid-phase and solid-
phase microextraction methods offer improved selectivity, reduced solvent volumes, and shorter
processing times. These advancements not only address the practical challenges of traditional
methods but also align with the growing emphasis on environmentally responsible analytical

practices.

3.1 Conventional sample preparation

Conventional sample preparation techniques, including LLE, and SPE, remain foundational in
bioanalytical workflows for anticancer drug analysis. Their respective principles, applications, and

limitations are systematically summarized in Table 4.

Protein precipitation (PP) is a widely employed technique in bioanalysis, valued for its simplicity,
speed, and high analyte recovery. The procedure involves the addition of a protein-precipitating
solvent typically methanol, acetonitrile, or mixtures thereof to a biological sample such as plasma
or serum. Following homogenization and centrifugation, the precipitated proteins are pelleted, and
the clear supernatant containing the target analytes is collected for direct analysis. Despite its
practicality, PP yields less clean extracts compared to LLE and SPE, often resulting in
significant matrix effects during mass spectrometric detection. Endogenous phospholipids, salts,
and other non-proteinaceous components remain in the supernatant and can interfere with
ionization efficiency, leading to ion suppression or enhancement. Studies have shown that LLE
removes a broader range of interfering compounds and more effectively mitigates matrix effects

than PP. Nevertheless, PP remains a suitable choice for specific applications, such as the extraction
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environmental toxicity [109].

3.1.1. Liquid-liquid extraction (LLE)

LLE is a conventional separation technique based on the differential partitioning of analytes
between two immiscible liquid phases—typically an aqueous matrix and an organic solvent. It is
valued for its simplicity, low cost, and high extraction efficiency, particularly for lipophilic
compounds, though automation remains challenging compared to solid-phase extraction (SPE). In
a representative application, LLE using ethyl acetate and isopropanol (19:1) achieved recoveries
of 59.3-90.2% for capecitabine and its metabolites [109]. To address environmental and
operational limitations of traditional LLE, homogeneous LLE (hLLE), also known as salting-out
assisted LLE, has been developed. This approach utilizes water-miscible organic solvents under
high-salinity conditions to induce phase separation, reducing solvent consumption and extraction
time. For instance, a method for determining doxorubicin in human urine employed acetonitrile as
the extraction solvent under high salinity, followed by analysis with UHPLC—fluorimetric
detection (Aex/Aem = 430/580 nm). The process was completed in under 15 minutes, with a limit
of detection (LOD) of 10 ng mL™, recoveries of 94.7-106.3%, and relative standard deviation
(RSD) below 5.1% [110].

3.1.2. Solid-phase extraction (SPE)

Solid-phase extraction (SPE) is a selective sample preparation technique that isolates analytes
based on specific chemical and physical interactions between the target molecules and a solid
sorbent. The process typically involves several steps: conditioning of the sorbent, sample
loading, washing to remove interfering matrix components, and elution of the purified analytes.
Compared to PP and LLE, SPE provides significantly cleaner extracts and better recovery for a
wide range of analytes, but it is often more labor-intensive, time-consuming, and costly, which can

limit its adoption in high-throughput or resource-constrained clinical settings such as routine TDM.

Conventional SPE often employs reversed-phase C18 cartridges, with elution using solvents like
methanol or ethyl acetate—for example, in the extraction of ifosfamide [111-114]. Recent

advances  have introduced functionalized  sorbentsto  improve  selectivity.  For
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bonding with organic ligands. These findings underscore the potential of N-heterocyclic
poly(carboxylic acid) ligands in designing inorganic—organic hybrid sorbents with tailored affinity
for anticancer drugs [115]. SPE can be performed in offline or online configurations. Online SPE
coupled with LC enhances sensitivity, reproducibility, and overall analytical performance. In one
study, online SPE-LC demonstrated moderate matrix effects (< 12%) for most analytes, except for
capecitabine (—46.7%). Method accuracy ranged from 78-111% with precision better than 13%.
The choice of SPE column proved critical: Hypersil GOLD AQwas optimal for
cyclophosphamide/ifosfamide, while Hypersil GOLD Silica performed best for gemcitabine and
methotrexate [116,117]. Miniaturized SPE formats, such as pipette-tip micro-SPE (PT-uSPE),
have gained attention for their ability to reduce solvent consumption, minimize sample volume,
and accelerate extraction. A notable example employed a CA/PAN/THY/Mg-MOF composite
sorbent in PT-uSPE coupled with HPLC-UV for the simultaneous quantification of letrozole,
gefitinib (0.1-1500.0 pg L), and riluzole (0.25-1500.0 mg L™). The method achieved correlation
coefficients up to 0.9996, low LOD (0.03-0.10 pg L), LOQ (0.10-0.33 ug L), and excellent
precision (RSD < 6.6% intra-day, < 8.2% inter-day) [118-120]. These developments reflect a shift
toward more selective, sustainable, and integrated SPE platforms that address the limitations of

traditional methods while meeting the demands of modern anticancer drug analysis.
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Table 4. Comparative overview of conventional sample preparation techniques for the quantitative analysis of anti

Sample . ) LOD LOQ
Drug . Separation/Detection Recovery
preparation (ng mLY) (ng mLY)

Capecitabine LLE UHPLC-MS/MS - 20 59.27-90.15%
Doxorubicin LLE UHPLC 10 100 94.7-106.3%
Doxorubicin D-uSPE HPLC-FLD 0.2 2 87.6%

Epirubicin D-uSPE HPLC-FLD 0.3 3 84.3%
5-Fuorouracil
2'2'- On-line SPE HILIC-MS/MS 1000-2000 - 111-115%
Difluorodeoxyuridine
Cytarabine,
Gemcitabine,
Methotrexate, .
. On-line SPE RPLC-MS/MS 500-5000 - 87-119%
Ifosfamide,
Cyclophosphamide,
Capecitabine
Letrozole, 0.03 0.1 98.0
Gefitinib, PT-uSPE HPLC-UV 0.07 0.1 76.0
Riluzole 0.1 0.33 69.0
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effectiveness, and alignment with green analytical chemistry principles. This section reviews the
application of sorbent-based and liquid-based extraction approaches for the analysis and
quantification of anticancer drugs. The discussion encompasses their operational principles,
current applications, inherent limitations, and recent technological advancements aimed at

improving selectivity, sensitivity, and throughput in both clinical and environmental monitoring.

3.2.1. Sorbent-based extraction methods

Sorbent-based extraction techniques represent a fundamental paradigm shift from conventional
solid-phase extraction (SPE), centered on the principles of miniaturization, integration, and solvent
minimization. These methods utilize sorbents—either in bulk form or as thin coatings immobilized
on various supports to selectively isolate and preconcentrate target analytes from complex
matrices. Their design directly addresses key limitations of traditional SPE, such as high solvent
consumption, large sample requirements, and lengthy procedural times. The ultimate goal of this
engineering effort has been to create techniques that are not merely smaller versions of SPE, but
fundamentally new platforms that offer superior performance in terms of speed, sensitivity,
greenness, and practicality for modern analytical challenges. Key techniques in this domain, such
as dispersive solid-phase extraction (dSPE), solid-phase microextraction (SPME), magnetic solid-
phase extraction (MSPE), fabric phase sorptive extraction (FPSE), stir bar sorptive extraction
(SBSE), and microextraction by packed sorbent (MEPS), are characterized by their unique
operational formats and applications in the analysis of complex matrices. A comparative summary
of their fundamental characteristics, applications, advantages, and disadvantages is provided

in Tables 5-6, with a generalized schematic of their workflows illustrated in Fig. 9.
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Fig. 9. Experimental setup for conventional SPME such as FPSE, MEPS, and SBSE, and SPE methods including
dSPE and MSPE. Reprinted from Ref. [121-123] with permission.

3.2.1.1. dSPE

Conventional SPE, while foundational, is hampered by significant practical inefficiencies that can
compromise analytical robustness. A primary limitation is the stringent requirement for exhaustive
clean-up, necessitating multiple washing steps with various solvents to purge the sorbent of
persistent matrix interferences. More critically, SPE cartridges are prone to irreversible pore
clogging and bed channeling when handling complex biological matrices such as serum, plasma,
or tissue lysates. This physical obstruction not only alters flow dynamics and sorbent capacity but
also introduces variability in analyte retention, leading to diminished reproducibility and increased
analytical uncertainty. In response to these shortcomings, dispersive solid-phase extraction (d-
SPE) has emerged as a transformative adaptation. This methodology abandons the packed-bed
format in favor of directly dispersing the sorbent material into the sample solution as a fine powder.
This innovation achieves maximum interfacial contact, dramatically enhancing extraction kinetics
and adsorption efficiency for trace-level analytes. Phase separation is subsequently achieved
through rapid centrifugation or, in the advanced form of magnetic d-SPE (MSPE), via

instantaneous isolation with an external magnet. By circumventing the issues of clogging and
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The advancement of dispersive microextraction techniques is intrinsically linked to the strategic
design of novel sorbent materials, each engineered to overcome specific limitations of
conventional SPE and LLE. The integration of ionic liquids (ILs) represents a significant
innovation in this domain. For instance, the development of magnetic mixed hemimicelles,
comprising magnetic graphene oxide/polypyrrole (GO/PPy) coated with 1-hexadecyl-3-
methylimidazolium bromide, targets the selective preconcentration of methotrexate [122]. This
composite capitalizes on the combined advantages of its components: the GO/PPy substrate
provides an extensive surface area and a m-conjugated system for hydrophobic and n-w interactions,
while the IL imparts unique solvation properties and the potential for hydrogen bonding and
electrostatic interactions. Analysis via HPLC-UV confirmed that this IL-functionalized sorbent
offers superior sensitivity and extraction speed compared to traditional materials. Critically, it
circumvents persistent issues associated with LLE, such as emulsion formation, high solvent
consumption, and poor selectivity for polar analytes [123]. This approach exemplifies a deliberate

shift from mere adsorption to tailored molecular recognition.

Parallel to IL-based systems, metal-organic frameworks (MOFs) have emerged as a cornerstone
material for DUSPE, justified by their exceptional porosity, tunable pore chemistry, and structural
robustness derived from strong metal-ligand coordination bonds [124-126]. A representative
application is the extraction of antiandrogens—bicalutamide and flutamide using a ternary sorbent
composite of CIM-80(Al) MOF, magnetic NiO NPs, and chitosan [127]. In this synergistic design,
the CIM-80(AI) framework serves as the primary adsorption site, leveraging its porous structure
for high-capacity uptake; the NiO NPs facilitate rapid magnetic separation; and chitosan acts as a
biopolymeric binder that enhances mechanical stability and contributes to porosity. The reported
method achieved commendable analytical figures of merit, including low LOD and high
preconcentration factors, while aligning with green chemistry principles through minimal solvent
use and a simplified operational workflow. However, the long-term stability of certain MOFs in

aqueous or complex biological matrices remains a consideration for routine application.
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surfactants from exhaled breath condensate. Guided by the principles of green analytical
chemistry, an optimized sorbent blend of polystyrene (PS) and polymethylmethacrylate (PMMA)
was implemented [129]. A notable strength of this work is the application of density functional
theory (DFT) calculations to elucidate the extraction mechanism. The simulations quantified
binding energies between the polymer blend and target surfactants, providing a molecular-level
rationale for the observed high extraction efficiency, particularly for 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine. This integration of computational modeling with experimental design
represents a sophisticated approach to sorbent selection, moving beyond trial-and-error towards

predictive material science.

The evolution from IL-composites and MOFs to computationally designed polymer blends reflects
a clear trajectory in sorbent development: a move towards multifunctionality, rational design, and
environmental sustainability. Future progress will likely involve the increased use of hybrid
materials that combine the strengths of different classes (e.g., IL-MOF composites), deeper
integration of computational screening for sorbent design, and a stronger emphasis on materials
that enable direct analysis or coupling with portable detection systems. The critical challenge
remains balancing exceptional laboratory performance with the cost, reproducibility, and

ruggedness required for widespread adoption in clinical and environmental monitoring.
3.2.1.2 MSPE

Magnetic Solid-Phase Extraction (MSPE) represents a significant advancement in solid-phase
extraction technology, characterized by the integration of magnetic NPs (MNPs) as a core
component with functional sorbent coatings. This hybrid design combines the high adsorption
capacity of the sorbent material with the rapid, non-mechanical separability of superparamagnetic
Fe;O, particles using an external magnetic field [130]. Unlike conventional SPE, which requires
packed cartridges, MSPE employs a dispersive format where the magnetic sorbent is directly
introduced into the sample solution. This maximizes the interfacial contact area, facilitating faster
mass transfer and achieving equilibrium more rapidly, while the magnetic separation step

eliminates the need for centrifugation or filtration, making the process more efficient, economical,
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particularly advantageous as its surface silanol (Si—-OH) groups provide an anchoring point for
further chemical modification, enabling the introduction of specific functional groups to tailor
selectivity. For instance, a  hyperbranched magnetic ~ dendrimer  sorbent
(Fe;0,@Si0,/DAG/MMA/EDI/Gly-PEGylated) was developed for the extraction of letrozole
from biological and pharmaceutical matrices [135]. This sorbent demonstrated a high adsorption
capacity (20 mg g7, based on the Langmuir model) and, under optimized conditions, provided a
linear range of 0.1-15 pg L™! with a low LOD of 1.36 ug L™%. Thermodynamic studies confirmed
the adsorption was endothermic (AH® = 3.93 kJ mol™), spontaneous (AG® < 0), and driven by
increased entropy (AS° = 0.045 kJ mol™ K™), indicating a favorable interaction between the drug
and the sorbent surface. The material also exhibited excellent magnetic recoverability and

reusability.

Surface modification is often essential to mitigate undesirable strong interactions, such as the
irreversible adsorption of basic analytes onto residual silanols, which can impair recovery. A
common strategy involves functionalizing silanized MNPs with acetic acid via amide coupling.
This creates a more polar surface beneficial for extracting less nonpolar and polar analytes. Acetic
acid-functionalized MNPs, modified with 3-aminopropyltriethoxysilane, were successfully
applied to extract letrozole from human plasma prior to HPLC-FL analysis [136]. While MSPE
methods for letrozole are not yet widespread, reported studies indicate promising performance
with high extraction recoveries (93.5-104%) and competitive sensitivity (LODs ~23 ng mL™* for
HPLC-FL), though more sensitive detection via HPLC-MS/MS naturally yields lower LODs [137,
138].

Beyond silica-based coatings, carbonaceous materials are also widely employed. For example,
magnetic carbon NPs (C/Fe;0, NPs) were synthesized hydrothermally using glucose and used to
extract cardiovascular drugs (amlodipine, carvedilol, losartan) from biological samples [139]. The
MSPE method demonstrated broad linearity (1-7500 ng mL™?), low LODs (0.09-0.69 ng mL™),
high recoveries (62-97%), and good precision (RSD 1.6-5.8%), effectively handling protein-

bound drugs without a prior deproteinization step.
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and analytes are eluted with a suitable solvent for instrumental analysis. An innovative
variant, effervescent-assisted dispersive magnetic micro-solid-phase extraction (EA-dM-uSPE),
was developed for the quantification of tricyclic antidepressants (nortriptyline and amitriptyline)
using a nitrogen-rich functionalized sorbent (Fe;O,@SiO,@Ns) [140]. In this method, an
effervescent reaction (between sodium carbonate and citric acid) generates CO, bubbles that
promote the instantaneous and complete dispersion of the nanosorbent, reducing the adsorption
time to just 1 minute and the total extraction time to under 6 minutes, showcasing the potential for

ultra-rapid sample preparation.
3.2.1.3. SPME

Solid-phase microextraction (SPME) is a non-exhaustive, solvent-minimized sample preparation
technique based on the equilibrium partitioning of analytes between a sample matrix and a sorbent-
coated substrate. Its defining characteristic is the extremely small volume of the extraction phase
relative to the sample, classifying it as a microextraction technique [141]. A key distinction from
exhaustive methods like SPE is SPME's reliance on equilibrium extraction, which simplifies
calibration but requires careful control of time, temperature, and matrix composition. The core
SPME device typically features a fine fiber of fused silica or metal alloy coated with a thin layer
of extracting phase, protected within a syringe-like needle when not in use. For analysis, the fiber
IS exposed to the sample (via direct immersion or headspace) and subsequently desorbed, most
commonly by thermal means in a GC injector or by solvent in a dedicated interface for liquid
chromatography (HPLC) [142].

SPME technology has evolved into several operational and format-based modes such as fiber
SPME, thin-film SPME (TF-SPME), dispersive SPME (dSPME), pipette-tip SPME and in-tube
SPME. For instance, ultrasonic-assisted dispersive SPME (UA-dSPME) using pH-sensitive
molecularly imprinted chitosan NPs (MMIP@CS) was developed for the selective extraction of
trace capecitabine from real samples. The MIP shell was synthesized using capecitabine as the
template, 2-(diethylamino) ethyl methacrylate (DEAEMA) and 2-hydroxyethyl methacrylate

(HEMA) as functional monomers and crosslinker, respectively, in a molar ratio of 1:4:20. Under
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formats have been successfully integrated with direct mass spectrometry (MS) analysis, enabling
rapid, in-situ detection without extensive sample preparation [144,145]. These advancements
highlight the growing role of functionalized and biocompatible SPME platforms in sensitive, real-

time bioanalytical applications.

The analytical workflow for SPME-based methods typically involves a three-step
process: desorption of analytes from the SPME probe, chromatographic separation (often via LC),
and final quantification. A notable innovation in this domain is the integration of SPME
with fluorescence detection, enabling the development of portable and rapid monitoring systems
A representative example is afluorescence-based SPME platform designed  for
quantifying doxorubicin concentrations in complex biological matrices. In this system, extraction
performance was evaluated using SPME fibers coated with C8-SCX (mixed-mode), C18
(reversed-phase), and HLB (hydrophilic-lipophilic balance) sorbents. Results demonstrated that
the mixed-mode C8-SCX fiber exhibited the highest sensitivity, attributed to its
combined hydrophobic and cation-exchange interactions, which are particularly effective for
capturing doxorubicin’'s aromatic and —NHz functional groups. This trend highlights the significant
challenge of matrix effects including fouling and competitive binding from endogenous
biomolecules, which can compromise extraction efficiency and detection sensitivity in real-world
samples. Thus, while SPME-fluorescence systems offer a promising route to portable, real-time
therapeutic drug monitoring, and their practical application requires careful selection of fiber
coatings and extensive validation in clinically relevant matrices to ensure accuracy and

reproducibility in complex biological environments [146].

Thin-film SPME (TF-SPME) is a miniaturized SPME configuration that utilizes a planar sorbent
film with a high surface-area-to-volume ratio. This design enhances both extraction kinetics and
sorbent capacity, making it a sensitive and efficient platform for the extraction and purification of
a wide range of analytes, including pharmaceuticals, food contaminants, pesticides, and
environmental and biological markers [147-149]. An electrospun composite of polyfam and Co-

MOF-74 was developed as a novel sorbent for TF-SPME of the tyrosine kinase inhibitors
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enabled by the composite's high surface area, porosity, and abundant functional groups. However,
several practical limitations hinder the implementation of this TF-SPME system. The absence of
compatible interfaces prevents online coupling with analytical instruments, restricting automation
and real-time analysis. Furthermore, the relatively large size of the TF-SPME device necessitates
increased eluent volumes during desorption, leading to higher solvent consumption and prolonged
extraction times. Additionally, the reliance on high-voltage electrospinning for sorbent fabrication
introduces safety concerns and challenges for reproducible, scalable production [150].

3.2.1.4. FPSE

Fabric-phase sorptive extraction (FPSE) is a hybrid technique that merges the high capacity of
SPE with the simplicity and solvent efficiency of SPME. It uses a fabric substrate (e.g., cellulose,
polyester, or fiberglass) coated with a chemically bonded sol-gel sorbent, providing stability
across wide pH ranges and enabling direct immersion into untreated samples such as whole blood,
urine, milk, and environmental water. FPSE eliminates the need for conditioning, pretreatment, or
extensive clean-up, streamlining workflow while maintaining high extraction efficiency through
its porous, tunable sorbent layer. Its durability, reusability, and compatibility with both solvent and
thermal desorption make FPSE a versatile, green, and practical alternative for pharmaceutical,
clinical, and environmental analysis [151, 152].

FPSE has been effectively applied to the analysis of key therapeutic agents, including aromatase
inhibitors such as letrozole, anastrozole, and exemestane, used in metastatic breast cancer
treatment. An FPSE-HPLC method using a Luna C18 column with an acetonitrile-phosphate
buffer mobile phase at 25°C enabled efficient quantification of these drugs in human whole blood,
plasma, and urine samples [38]. The complete analytical run was achieved within 20 minutes,
offering a faster or comparable alternative to existing methods, while maintaining ease of useeven
for untrained personnel due to the straightforward coupling with HPLC-DAD detection [39].

Beyond clinical matrices, FPSE has also been adapted for environmental monitoring. A validated
FPSE-UHPLC-MS/MS method was developed for the simultaneous extraction of five cytostatic

drugs—etoposide, cyclophosphamide, vincristine, vinblastine, and tamoxifen from wastewater.
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samples collected from three treatment plants and a hospital area on Gran Canaria Island, Spain,
confirming FPSE as a reliable sample preparation tool for trace-level environmental analysis of
anticancer drug residues [153]. These applications underscore FPSE’s versatility, speed, and
sensitivity in both clinical therapeutic drug monitoring and environmental contaminant screening,

supporting its growing role in modern analytical workflows.
3.2.1.5. SBSE

Stir bar sorptive extraction (SBSE) is a microextraction technique that employs a magnetic stir bar
coated with a sorbent phase, providing a larger extraction volume compared to SPME fibers and
thus higher sensitivity and capacity. Recent advancements have focused on developing new polar
and functional coatings to expand SBSE’s applicability to a wider range of analytes. A notable
innovation involves the use of MOF-templated nanoporous carbons (NPCs) as SBSE coatings. In
one study, ZIF-67 was directly carbonized under an inert atmosphere to produce Co-NPCs, which
were then physically immobilized onto functionalized stir bars using silicone glue. This coating
was applied to the extraction of 5-fluorouracil from aqueous, urine, and plasma samples. Under
optimized conditions, the method demonstrated LODs of 0.36, 0.41, and 1.2 ug L™t and LOQs of
1.2, 1.3, and 4.5 ug L™ in water, urine, and plasma, respectively. The intra-day precision (RSD)
at 10 pg L™ was below 8.6% across all matrices, with a linear dynamic range of 1-200 pg L™.
The Co-NPC coating exhibited strong adhesion, chemical stability, and mechanical robustness,
retaining much of the porous structure of the parent MOF. Extraction was facilitated by n—n
stacking interactions between the delocalized m-system of the carbonaceous coating and the
aromatic ring of 5-fluorouracil, supplemented by hydrophobic interactions. This approach
highlights the potential of MOF-derived carbon materials as high-performance, stable sorbents for

SBSE, particularly for polar and biologically relevant analytes [154].

3.3.1. Liquid-Based Microextraction Methods

Liquid-based microextraction (LPME) techniques constitute a major branch of modern sample

preparation, characterized by the use of microliter volumes of extraction solvent. This dramatic
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hollow-fiber  liquid-phase  microextraction (HF-LPME), and dispersive liquid-liquid
microextraction (DLLME), all of which have been extensively developed for the isolation and
preconcentration of drugs from complex matrices [155]. A generalized schematic comparing their

workflows is presented in Fig. 10.
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Fig. 10. The operational principles of common LPME configurations are schematically illustrated, including (A) HF-
LPME, (B) electromembrane extraction (EME), (C) SDME, and (D) DLLME. Reprinted from Ref. [155] with
permission from Elsevier.

Hollow-fiber liquid-phase microextraction (HF-LPME) exemplifies the drive toward
miniaturization in solvent-based extraction, effectively reducing organic solvent consumption to
the microliter or nanoliter scale per analysis [156]. The core principle of HF-LPME involves the
use of a porous hollow fiber, typically made of polypropylene, whose pores are impregnated with
a water-immiscible organic solvent to form a supported liquid membrane (SLM). This setup
establishes a controlled microenvironment for the selective transport of analytes from an aqueous

donor sample, across the organic SLM, and into a minute volume of acceptor solution held within
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cellular debris from biological samples, thereby significantly reducing matrix effects and
simplifying sample preparation. While HF-LPME offers clear advantages in solvent economy and
clean-up, it is not without limitations. The extraction process is inherently equilibrium-based and
diffusion-controlled, often resulting in lengthy extraction times (ranging from 15 minutes to
several hours) to achieve sufficient analyte transfer, which can be a bottleneck for high-throughput
analysis. The stability of the SLM can also be a concern; the organic solvent may slowly leach into
the sample or acceptor phase, especially when dealing with highly complex matrices or during
prolonged extraction, potentially affecting reproducibility. Furthermore, the manual handling of
fragile hollow fibers including impregnation, loading of the acceptor, and introduction into vials
can be tedious and requires skilled operation to ensure reproducibility between samples and
operators [158]. Despite these challenges, HF-LPME remains a powerful technique for
applications demanding ultra-clean extracts and high enrichment from small sample volumes,
particularly in complex biological fluids. Its continued evolution, especially in hyphenation with
EME (which uses an electrical potential to drive extraction and dramatically speed up Kinetics),
demonstrates its adaptability and enduring relevance in the landscape of modern microextraction.

A hyper-branched dendrimer-based sorbent was engineered for the pre-concentration of trace
exemestane from aqueous samples. Silica NPs (SiO, NPs) were first functionalized with 3-
aminopropyltriethoxysilane (APTES) to introduce amine groups, followed by iterative grafting of
melamine and glutaraldehyde to construct hyper-branched dendrimeric structures
(SiO,@APTES@GAMEL). Following adsorption, the captured drug was efficiently released via
ultrasonication. This eluate was then used as the donor phase in a subsequent HF-LPME step,
achieving further analyte enrichment and significantly improving the detection limit of the overall
method. Extraction was primarily driven by n-n interactions between the aromatic/double-bond
systems of both the sorbent and exemestane, as well as hydrogen bonding between the carbonyl
oxygen of exemestane and the amine groups of the dendrimeric sorbent [159].

Electromembrane extraction (EME) is an advanced microextraction technique that facilitates the

controlled mass transfer of charged analytes across a supported liquid membrane (SLM) using an
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aqueous acceptor solution on the opposite side. The direction and efficiency of this
electromigrative transport are governed by electrophoretic mobility and are thus highly dependent
on the magnitude and polarity of the applied voltage as well as the chemical composition of the
SLM (e.g., type of organic solvent, potential ion-pairing agents). This coupling of electrophoretic
principles with membrane-based separation results in exceptional selectivity for ionizable
compounds, allowing for the clean extraction of target analytes even from complex biological
matrices with minimal co-extraction of neutral or oppositely charged interferences [160]. Deep
eutectic solvents (DESs) and ionic liquids (ILs) share significant similarities as designer solvents,
offering tunable physicochemical properties, low volatility, and versatile solvation capabilities for
green analytical applications. However, their fundamental chemical nature differs: ILs are
composed entirely of ions, exhibiting low melting points due to weak electrostatic interactions
between bulky, asymmetric cations and anions. In contrast, DESs are mixtures of a hydrogen bond
acceptor (HBA, e.g., quaternary ammonium salt) and a hydrogen bond donor (HBD, e.g.,
carboxylic acid, polyol, or amide), which form a eutectic mixture with a depressed melting point
through extensive hydrogen-bonding networks. A notable application leveraging the unique
properties of DESs was reported by Heidari et al., who developed an ultrasound-assisted
emulsification-microextraction (USAEME) method for extracting doxorubicin from urine using a
DES as the extractant phase [161]. The USAEME-DES method, coupled with UV-Vis
spectrophotometry in 96-well microplates, achieved performance metrics comparable to or better
than established chromatographic methods, with a LOD of 0.098 ug mL™ and a linear range of
0.3-15 pg mL™[134, 162, 163]. Moreover, the entire procedure including sonication,
centrifugation, and spectrophotometric measurement was completed within 22 minutes, offering a
significantly faster analysis time while enabling high-throughput simultaneous processing of
multiple samples. This work underscores the potential of DES-based microextraction as a rapid,
efficient, and environmentally benign alternative for the determination of anticancer drugs in

biological matrices.

Solid/liquid phase microextraction (SLPME) is an emerging hybrid microextraction technique that

integrates principles from both solid-phase and liquid-phase extraction within a single system
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adsorption capacity and facilitates targeted solute transport due to their high surface-to-volume
ratio and tunable surface chemistry. These nanomaterial-modified channels not only increase
extraction efficiency but also improve selectivity and enrichment factors by providing specific

interaction sites for target analytes.

An illustrative application of SLPME is the development of a hollow fiber-based SLPME (HF-
SLPME) method coupled with capillary electrophoresis (CE) and in-column field-amplified
sample injection (FASI) for the simultaneous extraction and determination of 5-fluorouracil and
capecitabine (Fig. 11) [68]. In this system, the lumen of the hollow fiber was embedded with Ag
NPs to enhance adsorption capacity and create additional pathways for solute transport effectively
merging the mechanisms of LPME and SPME. Furthermore, mesoporous silica (MCM-41) was
anchored to the Ag NPs to leverage its high surface area and selective interactions with organic
functional groups. This engineered HF-SLPME setup enabled efficient extraction of both
anticancer drugs from plasma samples with high recovery rates, demonstrating the potential of

nanomaterials to advance the performance of conventional membrane-based microextraction

techniques.
( & \: _ Suspended Dropwise addition ! Dispersed !
( -\ . inAgNOs of NaBHy¢ in 1-Octanol /]
\\, Qj
N { i
MCM-41

Fig. 11. Schematic depiction of the preparation process of the extraction device. Reprinted from Ref. [68] with

permission from Elsevier.
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separation is induced by centrifugation and/or temperature reduction, after which the separated
extractant can typically be injected directly into analytical systems for analysis. The
exceptional speed and efficiency of DLLME stem from the vast interfacial surface area created
between the sample and the micro-droplets of extraction solvent, which significantly enhances
mass transfer. Commonly employed extraction solvents include traditional organic solvents, ILs,
and DESs the latter offering enhanced biodegradability, low toxicity, and tunable solvation
properties for greener and more selective extraction [165].

The application of DLLME in the bioanalysis of anticancer drugs remains relatively limited,
particularly when coupled with LC-MS, with most studies focusing on urine samples. For instance,
one study employed HPLC-FLD combined with DLLME and SPE for the determination of
epirubicin, daunorubicin, doxorubicin, and irinotecan in hospital wastewater. The validated
method demonstrated excellent performance, with determination coefficients (R2) exceeding 0.99,
recoveries ranging from 74% to 105%, and intraday precision below 15%. The LOQ was reported
as 1.0 pg L™, and the method showed negligible matrix effects [166]. In comparing the two
methods, the results highlight several drawbacks of SPE, including: i) its multi-step nature, ii) the
requirement for larger sample volumes (approximately 10-fold higher), iii) relatively more
complex procedural stages, iv) dependence on vacuum-assisted and time-consuming sample
loading, and v) additional costs incurred from disposable SPE cartridges. In contrast, DLLME
enabled a significant reduction in chloroform (CHCI5) consumption to only 500 pL, aligning well

with the principles of green analytical chemistry [167].

An alternative and efficient strategy involves the sequential combination of dSPE and DLLME for
the extraction of anticoagulant drugs (anagrelide, betrixaban, and apixaban) from urine prior to
HPLC-DAD analysis [168, 169]. In this hybrid approach, the initial dSPE step employs a mixed
sorbent (octadecylsilane, graphitized carbon black, and primary secondary amine) to adsorb the
target analytes from the sample matrix. The analytes are then eluted and further concentrated via
a DLLME step, which utilizes magnetic ILs (MILs) as the extraction solvent. This design achieves
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analytes and graphitized carbon black, hydrogen and halogen bonding with the primary secondary

amine, and hydrophobic interactions with octadecylsilane [170].

While DLLME is renowned for its operational simplicity, rapid extraction Kinetics, and minimal
equipment requirements, a significant historical drawback has been its reliance on dense, toxic
halogenated solvents (e.g., CH,Cl,, CHCI3, CCl,). A key advancement in the field has been the
adoption of low-density solvents (which form a separate top layer for easy retrieval)
and solidifiable solvents (which can be solidified and physically removed), alongside the use
of MILs as demonstrated above. These developments have effectively addressed the primary
environmental and safety concerns associated with classical DLLME, transforming it into a

greener and more practical sample preparation tool.
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Table 5. Overview of modern extraction techniques for the quantitative analysis of anticancer drugs.

. ) LOD LOQ
Drug Method Sorbent Separation/Detection Recove
(ng mL) (ng mL)
Methotrexate D-uSPE IL coated magnetic GO/PPy HPLC-UV 7 10 84.0
Bicalutamide . . 0.35 1.2 90.2-
Flutamide D-uSPE CIM-80 (Al)/mNiO/Chitosan HPLC 097 0.89 90.8
Imatinib 0.09,0.21 0.3,0.7 90.0-
Methotrexate D-uSPE FesO4/CAU-1/PANI HPLC-UV 0.06, 0.15 0.2,0.5 90.0-
Irinotecan 0.12,0.3 04,11 88.0-
Tyrosine kinase UA-D-
inhibitors uSPE FesOs/MPA HPLC-UV 120-200 300-600 >
Letrozole Mspg  Fei0«@SIO/DAG/MMA/ED/ HPLC-UV 1.36 454 75.6, 9¢
Gly-PEGylated
Paclitaxel 96.8-
Gemcitabine MSPE DABTC-Fe304 HPLC-DAD 1.38,1.44 4.71,4.78 98.0
Anastrozole 98.4-
Letrozole MSPE FesO4@TEPA HPLC-DAD 1.14,1.26 3.78, 3.86 99.2-
Letrozole MSPE AA.FSLN.NPs HPLC-FL 23.0 69.2 93.5
Losartan
Carvedilol 0.69 6211
.- MSPE C/Fes04 HPLC-UV 0.09 - 91.67-
Amlodipine
0.28 95.47-
besylate
Amitriptyline EA-dM- . 0.05 0.10
Nortriptyline uSPE Fes04@SI00N: HPLC 0.03 0.07 73,
Doxorubicin SPME Cs-SCX Fluorescence 100/3700 --
Capecitabine dSUP'?\;E pH-sensitive MMIP@CS NPs HPLC-UV 5.67 1.87 93.41-
Dasatinid 01
- TF-SPME Polyfam/Co-MOF-74 HPLC-UV 0.15 - 78.5, 6(
Erlotinib 0.2

hydrochloride
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5-Fluorouracil

SBSE

ZIF-67/Co-NPC

HPLC-UV 0.36/0.41/1.2 1.2/1.3/4.5 91-
Anastrozole 20 50
Letrozole FPSE Luna Cis HPLC-DAD 10 250
Exemestane 30 100
Etoposide 7400 24700
>yclophosphamide Sol gg:_UeCI:ON 3820 12700
Vincristine FPSE olveca rc?lactone UHPLC-MS/MS 98000 326800 64.4-
Vinblastine e 39900 132800
Tamoxifen 900 3100
Capecitabine HF- 6.4 17 98-
5-Fluorouracil SLPME AGNPs@MCM4L FASI-CE 9.3 25 102
74.22-
Doxorubicin 74.61
5 bic 81.92—
aunorubpicin SPE i 82.53.
Chromabond®Cis EC cartridge HPLC-FLD - 1.0
Epirubicin DLLME 9 74.54-
. 74.28
Irinotecan 92.06-
87.98
Exemestane HF-LPME SiOZ@APgESd@GAMEL HPLC-UV 0.1 - 92.68
endr
Exemestane 06
Letrozole HE-LPME Q3/2 Accurel polypropylene UV_Vis 0'3 _ 901
. hollow fiber membrane '
Paclitaxel 0.4
Doxorubicin USAEME 96-well microplates UV-Vis 98 298 95.89-
Anagrelide dSPE + Octadecylsilane
Betrixaban Graphitized carbon black HPLC-DAD 40, 50, 60 160, 190, 210 76-
. DLLME . .
Apixaban Primary secondary amine
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Table 6. Comparative overview of sample preparation techniques for anti-cancer drug analysis.

Method Advantages

. . . . Poor cleanup ¢
PP Rapid, straightforward; minimal equipment needs; low cost ' . up

interfer
LLE High extraction efficiency; broad applicability; well-validated High organic solve
SPE High sample clean-up efficiency, Good enrichment capability, Wide range of sorbents, Time-consuming
Reproducible and automatable, Well-established and widely validated cha
. . ‘ Limited sorbent ¢
dSPE Fast and simple procedure; reduced solvent use; suitable for complex matrices imiteds Ma:ua
. . . S . ‘ Requi iali;
MSPE Rapid magnetic separation; reusable sorbents; minimizes centrifugation steps equwes”srgft(;ﬁé
Solvent-free or minimal solvent use, Fast and simple procedure, Minimal sample Limited sorbent ¢

SPME . . .
volume required, High enrichment factors effects, Cost of
FPSE Fast extraction, Green, Reusable, Easy handling Limited coating va
SBSE Green chemistry approach; minimal solvent use; high reusability Long extraction tin
C
EME . - . . . - Requi lectri
Exceptional selectivity; high enrichment; effective for ionizable compounds equires eme:n::)(

LPME . . . . . lex fabricati

S Enhanced selectivity, High enrichment factor, High surface-to-volume ratio Complex abr;:;t)lrc;rz
DLLME . . N ReqU|re§ centrif
Very fast; high enrichment and recovery; minimal solvent use interfere
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persistent challenges underscore a methodology-accessibility divide. While LC-MS/MS remains
the benchmark for sensitivity and selectivity, its dependency on high-cost infrastructure and
specialized expertise restricts widespread adoption, particularly in resource-limited
settings. Fluorescence-based HPLC offers a more accessible pathway for fluorescent analytes but
lacks generalizability, whereas electrochemical sensors, despite their potential for point-of-care
deployment, are hindered by stability issues and matrix susceptibility. Capillary electrophoresis
(CE) provides exceptional separation efficiency with minimal solvent use, yet its sensitivity
constraints necessitate sophisticated preconcentration strategies, complicating routine application.
Meanwhile, GC is largely confined to volatile compounds, requiring extensive derivatization for
most polar drugs, and HPLC-UV/PDA persists in pharmaceutical quality control despite inferior

selectivity for complex biological matrices.

Sample preparation has progressively shifted toward miniaturized and selective microextraction
techniques (e.g., SPME, MSPE, MEPS), which align with green chemistry principles by reducing
solvent consumption and waste. Modern mixed-mode and functionalized sorbents improve
selectivity and reduce matrix effects, yet batch-to-batch reproducibility of advanced nanomaterials
and the long-term stability of sorptive coatings remain critical obstacles to standardization. The
integration of these approaches with HPLC-MS/MS has enabled trace-level multicomponent

analysis, yet complete automation and seamless coupling are still not routine.

Emerging technologies including nanostructured sorbents, microfluidic systems, surface-
enhanced Raman spectroscopy (SERS), and lab-on-a-chip platforms hold transformative potential
for decentralized and real-time monitoring. However, their translation into validated workflows is
hampered by reproducibility challenges, scalability issues, and a lack of standardized protocols.
Nanomaterial-based extraction phases, for instance, often suffer from inconsistent synthesis
outcomes, while SERS quantification is plagued by substrate heterogeneity. Microfluidic devices

struggle with real-world matrix complexity and reliable mass production.

Future advances must prioritize integration, sustainability, and robustness. Key directions include:
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2. Design of Fully Automated and Miniaturized Analytical Systems that consolidate
sample preparation, separation, and detection into closed, disposable, or regenerable
cartridges suitable for point-of-care use.

3. Implementation of Green Chemistry Metrics (e.g., AGREE, GAPI, BAGI) as essential
criteria in method development to quantify and minimize environmental impact.

4. Hybrid Sensor-Chromatographic Platforms that combine the selectivity of MS with the
portability and cost-effectiveness of optical or electrochemical detectors, potentially
leveraging paper-based microfluidics or chip-based interfaces.

5. Open-Source and Low-Cost Instrumentation to democratize access to high-quality

analytical data, particularly in clinical settings with limited resources.

In conclusion, while analytical capabilities have reached unprecedented levels of sensitivity and
multiplexing, the next frontier lies in bridging the gap between high-performance detection and
practical, sustainable, and equitable implementation. Success will depend not only on technical
innovation but also on systemic approaches to standardization, automation, and ecological
design—ultimately enabling precise, personalized, and environmentally responsible management

of anticancer therapies.
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