ROYAL SOCIETY
OF CHEMISTRY

(3

RSC Advances

View Article Online

View Journal | View Issue

Derivatization-assisted dual-mode colorimetric
and fluorometric detection of dopamine using 4-
hexyl resorcinol

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 25902

Mohamed N. Goda,? Laila S. Algarni,® Faisal K. Algethami,® Hossieny Ibrahim,?®
Al-Montaser Bellah H. Ali, Ramadan Ali® and Mohamed M. El-Wekil (2 *<f

The quantification of dopamine (DA) is of great significance because abnormal DA levels are closely linked
to several neurological and psychiatric disorders, such as Parkinson's disease, schizophrenia, and
depression. In addition, DA analysis plays an important role in clinical diagnosis, pharmaceutical quality
assessment, and the investigation of biochemical events in complex biological systems. In this work,
a derivatization-based dual-mode sensing strategy was developed for DA determination based on its
induced oxidative coupling reaction with 4-hexyl resorcinol (4-HRS) under alkaline conditions. This
reaction produces azamonardine, a highly emissive compound that exhibits a strong absorption band at
445 nm and intense fluorescence emission at 490 nm under excitation at 450 nm. The proposed
method provided linear responses over the ranges of 0.05-520 uM for colorimetric detection and 10—
600 nM for fluorescence detection, with detection limits of 0.018 uM and 3.0 nM, respectively. In
addition, the method showed strong sensitivity, acceptable selectivity, mild experimental conditions, and
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consistent with those obtained by LC-MS. Recovery values ranged from 95.0% to 107.2%, and all relative

DOI: 10.1039/d6ra02276f standard deviation (RSD) values were below 3.89%, confirming the method's good accuracy and
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1. Introduction

Dopamine (DA) is an essential neurotransmitter in the central
nervous system, where it regulates motor coordination, behav-
ioral decision-making, and reward-based learning."” Distur-
bances in dopaminergic signaling have been linked to several
neurological and endocrine disorders, including Tourette
syndrome, schizophrenia, pituitary adenomas, and attention
deficit hyperactivity disorder.>* Elevated DA levels have been
associated with emotional instability, neural damage, irrita-
bility, hypertension, and stroke.>® Therefore, the development
of reliable analytical methods for DA determination in biolog-
ical samples is of considerable importance for clinical diagnosis
and biomedical research.
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Avariety of analytical techniques have been employed for DA
detection in both in vitro and in vivo settings, including chro-
matography,” electrochemiluminescence,® colorimetry,® chem-
iluminescence,” voltammetry," and fluorometry.”> Among
these approaches, optical techniques are particularly attractive
because of their high sensitivity, rapid response, and suitability
for real-time monitoring."*¢

Fluorescence derivatization of DA commonly relies on
oxidative coupling reactions that generate highly fluorescent
azamonardine derivatives. This strategy has attracted consid-
erable interest owing to its rapid response and high fluores-
cence quantum yield."”*® For example, Dong et al. prepared Tb-
DPA, Eu-DPA, and Tb/Eu-DPA, which exhibited green, red, and
yellow fluorescence, respectively. Based on a “stoplight”
signaling strategy, they realized ratiometric fluorescence
detection of DA, with the blue emission from the RC-DA reac-
tion serving as the on signal.” Ni et al. reported an assay for
alkaline phosphatase (ALP) in which p-nitrophenol, produced
through ALP-catalyzed hydrolysis of p-nitrophenyl phosphate,
effectively quenched the fluorescence of azamonardine.*

The induced oxidative coupling of DA with phenolic reagents
offers an efficient route for fluorescence derivatization without
requiring harsh oxidizing agents, highlighting its strong
potential for further analytical applications. In this work, we
present a dual-mode colorimetric and fluorescence
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Scheme 1 Proposed pathway for interaction between DA and 4-HRS
to form bluish-green fluorescent azamonardine.

derivatization strategy for DA determination based on 4-HRS,
and the proposed reaction pathway is illustrated in Scheme 1.

2. Experimental

2.1. Chemicals and instruments

Dopamine hydrochloride (DA), 4-hexyl resorcinol (4-HRS),
epinephrine, norepinephrine, 5-hydroxytryptamine, trypt-
amine, octopamine, uric acid, glucose, lactic acid, glutathione,
cysteine, lysine, bovine serum albumin (BSA), glycine, alanine,
and ascorbic acid, each with a purity above 98%, were
purchased from Sigma-Aldrich (Germany). Sodium dihydrogen
phosphate, disodium hydrogen phosphate, hydrochloric acid,
sodium hydroxide, and acetonitrile were obtained from Merck.
Deionized water was used throughout all experimental
measurements and sample preparations.

UV-vis absorption spectra and photoluminescence (PL)
measurements were recorded using a Shimadzu UV-1601 PC
spectrophotometer and a Shimadzu RF-5301 PC spectrofluo-
rometer, respectively. The pH value was measured at room
temperature using a Jenway 3505 digital pH meter (Stafford-
shire, England). Sonication was performed with an Elmasonic
S30 ultrasonic bath (Schmid Bauer GmbH & Co. KG, Singen),
while mixing was carried out using a Daihan MSH-20A magnetic
stirrer (Korea). Mass spectrometry analysis was carried out in
positive ion mode using an LTQ ion-trap mass spectrometer
equipped with an electrospray ionization source (Thermo
Scientific, USA). H'-NMR spectrum of azamonardine was
acquired on at Agilent solution-state spectrometer after disso-
lution in DMSO-d¢. Fourier-transform infrared (FT-IR) spec-
troscopy (Nicolet™ iS™10, Thermo Fisher Scientific, USA) was
employed to identify the surface functional groups of the ob-
tained product.

2.2. Detection steps

To quantify DA, 100 pL of 2.5 pM 4-HRS was mixed with 500 pL
carbonate buffer at pH 11.0, followed by the addition of 200 uL
DA solution of different concentrations. The solution volume
was completed to 1.0 mL using deionized water, and the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reaction was allowed to proceed for 1 min at 25 °C. The
generated product was subsequently measured by colorimetric
detection at 445 nm and by fluorescence spectroscopy at Aex =
450 nm and A, = 490 nm.

2.3. LC-MS for identification of the reaction product

For product identification, 2.5 mL of 300 uM 4-HRS prepared in
deionized water was mixed with 6.2 mL NaOH solution adjusted
to pH 11.0 and 1.5 mL of 0.1 mM DA solution. Following 15 min
of reaction, the solution was filtered through a 0.22 pum
membrane, and the filtrate was analyzed by positive-ion mass
spectrometry. Separation by chromatography was conducted
employing gradient elution at 0.8 mL min ", according to the
conditions listed in Table S1. An injection volume of 10.0 pL was
introduced, while the column temperature remained constant
at 30 °C.

2.4. Real samples preparation

The DA injection purchased from a local pharmacy was diluted
using 200 pL of the injection and deionized water. Thereafter,
a suitable aliquot was withdrawn and subjected to the analytical
procedure outlined in Section 2.2.

Serum samples collected from Assiut University Clinics were
pretreated by protein precipitation using acetonitrile. Briefly,
1.5 mL of acetonitrile was added to 300 uL of serum, and the
mixture was vigorously shaken before centrifugation at
6000 rpm for 20 min. The supernatant was subsequently iso-
lated, filtered through a 0.22 pym membrane, and stored at 4 °C
for subsequent use. The study was approved by the Institutional
Ethics Committee of Assiut University. Written informed
consent was obtained from all participants prior to sample
collection. All procedures were performed in accordance with
the declaration of Helsinki and applicable national regulations,
with participant privacy and safety maintained throughout
sample collection, handling, analysis, storage, and disposal.

3. Results and discussions

3.1. Chemical interaction between DA and 4-HRS

The UV/vis absorption and fluorescence characteristics of DA, 4-
HRS, and their reaction-derived product were examined at pH
11.0 (Fig. 1). As presented in Fig. 1A, 4-HRS showed nearly no
absorbance, while DA exhibited only a weak absorption signal
within the 300-500 nm region. In contrast, the reaction product
formed between DA and 4-HRS displayed a distinct and intense
absorption band with a maximum at 445 nm, indicating the
generation of a new chromophoric species after the oxidative
coupling reaction. Fluorescence measurements (Fig. 1B) further
revealed that both DA and 4-HRS were essentially nonfluores-
cent under the studied conditions, whereas their interaction
product produced a strong emission peak at 490 nm upon
excitation at 450 nm. This remarkable optical change confirms
the formation of a new fluorescent derivative and highlights the
high sensitivity of the reaction system. The emergence of both
absorbance and fluorescence responses demonstrates the
successful conversion of DA into an optically active product,
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Fig.1 Absorption (A) and emission (B) spectra of DA+ 4-HRS solution before and after derivatization. (C) Absorption spectra of 4-HRS, DA, and
DA+ 4-HRS at pH 7.0 and 11.0. (D) LC-MS of the interaction product of DA and 4-HRS.

thereby providing a reliable basis for its selective colorimetric
and fluorometric determination. In comparison with neutral
conditions, DA exhibited substantially stronger absorption in
alkaline medium (Fig. 1C), suggesting a pronounced change in
molecular and electronic structure. At pH 11.0, the phenolic
hydroxyl group of DA (pKa = 9.2) becomes deprotonated, which
facilitates its oxidation to DA quinone (DQ). This oxidized
intermediate is highly reactive and can further undergo deriv-
atization with 4-HRS, producing a strongly fluorescent
compound. Therefore, the alkaline environment plays a dual
role by promoting DA oxidation and enabling the formation of
an optically active derivative suitable for sensitive fluorescence
detection.

A plausible mechanism for the fluorescence derivatization
reaction is presented in Scheme 1. In alkaline medium, DA is
readily oxidized to quinone intermediates because of its catechol
moiety. In contrast, 4-HRS, owing to its resorcinol framework,
preferentially forms resonance-stabilized monoanionic species
rather than being directly oxidized to a quinone species.*
Subsequently, the oxygen anion derived from 4-HRS can

25904 | RSC Adv, 2026, 16, 25902-259T1

nucleophilically attack the quinone ring of oxidized DA, thereby
producing a tricyclic intermediate incorporating a five-
membered oxygen-containing heterocycle. This intermediate
subsequently undergoes intramolecular nucleophilic addition by
either the hydroxyl or amino group of DA quinone to the carbonyl
functionality, ultimately yielding the highly fluorescent azamo-
nardine derivative.?* The pronounced fluorescence enhancement
is attributed to the formation of this rigid and extensively
conjugated structure, whose extended m-conjugation also
promotes stronger light absorption. The proposed structure was
further supported by LC-MS analysis, and the suggested reaction
pathway was found to be consistent with previously reported
studies. As shown in Fig. 1D, the most intense signal appeared at
m/z 316.5, which can reasonably be assigned to the protonated
molecular ion [azamonardine + H]' formed through the coupling
reaction between DA quinone and 4-HRS. This value is in close
agreement with the theoretical m/z of 316.4. The loss of 18 Da (m/
z 298.3) corresponds to elimination of a water molecule from
a phenolic OH group. The fragments at m/z 245.2 and 231.2 result
from sequential cleavage of the hexyl side chain—first loss of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of (A) 4-HRS amount, (B) pH value, (C) small pH variations (10.0-12.0), and (D) reaction time on the interaction between DA (25.0

nM) and 4-HRS. Number of replicates were five determinations.

CsH;; (71 Da) and then complete loss of C¢H;3 (85 Da), con-
firming the presence and length of the alkyl chain. More diag-
nostically, the fragment at m/z 148.1 arises from retro-Diels-Alder
cleavage of the heterocyclic ring, yielding the DA-derived imi-
nium ion (CgH,(NO,"). The base peak at m/z 121.1 corresponds to
the protonated catechol fragment (C¢H,(OH),"), while m/z 95.1
represents the resorcinol-derived fragment (CsH,O"). This frag-
mentation pattern is fully consistent with the proposed tricyclic
azamonardine structure and cannot be explained by alternative
isomeric products.

Fig. S1A shows the representative chromatogram in which
DA and azamonardine were well resolved, with retention times
of 8.3 and 10.9 min, respectively. Fig. S1B shows the "H NMR
spectrum (480 MHz, DMSO-dg) of the purified azamonardine
product generated from the reaction of DA with 4-HRS under
alkaline conditions (pH 11.0). The spectrum displays charac-
teristic resonances consistent with the proposed azamo-
nardine structure. The broad singlets at § 9.82 and 8.45 ppm
are assigned to the phenolic OH and heterocyclic NH protons,
respectively, confirming the presence of exchangeable func-
tional groups. In the aromatic region, signals at ¢ 7.32 (d, J =
8.4 Hz, 1H), 7.10 (t, ] = 8.0 Hz, 1H), and 6.95 (d, J = 8.0 Hz, 1H)
are attributed to the aromatic protons of the DA-derived ring,
while the resonances at ¢ 6.48 (s, 1H) and 6.30 (d, J = 2.4 Hz,
1H) are assigned to protons on the resorcinol-derived aromatic
ring. The multiplet at 6 2.75-3.30 ppm (4H) corresponds to the
DA ethyl bridge (-CH,-CH,-N), supporting cyclization and
fluorophore formation. In addition, the signals at 6 2.52 (t,J =
7.6 Hz, 2H), 1.55-1.45 (m, 2H), 1.38-1.28 (m, 4H), and 0.88 (t, ]
= 6.8 Hz, 3H) are assigned to the hexyl substituent of 4-HRS,

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

further confirming its incorporation into the final product.
Fig. S1C presents the FT-IR spectrum of the purified azamo-
nardine product, confirming the presence of the main func-
tional groups expected for the target fluorophore. The broad
absorption band at 3330 cm™ " is assigned to the stretching
vibrations of N-H/O-H, indicating the presence of hydrogen-
bonded amino and/or hydroxyl groups. The bands in the
2770-2885 cm ' region are attributed to aliphatic C-H
stretching vibrations of -CH, moieties. A distinct band at
1685 cm ' corresponds to the C=O stretching vibration,
supporting the formation of a carbonyl-containing conjugated
structure. The absorption at 1555 cm ™" can be assigned to N-
H/O-H bending and/or conjugated skeletal vibrations, while
the band at 1450 cm™ ' is associated with C=C skeletal
vibrations and/or CH, bending. In addition, the peaks
observed at 1205 and 1108 cm ™' are attributed to C-OH/C-O
and C-C (or C-O-C) stretching vibrations, respectively.
Collectively, these characteristic bands are consistent with the
successful formation of azamonardine, and the FT-IR results
provide complementary evidence for the proposed molecular
structure and purity of the isolated product. In addition, the
fluorescence quantum yield of the formed azamonardine was
calculated to be 66.8%, using quinine sulfate as the reference
standard. These findings collectively confirm the formation of
a strongly emissive derivatization product and support the
proposed sensing mechanism.

3.2. Optimization of reaction variables

The influence of key experimental parameters on reaction
sensitivity was systematically evaluated, as presented in Fig. 2.

RSC Adv, 2026, 16, 25902-25911 | 25905
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The studied factors included 4-HRS concentration, solution pH,
and reaction time. As shown in Fig. 24, the concentration of 4-
HRS was varied over the range of 0.4-4.0 uM to determine its
effect on fluorescence response. The fluorescence intensity
increased progressively with increasing reagent concentration
up to 2.5 uM, after which no further improvement was observed.
Therefore, 2.5 M 4-HRS was selected as the optimal concen-
tration and was used throughout the study.

Because both DA and 4-HRS show chemical behavior that
varies with pH, the effect of pH on the induced oxidative fluo-
rescence derivatization reaction was systematically investigated
(Fig. 2B). The fluorescence signal was relatively weak at neutral
and mildly alkaline pH values, but increased markedly as the
medium became more alkaline, reaching its maximum at pH
11.0. At pH values below 8.5, the limited deprotonation of the
hydroxyl groups in DA likely reduced its susceptibility to
oxidation by dissolved oxygen.”® Under strongly alkaline
conditions, DA is more readily converted into semiquinone and
quinone intermediates,* while 4-HRS can act in its mono-
anionic form and couple with the quinone species to generate
the highly fluorescent azamonardine derivative.>> At pH values
above 11.0, however, the fluorescence intensity decreased, most
likely because DA self-polymerization became dominant and
competed with the derivatization reaction. Accordingly, pH 11.0
was selected as the optimum buffer condition for subsequent
experiments. The effect of small pH variations on the analytical
signal was also evaluated to assess method robustness. As
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shown in Fig. 2C, the fluorescence intensity remained within
95-100% of its maximum value over the narrow pH range of
10.9 to 11.1. Outside this window, the signal decreased rapidly,
dropping to 85% at pH 10.7, 88% at pH 11.3, and below 70% at
pH values beyond 10.5 or above 11.5. This steep pH dependence
arises because the deprotonation of DA (pKa = 9.2) and the
subsequent oxidative coupling are highly sensitive to hydroxide
ion concentration. Therefore, while pH 11.0 is optimal, careful
buffer preparation is essential to maintain pH within 0.1 unit
of the target value to ensure reproducible results.

Reaction time was assessed by recording the fluorescence
intensity of the formed product over 1500 s. At the optimized pH
of 11.0, the induced oxidative derivatization occurred rapidly
after mixing and reached completion within 1 min (Fig. 2D),
indicating the fast kinetics of the reaction. Moreover, the
generated fluorescent product showed good stability, with no
significant change in signal observed for at least 1000 s.

3.3. Analytical merit parameters

The proposed derivatization-assisted dual-mode sensing
strategy was successfully applied for DA determination (Fig. 3).
As shown in Fig. 3A, the absorbance signal increased progres-
sively with increasing DA concentration over the range of 0.05-
520 uM, indicating the formation of the derivatized product. A
calibration plot constructed from the change in absorbance
(AA) versus DA concentration exhibited excellent linearity, with
the regression equation AA = 0.0017[DA] + 0.0816 and

AA =0.0017[DA] +0.0816 -
R=0.9993 "
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(A) Absorption spectra of the interaction between DA (0-520 uM) and 4-HRS (2.5 uM); (B) calibration plot between AA and concentration

of DA; (C) fluorescence spectra of the interaction between DA (0-520 uM) and 4-HRS (2.5 uM); (D) calibration plot between AF and concen-
tration of DA. Reaction time is 1 min and pH of phosphate buffer is 11.0. Number of replicates were five determinations.
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Table 1 Analytical parameters for determination of DA using the
proposed methods

Parameters Colorimetric Fluorometric
Linear range (uM) 0.05-520 0.01-0.6
Slope (b) 0.0017 1.408
Standard deviation (SD) of b 5x107° 0.0048
Intercept (a) 0.0816 29.244

SD of a 9.28 x 10~° 1.28 x 1073
R 0.9993 0.9965

LOD (uM) 0.018 0.003

LOQ (uM) 0.05 0.01

a determination coefficient (R®) of 0.9993 (Fig. 3B). The limit of
detection (LOD) for the colorimetric mode was measured
according to formula of 3.3¢/b where ¢ is standard deviation of
intercept and b is slope of calibration plot. The LOD was esti-
mated to be 0.018 pM, confirming the high sensitivity of the
method (Table 1). Similarly, the fluorometric response showed
a marked enhancement in emission intensity at 490 nm as the
DA concentration increased (Fig. 3C). A good linear relationship
was observed between the fluorescence difference (AF) and DA
concentration, following the equation AF = 1.4083[DA] +
29.248, with an R* value of 0.9965 (Fig. 3D). The LOD of the
fluorescence method was calculated to be 3.0 nM, demon-
strating that the fluorometric approach offers even greater
sensitivity for DA quantification. Overall, the dual-mode plat-
form provides reliable, sensitive, and complementary detection
performance for DA analysis. Table 2 compares the analytical
performance of the proposed dual-mode assay with previously
reported methods for DA determination. Among these
approaches, Dhamra et al. reported a sensitive fluorometric
assay based on DA derivatization with 1,2-naphthoquinone-4-
sulfonate under mildly acidic aqueous conditions at pH 6.0,
achieving an LOD of 0.017 uM.* Sliesarenko et al. developed an
o-phthalaldehyde-based fluorometric strategy in the presence of
pluronic F127, where the micellar environment enhanced the
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fluorescence response and enabled DA detection with an LOD of
0.015 uM.*® In a more sophisticated analytical format, Ntorkou
et al. optimized a pre-column derivatization HPLC-fluorescence
method for ultratrace quantification of endogenous DA,
attaining a markedly lower LOD of 0.002 pM.*” These reports
demonstrate the effectiveness of derivatization-assisted fluo-
rescence detection for trace DA analysis, particularly when
coupled with signal-enhancing media or chromatographic
separation to improve sensitivity and selectivity in complex
matrices. In comparison, the present dual-mode strategy offers
a broad linear working range, low detection limits, and reliable
quantitative performance without relying exclusively on chro-
matographic instrumentation. Therefore, the proposed plat-
form is competitive with existing fluorometric and HPLC-based
methods and provides a practical, sensitive, and widely appli-
cable approach for DA determination.

3.4. Precision

To verify the method's reliability, the intra-day and inter-day
precision were evaluated, as summarized in Table 3. The rela-
tive standard deviation (RSD) values were all below 3.65%,
demonstrating the good precision and reproducibility of the
derivatization-based colorimetric and fluorometric methods for
DA determination.

3.5. Selectivity and reproducibility

The selectivity of the proposed sensing platform toward DA was
systematically investigated using a panel of structurally related
catecholamines and neurotransmitters commonly encountered
in serum, including epinephrine, norepinephrine, 5-hydroxy-
tryptamine, tyramine, and octopamine. As shown in Fig. 4A and
B, only DA and, to a lesser extent, epinephrine and norepi-
nephrine, generated appreciable absorbance and fluorescence
responses. Importantly, the signal intensity obtained for DA was
substantially higher than that of these potential interferents
under the optimized assay conditions (pH 11.0, 1 min reaction

Table 2 Comparison of the analytical characteristics of the proposed dual-mode method for DA determination with those of previously re-

ported colorimetric and fluorometric assays

Technique Probe/reagent Linear range (uM) LOD (uM) Response time (min) References
Colorimetry Peroxidase-mimic of N, Fe-CDs 0.05-0.5 0.03 15 26
Peroxidase-mimic CoSn(OH)s 5-200 4.4 3 27
Nanofiber/AuNP 0.5-500 0.5 10 28
Peroxidase-mimic of 3D-MoS,/graphene 1-400 0.21 10 29
CoFe,0, nanozyme/self-polymerization 5-80 0.233 2.25 30
BSA-Cu NPs 0.01-60 0.005 20 31
4-HRS 0-520 0.018 1 This work
Fluorometry N, Fe-CDs nanozyme 0.10-0.65 0.02 15 26
BSA-Cu NPs 0.01-10 0.005 20 31
WS, QDs 0-50 3.3 10 32
NIR-CDs/ARS-3-NPBA 0.1-65 0.035 10 33
Ag-HA 0.1-70 0.035 20 34
1,2-Naphthoquinone-4-sulfonic sodium 0.07-13.1 0.017 15 35
o-Phthalaldehyde/pluronic F127 0.5-3 0.015 80 36
4-HRS 0-0.6 0.00095 1 This work
Chromatography Resorcinol (pre-column derivatization) 0.03-65.3 0.002 ~10 (separation) 37

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Interday and intraday precision of the proposed derivatization based dual-mode detection method for DA
Intraday (n = 6) Interday (n = 6 x 3)
Technique Added (uM) Measured (uM) Recovery % RSD % Measured (uM) Recovery % RSD %
Colorimetric 5.0 4.89 + 0.67 97.8 3.08 4.97 + 0.84 99.4 1.89
50.0 53.29 £ 0.56 106.6 3.56 53.56 £ 0.77 107.1 2.78
100.0 97.88 £ 0.87 106.0 2.67 104.76 + 0.89 104.8 3.00
Fluorometric 5.0 5.32 + 0.83 106.4 2.76 5.28 + 0.87 105.6 2.34
50.0 47.56 £+ 0.43 95.1 2.56 47.80 £+ 0.66 95.6 3.56
100.0 104.53 + 0.98 104.53 3.01 97.86 £ 0.67 97.9 3.65
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Fig.4 (A) Colorimetric and (B) fluorometric responses of DA in the presence of 30 folds interfering species (1. DA, 2. Na*, 3. K*, 4. Ca®*, 5. Mg®™,
6. uric acid, 7. glucose, 8. lactic acid, 9. glutathione, 10. cysteine, 11. lysine, 12. BSA, 13. glycine, 14. alanine, 15. ascorbic acid, 16. 5-hydroxy-
tryptamine, 17. tryptamine, 18. octopamine, 19. norepinephrine, and 20. epinephrine), DA concentrations used for colorimetric and fluorometric
methods were 50 uM and 25 nM, respectively. Other conditions were pH 11.0 and reaction time of 1 min. (C) Colorimetric and (D) fluorometric

responses after eight derivatization cycles.

time), highlighting the preferential responsiveness of the
method toward the target analyte. In contrast, common serum
constituents, including glucose, uric acid, amino acids, and
inorganic ions, produced negligible signals, demonstrating
excellent anti-interference capability against major endogenous
matrix components. Although epinephrine may cause interfer-
ence when present at unusually high concentrations, this effect
can be effectively minimized by appropriate sample dilution or
further suppressed through a selective pretreatment/oxidation
step. Therefore, for routine determination of DA in serum,
particularly in subjects not receiving exogenous epinephrine,
the proposed method provides satisfactory selectivity, good

25908 | RSC Adv, 2026, 16, 25902-25911

analytical reliability, and promising practical applicability in
complex biological matrices.

The absorbance and fluorescence responses at the selected
wavelengths were recorded following eight independent deriv-
atization runs. The obtained relative standard deviation (RSD)
was 2.89%, confirming the good reproducibility of the method
(Fig. 4C and D).

3.6. Applications

To further verify the practical applicability of the method, it was
employed for the quantification of DA in DA injection and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Determination and recovery results of DA in real samples using colorimetric and LC-MS methods (n = 3)

Fluorometric method LC-MS
Samples Added (uM) Found (uM) % Recovery % RSD Found (uM) % Recovery % RSD
Injection 0.0 4.67 — 2.67 5.34 — 3.78
1.0 5.71 104.0 2.54 6.40 106.0 4.65
5.0 9.67 100.0 3.43 10.67 106.6 4.02
10.0 15.12 104.5 2.00 15.76 104.2 4.76
20.0 24.47 99.0 1.87 26.34 105.0 3.76
Serum 0.0 ND — — ND — —
1.0 1.03 103.0 2.67 1.07 107.0 4.78
5.0 4.78 95.6 3.09 5.32 106.4 3.90
10.0 9.87 98.7 2.67 10.84 108.4 4.20
20.0 21.43 107.2 1.27 19.14 95.7 3.89
Table 5 Determination and recovery results of DA in real samples using fluorometric and LC-MS methods (n = 3)
Fluorometric method LC-MS
Samples Added (uM) Found (uM) % Recovery % RSD Found (uM) % Recovery % RSD
Injection 0.0 0.023 — 3.78 0.027 — 4.77
0.1 0.120 97.0 3.89 0.123 96.0 4.00
0.15 0.172 99.3 2.76 0.182 103.3 3.55
0.20 0.230 103.5 2.66 0.237 105.0 4.88
0.25 0.265 96.8 4.08 0.278 100.4 3.67
Serum 0.0 ND — — ND — —
0.1 0.104 104.0 3.76 0.107 107.0 4.34
0.15 0.147 98.0 3.48 0.140 93.3 3.98
0.20 0.198 99.0 2.00 0.192 96.0 4.77
0.25 0.258 103.2 3.78 0.257 102.8 3.56

serum samples. Method accuracy was evaluated by comparing
the results with those obtained by liquid chromatography and
by performing spike-recovery experiments at various DA
concentrations. Each sample was analyzed in triplicate. As
summarized in Tables 4 and 5, the measured values showed
good agreement with the liquid chromatography data. The
recoveries fell within 95.0-107.2%, and all RSD values were
below 3.89%, indicating excellent accuracy and good repeat-
ability. Overall, these results confirm that the proposed method
is reliable for quantitative DA determination in real matrices.

4. Conclusions

In summary, a derivatization-based dual-mode analytical
method was successfully established for DA detection. When
exposed to alkaline conditions, DA participates in an induced
oxidative coupling reaction with 4-HRS, yielding azamo-
nardine as a strongly fluorescent product. Owing to its high
sensitivity, acceptable selectivity, and low cost, the proposed
method is attractive for routine analytical applications. A good
linear relationship was observed between azamonardine's
colorimetric response and DA concentration over the range of
0.05-520 uM, yielding a detection limit of 0.018 pM. Moreover,
the fluorescence response exhibited excellent linearity over

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

10-600 puM, with a lower detection limit of 3.0 nM. In contrast
to photocatalytic oxidative derivatization methods, this
approach does not require any catalyst and is less affected by
fluctuations in light intensity, which improves its practicality
and robustness. UV-vis and LC-MS results further supported
the reaction mechanism, indicating that DA is initially
oxidized to DA quinone (DQ), followed by nucleophilic
coupling of monoanionic 4-HRS with DQ to produce
azamonardine.
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