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g r a p h i c a l a b s t r a c t
� A novel heat-stable enzyme was used
in the development of a biosensor for
the detection of L-dopa.

� Sequential detection of dopamine
and L-DOPA was achieved with dual-
fluorescence signals.

� The efficacy of the resulting sensor
was evaluated using serum samples.

� Paper microfluidics modified with
chitosan was applied to enhance
sensitivity for fast and cost-effective
analysis.
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A variety of enzyme-based colorimetric biosensors have been developed for clinical practice; however,
these methods will only become cost-effective when they are able to process multiple samples with a
high degree of sensitivity. In this study, a novel heat-stable enzyme, 2,3-dopa-dioxygenase from the
thermophilic bacterium Streptomyces sclerotialus (SsDDO), was used in the development of a protein- and
cell-based biosensor for the detection of L-DOPA for the first time. SsDDO catalyzes the oxidative
cleavage of L-DOPA forms linear semialdehyde (AHMS) and cyclizes to a 3-carboxy-3-hydroxyallylidene-
3,4-dihydropyrrole-2-carboxylic acid (CHAPCA). We next derivatized CHAPCA by reacting with 3-
aminobenzoic acid (MABA) to yield a red-fluorescent pigment. Overall, the detection of L-DOPA via
the red fluorescent signal can be completed in only 30 min. We also developed a sequential analysis
method to detect the coexistence of dopamine and L-DOPA with a high degree of sensitivity using the
dual-fluorescent signals to monitor the therapy of patients with Parkinson's disease treated with L-DOPA.
The robustness and applicability of the system were further validated in serum. In addition, paper
microfluidics modified with chitosan was applied for fast and cost-effective analysis of dopamine and L-
DOPA in the mixed solutions.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Catecholamine neurotransmitters, including 3,4-dihydroxy-l-
phenylalanine (L-DOPA), dopamine, epinephrine (Epi), and
norepinephrine (NE) are regulated by emotional states, body
movements, and cognitions [1e3]. For example, excessively high or
low dopamine concentrations in the body can have adverse effects.
Parkinson's disease and attention deficit disorder are both charac-
terized by a lack of dopamine, whereas schizophrenia and gan-
glioglioma are associated with excess concentrations [4,5]. In
clinical treatment, L-DOPA remains the most effective symptomatic
treatment of Parkinson's disease, because it can cross the cere-
brovascular barrier to be converted into dopamine through amino
acid decarboxylase [6e9]. Thus, L-DOPA and dopamine concen-
trations must be carefully monitored in patients to avoid potential
confounding effects of other related neurotransmitter systems
[10e12]. However, a selectively discrimination between L-DOPA
and structurally related dopamine remains a challenge.

Existing detection methods such as electrochemical systems
[13e15], high-performance-liquid-chromatography (HPLC) [16,17],
spectrophotometry [18,19], capillary electrophoresis [20,21]
require expensive instruments and time-consuming pre-process-
ing. Electrochemical sensors are also sensitive to compounds but a
similar oxidation-reduction potential, such as urea or ascorbic acid,
overlap with the characteristic peaks of catecholamine compounds
that interfere with detection. In the presence of these compounds,
L-DOPA concentrations cannot be accurately measured. Phase
chromatography provides excellent specificity; however, the in-
struments are expensive and require operation by highly-skilled
professionals. By contrast, colorimetric or fluorescent-based bio-
sensors provide rapid detection with a high degree of specificity
[22e26]. Dopa-dioxygenase (part of vicinal-oxygen-chelate (VOC)
enzyme family) is crucial to the breakdown of catechol in various
positions of catecholamine compounds [27e29]. In the current
study, we established a novel enzyme, 2,3-dopa-dioxygenase from
the thermophilic bacterium Streptomyces sclerotialus (SsDDO), to
facilitate the generation of colorimetric/fluorescent probe for use in
L-DOPA detection. The SsDDO enzyme converts L-DOPA into 3-
carboxy-3-hydroxyallylidene-3,4-dihydropyrrole-2-carboxylic
acid (CHAPCA), which has a characteristic absorption value at
414 nm [30]. When reacted with 3-aminobenzoic acid (MABA),
CHAPCA undergoes a 1,4-addition reaction to produce a pigment
with red fluorescence 4-(3-carboxy-1-((3-carboxyphenyl)amino)-
Scheme 1. A novel approach for the detection of dopamine and L-DOPA via a stepwise reacti
to produce CHAPCA in the presence of L-DOPA. MABA was next reacted with CHAPCA to g

2

3-oxopropyl)-2,3-dihydro-1H-pyrrole-2-carboxylic acid (CHAPCA-
MABA). L-DOPA can then be detected via either absorption or
fluorescent signal output. Selectivity tests on the SsDDO enzyme
verified the stability and applicability of the enzyme system in the
detection of L-DOPA in fetal bovine serum. In addition, we devel-
oped a stepwise reaction (Scheme 1) to sequentially detect both
dopamine and L-DOPA. Dopamine was firstly reacted with resor-
cinol to produce azamonardine with cyan fluorescence [31e33]; L-
DOPA reacts with the SsDDO enzyme and MABA to form CHAPCA-
MABA with red fluorescent pigment. The dual fluorescence detec-
tion of cyan (azamonardine) and red (CHAPCA-MABA) fluorescence
can then be used to detect dopamine and L-DOPA inmixed solution,
respectively. Lastly, paper microfluidics modified with chitosanwas
applied for fast and cost-effective analysis of dopamine and L-DOPA
in the mixed solutions.
2. Experimental section

2.1. Chemicals

The chemicals were purchased from ACROS, such as dopamine,
L-DOPA, tyramine, ascorbic acid, norepinephrine, epinephrine,
glutamic acid, and phenylalanine. The iron(II) sulfate, tryptophan,
phenylethylamine were brought from Sigma-Aldrich. The glycine,
isopropyl b-D-1-thiogalactopyranoside (IPTG), carbenicillin, and
glycerol were obtained from Amresco. Tyrosine was purchased
from Merck. Fetal Bovine Sera (FBS) and artificial urine were pur-
chased from GE Healthcare Life Sciences, respectively; calcium
chloride was purchased from Ferak Berlin GmbH. Magnesium sul-
fate was purchased from Fisher chemical.
2.2. Mass expression and purification of SsDDO protein

We transformed the plasmid (pYCY_1138) into Escherichia coli
BL21 (E.coli BL21) and spread it evenly on a solid LB medium con-
taining 50 mg/mL carbenicillin by cultivating it at 37 �C overnight.
Bacterium strainwas grown in LB medium at 37 �C and 250 rpm for
16e18 h. Diluted cultured bacterial solution was placed in 250 mL
LB broth containing carbenicillin at a ratio of 1%, andwas placed in a
37 �C incubator to cultivate until (OD600 ¼ 0.4e0.6), after induction
with 1 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG). The
induced bacterial solutionwas centrifuged at 9000 rpm for 5min at
4 �C, and the supernatant was discarded. Target protein containing
on. Resorcinol is used to detect dopamine, and E. coli cells expressing SsDDO were used
enerate a red fluorescent pigment.
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His-tag modification was purified using common protein purifica-
tion protocols. The purified protein solution is dialyzed in phos-
phate buffer at 4 �C, and stored in refrigerator at 4 �C.

2.3. Interference study

The reaction condition containing sodium phosphate buffer
(62.5 mM, pH 6.8) is the buffer solution for the SsDDO enzyme test.
The reaction solution containing AA (10 mM), FeSO4 (1 mM),
16.5 mM SsDDO, and 125 mM various catecholamines was used for
the interference tests. The interference studies used the com-
pounds with a similar structure to L-DOPA and common metabo-
lites, such as dopamine (DA), epinephrine (Epi), norepinephrine
(NE), phenethylamine (PEA), tyramine (tyramine), phenylalanine
(Phe), tyrosine (Tyr), tryptophan (Trp), ascorbic acid (AA).

2.4. Enzyme kinetics

Substrates (L-DOPA and dopamine at 0, 100, 200, 400, 800,1600,
2500, 3200 mM) were used to react with SsDDO for 10 min at room
temperature, and the absorbance at 414 nm was measured with a
96-well plate reader. The molar absorption coefficient of CHAPCA
(ε ¼ 30680 M�1cm�1), using Beer-Lambert law to obtain the vol-
ume molar concentration of CHAPCA, dividing it by the reaction
time to get the initial reaction velocity (V0), and the substrate of
concentration and reaction rate into the Michaelis-Menten equa-
tion for fitting. After calculation, the KM, kcat, and Vmax constants
were obtained.

2.5. ESI-Q-TOF

Mass spectrometry was performed using electrospray ionization
quadrupole time-of-flight mass spectrometry (ESI-Q-TOF). Analysis
of CHAPCA and CHAPCA-MA were performed by infusion of sam-
ples into mass spectrometry. Mass spectrometry was performed
using TripleTOF® 6600þ System. The spray voltage of the spec-
trometer was set at �4500 V, the turbo capillary temperature was
set at 500 �C, the declustering potential (DP) was set at �80 V,
collision energy (CE) was set at �10 eV, nebulizer gas (Gas 1) was
set at 20 psi; heater gas (Gas 2) was set at 10 psi, and the curtain gas
was set at 25 psi.

2.6. Detection of L-DOPA by an in-vitro method

The optimal conditions are used to test the reaction time of
SsDDO protein and L-DOPA to generate CHAPCA. The reaction so-
lution contains 62.5 mM sodium phosphate buffer at pH 8.0,
16.5 mMSsDDO,1mM FeSO4, AA 10mM, and 100 mM L-DOPA, every
reaction 20 min, the characteristic absorption peak of CHAPCA at
414 nm was measured with a plate reader.

2.7. Detection of L-DOPA by cell-based method

Cells were diluted in M9 medium and incubated at 250 rpm,
37 �C (~O.D.600 ¼ 0.4). The cells were induced with 100 mM IPTG
and various concentrations of L-DOPA (0, 1, 5, 25, 75, and 125 mM).
The mixtures were reacted at 37 �C for 30 min to allow enzymatic
conversion of L-DOPA to CHAPCA. The addition of MABA to a me-
dium lead to the production of CHAPCA-MA.

2.8. Paper-based analytical device

A Xerox Solid Ink Color Wax Printer (colorQube 8560dn, Fuji,
Japan) was used to print hollow circles with an internal diameter at
4 mm and the line width of 0.2 mm. The wax-patterned paper was
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heated at 120 �C for 10 min for the wax to completely penetrate
through paper substrate. The step of surface modification, 0.5%
chitosan (0.05g chitosan dissolve in 2% of 10 mL acetic acid) was
applied on the hydrophilic well of the paper substrate.

2.9. Sequential detection of dopamine and L-DOPA in a mixed
solution

The solution containing 25 mM dopamine alone and dopamine
with L-DOPA (100 and 500 mM) were examined. We next added
resorcinol (1 mM) and Na2CO3 (50 mM) in mixed solutions,
respectively. Resorcinol reacted with dopamine in the solution for
5 min to generate azamonardine. The fluorescence intensity (a.u.)
was measured (excitation/emission: 360/485 nm) for the detection
of dopamine. Next, the solution of above reaction and the solution
containing L-DOPA alone were incubated with cells expressing
SsDDO enzyme for 30 min to generate CHAPCA, and then MABA
was added to form CHAPCA-MA with red fluorescence signal.
Azamonardine and CHAPCA-MABA could be detected in the mixed
sample using the cyan and red fluorescence emission.

3. Results and discussion

3.1. Characterization of SsDDO and optimization of protein-based
biosensor

According to the biochemical study, SsDDO is octahedrally co-
ordinated with a non-heme iron by two histidine residues, a
glutamate residue, and three water molecules [30]. This structure
provides a cavity containing the catalytic center for selective
binding of L-DOPA. Next, the oxidative cleavage of L-DOPA forms
linear semialdehyde (AHMS, a transient species, lmax 375 nm), and
cyclizes to a 3,4-dihydropyrrole-2-carboxylic acid (CHAPCA, lmax
414 nm). SsDDO enzyme was purified from E. coli cells (Fig. S1).
Enzyme activities were determined by absorption spectrum
through the increase of lmax, indicative of the production of
CHAPCA.

We thus developed a colorimetric assay based on the formation
of CHAPCA. Reaction conditions were optimized in terms of pH, co-
factor selection, temperature, and reaction time. We first prepared
buffer solutions with pH values of 6.2, 7.0, 7.5, 8.0, 8.5, and 9.0 for
enzyme activity test. A reaction solution was prepared using puri-
fied protein (SsDDO), 0.5 mM FeSO4, and 100 mM L-DOPA. The
mixed solution was allowed to react for 40 min before measure-
ment of the absorption spectrum. As shown in (Fig. 1A), absorbance
was stronger in samples with a pH at 8; however, the activity
significantly decreased in higher pH values. The absorbance peak at
414 nm is consistent with the reaction product CHAPCA, and AHMS
is not observable under steady-state conditions, which is consistent
with previous studies [34]. Note that iron ions with different va-
lences can also affect the progress of the oxidation ring-opening
reaction; therefore, we tested four iron salts as co-factors
(Fig. 1B). Absorption intensity values revealed that ferrous ion is
more conducive to the reactions than is a ferric ion. Overall, FeSO4
was identified as the best co-factor for the reaction between SsDDO
and L-DOPA. These results were consistent with previous obser-
vations that SsDDO employs a Fe(II) to catalyze the insertion of
dioxygen into the aromatic ring of L-DOPA. Experimental results
revealed only negligible differences in the absorption intensity
values of CHAPCA generated at different temperatures (Fig. 1C),
indicating great thermal stability of SsDDO. With the CHAPCA
synthesis reaction temperature fixed at 37 �C, we monitored l414
intensity at a 5min interval over the course of the reaction (Fig. 1D).
The intensity initially increased, reaching a plateau within roughly
30 min.



Fig. 1. Activity test of SsDDO, the concentration of L-DOPA is fixed at 125 mM in all experiments (A) Test the activity of SsDDO enzyme in phosphate buffer solutions of different pH
values (pH 6.2, 7.0, 7.5, 8.0, 8.5, and 9.0). (B) Test the reactivity of SsDDO enzyme at different temperatures (37, 42 and 55 �C). (C) The effect of using different iron ions (FeCl3,
Fe(NO3)3, FeCl2, FeSO4) on the synthesis of CHAPCA. (D) Absorption spectrum over reaction time-course of SsDDO enzyme in the presence of L-DOPA.

Fig. 2. (A) Specificity of the purified SsDDO in the presence of various substrates including L-DOPA, DA, Epi, NE, PEA, tyramine, Phe, Tyr, Trp, and AA (at a concentration of
125 mM) (B) Reaction kinetics of SsDDO with L-DOPA or dopamine at various concentrations. Rates of increase at 414 nm for CHAPCA were plotted. (C) Summary of Michaelis
constant (KM), catalytic constant (kcat), and catalytic efficiency (kcat/KM) values. (D) Reaction kinetics of SsDDO with L-DOPA in the presence of dopamine at 15 and 30 mM.
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3.2. Substrate specificity and interference effects of dopamine

Experiments were also conducted to determine the specificity of
SsDDO in the presence of catecholamines and metabolite in-
termediates such as DA, Epi, NE, PEA, tyramine, Phe, Tyr, Try, and AA
(at a concentration of 125 mM) (Fig. 2A). The relative l414 intensity
toward L-DOPA after reacting with the SsDDO enzyme was plotted.
None of the potentially-interfering substances generated signals
exceeding 0.08 units, thereby demonstrating the outstanding
specificity of SsDDO to the oxidation ring-opening reaction of L-
DOPA. The affinity between SsDDO and L-DOPA was examined by
enzyme kinetic measurements (Fig. 2B). We examined the reaction
rate and specificity using the Michaelis�Menten kinetics method.
The rate of L-DOPA conversion to CHAPCA depended on the con-
centrations of the enzyme as well as the substrate. Increasing the
concentration of either the enzyme or L-DOPA was shown to in-
crease the reaction rate. Kinetic analysis was performed by moni-
toring the concentration CHAPCA by varying the L-DOPA
concentration under a constant SsDDO enzyme concentration. We
calculated the values of Michaelis constant (KM), catalytic constant
(kcat), and catalytic efficiency (kcat/KM) by fitting the steady-state
rates to the MichaeliseMenten equation based on the formation
of CHAPCA (Fig. 2C). These results indicate that the SsDDO
demonstrated much stronger affinity (KM) toward L-DOPA
comparedwith dopamine, i.e. the other common substrate of DOPA
dioxygenases. Notably, dopamine with SsDDO had a 2000 fold
lower kcat/KM than L-DOPA, demonstrating that L-DOPA is a better
substrate for SsDDO. The enzyme inhibition assaywas performed to
evaluate the interference of dopamine (Fig. 2D). These results
suggest that free dopamine, which acts closely as a mimic
competitive inhibitor (KM increases and vmax decreases, Fig. 2C)
with respect to L-DOPA, binds SsDDO in a similar active site.

We next sought to use SsDDO enzyme to examine the specificity
for recognition of L-DOPA in the presence of dopamine. We
therefore conducted an additional experiment with the dopamine
concentration fixed at 50 mM and adjusted the L-DOPA concentra-
tion to 50 or 100 mMbefore detecting the l414 intensity (Fig. S2). Our
results revealed that when the mixed solution reacted, the ab-
sorption intensity was close to that with L-DOPA alone, thereby
demonstrating that the presence of dopamine did not have a sig-
nificant effect on L-DOPA sensing performance.

We then investigated the efficacy of SsDDO in the detection of L-
DOPA in terms of color change under the above conditions.When L-
DOPA was added to the reaction solution, an increases in the pro-
duction CHAPCA was observed (Fig. 3A). Overall, the intensity
increased with an increase in L-DOPA concentration (Fig. 3B)
Fig. 3. (A) Absorption spectrum of reaction solutions containing L-DOPA at various concen
function of concentrations of L-DOPA. Linear ranges for L-DOPA were 1e125 mM, and LOD w
concentrations.
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presents a favorable linear relationship (R2 ¼ 0.997) with the
detection limit at 2.11 mM, and the inset photograph shows the
production of CHAPCA (colorless to yellow) in reactions containing
L-DOPA. In the absence of L-DOPA, no color changes can be
observed, indicating color changes specifically attributed to the
enzymatic reactions.

3.3. Cell-based biosensor for the detection of L-DOPA

We investigate the possibility for rapid detection of L-DOPA
using whole-cell sensors (E. coli expressing the SsDDO). Cells were
grown in M9 medium until reaching the OD ¼ 0.4e0.6 logarithmic
growth period. We then added IPTG to induce expression of the
SsDDO protein. Finally, we added L-DOPA at various concentrations
to the bacterial culture medium with various incubation intervals,
before measuring the absorption intensity. A visually detectable
signal amplification was observed after incubating the cells in the
presence of L-DOPA for 10 min (inset in Fig. S3). The dose-response
studies between of L-DOPA concentrations and l414 was carried out
and presented in (Fig. S3). Compared with the purified SsDDO
protein, whole-cell sensing required only 10 min to obtain a
detectable signal with a good linear range and the comparable
detection limit (2.29 mM).

3.4. Derivatization of CHAPCA with MABA

Next, CHAPCA was incubated with 17 amines to further deriv-
atize CHAPCA in the formation of compounds with red fluores-
cence. To determine completeness of the reaction, we recorded the
fluorescence spectrum and performed color analysis of white light
and fluorescent images (Fig. 4A and B). Most amines incubating
with CHAPCA pigments did not show a notable change in color
(Fig. 4B). Our experiment results revealed that in this series of
amines, the MABA compound presented the red fluorescent signal
with the highest intensity after reaction with CHAPCA (Fig. 4A).
MABA and CHAPCA pigments underwent a 1,4-addition reaction
with the color of the solution changing from yellow to orange-red,
indicating the generation of red fluorescent pigments (Fig. S4A).
The red color of the fluorescent signal can be attributed to the fact
that aromatic compounds undergo low-energy p-p* transitions
leading to the generation of fluorescent signals and amines with
non-bonded electron pairs enhance the intensity of fluorescent
signals. We validated the production of CHAPCA and 4-(3-carboxy-
1-((3-carboxyphenyl)amino)-3-oxopropyl)-2,3-dihydro-1H-pyr-
role-2-carboxylic acid (CHAPCA-MABA) by collecting bacterial su-
pernatant from the cell culture via centrifuge, and analyzing the
trations (0, 1, 5, 25, 75, and 125 mM). (B) The intensity of l414 was observed as a linear
as 2.11 mM. Inset: the corresponding photographs in the presence of L-DOPA at various



Fig. 4. (A) Fluorescence emission spectroscopy of CHAPCA after incubating with various amines at 30 mM including (CHAPCA, alanine, cysteine, aspartate, phenylalanine, glycine,
histidine, lysine, leucine, glutamic acid, tryptophan, tyrosine, tyramine, 2-aminoterephthalic acid, 4-aminoterephthalic acid, 5-aminoterephthalic acid, 3-aminobenzoic acid, and 4-
aminobenzoic acid). (B) The white light and red fluorescence photograph from (A). Red fluorescence intensity of CHAPCA-MABA (C) in solution and (D) on paper with 0.5% chitosan
modification the presence of various concentrations of L-DOPA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 5. (A) The emission and excitation spectrum of CHAPCA-MABA. (B) Time-course of the production of CHAPCA-MABA (measured by fluorescence of CHAPCA-MABA).
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supernatant through high-resolution electrospray mass spectrom-
etry (Fig. S4B and Fig. S4C). A similar resulting compound was
obtained when (4-aminobenzoic acid, PABA) was incubated with
CHAPCA (Fig. S4D).

We examined the fluorescence spectra to investigate the optical
properties of CHAPCA-MABA. The CHAPCA-MABA exhibited red
emissions at approximately 600 nm upon excitation maximum at
475 nm (Fig. 5A). We also examined the reaction time-course
through the fluorescence signals of CHAPCA-MABA at various
time intervals. The intensity of the CHAPCA-MABA achieved the
maximum signal intensity at 3 h (Fig. 5B). However, for rapid L-
DOPA detection, red fluorescence associated with the CHAPCA-
MABA compound is recorded at 1 h. As shown in (Fig. 4C) the in-
tensity of the red fluorescence increased proportionally with the
concentration of L-DOPA, indicating that CHAPCA-MABA formation
is dependent on the concentration of L-DOPA with the detection
6

limit of 4.79 mM. For the rapid and sensitive detection of L-DOPA at
a low cost, we sought to examine the colorimetric reaction on a
paper-based analytical device. The final reaction solution from the
whole-cell sensing was directly spotted on the filter paper. Inter-
estingly, paper modified with 0.5% chitosan, a natural biopolymer,
significantly enhanced the fluorescence signals (FigS. S5A and B). As
the concentration of L-DOPA was increased from the range of
1e125 mM, we observed a gradual increase in red fluorescence in-
tensity with a limit of detection at 0.65 mM (Fig. 4D), which is ten
times better than that in solution. These results suggest paper-
based analytical device presents a better sensitivity after surface
modification by chitosan, whichmeets the clinical requirements for
the monitoring of L-DOPA in Parkinson's patients. In previous re-
ports [38], the peak plasma concentrations of L-DOPA in the blood
of Parkinson's disease patients on L-DOPA therapy ranges from 1.26
to 12.27 mM [39, 40].



Table 1
Real sample analysis.

Sample Determination of L-DOPA in real samples

Spiked (mM) Found (mM) Recovery (% n ¼ 3) RSD (% n ¼ 3)

Protein-based 125 132.9 106.3 9.93
75 99.0 117.4 17.80

Cell-based 125 117.4 93.5 4.80
75 75.4 100.5 4.43
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Despite the outstanding results obtained of the laboratory
aqueous L-DOPA solutions, the applicability of the sensor strictly
depends on selective recognition in complex bio-fluids. L-DOPA is
commonly quantified in serum to monitor or assist in the prepara-
tion and administration of medication. To determine the reactivity of
the enzyme in the serum matrix, we used the standard addition
method (spiking L-DOPA to fetal bovine serum, FBS) to detect L-
DOPA concentrations based on absorption values. Commercial FBS
was used as a sample matrix. We sought to reduce the effect of the
serum matrix on CHAPCA absorption by diluting it to 30%. In the
experiments, the recovery rate was 106e117% in the detection of L-
DOPA. We also tested the detection of L-DOPA in 30% FBS using the
cell-based detection method. As shown in Table 1, the recovery rates
were ranging from 93 to 101% and RSDs were less than 5%.

L-DOPA, a dopaminergic precursor, is often used to restore the
reduction of dopamine. We thus sought to determine the level of
dopamine simultaneously. The method used for dopamine was
modified from the protocol outlined in a previous study [31e33].
Briefly, it involves the selectively coupling reaction between
dopamine and resorcinol in an alkaline environment to generate a
fluorescent azamonardine. The color of the solution was yellow
with a characteristic absorption wavelength of 420 nm (inset,
Fig. 6A). The increase in intensity moved toward linearity as the
Fig. 6. Azamonardine (lmax 420 nm) formation in the presence of various concentrations of d
intensity (ex/em: 360/485 nm) and various dopamine concentrations (1, 5, 25, 75, 125, 250
between dopamine and resorcinol under different dopamine concentrations. (C) The fluores
DA, Epi, NE, PEA, tyramine, Phe, Tyr, Trp, and AA (at a concentration of 125 mM). (D) The s
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concentration of dopaminewas increased, and the lowest detection
limit was 1.23 mM (Fig. 6A). The fluorescence intensity of azamo-
nardine at wavelengths of 485 nm increased with the concentra-
tion of dopamine as well (Fig. 6B) with a detection limit of 1.06 mM.
Furthermore, the proposed fluorescence strategy shows promising
potential for the selective assaying dopamine without interference
from other structural analogs (Fig. 6C). A better limit of detection on
a paper-based device with chitosan modification was again
observed compared to those results in solution or on a paper
without modification (Fig. 6D and S5B).

Thus, we sought to develop a novel approach to the detection of
dopamine and L-DOPA via a stepwise reaction. The mixed sample
containing dopamine and L-DOPA is firstly reacted with resorcinol
for 5 min generating the cyan-fluorescent compound. The con-
centration of dopamine in the mixed sample could be determined
using the cyan fluorescence intensity. Next, the whole-cell sensors
expressing SsDDO were added to the mixed sample to react with
the remaining L-DOPA. After the production of yellow CHAPCA
pigment, we added MABA to produce the red fluorescent com-
pound CHAPCA-MABA. The concentration of L-DOPA in the mixed
sample can be measured from this reaction by the emission spectra
of azamonardine and CHAPCA-MABA (Fig. 7A).

To validate the proposed approach, we examined the interfer-
ence of the co-existence of dopamine and L-DOPA. In the first step,
we detected the formation of azamonardine in the solution con-
taining dopamine (25 mM) alone, and the solution containing
dopamine (25 mM) and L-DOPA (100 and 500 mM). The resorcinol
was added to the above solution over a period of 5 min. The
measured fluorescence intensity was close to that of dopamine
alone, thereby demonstrating that the presence of L-DOPA did not
affect dopamine detection results. In the second step, the detection
of the L-DOPA was validated in the mixed sample (Fig. 7B). We
added the whole-cell sensor in the solution from the above
opamine. The relationship between (A) absorption intensity at 420 nm (B) fluorescence
mM). The reaction time is 5 min. Inset: the white light photos of the coupling reaction
cence of the resorcinol reaction in the presence of various substrates including L-DOPA,
ame experiments were carried out on paper with 0.5% chitosan modification.



Fig. 7. A novel approach to detecting dopamine and L-DOPA via a stepwise reaction. (A) The mixed sample containing dopamine (25 and 125 mM) and L-DOPA (100 and 500 mM) is
firstly reacted with resorcinol for 5 min generating the cyan-fluorescent compound (azamonardine). (B) The measured fluorescence intensity of dopamine alone and the mixed
sample. We added the whole-cell sensor in the solution from the above reaction. The unreacted L-DOPA in the mixture will react with the SsDDO. (C) The measured fluorescence
intensity of L-DOPA alone and the mixed sample. A stepwise reaction on chitosan-modified paper. (D) The measured fluorescence intensity of samples by reacting dopamine
(125 mM), L-DOPA (125 mM), and a mixture of two with resorcinol. (E) The measured fluorescence intensity of samples by reacting dopamine (125 mM), L-DOPA (125 mM), and the
mixture of two with the whole-cell sensors and MABA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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reaction. The unreacted L-DOPA in the mixture will react with the
SsDDO. The red fluorescent signal generated by CHAPCA-MABAwas
measured at 590 nm. In experiments, the measured fluorescence
intensity of the mixed solution was close to that of the solution
containing L-DOPA alone, thereby demonstrating that the presence
of azamonardine and un-reacted resorcinol in the mixed samples
did not affect the formation of CHAPCA-MABA (Fig. 7C). We again
examined the same reaction on a paper-based analytical device
(Fig. 7D and E). Similar fluorescent signals were obtained in mixed
solution and single analyte alone, indicating the robustness of the
purposed stepwise reaction.

4. Conclusions

In summary, SsDDO, a thermal stable enzyme, was used for the
selective detection of L-DOPA for the first time. Previously, we have
expressed DOPA dioxygenase from Mirabilis jalapa (plant) for the
detection of dopamine and L-DOPA [35]. The enzyme can use both
L-DOPA and dopamine as substrates to form yellow pigment, which
makes it impossible to determine L-DOPA in the co-presence of
8

dopamine. In the present study, the SsDDO enzyme shows a greater
specificity toward L-DOPA (with 2000 higher kcat/KM). By using cell-
based assays, it could serve as a high-throughput screening plat-
form to assay samples in relatively short amount of time. Addi-
tionally, a sequential analysis method to detect the coexistence of
dopamine and L-DOPA with a high degree of sensitivity using the
dual-color fluorescent signals from azamonardine and CHAPCA-
MABA was developed. The experiment results clearly show that
the analytical performance of current method is comparable with
that of other reported L-DOPA/dopamine sensing devices (Tables S1
and 2). Paper microfluidic platforms modified with chitosan were
applied for fast and cost-effective analysis of dopamine and L-DOPA
in themixed solutions, with a limit of detection of (L-DOPA: 580 nM
and dopamine: 345 nM), which meets the clinical requirements for
the monitoring of L-DOPA/dopamine in Parkinson's patients. In
conclusion, the purposed platform has outstanding potential for
rapid and high-throughput quantitative analysis with economical
reagents, which can be perfectly used for the future analytical ap-
plications in the detection of L-DOPA in biological samples co-
existing with dopamine.
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