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Mussel-inspired enhancement of Fe;O, catalysis was discovered
towards a highly selective and sensitive colorimetric strategy for the
magnetic separation-based evaluation of dopamine and/or levodopa
in urine, in which the specific interaction of bis-catechol-containing
analytes and mesoporous FezO, NPs would form highly stable
complexes of bis-catechol-Fe coordination.

Dopamine (DA) as a catecholamine neurotransmitter plays
a vital role in the human central nervous system, thus serving
as a biomarker with indicative levels (normally at uM levels
in urine) for some serious diseases like schizophrenia and
Parkinson’s diseases.'™ For example, Parkinson’s disease as a
progressive neurodegenerative disorder occurs due to the DA
deficiency in the brain, for which the clinical treatment drug
levodopa (LDA) has generally been applied to metabolically
yield DA for compensating the DA deficiency.>® Therefore, it is
of great medical significance to monitor the levels of DA and/or
LDA in human metabolites like urine for the accurate diagnosis
and therapeutic drug monitoring of these diseases.”® To date,
many classical detection methods have been developed for
sensing DA or LDA, such as high-performance liquid chromato-
graphy,’ fluorimetric analysis,'® capillary electrophoresis,"* chemi-
luminescence,"” and chromatography methods."® Most of them,
however, may encounter some intrinsic disadvantages like
expensive facilities, tedious operation, and complicated sample
pre-treatment. In recent decades, the development of electro-
analysis methods as the preferable detection candidates with
portable devices for on-site applications for probing DA has
aroused a lot interest."*™"” Nevertheless, they may be generally
interfered with by some electroactive small molecules like
ascorbic acid (AA) and uric acid (UA) with electrochemical
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outputs at very close potentials showing low selectivity for the
analysis of DA especially those in complex biological samples.
Moreover, colorimetric detection technologies have been
applied alternatively for the detection of DA.*"®>* For example,
Booth et al. have designed an etching-based colorimetric
method for sensing DA using pyridinium-decorated silver
nanoparticles.>* Wilson and colleagues fabricated a microfluidic
paper-based analytical device for the colorimetric DA assay.””
However, the current colorimetric methods may usually be
hindered either by low analysis selectivity or poor detection
sensitivity.

Recent years have witnessed the rapid development of
catalytic nanomaterials, known as nanozymes, such as ultra-small
noble metals (ie., Pt, Au, and Ag) and Fe;O, nanoparticles
(NPs).>*7*® As nanozyme representatives, Fe;0, NPs have been
well recognized to intrinsically possess peroxidase-like catalysis
together with the advantages of magnetic separation for wide
biosensing applications.?®° However, the catalytic perfor-
mances of Fe;O, NPs may mainly depend on the particle
sizes,”® of which the larger ones can commonly present lower
catalytic activities but higher magnetic properties. As a result,
many arduous efforts have been devoted to the enhancement of
the catalytic activities of Fe;O, NPs for the extensive catalysis
applications.?*™* For example, Liu et al. applied phosphate
backbone-containing DNAs to coat Fe;O, NPs achieving acce-
lerated catalysis.>® Chen and co-authors doped Cu elements
into Fe;0, NPs resulting in enhanced catalysis for organic
wastewater treatment.®’ Besides, DA as a mussel secreta with
bis-catechol groups can undergo a powerful interaction with Fe
ions to form Fe-dopa bonds so as to ensure that mussels firmly
adhere onto the Fe-containing rocks, of which the interaction
force can be so strong that its breaking requires a force similar
to the one required for rupturing a covalent bond.** The
resulting bis-catechol-Fe coordination complexes can enjoy
extremely high known stability constants (logKs & 37-40).>*77
Therefore, DA has been widely employed to mediate the mussel-
inspired adsorption or immobilization of some biological mole-
cules or functional probes onto magnetic Fe;O, NPs like DNAs,
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enzymes, and antibodies.***" For example, a fluorescent biosen-
sor has been developed for the detection of DNAs by using
DA-coated Fe;O, NPs to adsorb the products of hybridization
chain reactions.*® Also, enzymes were directly immobilized onto
the DA-modified Fe;O, NPs to fabricate amperometric biosensors
for detecting phenolic compounds.*' Besides, our group utilized
DA to coat nano-scaled TiO, onto Fe;O, NPs for photocatalytic
silver deposition for the sensitive analysis of microRNAs.*®
Unfortunately, the fact that DA can enhance the intrinsic catalytic
activity of Fe;O, NPs has been generally ignored to date.

In the present work, mesoporous Fe;O, NPs were originally
fabricated by using an ethanediol-based solvothermal synthesis
route (Scheme 1A). It was discovered that in addition to strong
magnetism, the as-fabricated Fe;O, NPs could present intrinsi-
cally a little catalysis in the chromogenic reactions of 3,3,5,5-
tetramethylbenzidine (TMB) and hydrogen peroxide (H,O,).
Unexpectedly, dramatically enhanced peroxidase-like catalytic
activities of Fe;O, NPs could be achieved once coated with DA
or its derivatives like LDA (Scheme 1B). More importantly, the
catalytic activities of Fe;O, NPs can rationally depend on the
amounts of DA or LDA, whereas other kinds of small molecules
(i.e., AA and UA) could display no significant interference.
Herein, DA and LDA containing bis-catechol groups can undergo
strong interaction with Fe;O, NPs through specific chelation with
the Fe ions of Fe;0, NPs by forming highly stable complexes of bis-
catechol-Fe coordination complexes (Scheme 1C), with extremely
high known stability constants.*>*° Furthermore, the DA so coated
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Scheme 1 (A) The synthesis procedure for mesoporous FezO4 NPs by a
solvothermal route; (B) the mussel-inspired enhancement of FezO4 NP
catalysis upon adding DA or LDA; (C) the molecular structures of DA
and LDA and their bis-catechol-Fe coordination complexes formed on
FesO4 NPs.
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might be oxidized to produce quinone species (known as potent
electron acceptors) to boost the electron transferring process
of nanozymes of Fe;0, NPs towards increased catalytic perfor-
mances. A highly selective colorimetric strategy with magnetic
Fe;0, NPs was thereby developed for the magnetic separation-
based evaluation of DA and LDA in urine. To the best of our
knowledge, this is the first discovery of the DA or LDA-triggered
enhancement of catalysis of Fe;O, NPs for the colorimetric
assays for DA and/or LDA.

The morphological structure of the as-prepared Fe;O, NPs
was characterized by using scanning electronic microscopy
(SEM) (Fig. 1A). It is noted that Fe;O, NPs could display
a uniform spherical structure with an average size of about
485 nm in diameter. In particular, they could display a meso-
porous structure as clearly revealed by the high-resolution
transmission electron microscopy (TEM) image (Fig. 14, inset),
which may provide a large specific surface area available for DA
or LDA coatings in addition to the strong magnetism. Further-
more, the catalytic performances of Fe;0, NPs coated with DA
or LDA were investigated based on the catalytic TMB-H,0,
reactions, taking the native Fe;O, NPs, DA, and LDA as the
controls (Fig. 1B). The results indicate that Fe;0, NPs could
display a greatly enhanced catalytic activity once coated with DA
or LDA, which is more than four-fold higher than that of native
Fe;0, NPs, as visually witnessed in the photographs of the
reaction solutions (inset). Moreover, catalytic dynamic studies
were colorimetrically carried out for Fe;O, NPs in the presence
of DA as a model in comparison with native Fe;O, NPs, with the
data shown in Fig. S1 (ESIT). As described in Fig. S1A (ESIY),
Fe;04 NPs with DA could exhibit much better catalytic perfor-
mances than native Fe;0, NPs in terms of the catalytic reaction
rates and response range of H,O, concentrations, which was
also observed for the TMB substrate (Fig. S1B, ESIt). An out-
standing ability for tolerating toxic H,O, could also be expected
for Fe;O, NPs in the presence of DA, which could exhibit no
significant change in catalysis in H,0, up to 200 mM (Fig. S1A,
ESIt). Furthermore, double reciprocal plotting was performed
to explore the catalytic activities of Fe;0, NPs with and without
DA separately for the substrates of H,O, and TMB (Fig. S1C and D,
ESIT). According to Lineweaver-Burk plots and the Michaelis-
Menten equation, kinetic parameters like the apparent Michaelis
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Fig. 1 (A) SEM images of FezO4 NPs (inset: a TEM image of FezO4 NPs
with a magnitude-amplified view); (B) comparable investigations on the
peroxidase-like catalytic activities of FesO4 NPs with DA or LDA, taking
native FezO4 NPs, DA, and LDA as the controls (inset: the photographs of
the corresponding reaction solutions).
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constant (K,) were calculated, with the results comparably
summarized in Table S1 (ESIt). It is found that Fe;0, NPs with
DA can exhibit a lower K, for TMB (0.2445 mM) than the native
Fe;0, NPs (0.3923 mM), indicating a higher affinity for the
TMB substrate. Yet, they can present a higher K;,, for the H,0,
substrate (54.04 mM) than the native Fe;0, NPs (18.48 mM).
These data indicate that the introduction of DA can endow
Fe;0, NPs with the improved catalytic activities, indicating that
it should be feasible for the catalysis-based colorimetric analysis of
DA and/or LDA.

Catalysis-selective colorimetric analysis of DA and LDA was
carried out by comparing with other kinds of small molecules,
amino acids, and ions (Fig. 2). One can note from Fig. 2A that
the tested small molecules and amino acids could present
negligible responses in comparison with that of DA or LDA,
as well as the common ions indicated in Fig. 2B. Notably, the
interference of other small molecules with a similar molecular
structure, ie., tyramine and tyrosine with mono-catechol groups,
could also display no influence on the colorimetric responses to
DA and LDA, showing high analysis specificity. As aforemen-
tioned, this high detection selectivity of the Fe;O, NP catalysis-
based colorimetric method for DA or LDA containing bis-catechol
groups should be due to the formation of much more stable
bis-catechol-Fe complexes, which have known stability constants
much higher than those of other kinds of analytes including the
ones with mono-catechol groups mentioned above. Besides, DA or
LDA coated on Fe;O, NPs might be oxidized to produce active
quinone species for accelerating the electron transferring process
towards the enhanced catalysis of Fe;O, NPs, ensuring the highly
selective analysis of DA and/or LDA.

Colorimetric studies were further conducted comparably on
the catalytic activities of Fe;0, NPs in the presence (curve a)
and absence (curve b) of DA under different catalytic reaction
conditions, mainly including the dosages of Fe;O, NPs, tem-
perature, pH values, and ionic strengths in NaCl concentrations
(Fig. S2, ESIY). It was found that both of the Fe;0, NPs with and
without DA could basically share similar optimal conditions of
catalytic TMB-H,0, reactions, including 0.0050 mg mL~"' Fe;0,
NPs (Fig. S24A, ESIt), 37 °C (Fig. S2B, ESIt), and acidic condi-
tions like pH 3.0 (Fig. S2C, ESI}), which should be considered
as the optimized conditions for the detection of DA and LDA.
Also, the ionic strengths might have no significant effect on the
catalytic reactions of DA or LDA-coated Fe;O, NPs, and even the
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Fig. 2 Catalysis-based colorimetric responses of FezO4 NPs (0.0050 mg mL™)
separately to (A) various small molecules and (B) different ions indicated
(1.0 x 107> M).
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media might contain high salts with NaCl concentrations up to
300 mM (Fig. S2D, ESIt). Moreover, Fe;0, NPs with DA could
display much faster catalysis than the native Fe;O, NPs, as
revealed in Fig. S3A (ESIt). Besides, Fig. S3B (ESIT) shows that
the high storage stability of Fe;O, NPs, which could show no
significant change in catalysis, was maintained even up to
six months at room temperature. These experimental results
indicate that in addition to high environmental stability, meso-
porous Fe;O, NPs could exhibit greatly enhanced catalytic
performances in the presence of DA or LDA under the opti-
mized conditions.

Under the optimized conditions, the developed Fe;O, NP
catalysis-based colorimetric detection method was employed to
probe DA and/or LDA with different concentrations (Fig. 3).
Fig. 3A shows the calibration curve of the catalysis-selective
colorimetric detection for different concentrations of DA in
buffer, of which the absorbance values could rationally increase
with the increasing DA concentrations (inset). Accordingly,
DA can be detected in concentrations linearly ranging from
0.010 to 4.0 uM, with a limit of detection (LOD) of about 3.5 nM,
as estimated by the 3¢ rule. Meanwhile, one can see from
Fig. 3B that LDA can be determined in linear concentrations
ranging from 0.0035 to 7.0 uM, with an LOD of about 2.5 nM.
Moreover, Fig. 3C describes the detection curve of the colori-
metric analysis for DA with different concentrations spiked in
urine, showing the detection range from 0.025 to 9.7 pM, and
an LOD of about 8.0 nM. Also, LDA in urine can be evaluated
with the levels linearly ranging from 0.020 to 10 uM, with an
LOD of about 5.0 nM (Fig. 3D). These quantitative responses to
DA or LDA in samples can also be visualized from the photo-
graphs of the typical reaction solutions tested (Fig. 3, inset).
In addition, a high detection reproducibility could be expected
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Fig. 3 The calibration curves of the FezO4 NP catalysis-based colorimetric
method for the detection of (A) DA (inset: the corresponding absorption
spectra of catalytic TMB—H,O, reactions) and (B) LDA with different
concentrations in buffer (inset: the photographs of the corresponding
product solutions). The relationships between the absorbance changes versus
(C) DA or (D) LDA concentrations in urine.
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for the developed colorimetric method, showing no significant
change in the DA responses for the five repeated tests (data not
shown). It is worth pointing out that the colorimetric analysis of
the overall DA and LDA in urine should be expected. Therefore,
the developed Fe;O, NP catalysis-based colorimetric strategy
can have promising practical applications for probing DA
and/or LDA in human metabolites like urine with high analysis
selectivity and sensitivity.

In summary, Fe;O, NPs were fabricated with a mesoporous
structure with a large specific surface area. In particular, the
mussel-inspired enhancement of the peroxidase-like catalysis of
Fe;O0, NPs was discovered towards a catalysis-selective colori-
metric strategy for evaluating DA and its derivative LDA in urine.
The detection mechanism is thought to rely on that DA or LDA
with bis-catechol groups can specifically undergo strong inter-
action with the Fe ions of Fe;O, NPs by forming stable bis-
catechol-Fe coordination complexes with extremely high known
stability constants. Meanwhile, the bis-catechol-containing
compounds coated on Fe;O, NPs might be oxidized to produce
active quinone species so as to boost the electron transferring
process towards the increased catalysis of nanozymes. The
developed colorimetric method can enable the fast evaluation
of DA and LDA in urine, with levels down to 8.0 nM and 5.0 nM,
respectively, thus indicating promising clinical applications for
the diagnosis and drug monitoring of DA-indicative diseases,
respectively.
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