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ABSTRACT: A simple and dual chemical reaction-based
multimodal assay for dopamine with high sensitivity and
selectivity using two types of functionalized gold nanoparticles
(FB-AuNPs/NsNHS-AuNPs), i.e. fluorescein modified gold
nanoparticles (FB-AuNPs) and Nile blue modified gold
nanoparticles (NsNHS-AuNPs), was successfully fabricated.
This assay for dopamine presents colorimetric visualization and
double channel fluorescence enhancement at 515 and 665 nm.
The absorbance and fluorescence changes were linearly
proportional to the amounts of dopamine in the range of nanomolar scale (5−100 nM). The detection limits for absorbance
and fluorescence were as low as 1.2 nM and 2.9 nM (S/N = 3), respectively. Furthermore, the extent application of this
multimodal assay has been successfully demonstrated in human urine samples with high reliability and applicability, showing
remarkable promise in diagnostic purposes.
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■ INTRODUCTION

Dopamine, as one of most important hormones and neuro-
transmitters, plays a number of important roles in the human
brain and body. Dopamine functions in motivation, motor
control, reward, cognition, and arousal inside the brain.1−4

There is clear evidence that several important central nervous
system diseases are related to altered or abnormal dopamine
levels, including Parkinson’s disease, attention deficit hyper-
activity disorder (ADHD), restless legs syndrome, and so
on.5−8 Dopamine also acts as a very important chemical
messenger in several parts of the body outside the central
nervous system,9,10 and is broadly used as a biomarker to
diagnose stress and pheochromocytoma in urine and plasma
samples.11,12 Given its wide-ranging physiologic and pathophy-
siologic effects, a highly sensitive and selective detection and
determination of dopamine in biological systems is of great
clinical interest and importance for medical diagnostics and for
understanding its biological activities.13 In the last few decades,
several different assays in detection of dopamine based on
various smart strategies have been developed, such as high
performance liquid chromatography (HPLC) analysis,14

capillary electrophoresis,15 spectroscopic approaches,16−18

electrochemical techniques,19−23 surface-enhanced Raman
scattering (SERS) methods,24−26 and so on.27−29 As dopamine
is an electrochemically active molecule, electrochemical
detection has extensively been developed and shows promising
potential including convenience, miniaturizing, and speed.
However, many coexisting compounds, such as uric acid and
ascorbic acid, in real samples are electrochemically oxidized at
very close potentials to that of dopamine, which greatly

interferes with the accuracy and precision of measurement.30,31

Therefore, much effort is still required to develop a really
simple but highly sensitive and selective detection method of
dopamine.
Recently, gold nanoparticles (AuNPs) developed as colori-

metric sensors by Mirkin et al.32,33 have been receiving a lot of
attentions in the colorimetric detection of various analytes
based on surface plasmon resonance (SPR) absorbance change
of AuNPs without using advanced instrumentation. The SPR
absorbance is highly sensitive to the interparticle distance, size,
sharpness, medium, and aggregation state. Any changes in
absorbance are reflected by changes in color. Thence, AuNPs
have been widely used as a colorimetric assay platform for
various analytes.34−39 On the other hand, it is well-known that
AuNPs very effectively quench fluorophores that are nearby,
with the quenching efficiency proportional to the distance.40,41

The quantitative fluorogenic enhancement assay could be
obtained when the fluorophore slowly moved away from
AuNPs in the presence of analytes.42 Thus, these interesting
and amazing features of AuNPs motivated us to explore it as a
multimodal assay platform for specific bioanalytes in real urine
samples.
Monomodal assay could exhibit good detection for specific

analyte in simple samples. However, monomodal assay may be
impotent in complex samples, as the detection channel is
interfered. Multimodal assay, however, has attracted greater
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attention as it can integrate two or more channels into one
system to detect specific analytes.43−45 Combining the main
benefits of the colorimetric assay (quantitation and changes
observable with the naked eyes) and the fluorescence assay
(sensitivity and multispectral capabilities) yielded a multimodal
assay with lower false-positives, better anti-interference, and
greater accuracy and precision. Alone, the colorimetric or
fluorescent monomodal assay could encounter heavy interfer-
ence from complex samples containing chromophore or
fluorophore, which then leads to lower accuracy and precision.
Here, we have fabricated and demonstrated a multimodal
(colorimetric and fluorogenic modalities) assay for dopamine
via dual chemical reaction on the surface of functionalized
AuNPs. This simple multimodal assay has been successfully
applied in detection of dopamine in real urine samples with
good reliability and applicability.

■ EXPERIMENTAL SECTION
Materials and Instruments. General reagents, chemicals, and

biological samples including chloroauric acid (HAuCl4·3H2O),
trisodium citrate, dopamine, epinephrine, norepinephrine, 3,4-
dihydroxyphenylacetic acid, uric acid, ascorbic acid, lactate, glucose,
adenosine triphosphate, guanosine triphosphate, 5-hydroxyindoleacetic
acid, homovanillic acid, thymine, bovine serum albumin, adenosine, L-
tyrosine, and L-tryptophan, were purchased from Sigma-Aldrich
Chemical Co., J&K Scientific, Alfa Aesar, Tokyo Chemical Industries
(TCI) and Acros Organics. Unless otherwise noted, they were used
without further purification. All aqueous solutions were prepared with
Milli-Q water. Phosphate buffered saline solutions (PBS, pH 7.4) were
obtained with 0.05 M NaH2PO4−Na2HPO4. All stock solutions of
analytes were freshly prepared.
UV−vis−NIR absorbance spectra were measured on UV-2550

spectrophotometer (Shimadzu). Fluorescence experiments were
carried out on RF-5301PC fluorospectrometer (Shimadzu). Absorb-
ance and fluorescence spectra were taken after 10 min incubation.
Particle size distribution and zeta-potential (ζ-potential) of dynamic
light scattering (DLS) were obtained from Nano ZS90 (Malven).
Transmission electron microscopy (TEM) images were taken at 200
kV using a Hitachi HF-2000. The samples of FB-AuNPs/NsNHS-
AuNPs (2.0 nM) in the absence and presence of analytes were
prepared at 37 °C. Fluorescence images were carried out on an
Olympus inverted microscope (Olympus X71) equipped with a charge
coupled device (CCD).
Synthesis of Citrate-Coated Gold Nanoparticles. Citrate-

coated gold nanoparticles were obtained following the previous
methods.46 In brief, 30 mL of aqueous solution of 2.0 mM of HAuCl4
hydrate was allowed to heat at reflux for 30 min, and 3.5 mL of 75 mM
trisodium citrate aqueous solution was quickly added. The change in
color occurred immediately from yellow, to purple, and finally wine
red. The mixed reaction solution was kept boiling for 30 min, and then
cooled slowly to room temperature.
Preparation of FB-AuNPs. The detailed route to preparation of

FB-AuNPs was provided in Scheme S1 in the Supporting Information.
For 4-mercaptophenylboronic acid-capped AuNPs, 10 mL of citrate-
capped gold nanoparticles were centrifuged three times at 10 000 rpm.
The pellet was collected and dispersed in PBS (pH 7.4, 50.0 mM, 10.0
mM KCl, 10.0 mM MgCl2). Then, 0.1 mM 4-mercaptophenylboronic
acid dispersed in 5.0 mL of PBS (containing 2% DMSO) and 0.1 mM
Lip-PEG400 previously obtained,46 dispersed in 5.0 mL of PBS
(containing 2% DMSO), were added to 5.0 mL of citrate-capped gold
nanoparticles. The mixed solution was shaken in the dark at room
temperature for 6 h. The mixed solution passed through 0.4 μm sieve
to remove the insoluble residue, and the filtrate was centrifuged several
times at 10 000 rpm until no ligands were detected in the supernatant
layer. The pellet was collected and redispersed in PBS for further
synthesis.
For glucosamine-capped AuNPs, 5.0 mL of 1.0 mM D-(+)-glucos-

amine was added to 5.0 mL of 4-mercaptophenylboronic acid-

modified AuNPs dispersed in PBS (pH 7.4, 50.0 mM). The mixed
solution was shaken in the dark at room temperature for 24 h. The
mixed solution passed through 0.4 μm sieve to remove the insoluble
residue, and the filtrate was centrifuged several times at 10 000 rpm
until no ligands were detected in the supernatant layer. The pellet was
collected and redispersed in PBS for further synthesis.

To 5.0 mL of glucosamine modified AuNPs dispersed in PBS (pH
8.0) was added 5.0 mL of solution containing 2.0 mM 6-
Carboxyfluorescein N-hydroxysuccinimide ester. The mixed solution
was shaken in the dark at room temperature for 24 h. The mixed
solution passed through 0.4 μm sieve to remove the insoluble residue,
and the filtrate was centrifuged several times at 10 000 rpm, until no 6-
carboxyfluorescein N-hydroxysuccinimide ester was detected in the
supernatant, as verified by handy UV lamp irradiation. The obtained
pellet was redispersed in PBS to afford FB-AuNPs.

Preparation of NsNHS-AuNPs. The detailed route to preparation
of NsNHS-AuNPs was provided in Scheme S2 in the Supporting
Information. For lipoic acid-capped AuNPs, 10 mL of citrate-capped
gold nanoparticles were centrifuged three times at 10 000 rpm. The
pellet was collected and dispersed in Milli-Q water, and 5.0 mL of 0.1
mM lipoic acid solution (pH 12) was added slowly within 5 min. The
mixture was stirred at room temperature for 2 h. It passed through a
0.4 μm sieve to remove the insoluble residue, and the filtrate was
centrifuged several times at 10 000 rpm. The pellet was collected and
dispersed in PBS.

For sulfo-NHS-capped AuNPs, to the solution of lipoic acid-
modified AuNPs dispersed in PBS (pH 7.4), 0.001 mol sulfo-N-
hydroxy succinimide and 0.002 mol EDC-HCl were added in turn.
The mixture was stirred at room temperature for 24 h. It passed
through a 0.4 μm sieve to remove the insoluble residue, and the filtrate
was centrifuged several times at 10 000 rpm. The pellet was collected
and dispersed in PBS.

Two milliliters of the sulfo-NHS modified AuNPs prepared above
were dispersed in PBS (pH 7.4), and Nile blue (0.001 mol) in PBS
was slowly added. The mixture was stirred at room temperature for 24
h. It passed through a 0.4 μm sieve to remove the insoluble residue,
and the filtrate was centrifuged several times at 10 000 rpm, until Nile
blue was not detectable in supernatant. The pellet was redispersed in
PBS to give NsNHS-AuNPs.

The assay for dopamine based on FB-AuNPs/NsNHS-AuNPs was
obtained by simple mixing the equivalent volumes of FB-AuNPs and
NsNHS-AuNPs.

Determination of Dopamine in Human Urine Samples. The
fresh human urine was diluted by 100 times using PBS buffer (pH
7.4), and various amounts of dopamine were added to obtain the
specific spike samples. Three samples of 24 h human urine were
collected to simulate clinical test. After centrifugation at 4000 rmp
twice, the supernatant of human urine samples were subjected to
simple measurements using FB-AuNPs/NsNHS-AuNPs and HPLC.

■ RESULTS AND DICUSSION
Design Strategy and Multimodal Assay Mechanism. It

is well-known that dopamine is very chemically active because
of its chemical structure incorporating catechol and primary
amine moieties. In principle, catechol reacts more rapidly with
phenyl boronic acid than with glucose, to form stable boronic
ester adduct, and the binding affinity constant is much greater
(>300 times) than that of glucose under natural and weakly
basic conditions.47,48 It is very understandable that catechol has
capability to instantly split the phenyl boronic ester adduct of
glucose to produce more stable phenyl boronic ester adducts of
catechol. On the other hand, primary amine can rapidly react
with active succinimidyl ester to afford stable amide. These dual
reaction-active properties enabled highly sensitive and selective
multimodal assay of dopamine based on dual chemical reaction.
The multimodal assay system consists of two types of

functionalized AuNPs (FB-AuNPs/NsNHS-AuNPs). FB-
AuNPs were prepared with phenyl boronic ester adducts of
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glucose containing a fluorescein anchoring to AuNPs, and
NsNHS-AuNPs were fabricated with negatively charged
sulfonated succinimidyl ester bearing a Nile blue electrostati-
cally coated to the AuNPs. Polyethylene glycol ligand was used
as coligand to stabilize FB-AuNPs in aqueous solution. The
assay system was optimized with the mixture of FB-AuNPs and
NsNHS-AuNPs at 1:1 ratio. In the presence of dopamine, the
double reaction of boronic ester replacement and amide
formation simultaneously occurred on the surface of FB-
AuNPs/NsNHS-AuNPs. As a result, it induced interparticle
aggregation linked by dopamine, giving rise to color change

from wine red, to blue, thus allowing colorimetric visualization
assay for dopamine (Scheme 1). Concomitantly, the phenyl
boronic ester adducts of glucose on the surface FB-AuNPs were
replaced by catechol in dopamine, and subsequently fluorescein
became far away from AuNPs, resulting in fluorescence
recovery of fluorescein. At the same time, the electrostatic
attraction framework of NsNHS-AuNPs was destroyed, which
released the Nile blue from AuNPs and recovered Nile blue
fluorescence (Scheme S1 in the Supporting Information).
Combining the colorimetric visualization and fluorescence

Scheme 1. Schematic Illustration of Multimodal Assay for Dopamine Based on FB-AuNPs/NsNHS-AuNPs

Figure 1. (a) Absorbance spectral variations of FB-AuNPs/NsNHS-AuNPs (2.0 nM) upon the addition of increasing amounts of dopamine from 0
to 15 μM. (b) Colorimetric visualization assay with different amounts of dopamine (1, 0 nM; 2, 20 nM; 3, 50 nM; 4, 100 nM; 5, 1.0 μM; 6, 15 μM).
All experiments with addition of dopamine were carried out after 10 min incubation, for ensuring dual reaction completion in 50 mM PBS (pH 7.4)
at 37 °C.
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enhancement of fluorescein and Nile blue, the multimodal assay
for dopamine was established.
Colorimetric and Fluorescent Assay for Dopamine by

FB-AuNPs/NsNHS-AuNPs. To verify any changes in color
when dopamine was added to FB-AuNPs/NsNHS-AuNPs, we
measured the SPR absorbance of FB-AuNPs/NsNHS-AuNPs
at different concentrations. FB-AuNPs, NsNHS-AuNPs and
their mixture (FB-AuNPs/NsNHS-AuNPs) exhibited similarly
typical absorbance peak at 522 nm, indicating negligibly small
interaction of FB-AuNPs and NsNHS-AuNPs and stable mixed
suspension in PBS at 37 °C. The effect of various ratios of FB-
AuNPs and NsNHS-AuNPs on this assay for dopamine has
been evaluated. The results showed that the optimal ratio of
FB-AuNPs and NsNHS-AuNPs is 1:1 (Figure S1a, b in the
Supporting Information). As expected, upon the increasing
addition of dopamine, the SPR absorbance spectra presented
red shift along with gradual decrease at 522 nm and an
emerging peak appearance at around 644 nm (Figure 1a),
suggesting that the aggregated particles were formed. In
contrast, either only FB-AuNPs or only NsNHS-AuNPs
showed negligible change in absorbance in the presence of
dopamine (Figure S2a, b in the Supporting Information).
Moreover, this assay for dopamine based on SPR absorbance
spectra change was clearly visible by naked eyes from wine red
to blue color, highly depending on the amounts of dopamine
added (Figure 1b). These phenomena can be well-explained by
the dopamine-induced aggregation of nanoparticles through
double reaction-based recognition.
Because AuNPs strongly quench the fluorescence of

fluorophores placed in the proximity, the fluorescence of
fluorescein (covalently bonded to FB-AuNPs) and Nile blue
(electrostatically attached to NsNHS-AuNPs) initially pre-
sented negligible intensity. As the binding affinity constant of
phenyl boronic acid and catechol is 2 orders of magnitude
greater than that of phenyl boronic acid and glucose, upon
addition of dopamine, the phenyl boronic ester adduct of
glucose was separated. Consequently, fluorescein was released
from the surface of nanoparticles and fluorescence increased
significantly by more than 16 times (Figure 2a). In the
meantime, the formation of amide by the reaction of primary
amine in dopamine and sulfonated succinimidyl ester on the
surface of nanoparticles demolished the framework of electro-
static attraction due to loss of surface charges. Subsequently,
Nile blue dissociated from the surface of nanoparticles and its

fluorescence remarkably increased by nearly 18 times (Figure
2b). On the contrary, FB-AuNPs and NsNHS-AuNPs exhibited
smaller changes on fluorescence at 515 and 665 nm,
respectively, compared to that of FB-AuNPs/NsNHS-AuNPs
(Figure S3a, b in the Supporting Information), probably due to
the fact that monodispersed AuNPs are more effective
quenchers than in the aggregated state.35

Variation of Morphology, ζ-Potential, and Size. The
morphological variation of FB-AuNPs/NsNHS-AuNPs was
studied by TEM. In the absence of dopamine, FB-AuNPs/
NsNHS-AuNPs were fairly well monodispersed (Figure 3a).

Upon addition of dopamine (100 nM), the internanoparticles
aggregated (Figure 3b), presumably because of the formation of
phenyl boronic ester adduct of catechol and amide on the
surface of nanoparticles, resulting in aggregation.
DLS afforded more insight into the temporal and instant size

distribution. The hydrodynamic size of FB-AuNPs/NsNHS-
AuNPs gradually increased with increasing amounts of
dopamine. The original size of the nanoparticles was 25 nm
in PBS (pH 7.4) at 37 °C, and they grew up to 417 nm with 10
μM dopamine (Figure S4a in the Supporting Information),
which is consistent with the results of the TEM observation.
This assay for dopamine based on dual reaction can be

confirmed by measuring ζ-potential variation. The starting ζ-
potential value of FB-AuNPs/NsNHS-AuNPs was −22.2 mV,

Figure 2. (a) Fluorescence spectral changes (ex: 490 nm) of FB-AuNPs/NsNHS-AuNPs (2.0 nM) upon the addition of increasing amounts of
dopamine from 0 to 30 μM. (b) Fluorescence spectral changes (ex: 635 nm) of FB-AuNPs/NsNHS-AuNPs (2.0 nM) upon the addition of
increasing amounts of dopamine from 0 to 30 μM. All experiments with addition of dopamine were carried out after 10 min incubation, for ensuring
dual reaction completion in 50 mM PBS (pH 7.4) at 37 °C.

Figure 3. TEM images of FB-AuNPs/NsNHS-AuNPs (a) in the
absence of dopamine and (b) in the presence of dopamine (100 nM)
after 20 min incubation at 37 °C. All experiments were carried out in
50 mM PBS (pH 7.4) at 37 °C. Scale bar: 100 nm.
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and increased gradually with increasing amounts of dopamine.
It became −1.9 mV upon addition of 10 μM dopamine (Figure
S4b in the Supporting Information), indicating that most of
negatively charged sulfo-NHS on the surface of nanoparticles
reacted with dopamine and most of fluorophores were released,
agreeing well with fluorescence results.
Determination of Detection Limit. To further assess the

assay performance based on FB-AuNPs/NsNHS-AuNPs, we
examined an ensemble solution containing various amounts of
dopamine (0, 0.005, 0.01, 0.02, 0.03, 0.06, 0.1, 0.4, 1.0, 2.0, 4.0,
8.0, 10, 12, and 15 μM). As shown in Figure 1a, the initial
absorbance peak (522 nm) of FB-AuNPs/NsNHS-AuNPs
decreased gradually with small red shift (525 nm), and the
emerging peak at 644 nm increased at gradual manner. The
ratio of absorbance value at 644 nm (A644) and at 522 nm
(A522) versus amounts of dopamine was chosen to determine
the detection limit. Plot of A644/A522 versus the amounts of
dopamine exhibited an excellent linear manner at the range of
low concentration (5.0−100 nM) with good fitting correlation
coefficient (R2 = 0.99) (Figure S5a in the Supporting
Information), which is much better than previous report that
the addition of 175 nM dopamine was required in advance,49 in
order to overcome the low sensitivity. The detection limit for
dopamine based on absorbance change of FB-AuNPs/NsNHS-
AuNPs at S/N = 3 was determined as 1.2 nM. On the other
hand, fitting of the ratio of fluorescence intensity (F) in the
presence of various dopamine and initial fluorescence intensity
(F0) at 515 nm versus amounts of dopamine afforded similarly
linear range of detection (5.0−100 nM) (Figure S5b in the
Supporting Information), and 2.9 nM as detection limit value
was determined at S/N = 3, in good agreement with that of
absorbance change results. In theory, detection based on
fluorescence yields higher sensitivity and affords better
detection limit, compared with that of absorbance. In this
assay, although the fluorephores were released and became
away from FB-AuNPs/NsNHS-AuNPs in the presence of
dopamine, the fluorescence of fluorephores was partially
suppressed by AuNPs via intermolecule pathway, as AuNPs
are highly effective quencher. Given that the level of dopamine
is above nanomolar scale inside and outside the central nervous

system, the multimodal assay in this study is practical and very
applicable.

Selective Assay for Dopamine. Then, the selectivity of
this analytical assay for dopamine was evaluated. The most
interfering reagents in electrochemical assay, uric acid and
ascorbic acid, showed very low response in color, absorbance
and fluorescence. The possible coexisting interferences inside
and outside of the central nervous system, including
norepinephrine, epinephrine, 3,4-dihydroxyphenylacetic acid,
lactate, glucose, amino acids and other biological compounds
were also examined. None of them exhibited interference with
colorimetric and fluorescence assay (Figures S6, S7a, S8a, and
S9a in the Supporting Information), and negligible color
change occurred even after 2 days. An increase in fluorescence
at 665 nm was observed in the presence of some amino acids,
probably due to reaction of primary amine in amino acids with
sulfo-NHS on the surface of nanoparticles (Figure S9a in the
Supporting Information). In addition, the effects of these
interfering compounds on the specificity for dopamine assay
were also investigated. Very few changes in color, absorbance,
and fluorescence were observed in the combination of
dopamine and above interfering compounds with specified
ratio (Figures S7b, S8b, and S9b in the Supporting
Information), suggesting that the selective assay for dopamine
could be performed with interfering compounds.

pH Effect on the Colorimetric and Fluorescent Assay
for Dopamine by FB-AuNPs/NsNHS-AuNPs. Indeed, the
pH of solution highly affects dual reaction formation of phenyl
boronic ester adduct and amide, thus the pH effect on this assay
for dopamine was investigated in detail at 37 °C. Figure S7 in
the Supporting Information revealed A644/A522 and F/F0 at 515
nm of FB-AuNPs/NsNHS-AuNPs with various amounts of
dopamine in different pH values (from 4.0 to 9.0). Because of
weak binding affinity of dopamine and phenyl boronic acid, and
slow reaction rate of dopamine and sulfonated succinimidyl
ester at acidic pH below 6.0, changes in the A644/A522 and F/F0
were very small, regardless of amounts of dopamine (Figure S7
in the Supporting Information). The fluorescence at 515 nm
showed moderate intensity without analytes at acidic pH,
presumably owing to a certain extent dissociation of fluorescein

Figure 4. (a) Variation in absorbance and (b) fluorescence (ex: 490 nm) spectra of FB-AuNPs/NsNHS-AuNPs in the detection of real urine
samples containing various amounts dopamine (0, 20, 50, and 100 nM). Inset: (a) colorimetric visualization and (b) fluorescence imaging assay for
various amounts of dopamine (0, 20, 50, and 100 nM).
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from nanoparticles. At pH above 6.8, A644/A522 and F/F0 at 515
and 665 nm showed remarkable responses to the amounts of
dopamine, suggesting the assay is practical and applicable under
physiological conditions.
Determination of Dopamine in Human Urine Sam-

ples. This simple, interesting and multimodal assay for
dopamine prompted us to explore the potential application in
human urine samples. First, the standard addition of dopamine
to human urine samples was employed to test the applicability
and reliability of this assay. As shown in Figure 4 and Table 1,

these spike urine samples can be visualized through multimodal
assay based on naked eyes and fluorescence imaging. The
recoveries of dopamine were determined to be 96.5, 103.0, and
99.5% based on A644/A522 changes, and 98.5, 98.6, and 98.3%
based on F/F0 changes at 515 nm in three spike samples of
dopamine, respectively. All of these relative standard deviations
(RSD) were below 4.28% in five repetitions of parallel tests.
We then applied this assay to determine dopamine level in

real human urine samples. Twenty-four hour urine samples
were collected to simulate actual clinical tests. The results,
summarized in Table 2, were comparative to conventional

methods, such as HPLC analysis, regardless of absorbance and
fluorescence detection. These results confirm that this assay is
applicable and reliable in detecting dopamine in real samples.

■ CONCLUSION
In summary, a dual molecular reaction-based colorimetric and
fluorogenic assay for dopamine with high sensitivity and
selectivity based on FB-AuNPs/NsNHS-AuNPs was developed.
The assay relied on dual chemical reaction of replacement and
amide formation on the surface of nanoparticles, giving rise to
internanoparticles aggregation. The aggregation, in turn,
permitted colorimetric visualization and fluorescence enhance-
ment. The linear range of detection was obtained at nanomolar
scale based on colorimetric and fluorogenic assay, and the
detection limit was 1.2 nM and 2.9 nM (S/N = 3) using
absorbance and fluorescence detection, respectively. This
simple and multimodal assay method has been successfully
demonstrated in the detection of dopamine in human urine
samples with high reliability and applicability. This strategy

would become promising multimodal assay platform to detect
various chemical reactive molecules by introducing recognition
groups on the surface of AuNPs.
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Table 1. Multimodal Determination of Dopamine in Human
Spike Urine Samples Based on This Assay

urine
samples

spike
(nM)

found
(nM)a

recovery
(%)

RSD
(n = 5,
%)

found
(nM)b

recovery
(%)

RSD
(n = 5,
%)

1 20 19.3 96.5 4.28 19.7 98.5 4.21
2 50 51.5 103.0 2.43 49.3 98.6 2.75
3 100 99.5 99.5 2.19 98.3 98.3 2.45

aData obtained based on A644/A522.
bData obtained based on F/F0

(515 nm).

Table 2. Multimodal Determination of Dopamine in Real
Human Urine Samples Based on This Assay

urine samples found (nM)a found (nM)b found (nM)c

1 93.2 91.4 86.1
2 71.1 72.5 65.7
3 82.7 84.1 76.8

aData obtained based on A644/A522.
bData obtained based on F/F0

(515 nm). cData obtained based on HPLC.
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