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Ultra-selective detection of Fe?* ion by redox
mechanism based on fluorescent polymerized
dopamine derivativest

Taeuk An,? Namhun Lee,* Hong-Jun Cho, Seongsoo Kim,? Dong-Sik Shin @ *©
and Sang-Myung Lee*®

Polydopamine (PDA) is considered as a fluorescent molecule, however, the molecular structure and degree
of polymerization that yield the most efficient fluorescence have yet to be identified. Here, we first present
the fluorescence origin of polymerized dopamine derivatives (pDA) and their extraordinary behavior on the
ultra-selective recognition of Fe2* ions. Dopamine molecules are polymerized to 5,6-dihydroxyindole-rich
pDA in basic conditions, followed by readily oxidizing to indole-5,6-quinone-rich pDA by dropping the pH
to strongly acidic conditions. It was clearly demonstrated that oligomeric dopamine molecules were water-
soluble with intense fluorescence (F-ODA, n = 3-4), while polymeric dopamine molecules were water-
insoluble without fluorescence (PDA, n > 5). Also, F-ODA was dramatically selective to Fe?* ions
contradicting previous studies, and their unique binding mechanism was described through the redox

rsc.li/rsc-advances potential analysis.

Introduction

With the rapid development of optical analysis, fluorescence-
based detection and imaging techniques have been widely
applied in the field of biotechnology. Many fluorescent probes
featuring Stokes shifts have been studied, however, most of the
commercially available fluorescent organic probes have limita-
tions, such as high in vitro and in vivo toxicity, low quantum
yields, and poor solubility and stability in water." To overcome
these problems, fluorescent probes based on biocompatible or
bio-inspired materials have recently been developed showing
good biocompatibility and biodegradability with high fluores-
cence and low toxicity.?

Dopamine, a member of the catecholamine family, is well
known for its role in neurotransmission and hormone release
control. Dopamine is converted into 5,6-dihydroxyindole
through cyclization induced by oxidative nucleophilic reaction
under weakly basic conditions, after which it is polymerized to
polydopamine (PDA) through covalent bonding, hydrogen
bonding, - interactions and so on.** Owing to its strong
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adhesive properties, PDA has been used as a surface coating to
increase the stability or modify the surface of organic or inor-
ganic materials.* Also, chelation of Fe*" ions with dopamine or
dopamine derivatives is a well-known coordination induced by
the attraction between catechol groups and Fe** ions. Based on
this coordination, PDA cellulose nanocrystals (PDA@CNC) or
PDA montmorillonite (PDA@Clay) were used to detect pollut-
ants including Fe*" ions.>® Moreover, nanopatrticles consisting
of PDA and Fe** ion complexes (PDA@Fe**) were used as agents
for MRI, bioimaging, and drug delivery systems.”'* However, to
the best of our knowledge, it is still unclear which structures of
polymerized dopamine derivative (pDA) are mainly responsible
for strong fluorescence. Bayindir et al. reported fluorescent PDA
nanoparticles could be synthesized under basic conditions,
however, they did not clearly present the origin of this fluores-
cence." In contrast, Xu et al. asserted that PDA nanoparticles do
not emit fluorescence, but serve as fluorescence quenchers for
some fluorescent dyes.” This dispute is based on uncertainty
over which molecular structures of PDA and which degrees of
polymerization of dopamine are empirically effective for
achieving fluorescence. Recently, Wu et al. and Tseng et al. re-
ported that relatively low-molecular-weight polymers emit
fluorescence.”*®* However, their methods have some disadvan-
tages regarding the requirement of several additional chemical
processes to control the molecular weight of polymerized
dopamine derivatives.

Ferrous (Fe®") and ferric ions (Fe*'), which are abundant
metal ions in the human body, play important roles in various
biological processes such as electron transport, enzymatic
reaction, oxygen delivery and composition for heme."***

This journal is © The Royal Society of Chemistry 2017
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Disruption of iron equilibrium in cells results in various
diseases such as cancer, hepatitis, Alzheimer disease and Par-
kinson's disease.*® Especially, reactive oxygen species that have
critical effects on cells could be formed by reaction between
ferrous ions (Fe**) and hydrogen peroxide.'” In spite of impor-
tance of Fe** ions, there are few sensing model due to its poor
selectivity.'®>°

Herein, we first identified the fluorescence origin of pDA and
their extraordinary behaviour on the ultra-selective detection of
Fe*" ions. Dopamine molecules are polymerized to 5,6-
dihydroxyindole-rich pDA in basic condition. By dropping pH to
the strong acidic condition, 5,6-dihydroxyindole-rich pDA is
readily oxidized to indole-5,6-quinone-rich pDA through the
redox reaction with dissolved oxygen. We observed that oligo-
meric dopamine was water-soluble with intensive fluorescence
(F-ODA, n = 3-4), meanwhile polymeric dopamine molecule was
water-insoluble without fluorescence (PDA, n > 5). We also
found that F-ODA was dramatically selective to Fe**
tradicting previous studies reporting that only Fe** ions interact
with dopamine derivatives. Their unique binding mechanism
was elucidated through the redox potential analysis.

ions, con-

Results and discussion
Synthetic mechanism of F-ODA

The overall isolation procedure and proposed structures of the
polymerized dopamine derivatives in each step are presented in
Scheme 1. Dopamine was polymerized by increasing pH of the
dopamine dissolved in PBS buffer. The main polymerized
products were 5,6-dihydroxyindole-rich compounds composed
of various polymerized dopamine derivatives, including poly-
mers and oligomers. As this product was acidified by adding
HCI, the 5,6-dihydroxyindole-rich compound was oxidized to an
indole-5,6-quinone-rich compound. Since the non-fluorescent
PDA was precipitated, the fluorescent F-ODA supernatant con-
taining indole-5,6-rich compounds could be well separated.

To prove this proposed mechanism, the structures were
revealed by measuring optical properties in each step. First, we
investigated the chemical structures of dopamine, the 5,6-
dihydroxyindole rich compound, the indole-5,6-quinone-rich
compound, and F-ODA via FT-IR spectroscopy (Fig. 1). The FT-
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Scheme 1 Overall scheme for the polymerization of dopamine and
proposed structures in each step.
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Fig. 1 FT-IR spectra of dopamine (green), 5,6-dihydroxyindole-rich
compound in basic conditions (black), indole-5,6-quinone-rich
compound in acidic conditions (red), and F-ODA (blue).

IR spectrum of dopamine exhibited five bands: stretching and
bending vibrations of the amine group (3340 and 1618 cm™,
respectively), the stretching vibration of the hydroxyl group of
catechol (3320 cm ™), and the stretching vibrations of C-H
(3040 cm ') and C-C of the aromatic ring (1550 cm™).>"? After
polymerization in basic condition (black line), three distin-
guishable bands appeared at 1632, 1453, and 1110 cm ™", cor-
responding to the stretching vibrations of the aromatic ring, the
specific structure of polyindole, and the C-O of the phenol
group, respectively.**** This finding suggested that the poly-
merized dopamine derivatives were mainly composed of 5,6-
dihydroxyindole. However, acidification by HCI addition (red
line) induced the structural transition of 5,6-dihydroxyindole to
indole-5,6-quinone, which was identified by observing a new
band at 1740 cm ™" corresponding to ketone and the weakening
or disappearance of peaks at 1453 and 1110 cm™ " correspond-
ing to 5,6-dihydroxyindole.”® We also determined that the
structure of F-ODA was mainly composed of indole-5,6-quinone
on the basis of the similarity of the FT-IR spectrum of F-ODA
(blue line) to that of the indole-5,6-quinone-rich compound
(red line).

In addition to the FT-IR analysis, redox reaction analysis was
performed. Fig. 2 presents a redox potential diagram indicating
the expected half-reactions upon HCI addition to the basic
reaction solution and the pH-dependent redox potentials.”®*”
These two half-reactions clearly indicate that the sudden pH
drop can trigger the reduction of dissolved oxygen by supplying
excess protons, leading to the spontaneous oxidation of 5,6-
dihydroxyindole to indole-5,6-quinone. Since indole-5,6-
quinone became more neutral than 5,6-dihydroxyindole, this
oxidation can decrease the solubility of the indole-5,6-quinone-
rich compound. As a result, the polymeric molecules of the
indole-5,6-quinone-rich compounds were aggregated through
the hydrophobic interaction, -7 interaction and hydrogen
bonding, and then precipitated in aqueous solution while the
oligomeric molecules remained in the supernatant.*

Meanwhile, the mass spectrum of F-ODA exhibited several
peaks at m/z 445, 569, 656, 672, 719, and 861, corresponding to

RSC Adv., 2017, 7, 30582-30587 | 30583
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Fig. 2 Schematic reduction potential diagram of indole-5,6-quinone
and oxygen indicating that the reduction of dissolved oxygen and the
oxidation of 5,6-dihydroxyindole can be triggered by adding many
protons.

[m], [n + 2Na + 2K], [p + Na + K], [p + 2K], [p + 2Na + 2K], and
[q + 2Na + 2K], respectively (Fig. Siaf). Fig. S1bt shows the
expected chemical structures of m, n, p, and g, indicating that
F-ODA has an oligomeric structure featuring 3-5 degrees of
polymerization. Furthermore, from NMR analysis of F-ODA
compared with pure dopamine, the chemical shift of aromatic
protons disappeared and the shift of methylene groups
migrated (Fig. S21).>**° In addition, XPS analysis of F-ODA
exhibited C 1s spectrum at 284.68 eV (C-C or C=C)
(Fig. S3(a)f), N 1s spectrum at 399.38 eV (C-N-C or N-H)
(Fig. S3(b)T) and O 1s spectrum at 532.28 eV (C=0 and C-OH)
(Fig. S3(c)t).*® These data indicated that the dopamine poly-
merization reaction was successfully performed.

Optical property of F-ODA

We investigated the optical properties of the F-ODA supernatant
and PDA precipitate under different reaction conditions by
fluorescence and UV/Vis absorption spectroscopies, as shown in
Fig. 3. The fluorescence of the F-ODA supernatant in 10 mM
sodium hydroxide solution was found at 457 nm (1, = 400 nm)
and increased gradually while the PDA precipitate did not emit
any fluorescence over time (Fig. 3(a) and (b)). In subsequent
experiments, the reaction time was set to 1.5 h, which was
considered sufficient to show high fluorescence intensity. The
UV/Vis absorbance bands of the F-ODA supernatant were
observed at 300 nm and 457 nm at the beginning of the poly-
merization reaction (Fig. 3(c)). As polymerization reaction time
goes by, the absorbance bands observed at 300 nm was blue-
shifted to 280 nm same as that of dopamine, and the band at
457 nm completely decreased within 30 min. The absorbance
bands at 300 nm and 457 nm are those of dopaminechrome
which is one of the intermediate molecules produced during
the polymerization. Moreover, dopaminequinone molecules
that are considered as an early form of dopaminechrome were
not detected because their oxidation rate is too fast (395 nm).**
Considering that the maximum absorbance wavelength (280
nm) is different from the excitation wavelength (400 nm), the
findings also confirmed that F-ODA has various singlet states,
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Fig. 3 Fluorescence spectra of the (a) supernatant and (b) precipitate
and UV/Vis absorption spectra of the (c) supernatant and (d) precipitate
as a function of reaction time (Amax = 400 nm).

as fluorescence can only occur when the excited electrons drop
from the S1 level to the SO level. The high energy at 280 nm
might be capable of exciting the electrons to higher singlet
states than S1, whereas the weaker energy at 400 nm is capable
of excitation at most from SO to S1. In the case of the PDA
precipitate, a shoulder peak was observed at 280 nm, which is
identical to the peak of F-ODA (Fig. 3(d)).

The effect of pH to initiate the polymerization was investi-
gated by adding various concentrations of NaOH solution into
the reaction mixture. The fluorescence intensity at 457 nm was
highest when 4 mM NaOH was added (pH = 10.7) (Fig. S47).
Since more NaOH induced extensive polymerization, polymeric
dopamine was dominant at higher pH resulting in low fluo-
rescence. In the following experiments, the NaOH concentra-
tion was set to 4 mM to maximize the fluorescence intensity.

Next, the effect of HCI on the molecular structural change of
the polymerized dopamine derivatives via redox reaction was
investigated (Fig. S5(a)f). In the absence of HCI, the 5,6-
dihydroxyindole-rich compound could not be separated into
a precipitate and supernatant by centrifugation; thus, the fluo-
rescence intensities were totally same before and after centrifu-
gation (Fig. S5(b)t). On the other hand, the fluorescence intensity
of the F-ODA supernatant obtained from the indole-5,6-quinone-
rich compound by centrifugation was higher than that of the
indole-5,6-quinone-rich compound (Fig. S5(c)t). This fluores-
cence increase is caused by the removal of PDA, which partially
absorbs the incident light (400 nm) exciting F-ODA. With respect
to this phenomenon, Fig. S61 supports our claim that 5,6-dihy-
droxyindole can be oxidized via the reduction of dissolved oxygen
induced by the prompt addition of HCl. When HCI was added
under deoxygenated conditions achieved by nitrogen purging, no
precipitate was observed after centrifugation similarly to the
result in the absence of HCI. This result strongly supports our
hypothesis that the reduction of dissolved oxygen plays an
important role in separating F-ODA. Based on optimized reaction
conditions, we measured photoluminescence lifetime and

This journal is © The Royal Society of Chemistry 2017
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quantum yield of F-ODA. The F-ODA lifetime was shown as two
types of decay: 1.75 ns (23.89%, short decay) and 5.05 ns (76.11%,
long decay). From this result, the average lifetime was approxi-
mately 4.26 ns (Fig. S7(a)f). The F-ODA quantum yield was
calculated 6.22% using eqn (1) compared with anthracene as
a reference (Fig. S7(b)t).

e-0(5) o) 2

Ultra-selective detection of Fe** ions

To investigate the fluorescence intensity changes of F-ODA
depending on its chelation with various metal ions, we per-
formed metal screening using F-ODA. When the acidic F-ODA
solution was incubated with Ru®**, Fe** and Fe?’, the fluores-
cence prominently diminished among various metal ions
(Fig. 4(a)). Based on the ratio of the initial to the final intensity
at Amax = 457 nm, Fe* quenched a fluorescence dramatically,
decreasing the fluorescence intensity by 15-fold to the initial
intensity (Fig. 4(b)). Fe** and Ru** are well-known chelate metal
ions in the ortho-dihydroxyl group of catechol as well as fluo-
rescence quenchers; thus, their quenching effects suggest that
they are chelated with a few catechol groups of 5,6-dihydrox-
yindole of F-ODA.**-**

Since Fe?' is not known to chelate with catechol, our
discovery might be a surprising and inspiring result for further
studies. Fig. S8t shows the redox half-reactions and the redox
potentials associated with the half-reactions that could occur
when adding Fe®".?%*” As seen from the net reaction equation,
the net redox potential is £, = —0.167 V under acidic condi-
tions, thus the reaction between indole-5,6-quinone-rich F-ODA
and Fe?" is unfavorable under standard condition. However, the
real potential difference Ej, should consider the concentration
of reactants, thus, we adopted the Nernst equation as shown in
eqn (S1).F Before Fe** was added into the acidic F-ODA solution
in the absence of Fe*", indole-5,6-quinone was dominant. In
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Fig. 4 (a) and (c) Fluorescence spectra and (b) and (d) fluorescence
intensity ratios /p// of F-ODA upon addition of 1 mM of various metal
ions at (a) and (b) acidic and (c) and (d) physiological pH.
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this condition, we can assume that the prompt addition of Fe**
was enough to trigger an oa-direction reaction. The reaction
resulted in the increase of Fe** concentration leading to the o!-
direction. However, Fe’" was immediately chelated with
reduced 5,6-dihydroxyindole and quenched the fluorescence
(Fig. 5).

This result could be confirmed by monitoring the FT-IR
spectra of F-ODA as well. Initially, the two bands at 1453
and 1110 cm ™' decreased upon the addition of HCI, corre-
sponding to the stretching vibration of the specific structure
of polyindole and the C-O of the phenol group respectively
(Fig. 6, black line). Thereafter, the peaks were restored by the
addition of Fe®" ions (Fig. 6, red line). We conceived that it
was due to a combination of two successive mechanisms: (1)
reduction of the indole-5,6-quinone to catechol-structured
5,6-dihydroxyindole along with oxidation of Fe>* to Fe*" ions
and (2) chelation of Fe®" ion with reduced F-ODA. This
hypothesis supported the result that Fe** ion quenched the
fluorescence of the acidic F-ODA than Fe®" ion even though
Fe*" is chelated with catechol groups directly. Additionally,
SEM-EDS analysis was performed before and after incubating
F-ODA with Fe*" ions. From the SEM-EDS results, the
synthesized polydopamine derivatives from supernatant and
precipitate, respectively, showed very similar elemental
analysis results (C: 30 wt%, N: 4 wt%, O: 61 wt%) (Fig. S9(a)
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Fig. 6 FT-IR spectrum of F-ODA (black) and F-ODA + ferrous ions
(red).
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and (b)f). After incubating F-ODA with Fe** ions, we could
confirm that Fe®* ions were incorporated within F-ODA
(Fig. S9(c)t).

We also confirmed that the fluorescence-quenching
induced by Fe** decreased when the F-ODA solution reacted
with Fe®* after its pH was adjusted to 7.4, which was attrib-
uted to the lower reduction potential of indole-5,6-quinone at
this pH compared with acidic conditions (Fig. 4(c) and (d)).
This means that pH-dependent effect is also related to the
formation of iron hydroxide at pH 7.4, which does not occur
under acidic conditions.** Finally, we examined the depen-
dence of the fluorescence intensity changes of F-ODA at pH
7.4 on the concentration of Fe*" added. When the concen-
tration of reacting Fe>" increased from 2 uM to 1 mM, the
fluorescence intensity of F-ODA at 457 nm decreased
evidencing chelation between the oxidized Fe*" and the
reduced F-ODA (Fig. 7(a)). Fig. 7(b) shows that the fluores-
cence intensity ratio (I, — I)/I, at 457 nm is a function of Fe**
concentration (I, and I represent the fluorescence intensities
of F-ODA before and after Fe** addition, respectively). The
inset graph of Fig. 7(b) indicates that the fluorescence
intensity ratio (I, — I)/I, is linear in the range of 2-50 uM Fe*",
showing that Fe*>* can be sensitively detected in this concen-
tration range.
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Fig.7 (a) Fluorescence spectra and (b) fluorescence intensity ratios (/o

— /Iy of F-ODA upon the addition of different concentrations of Fe*
(n = 3 in inset graph).
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Experimental
Reagents and apparatus

The following were purchased from Sigma-Aldrich Co.: dopa-
mine hydrochloride and the metals: europium(m) chloride,
samarium(m) chloride hexahydrate, iron(u) chloride hexahy-
drate, ruthenium(m) chloride, cobalt(i) chloride hexahydrate,
terbium(m) chloride hexahydrate, manganese(u) chloride tetra-
hydrate, cerium(m) chloride nonahydrate, iron(u) chloride tet-
rahydrate, zinc sulfate nonahydrate, and gadolinium(m)
trifluoromethanesulfonate. Sodium hydroxide powder and
hydrochloric acid were purchased from Daejung Co. Distilled
water (Millipore) was used as a solvent for the metal ions. PBS
buffer (pH 7.4, 2 mM) prepared in-house was used as a solvent
for dopamine. UV/Vis absorption spectra and fluorescence
emission spectra were collected using a UV/Vis spectrometer
(OPTIZEN-0, Mecasys) and fluorescence spectrometer (FS-2,
Scinco), respectively. FT-IR spectra were obtained using an FT-
IR spectrometer (FTLA2000-104, ABB). Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectra
of F-ODA were also recorded using a Voyager-DE STR worksta-
tion (Applied Biosystems).

Synthesis of fluorescent oligomeric dopamine

F-ODA was prepared by oxidative polymerization and separated
from the precipitated PDA by centrifugation. In the first step,
dopamine hydrochloride (0.378 mg, 1 mM final concentration)
was dissolved in 1.8 mL of PBS buffer (pH 7.4, 2 mM), and
oxidative polymerization was conducted in a 20 mL glass vial via
magnetic stirring (200 rpm) at room temperature for 1.5 h with
0.2 mL of sodium hydroxide solution (4 mM final concentra-
tion). After stirring, 0.04 mL of hydrochloric acid (0.25 M) was
added to the solution, and the solution was stirred for an
additional 0.5 h to induce the reduction of oxygen and the
oxidation of 5,6-dihydroxyindole. In the second step, the
resulting solution was transferred to a 2 mL Eppendorf tube and
separated by centrifugation (10 000 rpm) at room temperature
for 10 min. The obtained supernatant was used to detect Fe*"
ions. The precipitate were fully re-dispersed with 2 mM PBS
buffer solution (pH 7.4) to measure fluorescence intensity. The
fluorescence intensities from the supernatant and the precipi-
tate were measured at PMT 500 V using micro quartz cells.

Metal screening

Various metal ions were dissolved in 0.05 mL of DW to
a concentration of 1 mM. Next, 0.2 mL of F-ODA solution and
0.05 mL of each metal solution were mixed in a 1.5 mL tube and
reacted in a thermomixer at room temperature and 600 rpm for
30 min. In the case of measurement at physiological pH, the pH
of the F-ODA solution was adjusted to physiological pH after the
F-ODA had been separated.

Conclusions

In summary, we clearly demonstrated that the fluorescence of
pDA originates from oligomeric dopamine, not from PDA. F-

This journal is © The Royal Society of Chemistry 2017
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ODA was separated from PDA by solubility difference induced
by structural change from 5,6-dihydroxyindole-rich pDA to
indole-5,6-quinone-rich pDA. In addition, fluorescence of F-
ODA was dramatically quenched by only Fe** ions based on
their unique redox mechanism. Since this ultra-selective
recognition of Fe*" contradicts previous reports insisting that
only Fe*" ions interact with dopamine derivatives, our discovery
must be an outstanding and inspiring result for the further
studies.
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