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ABSTRACT: Gold nanoparticles (AuNPs) have found applica-
tions in biomedicine as diagnostic tools, but extensive research
efforts have been also directed toward their development as more
efficient drug delivery agents. The high specific surface area of
AuNPs may provide dense loading of molecules like catechols (L-
DOPA and dopamine) on nanosurfaces, enabling functionalization
strategies for advancing conventional therapy and diagnostic
approaches of neurodegenerative diseases. Despite numerous
well-described procedures in the literature for preparation of
different AuNPs, possible transformation and structural changes of
surface functionalization agents have not been considered
thoroughly. As a case in point, the catechols L-DOPA and dopamine were selected because of their susceptibility to oxidation,
cyclization, and polymerization. To assess the fate of coating and functionalization agents during the preparation of AuNPs or
interaction at the nano−bio interface, a combination of spectroscopy, light scattering, and microscopy techniques was used while
structural information and reaction mechanism were obtained by NMR in combination with computational tools. The results
revealed that the final form of catechol on the AuNP nanosurface depends on the molar ratio of Au used for AuNP preparation. A
large molar excess of L-DOPA or dopamine is needed to prepare AuNPs funtionalized with fully reduced catechols. In the case of
molar excess of Au, the oxidation of catechols to dopamine quinone and dopaquinone was promoted, and dopaquinone underwent
intramolecular cyclization in which additional oxidation products, leukodopachrome, dopachrome, or its tautomer, were formed
because of the larger intrinsic acidity of the more nucleophilic amino group in dopaquinone. MD simulations showed that, of the
oxidation products, dopachrome had the highest affinity for binding to the AuNPs surface. The results highlight how a more versatile
methodological approach, combining experimental and in silico techniques, allows more reliable characterization of binding events at
the surface of AuNPs for possible applications in biomedicine.

■ INTRODUCTION
Gold nanoparticles (AuNPs) have been increasingly used in
the design and development of advanced biomedical products
including drug delivery formulations and biosensors.1 The high
specific surface area of AuNPs enables dense loading and
adsorption of different molecules, paving the way for advanced
theranostic strategies using a plethora of surface functionaliza-
tion possibilities.2 Excellent optical and adsorption properties
of AuNPs have been combined with different aptamers for
label-free colorimetric sensing.3,4 Thus, different biosensing
strategies based on AuNPs have been developed for detecting
the important catechols, dopamine, and L-DOPA.3,5−9

Functionalization of AuNPs with various agents has been
also proposed as brain-targeting and drug-delivery strategies
for treatment of neurodegenerative diseases.10,11 Catechols
may be used not only as a surface coating but also as reducing
agents for the preparation of functionalized AuNPs. However,
catechols may undergo oxidation in the presence of gold
salt.7,12−17

Different transformation patterns at the nano−bio interface
should be considered, including cyclization, polymerization,
and so on. The AuNP−catechol interaction was used in this
study as a model system to demonstrate the importance of
novel methodological approaches for assessing the fate of
biomolecules at the nanosurface. The work was based on the
AuNP functionalization strategies with dopamine and L-DOPA
published recently.13

While most scientific literature on novel functionalization
strategies of nanomaterials describes the use of techniques
based on electron microscopy, light scattering, electro-
chemistry, calorimetry, UV−vis, or fluorescence spectroscopy,
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there is a considerable lack of structural information obtained
by nuclear magnetic resonance (NMR) spectroscopy. Addi-
tionally, comprehensive experimental characterization com-
bined with computational tools may give deeper insight into
complex mechanisms occurring at the nanosurface. A similar
approach, as was recently published for mechanistic evaluation
of the interaction between metallic NPs and biothiols, was
applied.18 We obtained mechanistic data, thus providing
valuable evidence-based knowledge and a solid basis for
facilitating the complex design of nanoenabled medical
products.

■ MATERIALS AND METHODS
Chemicals and Reagents. All chemicals were purchased from

Sigma-Aldrich Chemie GmbH (Munich, Germany) unless specified
otherwise and were used without further purification. Trisodium
citrate dihydrate (CIT) was obtained from Alfa Aesar (Kandel,
Germany). Before use, all glassware and stir bars were cleaned with
aqua regia (HCl:HNO3, 3:1 v/v) and rinsed with ultrapure water
(UPW).

Synthesis and Characterization of AuNPs in the Presence of
L-DOPA and Dopamine. AuNPs were prepared in two steps as
described previously,13 with some modifications. In the first step, 14
nm spherical citrate-coated AuNP seed (citAuNPs) was prepared by
the chemical reduction of HAuCl4 by CIT at 100 °C. Briefly, 11.8 mg
of HauCl4·3H2O was dissolved in 100 mL of ultrapure water (UPW)
and heated under reflux with constant stirring. When the solution was
brought to boil, 300 μL of 388 mM CIT was rapidly added. The
reaction was allowed to proceed for 30 min until the solution attained
a wine-red color. citAuNPs were then cooled and kept at 4 °C in the
dark until further use.

Different molar ratios of catechols and HAuCl4 were tested to
design catechol-functionalized AuNPs (see Table S1 in the
Supporting Information). Experiments were based on mixing 100
μL of 0.1 M HAuCl4·3H2O, 144 μL of 0.38 mM citAuNPs, 400 μL of
1.7 mM methoxypoly(ethylene glycol) (mPEG) thiol, and 4 mL of
different molar concentrations of L-DOPA or dopamine hydro-
chloride in a total volume of 50 mL under vigorous stirring. The
concentration of HAuCl4 was kept constant, while the concentration
of L-DOPA and dopamine was adjusted. After 2 h of stirring, obtained
catechol-coated AuNPs were pelleted by centrifugation at 800g for 10
min and kept at 4 °C in the dark.

The mass concentration of Au in AuNPs suspensions was
determined by a graphite furnace atomic absorption spectrometer
(GFAAS) (PerkinElmer AAnalyst 600, PerkinElmer, Shelton, USA)
by using Au standard solution (1000 mg/L in 5% HNO3) from Merck
(Darmstadt, Germany) for calibration. AuNP formation was
confirmed by means of their shape, size, size distribution, and ζ
potential by using different techniques. The hydrodynamic diameter
(dH) and ζ potential of AuNPs were determined by dynamic light
scattering (DLS) and electrophoretic light scattering (ELS) methods,
respectively, by using the Zetasizer Nano ZS instrument (Malvern
Instruments, Malvern, UK) equipped with a green laser (532 nm).
Data were processed by the Zetasizer software 6.32 (Malvern
Instruments, Malvern, UK). The dH values were obtained as an
average of six replicated measurements and expressed as intensity-
weighed size distribution, while the ζ potential was calculated by using
the Henry equation with the Smoluchowski approximation from mean
values obtained from three replicated ELS measurements. The shape
and primary size (d) of AuNPs were obtained by using a transmission
electron microscope (TEM, 902A; Carl Zeiss Meditec AG, Jena,
Germany). The microscope was operated in the bright-field mode at
an acceleration voltage of 80 kV. To prepare the sample for TEM
imaging, one drop of different AuNP suspensions was deposited on a
Formvar-coated copper grid (SPI Supplies, West Chester, PA) and
left to air-dry at room temperature. TEM images were captured by a
Canon Power-Shot S50 camera, and the primary size (d, nm) of

AuNPs was obtained by evaluating 100 particles per AuNP type by
the ImageJ software (LOCI, University of Wisconsin, Madison, WI).

UV−vis absorption spectra of functionalized AuNPs were recorded
by using an Agilent Cary 3500 UV−vis spectrophotometer
(Melbourne, Australia) in the 200−800 nm wavelength range. Quartz
cuvettes with an optical path of 10 mm and temperature of 298 K
were employed during the measurements.

All pH measurements were made by using a Orion Star A214
Benchtop pH/ISE meter (Thermo Scientific, Waltham, MA)
equipped with a glass electrode and Ag−AgCl reference electrode.
The pH meter and electrode were calibrated prior to each experiment
using Orion pH buffer solutions (Thermo Scientific) of pH 4.01, 7.01,
and 10.01.

NMR Experiments. To gain structural information about L-
DOPA and dopamine during functionalization of AuNPs, 1H and
13C{H} NMR spectroscopy was applied by using a Varian INOVA
400 spectrometer (Varian, Palo Alto, CA) operating at 399.6 and 99.9
MHz, respectively. 1H NMR spectra were recorded at different time
points after mixing the reagents and until AuNP formation finished.
The spectra were also recorded after AuNP purification to observe the
final structural features of catechols bound to the AuNP surface.

In the case of 13C{H} NMR spectra, recording of AuNPs
functionalized with L-DOPA was challenging due to poor solubility,
in contrast to dopamine. Therefore, ring-13C6-labeled L-DOPA
(Cambridge Isotope Laboratories GmbH, Radeberg, Germany) was
used. The use of the 13C-enriched L-DOPA enabled observation of
carbon atoms of L-DOPA and its oxidation product.

All spectra were recorded at 25 °C. The chemical shifts were
expressed in parts per million (ppm) and are referenced to the
residual water signal. The WET and PRESAT pulse sequences,
available in OpenVnmrJ software (v2.1revA, Inova Varian, Palo Alto,
CA), were used to suppress the solvent signals where appropriate.

All NMR experiments were performed under the same condition as
used for AuNPs characterization by TEM, DLS, ELS, and UV−vis
spectroscopy and described above.

Density Functional Theory (DFT) Calculations. DFT methods
were employed to examine the mechanism of catechol interaction
with Aun clusters (n = 2, 4, 6). Full conformational analysis of L-
DOPA and dopamine was conducted by using PC Model software19

with MMX parameters. All structures within 25 kJ/mol from the
global minimum were used for further optimizations with Aun clusters.
For geometry optimizations, the Minnesota 2006 local functional
(M06L) and split basis set LANL2DZ/6-31+G(d,p) were used.
Generally, Au atoms were optimized by using LANL2DZ and C, H,
N, and O atoms by using a 6-31+G(d,p) basis set. Different
assemblies of Aun clusters placed around catechol molecules were
generated by using a modified stochastic method.20

All calculations were performed by using Gaussian 16 software.21

All structures and appropriate computational results were visualized
with the GaussView program.22 Implicit solvation was modeled by
using the solvent model density continuum (SMD) model.23 The
solvent relative permittivity of ε = 78.4 (water) was used.

Stationary points were characterized by frequency calculation/
vibrational analysis to confirm whether the structure is a minimum
(no imaginary frequencies) or a first-order saddle point (one
imaginary reference). Intrinsic reaction coordinate (IRC) calculations
were conducted to identify the minima of reactant and product
connected through the respective transition state.24,25 Energy barriers
were calculated as Gibbs free energy difference between transition-
state structure and reactant structure with the lowest energy
calculated at 298 K.

Molecular Dynamics (MD) Simulations. Classical atomistic
MD simulations were performed by using the AMBER17 program
package.26 The simulated systems consisted of an Au (111) flat plate
(748 atoms distributed in four layers), one of the ligand molecules
(leukodopachrome, dopachrome, and quinoid tautomer of dop-
achrome), and 2000 water molecules. All components were placed in
a rectangular box with dimensions of 32 × 43 × 55 Å3, and periodic
boundary conditions were implemented. The bottom three layers of
Au atoms were restrained to maintain the integrity of the plate, while
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the top layer was unrestrained. The structures used for ligand
molecules were taken from DFT optimizations (lowest energy
conformers). Ligand molecules were initially placed 15 Å above the
metal surface. The force field used for the description of the metal was
the InterfaceFF27 which was created and previously used for ligand−
metal interaction studies.28 The ligands were described by using the
standard GAFF force field found in Amber software, and the water
molecules were described by using the TIP3P model. The particle
mesh Ewald method was used for electrostatic energy calculations.

Energy minimization was performed for all systems for 1000 cycles
by using the steepest descent algorithm. Then, the systems underwent
100 ps of heating where the temperature was raised from 0 to 298 K
by using the Langevin thermostat with a collision frequency of 2 ps−1.
The equilibration phase was performed for 20 ns in the NPT
ensemble by using anisotropic pressure scaling and the Berendsen
barostat to maintain 1 atm of pressure. The production run was
performed for 50 ns in the NVT ensemble. Throughout all phases, the
nonbonded interactions cutoff was set to 10 Å, and SHAKE bond
length constraints were applied to hydrogen atoms in water.

The binding free energy ΔGbind was calculated by using the MM-
GBSA protocol available in AmberTools.26 This method was
developed for binding free energy calculations for ligand−receptor
systems and previously applied successfully to the interactions of
nanomaterials with organic compounds.29,30 Calculations were based
on 1000 trajectory snapshots from the production runs (where the
ligands were in contact with the metal).

All images were prepared by using Visual Molecular Dynamics
(VMD) software.31

■ RESULTS AND DISCUSSION
Formation of AuNPs in the Presence of L-DOPA or

Dopamine. Functionalization of AuNPs was performed by
using seed-mediated synthesis (Scheme 1) in which Au seeds
were prepared first and used as the growth solution in the
mixture of mPEG thiol, HAuCl4, and catechol (L-DOPA or
dopamine).13

Testing of different experimental conditions revealed that
stability, color, and shape of functionalized AuNPs were
determined by the molar ratio between Au and catechol (see
Table S1 in the Supporting Information). TEM visualization
(Figure 1) showed spherical and flowerlike AuNPs. During the
bottom-up synthetic approach, the morphology of AuNPs is
dictated by the initial aggregation number which is propor-
tional to the amount of reducing agents.12 When reducing
agents are in molar excess, only flower-shaped particles were

formed (Figure 1a,c). After initial aggregation of Au seeds,
shape directing agents were adsorbed on certain planes of the
Au seeds, thus blocking further growth along these sides.
Structural defects in the single crystalline species were
observed to lower the overall energy of the enlarged
particle.12,32,33 In the case of AuNFs, the twinning motif has
changed, inducing migration of newly reduced Au atoms to
low energy exposed (111) facets which results in flower-shaped
nanostructure.12,32,33 However, at lower molar ratios of
reducing agents, the excess AuCl4− ions will be adsorbed on
Au seeds to promote NPs aggregation.34 Under this condition,
spherical AuNPs larger than Au seeds are usually
formed.12,33,35 Contrary to the spherical AuNPs obtained
when dopamine was used as reducing agents (Figure 1b), L-
DOPA yielded flower-shaped Au nanoparticles (Figure 1d).
This difference can be explained by different oxidation
processes of L-DOPA and dopamine. Despite using the same
molar ratio, L-DOPA oxidation went one step further to
dopachrome releasing two additional electrons in comparison
to dopamine two-electron oxidation to the quinone form.
Hence, L-DOPA has a stronger ability to reduce Au3+ ions with
four electrons, which can in return increase the reaction
kinetics. In this way, L-DOPA promotes the rapid deposition
process of Au0 onto the (111) planes, which is key to the
formation of multibranched nanocrystals, such as flowerlike
nanoparticles.36

The primary size (d) of all tested AuNPs was below 100 nm,
while DLS measurements showed monomodal size distribution
with dH ranging from 97.4 to 119.9 nm (Table S1), irrespective
of the catechol type used for functionalization or [Au]:
[catechol] ratio. The ζ potential ranged from −41.1 to −25.3
mV, with more negative values for molar excess of Au over
catechols. The obtained d, dH, and ζ potential values for
AuNPs obtained at [Au]:[catechol] = 1:6 molar ratio were in
accordance with original protocol.13 Overall, all tested AuNPs
showed colloidal stability during our experiments.

UV−vis spectra (Figure S1) showed that all Au nanoflowers
were characterized by a surface plasmon resonance (SPR) peak
at wavelengths higher than 600 nm, as reported for flowerlike
nanoparticles.13,37 In the case of spherical dopamine-function-
alized AuNPs, the SPR peak was at 575 nm as described for
spherical AuNPs.38 A redshift in the SPR peak was observed
for AuNPs functionalized with L-DOPA compared to

Scheme 1. Schematic Representation of the AuNP
Functionalization by the Catechols L-DOPA or Dopamine

Figure 1. TEM micrographs of catechol-functionalized AuNPs
obtained at different molar ratio of Au to catechol: (a) [Au]:
[dopamine] = 1:6, (b) [Au]:[dopamine] = 2:1, (c) [Au]:[L-DOPA]
= 1:6, and (d) [Au]:[L-DOPA] = 2:1.
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dopamine, which can be explained by the increase in AuNP
size as confirmed by TEM and DLS measurements.39

In each reaction mixture and each AuNP suspension after
purification, the pH ranged between 3.15 and 3.25. Contrary to
comprehensive investigations of L-DOPA and dopamine
autoxidation in alkaline and neutral conditions,6,40−45

oxidation processes of these two catechols in an acidic
environment have not been thoroughly described. As
transition-metal ions can promote their oxidation in mildly
acidic pH, this has attracted interest.46 Therefore, the
interactions of dopamine or L-DOPA with Au3+ ions, Au
nanoclusters, Au seeds, or AuNPs, each present at different
time points of the AuNP functionalization process, were
investigated as this occurred in an acidic environment.

NMR Study of AuNPs Interaction with Dopamine. In
the acidic aqueous medium, dopamine is stable for days. No
oxidation or degradation products were observed in 1H or 13C
NMR spectra of 10 mM dopamine in deuterated water (pD =
3). In an alkaline medium, however, dopamine undergoes
oxidation followed by different transformation and polymer-
ization processes.46,47 In the 1H NMR spectrum of 10 mM
dopamine in deuterated water (pD = 10, NaOD added), all
aromatic signals disappeared after ca. 3 h, and a series of
broadened signals in the upfield region appeared (Figure S2).
This suggests the formation of a mixture of melanin oligomers,
for example, eumelanin, phaeomelanin, or dihydroxyindole
melanin (Scheme S1).

Dopamine may be easily oxidized in an acidic medium in the
presence of HAuCl4. We report herewith that the extent of the
oxidation reaction depended on the molar ratio of reactants
HAuCl4 and dopamine, that is, the [Au]:[dopamine] ratio,
which also determined the shape, stability, and color of AuNPs
(Table S1 and Figure 1). In the case of excess Au, that is, [Au]:

[dopamine] = 2:1; as used for the preparation of stable
spherical AuNPs, Figure 1), dopamine was rapidly and
completely oxidized to dopamine quinone (Scheme 2 and
Figure S3a), which remained stable for >2 h.

On the contrary, when dopamine was in large excess, that is,
[Au]:[dopamine] = 1:6, no dopamine oxidation product was
observed during the preparation of stable Au nanoflowers.
NMR signals for dopamine remained unchanged after 2 h
(Figure S3c). If two reactants were equimolar, the equivalent
amount of dopamine and dopamine quinone was formed in the
reaction (Figure S3b).

The mixture of products formed during the preparation of
AuNPs may be governed by the [Au]:[dopamine] ratio; that is,
the type of coating on AuNP surfaces appears to depend on the
initial reaction conditions. This is supported by 1H NMR
spectra of isolated and purified AuNPs (Figure S4). If the
initial ratio of reactants was [Au]:[dopamine] = 1:6, the
prepared AuNPs were coated with dopamine only (Figure
S4b). In the case when Au was in excess, the surface of the
prepared AuNPs was modified with dopamine quinone (Figure
S4c). In both cases, proton signals in the upfield region of the
1H NMR spectrum were broadened and less resolved, while no
broadening was observed in the aromatic region. This indicates
that only the alkylamino moiety of dopamine/dopamine
quinone was involved in the interaction with the AuNP
surface.

The structure of dopamine quinone was confirmed by 1H
and 13C NMR spectra, with the latter reported for the first time
(Figure 2). In the 1H spectrum (Figure S3a), three new signals
appeared in the aromatic region and two new signals in the
upfield region (Table 1). In the 13C spectrum, all aromatic
signals were shifted downfield, with two carbonyl signals
characterized by the largest chemical shifts (180.96 and 180.27

Scheme 2. Schematic Representation of Dopamine Oxidation in an Acidic Environment (pH ≈ 3)

Figure 2. 13C NMR spectra of dopamine (10 mM) and dopamine oxidation product (dopamine quinone) in D2O (pH ≈ 3; [Au]:[dopamine] =
2:1, as used for the preparation of stable spherical AuNPs).

4

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00996/suppl_file/ic2c00996_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00996?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00996?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00996?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00996?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00996?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00996?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ppm). This is consistent with the structure of dopamine
quinone obtained during AuNP formation and is in line with
the earlier structural assignments of dopamine oxidation
products.40 No proton signals corresponding to leukoamino-
chrome, aminochrome, and/or 5,6-dihydroxyindole were
observed, which confirmed that cyclization of dopamine
quinone did not occur.

It is known that cyclization of dopamine quinone may be
induced by the increased pH value,46,48,49 by the increased
voltage in the electrochemical oxidation,50 via a hydrothermal
method,51 or by using plasma-activated water.52 None of these
reaction procedures, however, are relevant for the original
protocol13 used here for AuNP functionalization with
dopamine.

To summarize, the extent of the oxidation of dopamine with
HAuCl4 is controlled by the molar ratio of reactants (HAuCl4
and dopamine). In no case was the formation of dopamine
quinone, the main oxidation product, followed by intra-

molecular cyclization. Thus, purified AuNPs may be coated by
dopamine itself, dopamine quinone, or a mixture of both.

NMR Study of AuNPs Interaction with L-DOPA. Similar
to dopamine, L-DOPA is stable in the acidic aqueous medium.
No change in 1H or 13C NMR spectra of 10 mM L-DOPA in
D2O (pD = 3) was observed for days. As expected, in the
alkaline aqueous medium (pD = 11, NaOD added) all proton
signals of L-DOPA disappeared within 1 h, and a series of new
signals in the upfield region of the 1H spectrum emerged
(Figure S5). According to the literature, different forms of
melanin oligomers or polydopa may be associated with the
observed spectrum of the mixture.6,53

The oxidation of L-DOPA in an acidic environment may be
catalyzed by HAuCl4 if the latter is used in excess. The ratio of
[Au]:[L-DOPA] = 2:1, which corresponds to the protocol for
the preparation of stable Au nanoflowers, was employed.
Immediately after mixing of reactants, all proton signals of L-
DOPA disappeared from the 1H NMR spectrum, and three
new signals appeared (green spectrum in Figure S6). The new
set of signals in the aromatic and upfield regions correspond to
dopaquinone (Table 2). To our knowledge, this is the first
NMR evidence of the initial oxidation product of L-DOPA.
Because of the short lifetime of dopaquinone (see below), the
well-resolved 13C NMR spectrum was difficult to record. For
this reason, the reaction was repeated by using ring-13C6-
labeled L-DOPA, which enabled facile and fast observation of
all carbon signals (Figure 3) in the aromatic region.

The dopaquinone is not stable but undergoes intramolecular
cyclization in which leukodopachrome/dopachrome is formed
(Scheme 3). In contrast to dopamine quinone (see above), the
intramolecular cyclization or Michael addition reaction occurs
easily in dopaquinone. In the 1H NMR spectrum (Table 2 and
Figure S6, blue spectrum) two new signals appeared in the
aromatic region which correspond to leukodopachrome or its
oxidized counterpart dopachrome. It is known that leukodo-
pachrome is more easily oxidized than L-DOPA itself.54 Both
leukodopachrome and its oxidized form dopachrome may exist
in a fast redox equilibrium, which is difficult to resolve on the
NMR time scale. In addition, dopachrome may tautomerize to
its isomeric quinoid structure. The latter is expected to display

Table 1. 1H and 13C NMR Data for Dopamine and
Dopamine Quinone in Acidic Aqueous Medium (pH = 3)

dopamine dopamine quinone

NMR expt δ (ppm)
J(H, H)
(Hz) δ (ppm) J(H, H) (Hz) assignta

1H NMR 6.75 d (8.1) 7.00 dd (10.2, 2.1) H4
6.69 d (2.1) 6.34 d (10.2) H8
6.60 dd (8.1, 2.1) 6.23 d (2.1) H7
3.07 t (7.3) 3.17 t (7.5) H1
2.72 t (7.3) 2.70 t (7.5) H2

13C NMR 144.16 s 180.96 s C5/C6
142.93 s 180.27 s C5/C6
129.23 s 151.65 s C3
121.18 d 142.89 d C8
116.53 d 129.91 d C4/C7
116.49 d 127.66 d C4/C7
40.63 t 36.71 t C1
31.95 t 32.84 t C2

aAs denoted in Scheme 2.

Table 2. 1H and 13C NMR Data for L-DOPA and Its Oxidized Products Dopaquinone and Dopachrome in Acidic Aqueous
Medium (pH = 3)

L-DOPA dopaquinone dopachrome

NMR expt δ (ppm) J(H, H) (Hz) δ (ppm) J(H, H) (Hz) δ (ppm) J(H, H) (Hz) assignta

1H NMR 6.74 d (8.3) 7.02 dd (10.2, 1.8) 6.99 t (0.9) H4
6.66 d (1.2) 6.35 d (10.3) H8
6.58 dd (8.3, 1.2) 6.29 d (1.8) 6.57 s H7
3.78 dd (7.9, 5.9) 4.27 t (7.1) 4.15 t (7.0) H1
3.00 dd (5.9, 14.7) 3.02 dd (6.7, 15.0) 2.98 dd (7.0, 14.4) H2
2.84 dd (7.9, 14.7) 2.89 dd (7.6, 14.8) 2.86 dd (7.2, 14.0) H2

13C NMR 173.91 s
143.78 m 187.1 m 180.9 m C5/C6
143.76 m 181.9 m 180.2 m C5/C6
127.57 m 155.8 m 149.5 m C3
121.78 m 143.6 m 142.4 m C8
116.72 m 133.2 m 130.6 m C4/C7
116.68 m 132.7 m 129.4 m C4/C7
56.00 s C1
35.50 d (45.0) C2

aAs denoted in Scheme 3.
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a pattern of signals in the 1H NMR spectrum, which is very
similar to that of leukodopachrome and/or dopachrome. A
similar spectral ambiguity applies to the 13C NMR spectrum.

Dopaquinone is less stable than leukodopachrome and/or
dopachrome under the experimental conditions used. Accord-
ing to our calculations (see below), the structure of
leukodopachrome is 85 kJ/mol more stable than dopaquinone.
In the 1H NMR spectrum, all signals of dopaquinone
disappeared in 10 min, whereas the latter intermediates
(leukodopachrome/dopachrome) persisted in the reaction
mixture for ca. 2 h. This means that the subsequent

rearrangement of dopachrome to 5,6-dihydroxyindole-2-
carboxylic acid or decarboxylation to 5,6-dihydroxyindole are
slower processes than the cyclization of dopaquinone. Neither
5,6-dihydroxyindole-2-carboxylic acid nor 5,6-dihydroxyindole
structures matches the experimental chemical shifts observed
in the 1H and/or 13C NMR spectra. The most conclusive
evidence comes from the 13C NMR spectrum in which two
sp3-hybridized carbon signals are detected in the upfield
region, which eliminates 5,6-dihydroxyindole-2-carboxylic acid
and 5,6-dihydroxyindole as possible oxidation products.

Figure 3. 13C NMR spectra of L-DOPA (bottom spectrum, black numbers), its oxidation intermediates dopaquinone/dopachrome (middle
spectrum, red/blue numbers), and dopachrome (top spectrum, blue numbers) in D2O (pH ≈ 3; [Au]:[L-DOPA] = 2:1, as used for the preparation
of stable Au nanoflowers). All ring carbon atoms 3−8 are 13C-enriched.

Scheme 3. Schematic Representation of L-DOPA Oxidation in an Acidic Environment (pH ≈ 3)a

aStructures in square brackets cannot be differentiated by 1H NMR spectroscopy (in D2O). All structures may exist in zwitterion form.
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In short, at least three different oxidation products of L-
DOPA may be included in interactions with the AuNP surface:
leukodopachrome, dopachrome, or its tautomeric form
(structures in square brackets in Scheme 3). These three
intermediates cannot be differentiated by 1H NMR spectros-
copy. L-DOPA itself may bind with the nanosurface during the
preparation of AuNPs if the synthesis is performed with a large
excess of L-DOPA ([Au]:[L-DOPA] = 1:6; as used for the
preparation of stable Au nanoflowers). This is confirmed by
the 1H NMR spectrum recorded after purification (Figure
S7b). Only dopaquinone is a poor candidate for AuNP coating
as it undergoes fast cyclization under the reaction conditions
employed.

DFT Calculations. To rationalize the mechanism under-
lying the oxidation processes in catechols during AuNP
synthesis and functionalization, DFT calculations were
performed. Of particular importance is the analysis of the
different reactivity of dopaquinone and dopamine quinone in
terms of their intramolecular cyclization.

During the initial oxidation, both L-DOPA and dopamine
are converted to corresponding quinones, which may undergo
intramolecular Michael addition (Schemes 2 and 3). In this
reaction, the amino group with lone-pair electrons attacks the
C5 position in the oxidized catechol ring. According to the
literature, experimental barriers (at 298 K) for the intra-
molecular cyclization of dopaquinone (ΔG‡ = 62.3 kJ/mol)
and dopamine quinone (ΔG‡ = 64.8 kJ/mol) are very
similar.55,56

These experimental data are reproduced at the SMD-M06L/
6-31+G(d,p)/LANL2DZ level of theory (ΔG‡ = 63.3 and 58.9
kJ/mol, respectively; see Scheme 4), which confirms that
intrinsic cyclization rates are comparable and relatively rapid in
both cases. The rate-determining step of cyclization involves
the unprotonated form of the amino group, and therefore the
reaction rate is strongly pH dependent. In our case, in the
presence of HAuCl4 at a relatively low pH, the cyclization was
observed only in the case of dopaquinone (see above).

This different reactivity of dopaquinone and dopamine
quinone has been related to a fraction of the neutral amino
group, as defined by preequilibrium acidity constant Ka
(Scheme 4). It is known that the pKa value (NH3)+ value in
dopaquinone is ca. 2 units lower than in dopamine quinone,
producing a 10-fold difference in the cyclization rates.46,49

To assess the effect of AuNPs on the cyclization rate, the
reactants dopaquinone and dopamine quinone, transition
states, and products (leukodopachrome and leukoamino-
chrome) were modeled as structures complexed to the neutral
cluster Aun, where n = 2, 4, or 6 (see Figure 4). In comparison
to the metal-free reaction (n = 0), the calculated barriers
(ΔG‡) for all Aun-assisted cyclizations were increased by 30−
40 kJ/mol (Scheme 4 and Table 3). Again, the estimated rates
for the intramolecular Michael N-additions were similar for
dopaquinone and dopamine quinone. The calculated range of
energy barriers (ΔG‡ = 91.7−101.9 kJ/mol), using the Eyring
equation that results from transition state theory, corresponds
to reaction rate constants kobs ≈ 5 × 10−4−9 × 10−6 s−1 (t1/2 ≈
0.4−20.8 h−1).

The influence of Aun clusters on the pKa value of the
ionizable amino group may be negligible.46 Therefore, different
rates for cyclization of dopaquinone and dopamine quinone, as
observed experimentally, are not induced by Aun nanoclusters.
In contrast to dopamine quinone, the dopaquinone easily

undergoes intramolecular cyclization, which is related to its
(larger) intrinsic acidity of the nucleophilic amino group.

According to our calculated results, the formation of cyclized
products is strongly exergonic; that is, the leukodopachrome
and leukoaminochrome are more stable than the starting
dopaquinone and dopamine quinone, respectively. In the case
of metal-free and Au-assisted reactions, cyclized products were
25−75 kJ/mol stable (Table 3), which means that both
reactions are thermodynamically favored. The estimated
barriers for Au-assisted reactions (ΔG‡ ≈ 100 kJ/mol) suggest
that both reactions may be kinetically feasible. However,
because of the more protonated ionization state (NH3

+) in

Scheme 4. Gibbs Free Energy Diagram for Intramolecular
Cyclization of Dopamine Quinone (R = H; Blue Line) and
Dopaquinone (R = COOH; Red Line) Calculated at the
SMD-M06L/6-31+G(d,p)/LANL2DZ Level (Solvent =
Water)a

aAll stationary points (R, TS, and P) are complexed to a specified
number of Au atoms (n = 0, 2, 4, or 6). The gray band denotes the
experimental barrier for the Au-free process (n = 0) in dopaquinone
and dopamine quinone. TS structures are presented in Figures 4 and
S8.

Figure 4. SMD-M06L/6-31+G(d,p)/LANL2DZ (solvent = water)
optimized transition state structures for the intramolecular cyclization
of dopaquinone in the presence of Aun cluster (n = 6, right) and in a
metal-free process (n = 0, left). All distances are in Å.
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dopamine quinone, the latter does not undergo the
nucleophilic Michael N-addition. Under our reaction con-
ditions, the cyclized product was observed only in the case of
dopaquinone.

The formation of leukodopachrome may be followed by its
oxidation to dopachrome, which exists in equilibria with its
quinoid tautomer (Scheme 3). The definitive form of
intermediate, which accumulates in the presence of the Aun
clusters, is not easily discernible (see NMR data). To assess
which oxidation product may occur as a candidate for AuNP
coating, classical MD simulations were performed. These
calculations provide binding free energies (see below), which
provided an estimate on the interaction/stability of different
species at the AuNP surface.

Adsorption of L-DOPA Oxidation Intermediates on
Au Nanosurface−Atomistic Molecular Dynamics Simu-
lations. To compare the adsorption of L-DOPA oxidation
intermediates (leukodopachrome, dopachrome, and its quinoid
tautomer) on the AuNPs, we performed atomistic molecular
dynamics (MD) simulations of the three molecules in the
presence of an Au nanosurface (Figure 5). This model
simulated the adsorption through physical interactions as
classical MD does not allow covalent bond formation.57 In all
cases, the species descend from their initial positions and bind
to the Au surface within the first 10 ns of the corresponding
unrestrained MD simulations, where they persist for the entire
duration of the in silico experiments (50 ns). By computing the

vertical component (z-axis) of the distance dz between the Au
nanosurface and each heteroatom of the studied ligands, we
could confirm that all functional groups are involved in the
interaction between the oxidized species and the Au surface (dz
< 6 Å for the whole simulation time frame), as shown in
Figures 6A−C and S9. The analysis of the mean-square
displacement (MSD) along the three spatial directions reveals
a similar behavior for all the oxidized species, as illustrated in
Figure 6D for dopachrome as an example. In particular, the
molecular displacements among the z-component are found to
be consistently low for the three molecules, thereby confirming
the observation that each Au/ligand binding is sufficiently
weak to allow for ligand lateral diffusion but strong enough to
prevent its desorption (Figure 6E and Movies S1−S3). Of
note, our results are in line with previous findings from similar
studies.18,58−60

The adsorption free energy of each ligand onto the Au
nanosurface was next calculated via the MM-GBSA method.
While this computational procedure is not fully reliable in
calculating absolute energies, it has been established to be
accurate enough in assessing relative binding energies and is
thus widely adopted in comparing/ranking the affinities of
similar ligands for a given receptor.56 In aggregate, the MM-
GBSA results at room temperature indicate that the all three
molecular adsorption processes are exergonic (i.e., thermody-
namically spontaneous); moreover, according to the calcu-
lations, dopachrome is endowed with the highest affinity for
the Au nanosurface (ΔGbind = −182.9 kJ/mol) followed by, in
the order, leukodopachrome (ΔGbind = −160.9 kJ/mol) and
the dopachrome tautomer (ΔGbind = −125.0 kJ/mol). This
helped to determine which oxidation intermediate is the best
candidate for AuNP functionalization. In our case, MD
simulation results coupled with NMR analysis (see above)
confirmed that the surface of prepared AuNPs is modified only
with dopachrome.

■ CONCLUSION
This study focused on the transformation patterns of L-DOPA
and dopamine during their interaction with Au3+ ions, Au
nanoclusters, and the AuNP surface. A combination of
spectroscopy, light scattering, and microscopy techniques was
used, while structural information and reaction mechanism
were obtained by NMR experiments combined with
computation tools.

Experimental results revealed that the extent of catechol
oxidation correlated to their molar ratio to Au used for AuNP
preparation and were supported by computational methods.
To prepare AuNPs funtionalized with fully reduced catechols,
a large molar excess of L-DOPA or dopamine is needed. In the
case of molar excess of Au, the oxidation of catechols to

Table 3. SMD-M06L/6-31+G(d,p)/LANL2DZ Calculated
Relative Energies (ΔG298 in kJ/mol) of Stationary Points
Involved in the Intramolecular Cyclization of Dopaquinone
and Dopamine Quinone, Where R Is a Reactant, TS Is a
Transition State, and P Is a Product (Leukodopachrome
and Leukoaminochrome, Respectively), Complexed to a
Number of Au Atoms Specified by n

ΔG298 (kJ/mol)

Aun stationary point dopaquinone dopamine quinone

n = 0 R 0.0 0.0
TS +63.3 +58.9
P −85.0 −74.1

n = 2 R 0.0 0.0
TS +94.1 +97.5
P −38.9 −26.4

n = 4 R 0.0 0.0
TS +101.9 +101.7
P −17.7 −25.9

n = 6 R 0.0 0.0
TS +91.6 +97.1
P −63.8 −47.2

Figure 5. Close-up snapshots of the last frames of the production runs from classical atomistic MD simulations of the zwitterionic forms of (A)
leukodopachrome, (B) dopachrome, and (C) dopachrome tautomer on the Au(111) surface. Au atoms (dark yellow) are represented via their van
der Waals spheres; the three ligand molecules are shown in a balls-and-sticks representation (color code: cyan, C; red, O; blue, N; white, H), and
the oxygen atoms of the water molecules are portrayed as semitransparent cyan spheres.
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dopamine quinone and dopaquinone was promoted. In
contrast to dopamine quinone, the latter underwent intra-
molecular cyclization in which additional oxidation products,
leukodopachrome, dopachrome, or its tautomer, were formed.
These oxidation products may be considered as possible forms
attached to the AuNP surface when synthesis is performed in
an excess of Au. To differentiate these three species, the
combination of NMR spectroscopy and computational
methods is warranted. DFT results showed that different
rates for cyclization of dopaquinone and dopamine quinone
were not induced by Aun nanoclusters but by the larger
intrinsic acidity of the more nucleophilic amino group in
dopaquinone. Formation of cyclized products is strongly
exergonic, while metal-free and Au-assisted reaction are both
thermodynamically favored and kinetically feasible. MD
simulations clarified the most likely candidates, among
different oxidation products, for binding to the AuNP surface.
The highest affinity was obtained for dopachrome compared to
its tautomer and leukodopachrome.

The methodological approach presented here led to the
reliable characterization of molecules bound at the nanosurface
resulting from a functionalization strategy of AuNPs with L-
DOPA and dopamine.
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