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Electropolymerization of Au nanoparticle incorporated 
poly(dopamine) thin-films at a micro liquid|liquid interface
Leila Nazari,a Fanqi Kong,b E. Bradley Easton,b and Talia Jane Stockmanna,*

Dopamine (DA) is an important biomolecule of the central nervous system (CNS) as well as a monomer incorporated into 
melanin, a macromolecule often associated with skin pigmentation. Herein, we have investigated the electropolymerization 
of DA to form polydopamine (PDA) at a micro interface between two immiscible electrolyte solutions (micro-ITIES) between 
water|1,2-dichloroethane (w|DCE) under external, electrochemical control. DA oxidation to form PDA was achieved via the 
use of an ionic liquid composed of trihexyltetradecylphosphonium (P66614) paired with AuCl4− and dissolved in the DCE phase. 
AuCl4− acts as a strong oxidizer, accepting electrons from DA to form Au nanoparticles (NPs) that become incorporated into 
the growing PDA matrix. Au NP/PDA electrosynthesis was found to improve with increasing aqueous phase pH and was 
discovered to create a delicate, free-standing film. Au NP/PDA was used to modify a glassy-carbon electrode (GCE) and 
employed as a platform for DA detection. This proof-of-concept DA-biosensor demonstrated quasi-reversible DA oxidation 
and a good limit-of-detection (LOD) and linear-dynamic-range of 0.27 μM and 0.2-20 μM, respectively, using differential 
pulse voltammetry (DPV). 

Introduction

Dopamine (DA) is ubiquitous in nature, often found as a 
neurotransmitter that participates in most cognitive or 
movement control events in humans1 within the central 
nervous system (CNS). It can also be found outside the CNS and 
is the chemical basis of melanin, including eumelanin, 
pheomelanin, and neuromelanin.2, 3 DA is synthesized by the 
body from tyrosine, which is first converted to L-3,4-
dihydroxyphenylalanine, a.k.a. levodopa (L-DOPA), before 
being transformed to DA. Melanin is a heterogeneous polymer 
that can appear dark brown to black or even yellow.2 Eumelanin 
is composed of monomers of 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA).4 The formation of 
DHI is achieved through an intramolecular 1,4-Michael addition 
of the amine towards the catechol ring within DA. DHICA is 
similarly generated, however, from L-DOPA. All of these are 
derivatives of DA; thus, melanin, a complex macromolecule is 
partially composed of polydopamine (PDA). Polymerization off 
of the aromatic, catechol ring can generate a conductive 
polymer. Neuromelanin, a heteropolymer composed partly of 
the monomer DHI, has been found in the substantia nigra of the 
brain, and its loss or degradation has been linked to Parkinson’s5 
and Alzheimer’s6 diseases. Melanin coordinates well to metal 
ions, including Fe, Cu, and some heavy metals like Pb or Hg,7 

through the hydroxyl groups of the catechol moiety. It has been 
proposed that neuromelanin may act as a protective barrier for 
the brain by coordinating to these metal ions that are toxic to 
neurons. However, as neuromelanin breaks down, this 
protection is lost, potentially leaking toxic metal ions into neural 
tissue.7

Outside the CNS, different variations of melanin are 
employed throughout the animal kingdom as skin 
pigmentation8 owing to their broad optical absorption cross-
section that inhibits radiative cell damage. Since the discovery 
of PDA as an adhesive coating on mussels,9 it has been 
increasingly employed in anti-corrosion, materials science 
studies10, 11, and even as an energy storage material.12 
Meanwhile, the detection of DA for neuroscience investigations 
has been of critical importance for decades.13 In the 1980s, 
Wightman and Ewing developed carbon fiber 
microelectrodes14-16 as in vivo electroanalytical probes to 
directly measure DA. This has since been extended to the 
nanoscale, particularly for the real-time monitoring of chemical 
communication through fundamental understanding of 
exocytosis.17 

A number of in vitro analytical methods have arisen for DA 
quantification, including exploiting the inherent fluorescence of 
PDA,18, 19 or via liquid chromatography-mass spectroscopy,20 as 
well as many other approaches that often combine two or more 
sensing platforms.21 Nevertheless, electrochemical detection is 
the only present method for real-time monitoring in vivo. Shao’s 
group demonstrated that DA could be detected at an interface 
between two immiscible electrolyte solutions (ITIES) through 
facilitated ion transfer reactions employing 18-crown-6 ether, 
while ensuring that DA was in a protonated, charged state.22 
More recently, Shen’s group23 employed a nano-ITIES between 
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2-nitrophenyl octyl ether (NPOE) and water for the detection of 
another neurotransmitter, acetylcholine, through simple ion 
transfer. The ITIES was considered advantageous for two 
predominant reasons. First, on unmodified electrodes, DA 
oxidation is often irreversible and can cause fouling of the 
electrode surface through the formation of PDA – this cannot 
happen at a liquid|liquid interface when DA undergoes simple 
or facilitated ion transfer.24 Second, DA oxidation occurs in 
roughly the same potential region as other common 
biomolecules, particularly ascorbic acid (AA) and uric acid (UA), 
that can interfere with its quantification;25-27 this type of 
interference is overcome at the liquid|liquid interface since the 
charge transfer mechanism is fundamentally different to a 
redox process. Research has continued at the solid/electrolyte 
interface using modified electrodes. Electrodes incorporating 
conjugated, aromatic systems such as graphene or graphene 
oxide have been shown to improve the electrochemical 
reversibility of DA oxidation as well as enhance the selectivity 
and sensitivity of the electrochemical sensing platform.27-30 This 
can also be achieved via inclusion of metal nanoparticles (NPs) 
such as Au.31 These platforms often rely on modifying glassy 
carbon electrodes (GCEs). GCEs are advantageous as they have 
very low background currents and are poor electrocatalysts; 
this provides a good baseline, since any enhancement is 
brought about by the modification itself. For in vivo continuous 
neurotransmitter monitoring, however, this is not ideal since 
hard, rigid objects like the GCE or Pt ultramicroelectrodes, such 
as the ones used in deep-brain-stimulation (DBS) in the 
treatment of Parkinson’s disease, could be isolated from the 
body by scar tissue.32 This has the potential to limit the long-
term efficacy of DBS.32, 33 So, research into soft polymer 
electrodes for bioimplantation has become a focus.34 

Electropolymerization of conductive polymer films at a 
liquid|liquid interface offers several advantages over 
solid/electrolyte ones. Any film formed at a solid electrode will 
be influenced by its baseline surface morphology, and it cannot 
be removed without significantly damaging the film. This is not 
the case at a liquid|liquid interface; whereby, films are easily 
removed and used as free-standing electrodes.34-41 Moreover, 
the liquid|liquid interface is molecularly sharp and smooth, so 
this likely exhibits little morphological influence on the film. 
Electrochemical control is achieved by externally manipulating 
the Galvani potential difference (Δw

DCEϕ) across the water|oil 
(w|o) interface, ϕw – ϕo = Δw

DCEϕ, using an electrode immersed 
in either phase.42 Lehane et al.34 demonstrated the 
electropolymerization of 3,4-ethyldioxythiophene (EDOT) at a 
large (cm scale) water|α,α,α-trifluorotoluene (w|TFT) interface 
using Ce4+(aq) as the electron acceptor, which generated a free-
standing PEDOT, conductive polymer film. Our group has 
explored the electrogeneration of nanocomposites through the 
simultaneous formation of Au and Cu metal NPs within a 
growing conductive polymer matrix using monomers such as 9-
vinylcarbazole,39 2,2′:5′,2′′-terthiophene (TT),41, 43 as well as 
more exotic molecules such as dithiafulvenyl-functionalized 
pyrenes.40 

Herein, we investigated the electrogeneration of Au NP-
incorporated PDA at a micro-ITIES. In this system, DA is 

dissolved in water and injected into the back of a specialized 
pipette holder. The pipette is composed of borosilicate glass 
with a pulled end that incorporates a ~500 μm long 
microchannel that is 25 μm in diameter.40, 44 The tip is then 
submerged inside a 1,2-dichloroethane (DCE) solution 
containing a hydrophobic Au salt, P66614AuCl4 
(trihexyltetradecylphosphonium tetrachloroaurate) while the 
ITIES is maintained at the end of the microchannel. AuCl4− acts 
as an excellent oxidizing agent, accepting electrons from DA in 
a heterogeneous electron transfer reaction across the ITIES (see 
Scheme 1). The Au NP/PDA film was successfully generated 
using cyclic voltammetry; however, it was also quite soft and 
fragile. It was removed from the interface by ejecting a droplet 
from the tip of the pipette using a syringe on the back of the 
specialized holder.40, 41 This was used to deposit the 
nanocomposite on a GCE to investigate its use as a DA 
biosensor. Here it showed a good limit-of-detection and linear 
range using differential pulse voltammetry (DPV). 

Scheme 1: Diagram of the interfacial electron transfer reaction taking place across 
the water|1,2-dichloroethane (w|DCE) micro-interface between AuCl4− in DCE 
and dopamine (DA) in the aqueous phase, electrogenerating the conductive 
polymer/nanocomposite film.

Experimental

All chemicals were used as received unless described 
otherwise with aqueous solutions prepared using ultrapure 
water obtained from a MilliQ system (18.2 MΩ cm). Dopamine 
hydrogen chloride (≥98%), potassium tetrachloroaurate 
(KAuCl4, >98%), 1,2-dichloroethane (DCE, ≥99.0%), 
trihexyltetradecylphosphonium bromide (P66614Br, >95%) 
trioctylphosphine (>97%), bromooctane (99%), hydrochloric 
acid solution (HCl, >37%), potassium hydroxide (≥85%), 
potassium phosphate monobasic (≥99.0%), ferrocene methanol 
(FcCH2OH, 97%), and potassium phosphate dibasic (≥98%) were 
sourced from Sigma-Aldrich. Potassium chloride (KCl, 99.0%) 
was bought from ACP. Tetrakis(pentafluorophenyl)borate 
lithium etherate (LiTB, ≥99%) was obtained from Boulder 
Scientific. The ionic liquid (IL) P8888TB (tetraoctylphosphonium 
tetrakis(pentafluorophenyl)borate) was synthesized as 
described previously45 and used as supporting electrolyte in the 
DCE phase.

A second IL, trihexyltetradecylphosphonium 
tetrachloroaurate (P66614AuCl4), was prepared via a 1:1 
metathesis reaction between P66614Br and KAuCl4 dissolved in 
CH2Cl2. The reactants were allowed to stir overnight, and the 
reaction mixture was filtered under reduced pressure through 
Whatman filter paper, removing the solid KBr precipitate. The 
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filtrate containing P66614AuCl4 was washed 3× with MilliQ water, 
then excess CH2Cl2 was removed on a roto-evaporator followed 
by drying on a Schlenk line under vacuum.

CHI6059 potentiostat from CH Instruments was used 
throughout for electrochemical measurements. Micro-
interfacial experiments were conducted in 2-electrode mode 
using a micropipette installed within a specialized holder 
described previously by us.40, 41 The working electrode (WE) of 
the potentiostat was connected to an Ag wire (Delta Scientific) 
via a modified SMA connector integrated within the holder. The 
Ag wire was immersed in the aqueous solution which was back 
filled into the holder/capillary. An Au wire (Delta Scientific) was 
used as the counter/reference electrode (CE/RE) in the DCE 
phase. Unless otherwise indicated, the micro-ITIES was 25 µm 
in diameter and positioned at the tip of the micropipette. 
Scheme 2 describes the electrolytic cell employed at the micro 
liquid|liquid interface.

66614 4

8888

 mM DA 1 mM P AuCl
Ag AgCl 5 mM KCl 5 mM P TB AuTB Au

( ) ( )

x

aq DCE Cell 1

Scheme 2: Electrochemical cell employed in which the double-bar has been used 
to emphasize the immiscible water|1,2-dichloroethane (w|DCE) micro-interface 
(25 μm in diameter); whereby, x mM of dopamine (DA) was added to the aqueous 
phase, while 1 mM of P66614AuCl4 (trihexyltetradecylphosphonium 
tetrachloroaurate) ionic liquid (IL) was added to the DCE phase along with 5 mM 
P8888TB (tetraoctylphosphonium tetrakis(pentafluorophenyl)borate) IL as 
supporting electrolyte. The pH of the aqueous phase was adjusted using aqueous 
solutions of HCl or KOH.

Glassy-carbon electrodes (GCE, CH Instruments) 4 mm outer 
diameter were employed for large, solid/solution electrode 
experiments in 3-electrode mode, whereby a Pt-wire counter 
and Ag/AgCl reference electrodes completed the cell. GCEs 
were tested with and without modification by the Au NP/PDA 
nanocomposite.

Figure 1: Cyclic voltammogram (CV) obtained using Cell 1 with no DA added to the 
aqueous phase, i.e., a blank CV, measured at 0.020 V s−1. 

X-ray photoelectron spectroscopy was performed using a 
Thermo Scientific Nexsa instrument equipped with a 
monochromatic Al Kα X-ray source (1486.7 eV) and a 180° 
double focusing hemispherical analyser with a 128-channel 
detector with effective charge compensation. The instrument 

was equipped with a flood gun, which provides a steady flow of 
low-energy electrons to compensate plausible charging. The 
adventitious carbon peak at 284.8 eV was used to calibrate the 
binding energies.

A Varian 6000i UV-Vis-NIR and Bruker INVENIO-R 
spectrometers were used for UV-vis and FTIR studies, 
respectively.

Scanning electrochemical microscopy (SECM) was 
performed using an Elproscan (Heka Electroniks) in 3-electrode 
mode; whereby, an inlaid disc carbon fibre ultramicroelectrode 
(UME) served as the working electrode, Pt wire as counter, 
paired with an Ag/AgCl reference electrode. 

Results and Discussion

Scheme 3: Reaction [1] depicts the dopamine (DA) deprotonation mechanism 
with changing pH; whereby, pKa’s 1-3 are 9.05, 10.58, and 12.07 as reported by 
Sanchez-Riviera et al.46, 47 and the different protonated states have been labeled 
H3DA+ to DA2−. Reaction [2] shows the 2-electron concerted oxidation of DA to 
dopamine quinone (DAQ) as well as the carbon numbering scheme within the DA 
molecule. Enolate formation and subsequent intramolecular 1,4-Micheal addition 
to form the indole has been drawn in reaction [3]. The numbering scheme for the 
indole is also given. Abbreviations: DHI = 5,6-dihydroxyindole; I56D: indole-5,6-
dione. 

Scheme 1 depicts the electrosynthetic configuration; 
whereby, DA and P66614AuCl4 were dissolved in the aqueous and 
DCE phases, respectively. Owing to the intermediate 
hydrophobicity/hydrophilicity of AuCl4−,39, 40, 44, 48-51 it can 
partition from DCE to water and undergo homogeneous 
electron transfer, initiating bulk polymerization of DA. This 
partitioning is likely mitigated somewhat by the small interfacial 
size and experimental configuration that limits mixing during 
setup.52 Liquid|liquid interfacial electropolymerization of DA 
was first explored voltammetrically. Figure 1 shows the cyclic 
voltammogram (CV) recorded using Cell 1 without DA added to 
the aqueous phase. The pulse was initiated at roughly −0.15 V 
and swept towards positive potentials. A sigmoidal wave was 
observed with a half-wave potential (Δw

DCEϕ1/2) of 0.185 V 
which is the simple ion transfer of AuCl4− from DCE → w.44, 48, 50 
The sharp increase in the current at ~0.6 V is the limit of the 
polarizable potential window (PPW) that is associated with the 
simple ion transfer of the supporting electrolyte; in this case, K+ 
transfer from w → DCE as well as TB− from DCE → w.42, 53 During 
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the reverse pulse towards negative potentials, a peak-shaped 
wave was recorded with a peak-potential (Δw

DCEϕp) ≈ 0.126 V 
which is AuCl4− transfer back from w → DCE. If one assumes 
Randles-Ševčík-like behaviour,54 then Δw

DCEϕ1/2 ≈ Δw
DCEϕp ± 

0.0285 V/z ≈ 0.154 V. Here, z is the charge of the ion undergoing 
transfer. The asymmetric ion transfer profile (peak-shaped from 
w → DCE, and sigmoidal from DCE → w) is due to the pipette's 
unique geometry, which results in linear diffusion inside and 
hemispherical diffusion outside.55 Thus, the former resembles 
the signal profile common at larger electrodes, while the latter 
is more analogous to an inlaid-disc ultramicroelectrode (UME). 

Continuing to scan negatively, the other edge of the PPW is 
reached at roughly −0.3 V with an increase in the negative 
current signal associated with the ion transfer of the other 
supporting electrolyte components, i.e., P8888+/P66614+ from DCE 
→ w and Cl− from w → DCE. These voltammetric results for 
simple ion transfer agree well with previous reports in which the 
micro-ITIES is positioned at the tip of a pulled glass capillary.23, 

39, 43, 44, 48, 50, 51 All voltammograms recorded at the liquid|liquid 
interface have been referenced using the AuCl4− ion transfer 
potential which was assumed to be Δw

DCEϕ∘'
AuCl-4  = 0.126 V.44

Figure 2: CVs recorded using Cell 1 with 20 mM of DA(aq) and 1 mM P66614AuCl4(DCE) at a scan rate of 0.020 V s−1; whereby, the pH of the aqueous phase as adjusted 
to pH 2, 4, 6, 8, 10, and 11.5 for panels A/D, B/E, C/F, G/J, H/K, and I/L, respectively. Panels A-C and G-I depict the first scan, while panels D-F and J-L show the 5th, 10th, 
15th, and 20th scans as indicated inset. Solutions a pH ≥ 5 were purged with N2 gas before use. Black arrows indicate scan direction. ET = electron transfer.
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AuCl4− can undergo ligand speciation with increasing pH 
above 2 forming AuCl4−γ(OH)γ−; whereby, γ is the stoichiometric 
equivalents of Cl− ligands replaced with OH− which increases 
concomitantly with pH.39, 44, 49, 56 The presence of AuCl4−γ(OH)γ−, 
however, results in a second ion transfer signal at slightly more 
negative potentials relative to that for AuCl4−. This was not 
observed at pH 2; however, as the pH was increased a second 
peak emerges at pH 8 and 10, while a third appears at pH 11.5, 
see Figure S1 of the Supplementary Information (SI). These have 
been tentatively labelled as AuCl3OH− and AuCl2(OH)2−, 
respectively. Because AuCl4− is present initially in the DCE phase, 
it will only undergo ligand speciation when it transfers into the 
water phase. The local pH in the vicinity of the ITIES may vary 
from the bulk. In the work of Luty-Błocho et al.,57 AuCl4−, 
AuCl3OH−, AuCl2(OH)2−, and AuCl(OH)3− were calculated to be 
the dominant species at pH < 5, pH 6, pH 7, and pH > 9, 
respectively. Since only 3 peaks were observed over the course 
of increasing the pH, it was decided to label them according to 
the first Au-ligand species described by Luty-Błocho et al. This is 
speculative and awaits future work incorporating tandem 
spectroscopy to confirm with certainty which peak – beyond 
that of AuCl4− – belongs to which species.

Next, DA was added to the aqueous phase starting at a 
concentration of 20 mM while adjusting the pH of the aqueous 
phase via additions of HCl or KOH. Scheme 3 shows the 3-step 
deprotonation mechanism (reaction [1]) whose three pKa’s are 
9.05, 10.58, and 12.07 as described by Sanchez-Riviera et al.47 
Thus, at pH < 9, H3DA+ (see Scheme 3) should be the dominant 
species, while at roughly pH 9-10, 10-13, and >13, H2DA, HDA−, 
and DA2−, respectively, are the dominant protonation states. 
The remaining hydroxyl-proton is likely stabilized via hydrogen 
bonding to the adjacent -O− for the H2DA and HDA− forms.46 Also 
in Scheme 3 are reactions [2] and [3] which show the oxidation 
of DA to dopamine quinone (DAQ) as well as the intramolecular 
1,4-Michael addition forming the indole,58 respectively. 
Polymerization of DA is complex and still under scrutiny;59, 60 
however, it likely occurs off of the 2, 3, 4, and 7 positions of the 
indole, i.e., DHI and I56D, as well as the 3 and 6 positions of DA 
or DAQ.

Figure 2 depicts the voltammograms recorded at 0.020 V s−1 
while changing the pH of the aqueous phase from 2 to 11.5. 
Figures 2A-C and 2G-I show the first voltammetric scan, while 
Figures 2D-F and 2J-L plot each subsequent 5th scan up to the 
20th. At pH’s greater than 8 and in the presence of oxygen, it 
was observed that DA polymerized spontaneously in the 
aqueous phase forming a black precipitate that filled and 
clogged the pipette. This is in good agreement with previous 
reports of DA stability at high pH that has been exploited to coat 
surfaces in the past.8, 12, 46, 59, 60 Thus, to ensure that PDA was not 

forming spontaneously,46 the aqueous phase was purged with 
N2 gas before adding DA and injecting the solution into the 
micropipette when operating at pH ≥ 5 just to err on the side of 
caution. 

Scheme 4: Reaction [4] shows a proposed interfacial PDA formation reaction.

Examining Figure 2A with the aqueous pH = 2, during the 
first voltammetric scan, the simple ion transfer signal for AuCl4− 
transfer has been replaced by a sigmoidal wave in both positive 
and negative potential sweep directions at Δw

DCEϕ1/2 ≈ 0.09 V. 
After the first CV cycle, a peak-shaped wave grows with Δw

DCEϕp 
= 0.11 V during the scan from positive to negative potentials. 
The peak-shaped wave quickly increases in current intensity 
achieving a magnitude of ~4 nA relative to the baseline current. 
This is consistent with the transfer of a negative charge from w 
→ DCE. Thus, we hypothesize the initial steady-state 
voltammetric response is likely owing to heterogeneous 
electron transfer from DA(aq) to AuCl4−(DCE). It is also possible 
that the lack of a peak-shaped wave during the negative 
potential scan is owing to the homogeneous consumption of 
AuCl4− through uncontrolled electropolymerization with DA 
after it transfers from DCE → w. After the initial scan, and owing 
to sluggish polymerization kinetics at low pH, the simple ion 
transfer wave for AuCl4− re-emerges. If one assumes that DA 
donates 2 electrons and AuCl4− accepts 3, then a general first 
step could be described using reaction 4 (see Scheme 4); 
whereby, 8Cl− and 6H+ are effectively released to the DCE and 
w phases, respectively. The presence of 4 equivalents of Cl− for 
each AuCl4− reduced in the vicinity of the ITIES on the DCE side 
should result in a positive current offset in the voltammetric 
response; however, this was not observed (see Figure 2). Thus, 
it is likely that liberated Cl− ions are either incorporated within 
the polymer matrix as a dopant or present at the surface of the 
formed Au NPs as a capping agent and do not undergo simple 
ion transfer from DCE → w – at least not at appreciable, 
detectable levels. It is also possible that AuCl4− reacts with DA 
homogeneously within the aqueous phase, and the lack of a 
peak-shaped wave when scanning negatively is owing to an 
absence of AuCl4− to transfer back. 

At pH = 4 (Figures 2B and 2E), a sigmoidal wave was again 
observed during both scan directions of the first cycle; however, 
unlike at pH 2, it retains its s-shaped profile even with repeated 
CV cycling. The current intensity of the signal occurring during 
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the scan from positive to negative potentials does increase 
subtly from 2.00 to 2.50 nA between the 1st and 20th scan. The 
CV profile at pH 6 undergoes a similar transition (Figure 2F); 
however, by the 15th scan a peak-shaped wave has emerged at 
−0.11 V (Figure 2J). Again, this is consistent with interfacial 
electron transfer from DA(aq) → AuCl4−(DCE) that is diffusion 
limited by DA(aq). 

Figure 3: Scanning electron microscopy (SEM) images of Au NP/poly(DA) films 
deposited onto glassy-carbon electrodes (GCE). Films were generated as 
described in Figure 2 with the aqueous pH adjusted to (A) 4, (B) 8, (C) 10, and (D) 
11.5. 

In 2015, Drye and Uehara’s groups50 characterized the 
Brust-Schiffrin mechanism of Au NP synthesis via AuCl4− 
reduction at a w|DCE interface; whereby, they revealed the 
importance of the polymeric [Au(I)SR] species which is Au1+-
thiol species. This means that Au(III) was first reduced to Au(I). 
The presence of AuCl2− or Au1+-ligand coordinated species 
cannot be ruled out; however, XPS data (detailed below) seems 
to indicate the presence of only Au3+ and Au0 species in the 
polymer film.

The sigmoidal waves during forward and reverse sweeps are 
present in the first CV scan up until pH 10, while the intensity of 
the peak current signal continues to increase with pH up to pH 
11.5. At pH 11.5, the first CV already contains a peak-shaped 
wave during the initial scan from positive to negative potentials. 
These data suggest that the kinetics and thermodynamics of 
film formation improve concomitantly with increasing pH. As 
shown in Scheme 3, DA has 3 protonation/deprotonation 
steps;46 moreover, polymerization of either the indole or 
catecholamine requires proton loss and is thus facilitated at 
more basic pHs. Examining the CVs shown in Figure 2 
altogether, it is likely that at pH 2 the kinetics of film formation 
are poor and improve concomitantly with increasing pH. Thus, 
these data agree with the generally accepted PDA formation 
mechanism and the need for a Brønsted base.8, 12, 46, 59, 60

After 25 CV cycles, a sample was ejected from the 
micropipette using the syringe incorporated into the back of the 
specialized holder and deposited onto a GCE and carefully 
rinsed to remove any residual, unreacted material. The 
modified GCE surface was then imaged using SEM; whereby, the 
images captured of films formed at pH equal to 4, 8, 10, and 
11.5 have been given in Figures 3A, 3B, 3C, and 3D, respectively. 

These images demonstrate that the Au NP incorporated PDA 
nanocomposite are formed via the w|DCE interfacial reaction 
depicted in Scheme 1. Because the nanocomposite was ejected 
out of the pipette tip, it is likely that the side facing up in the 
SEM images (see also Figure S1 of the SI) is the aqueous side of 
the film. Polymer films generated at the ITIES have been shown 
to have Janus-type34, 35, 61 properties since they grow differently 
on either side of the interface. Nishi et al.61 demonstrated that 
that Au NP/polythiophene films generated at a water|ionic 
liquid (w|IL) interface demonstrated long polymer strands on 
the IL side containing the hydrophobic monomer, while Au NP 
growth continued on the water side which contained the KAuCl4 
hydrophilic salt. Any AuCl4− that partitioned from w to IL formed 
Au nanofibers. Similarly, Scanlon’s group34, 35 electrogenerated 
poly(3,4-ethylenedioxythiophene) (PEDOT) films at a large 
w|TFT interface; whereby, a cerium sulfate salt in the aqueous 
phase acted as the electron acceptor while EDOT was dissolved 
in the TFT phase and behaved as the electron donor. In that 
case, the aqueous side was very smooth, while the oil side was 
rough due to the continued polymer growth. Because the 
micro-ITIES was employed herein, it was not possible to flip the 
film over and image the portion of the film formed on the DCE 
side of the ITIES. Based on these previous reports, it is expected 
that there would be morphological differences between the 
aqueous and oil sides of the nanocomposite. The film generated 
at pH 4 had more prominent Au NPs across its surface (Figure 
3A) and was revealed by EDX mapping (Figure S1). However, at 
higher pHs the film was much thicker, and these NPs were 
difficult to observe and likely encapsulated within the polymer 
matrix. Figure S2 of the SI shows EDX mapping images of the 
modified GCE surface for Au and O distributions. At low pH, Au 
is distributed evenly; however, as the pH increases Au seems to 
be pushed outwards forming a ring towards the outside edge of 
the GCE disc. This may be owing to Au NP encapsulation; 
whereby, they cannot be detected by EDX. However, at this 
stage, it is still poorly understood and will be the focus of future 
investigations. All Au NP/PDA films were electrogenerated using 
only 1 series of 25 CVs at a micro-ITIES (25 μm in diameter) as 
depicted in Figure 2 before being deposited onto the GCE; 
nevertheless, the nanocomposite did spread to cover all the 
GCE surface (4 mm diameter). The film coverage of the GCE can 
be seen in the SEM images presented in Figure S2A-S2C. When 
films were deposited, they were gently rinsed with MilliQ water 
to remove any excess supporting electrolyte or unreacted 
starting material. The fragile, soft nature of the film may explain 
how this coverage was achieved. It may also indicate that the 
Au NPs are only loosely bound with the polymer matrix; thus, 
the concentration of Au NPs towards the outer edge of the GCE 
disc may be a ‘coffee-ring’ effect and a result of ejecting the film 
onto the solid electrode surface from the micropipette. Another 
possible reason for Au NP concentration towards the outside 
ring of the film could be due to hemispherical diffusion of AuCl4− 
towards the w|DCE interface. This would result in the outer 
edge of the micropipette-supported ITIES receiving a higher flux 
of AuCl4− to the outside rim of the interface relative to its centre 
possibly generating a higher number of Au NPs in this region. 
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This higher flux is often observed at ultramicroelectrodes;62 
thus, these data would agree with those reports.

Figure 4: TEM images (A, C, E) taken of Au NP/poly(DA) films formed as described 
in Figure 2 and deposited on TEM grids with the aqueous pH at 4 (A, B), 8 (C, D), 
and 10 (E, F). (B, D, F) Histograms of Au NP diameters measured using ImageJ 
software of the accompanying image. The red, solid trace shows the Gaussian 
curve fitting. Inset are the Gaussian peak maximums plus/minus the half-width-
at-half-height.

Electrogenerated Au NP/PDA films were also deposited onto 
ultra-thin lacey carbon Au TEM grids and imaged. Figures 4A, 
4C, and 4E depict the TEM micrographs captured of films 
formed at pH 4, 8, and 10, respectively. The Au NPs were sized 
using ImageJ software and Figures 4B, 4D, and 4F show the 
respective histograms compiled (green, bar plots) as well as the 
Gaussian curve fitting (red traces) performed using Igor Pro 
(version 9). NPs were measured to be 25 ± 12, 5.8 ± 1.7, and 
15.2 ± 2.4 nm for nanocomposites formed at pH’s of 4, 8, and 
10, respectively. The error in the NP sizing was taken from the 
half-width-at-half-height from the Gaussian fitting. The Au NPs 
within the nanocomposite film generated at pH 4 (Figures 4A 
and 4B) were observed inside spherical dark spots on the TEM 
grid which are hypothesized to be the polymer matrix. At pH 8 
(Figures 4C and 4D), NPs are well distributed within the polymer 
film which seemed to cover the TEM grid. Finally, at pH 10 
(Figures 4E and 4F) polymer nanocrystals/needles where also 
observed within the nanocomposite and Au NPs where not as 
evenly distributed as observed at lower pH’s. At low pH, the film 

was much thinner and more fragile making it difficult to 
manipulate by hand. The trend in Au NP size is surprising. Since 
the electropolymerization kinetics are likely slow at low pH our 
initial hypothesis was that Au NP size would increase with 
increasing pH; however, this was not the case. It likely means 
that the interplay between Au NP formation and PDA 
polymerization is much more complex and in need of further 
investigation. 

Combining the voltammetric as well as SEM and TEM image 
observations, it is likely that the kinetics of film formation are 
slow at lower aqueous pH and increase concomitantly with 
alkalinity. At lower pH, the Au NPs are more exposed on the 
surface, while as the pH increases, they become occluded by the 
polymer matrix. As described above, this agrees well with 
earlier investigations of PDA formation.12, 60 Indeed, alkaline 
aqueous phases are often exploited to spontaneously generate 
PDA which can be dip-coated onto surfaces for anti-corrosion or 
electrochemical applications.46, 59 These results also agree with 
the electropolymerization of thiophene-containing monomers 
at the ITIES.34, 35, 39-41, 43 Our group recently demonstrated that 
the aqueous pH could be exploited as a means to control the 
electropolymerization of 2,2′:5′,2″-terthiophene (TT).43 
Exchanging DCE for another solvent, e.g., TFT, or an IL, e.g., 
tetraoctylphosphonium tetrakis(pentafluorophenyl)borate 
(P8888TB), can be used to alter the nanocomposite morphology 
of Au NP/poly(9-vinylcarbazole).39 Both TT and 9-vinylcarbazole 
polymerization rely on a deprotonation step to form a 
conducting polymer similar to PDA formation. Nevertheless, 
these data show that the aqueous phase pH plays a key role in 
electropolymerization thermodynamics and kinetics.
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Figure 5: X-ray photoelectron spectroscopy (XPS) spectra recorded using Au 
NP/PDA films. (A) XPS survey for film generated at pH 2. (B-F) High-resolution 
spectra targeting Au-4f for films generated at pH 2, 4, 8, 10, and 11.5, respectively. 
Experimental traces are shown in black, while the red, purple, green, and blue 
curves depict the multi-peak fitting for the Au-4f5/2 and Au-4f7/2 spin orbital 
splitting peaks, as indicated inset. The red trace is the compiled fitting envelope, 
while the dashed, black curve was the calculated background trace.

XPS spectra were also collected for the films generated at 
each pH regime. Au NP/PDA films were deposited onto Al foil 
and then rinsed with MilliQ water before acquisition of the 
spectra. Figure 5A depicts the XPS survey spectra obtained using 
the Au NP/PDA film electrogenerated at pH 2. The F-1s, O-1s, 
and C-1s signals are present at roughly 690, 534, and 287 eV, 
respectively. F-1s was only observed in films generated at pH’s 
2, 6, and 8. This may indicate that B(C6F5)− is acting as a dopant 
in the likely p-type PDA matrix. O-1s, N-1s, and C-1s signals were 
present in all spectra (see also Figure S6 of the SI). 

Figures 5B-F show high-resolution XPS spectra for films 
generated at pH 2, 4, 8, 10, and 11.5, respectively, within the 
binding energy domain expected for Au-4f. The Au0 4f7/2 and 
4f5/2 orbitals are expected to appear at roughly 83.8 and 
87.5 eV, respectively.63-66Multi-peak fitting reveals two 
additional peaks at 84.4 and 88.1 eV slightly positively shifted 
relative to those for Au0 which are likely Au3+ or AuCl4−.67 Thus, 
either some unreacted AuCl4− salt remains, or Au3+ species have 
coordinated to the catechol moiety of DA or the PDA backbone. 
While the sample was rinsed prior to XPS analysis, residual 
P66614AuCl4 from the DCE phase may be possible. The XPS 
spectra collected from the film formed at pH 6 showed no 

detectable Au-4f signal (data not shown). It is possible that Au 
NPs/P66614AuCl4 salt was dislodged during sampling and rinsing; 
however, it may be that Au NPs were not incorporated into the 
film. Because Au NPs were evidenced using TEM and SEM, 
including EDX mapping (see Figure S2), the former is the more 
likely scenario. 

Figure S6C shows high-resolution XPS spectra collected in 
the Cl-2p region. Cl-2p3/2 has organic character towards 200 eV 
and metallic when shifted to 198.5-199 eV (red vertical bar in 
Figure S6C).68 Interestingly, Cl-2p is present at all pH’s and gains 
metallic character with increasing pH, i.e., signal shifts towards 
198.5 eV. At low pH, Cl− is acting as a dopant, while as the pH 
increases and the kinetics of polymerization improve, likely 
more P66614AuCl4 salt is incorporated into the polymer matrix. 
Nevertheless, Au0 signal is still strong in these pH regions, so Au 
NPs are still present. A signal for P-2s can also be seen in some 
pH’s which may indicate the presence of the P8888+ 
(tetraoctylphosphonium) or P66614+ 
(trihexyltetradecylphosphonium) cation from the DCE 
supporting electrolyte or P66614AuCl4 IL.

Water contact angle (WCA) measurements (data not shown) 
demonstrated that the film was very hydrophilic. Indeed, a 2 μL 
water droplet deposited on the surface of films 
electrogenerated at any pH spread so rapidly it could not be 
captured in a single photo by the CCD camera. 

Au NP/PDA samples were also collected and analysed using 
FTIR and compared with DA, see Figure S7. The peak at 
3338 cm−1 which is associated with -NH2 stretch and disappears 
after electropolymerization. Meanwhile, the peak shift from 
1618 to 1598 cm−1 from DA to PDA is likely a result of the 
formation of the π-conjugated indole. Thus, it is likely DA is 
forming PDA but first undergoes intramolecular cyclization to 
form DHI.

Figure 6: (A) photographs of shake-flask experiments after 24 hours with the 
aqueous phase adjusted to the pH indicated inset. The aqueous phase contained 
20 mM DA while the DCE phase contained 1 mM of P66614AuCl4. Both phases were 
purged with N2 gas prior to mixing for ~30 min. (B) and (C) depict UV/Vis spectra 
recorded of the aqueous phase before and after, respectively, mixing and waiting 
24 hours at the aqueous pH shown inset. 
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A series of shake-flask experiments at increasing pH were 
performed in 20 mL scintillation vials using 20 mM DA(aq) and 
1 mM P66614AuCl4(DCE); whereby, both phases were purged 
with N2 gas for ~30 min before being combined, sealed, shaken, 
then left to stand for 24 hours. Figure 6A depicts photographs 
taken afterwards, while Figures 6B and 6C show UV/Vis spectra 
recorded of the aqueous phase before and after 24 hours, 
respectively. At pH 2 and 4, there is no observable formation of 
black PDA, while at pH 6 a slight reddish hue can be seen in the 
aqueous phase. This likely points to AuCl4− spontaneous ion 
transfer followed by homogeneous reaction with DA generating 
Au NPs. pH’s 8-11.5 show increasing amounts of a black 
precipitate, likely PDA. Within the UV/Vis spectra before 
interfacing the aqueous and DCE phases there is a peak at 
roughly 280 nm that shifts to 300 nm as the pH increases. 
Additionally, a signal grows at ~435 nm. These are consistent 
with π-π* electronic transitions owing to the presence of the 
aromatic ring with the catechol moiety and agree well with the 
work of Sanchez-Rivera et al.47 After the two phases are 
combined and mixed for 24 hours (Figure 6C), the signals at 280 
and 435 nm broaden and there appears to be a shoulder above 
435 nm at pH 10 and 11.5 that may indicate the presence of the 
Au NP localized-surface-plasmon-band (LSPR) which should 
appear at roughly 520 nm.69 These data also agree with the 
thermodynamic calculations surrounding Scheme 4 discussed 
below. 

Using scanning electrochemical microscopy (SECM), probe-
approach-curves (PACs) were measured towards a Au coated Si 
wafer modified with Au NP/PDA nanocomposite 
electrogenerated at a micro-ITIES at increasing pH in a solution 
of 0.9 mM ferrocene methanol (FcCH2OH) as redox mediator, 
0.1 M phosphate buffer solution (PBS), and 0.1 M KCl (see 
Figure 7) as well as using a carbon fibre UME. The UME was 
fabricated using 7 μm diameter carbon fibre and its ratio of 
outer glass radius (rg) to electroactive inlaid disc radius (ra), or 
Rg was confirmed to be ~7 by comparing it to a simulated PAC 
of an insulating substrate (experimental: dashed, black trace 
and simulated: ○ marker curve in Figure 7). Simulated PACs 
were generated using Comsol Multiphysics (version 6.3) as 
described in detail elsewhere.39 PACs were performed by 
biasing the UME at potential within the steady state oxidation 
current (iss) of FcCH2OH. PACs have been plotted using the 
normalized current (i/iss) and tip-to-substrate distance (L = d/ra); 
whereby, d is the actual tip-to-substrate distance.

Figure 7: Probe approach curves (PACs) recorded using a carbon fibre 
ultramicroelectrode (UME), ra = 3.5 μm and an Rg ≈ 7, towards Au coated Si wafers 
modified with Au NP/PDA composites electrogenerated at the pH indicated inset 
(line traces). The UME was moved at a rate of 0.5 μm s−1. Overlaid are simulated 
PACs using generated using Comsol Multiphysics software at the substrate rate 
constant (k) indicated inset. Comsol code has been described in detail previously 
by us.39

The rate of the redox mediator re-reduction at the substrate 
surface (k) decreased concomitantly with increasing pH. For 
example, at pH = 2 or 4, the simulated curve with k = 
3.4×10−3 cm s−1 showed the best overlap, while k = 
1.25×10−3 cm s−1 generated the simulated PAC with the best 
overlap for the film generated at pH 11.5. The decrease in k as 
pH increases likely points to decreased conductivity of the film.

Au NP/PDA composites deposited on GCEs and carefully 
rinsed then investigated as sensors for DA detection in a 0.1 M 
phosphate buffer solution (PBS). These experiments were 
performed in 3-electrode mode using a Pt mesh counter (CE) 
and an Ag/AgCl reference electrode (RE). All solid/electrolyte 
potentials have been plotted versus Ag/AgCl unless otherwise 
indicated. Figure 8A shows CVs recorded at 0.050 V s−1; 
whereby, the red, solid and dashed curves were recorded using 
a bare GCE with and without 0.5 mM DA, respectively. Next, an 
Au NP/PDA film electrogenerated at pH 4 using Cell 1 with 
20 mM of DA in the aqueous phase and 25 CV cycles was used 
to measure the black, dotted trace. Finally, the same 
nanocomposite film modified GCE was employed to record a CV 
with 0.3 mM of DA added to the electrolyte solution (blue, 
dashed plot). The CV obtained at the bare GCE without DA 
added is featureless in both forward and reverse scans with a 
modest capacitive current of ~60 nA. With DA added, the bare 
GCE contains an irreversible electron transfer signal for DA 
oxidation with a peak potential (Ep) at ~0.5 V. 
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Figure 8: (A) CVs recorded at a bare and Au NP/PDA modified GCEs at 0.050 V s−1 
in a 0.1 M phosphate buffer solution (PBS) with [DA], as well as when changing the 
pH indicated inset (B). Black arrows indicate scan direction. (C) Plot of E1/2 vs. pH 
as obtained from DA redox peaks in B

After modification with the nanocomposite, a redox couple 
was observed with a half-wave potential (E1/2) at 0.208 V (vs. 
Ag/AgCl) and a peak-to-peak separation (ΔE) of ~0.058 V. This is 
likely the oxidation/reduction of residual, unreacted DA within 
the nanocomposite. However, this signal persists even after 
several CV cycles; thus, the black, dotted curve in Figure 8A is 
considered at a steady state condition. The narrow ΔE indicates 
that the heterogeneous electron transfer of DA across the 
nanocomposite/electrolyte interface is at least quasi-reversible 

for a 2-electron transfer as described by reaction 2 (Scheme 3). 
This assumes the criteria for reversibility is ΔE ≈ 0.057 V/n, 
where n is the number of electrons transferred.54, 70 If 0.3 mM 
of DA is added to the solution (blue, dashed curve), then the 
signal at E1/2 = 0.208 V increases with a final anodic peak current 
(ip,a) of 7.05×10−6 A. ΔE increased as well to 0.078 V, while the 
ratio of ip,a to the cathodic peak current (ip,c), ip,a/ip,c was ~1.56. 
This slight increase in ΔE may be owing to a modest resistivity in 
the conductive nanocomposite film or uncompensated solution 
resistance, i.e., iR-drop. Nevertheless, this highlights the good 
electron transfer reactivity of the nanocomposite modified GCE 
electrode and it’s significant improvement versus the bare GCE 
in DA oxidation performance. While the oxidation potential of 
DA is pH dependent,71 E1/2 is in good agreement with previous 
reports.71, 72 One can also intuit that the conductivity of the film 
is quite good.

Figure 8B depicts i-E curves measured under similar 
conditions with [DA] = 0.2 mM while changing the pH. E1/2 for 
the DA redox signal shifts towards negative potentials as the pH 
increases from 4.1 to 9.0. This demonstrates the enhanced 
thermodynamic driving force of DA oxidation with increasing 
pH. A plot of E1/2 vs. pH is presented in Figure 8C while a linear 
regression fitting is shown as the solid, red trace; the linear 
fitting equation is provided inset. This trend can be used to 
calculate the thermodynamics of electropolymerization at the 
liquid|liquid interface as well. Figure S3A and S3B of the SI show 
the trends in ip,a, ip,c, ip,a/ip,c and ΔE with changing pH. There is a 
slight decrease in ip,a and ip,c with increasing pH, while their ratio 
remains fairly close to ~1.0. Simultaneously, ΔE shows a sharp 
increase at pH 7; however, at the other pH’s it is less than 0.06 V 
and drops as low as 0.043 V at pH 9.0. Thus, it is likely that DA 
oxidation is at least quasi-reversible at the Au NP/PDA modified 
electrode. 

The Ag/AgCl RE employed has an operational range from 
roughly pH 6 to 11.73 While the pH 4.1 and 5.0 experiments may 
be outside this region, the Ag/AgCl RE has been employed for 
convenience and the error in E1/2 is likely small. 

Using the pH dependence shown in Figure 8C, which is in 
good agreement with previous reports,74, 75 one can establish 
the standard redox potential of DA, Eo,H2O

DA+/DA (versus SHE), such 
that it can be described by,

Eo,H2O
DA+/DA ≈ 0.75 V – (0.046 V/pH)pH (1) 

whereby, −0.046 V-per-pH is the slope of the pH dependence as 
given in Figure 8C. If the ratio of electrons transferred to 
protons lost is 1:1, then this slope should be −0.059 V-per-pH. It 
is interesting, however, that in multiple reported cases, 
including this one, it was found to be close to that shown in 
equation 1.74, 75 

AuCl4− is a strong oxidizing agent with a standard reduction 
potential in water, Eo,H2O

Au(III)/Au= 1.002 V;76 however, this is shifted 
far more negatively in organic solvents.77, 78 To establish the 
redox potential of AuCl4− in DCE, AuCl4−/Au0 was measured in 
the DCE phase using a carbon fiber UME, r = 3.5 μm, while 
referencing the potential versus the ferrocene (Fc) redox 
couple, assuming Eo,DCE

Fc+/Fc = 0.640 V.79, 80 CVs were measured in 
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solutions containing 5 mM of P8888TB as supporting electrolyte 
as well as 1 mM of either Fc or P66614AuCl4 and are provided in 
Figure S4A and S4B, respectively, of the SI. A solution of 1 mM 
Fc and P66614AuCl4 plus supporting electrolyte was mixed in DCE 
resulting in the generation of a purple Au NP suspension. Fc has 
been shown to react with gold salts donating electrons and 
spontaneously generating Au NPs with ferrocenium (Fc+) acting 
as the capping agent.44, 81 Nevertheless, voltammetric response 
measurements in this mixture (Figure S4C of the SI) show that 
residual AuCl4− and Fc are present even after they are allowed 
to react for 5-10 min. This was sufficient to estimate Eo,DCE

Au(III)/Au 
as −0.920 V. A steady-state response was also observed for 
what is believed to be, AuCl4− + 2e− → AuCl2− + 2Cl−, with 
Eo,DCE

Au(III)/Au(I) calculated to be −0.20 V. These values are in good 
agreement with those measured and calculated from first 
principles at a microelectrode by Gründer et al.77 of Eo,DCE

Au(III)/Au = 
−0.9 V and Eo,DCE

Au(III)/Au(I) = −0.27 V, respectively. 
With these values in hand, the thermodynamics of the 

heterogeneous liquid|liquid electron transfer reaction 
including the interfacial electron transfer potential (Δw

DCEϕET) 
were calculated for the first step in the polymerization reaction 
if one assumes that the stoichiometric ratio of AuCl4− to DA is 
2:3, through following formula,44, 80

 2
2

',H O ',DCE
ET Au(III)

AuDA
ln10 pHow o

o DA

RTE E
F

f +D » - - (2)

Δw
DCEϕET was calculated to vary from 1.5 to 0.5 V moving from 

pH 2 to 11. In this way, the interfacial electron transfer reaction 
is not spontaneous (∆G > 0) and polarization is required to 
achieved electropolymerization. It is likely that nucleation sites 
along the glass rim of the pulled borosilicate glass capillary 
establishing the micro-ITIES improve the thermodynamics 
lowering the driving force of the reaction and enhancing the 
overall electropolymerization. This would shift the potential 
more positively as the pH increased into the observable PPW.39-

41 DA demonstrated very poor solubility in DCE; thus, it is 
unlikely that DA transfers and undergoes homogeneous 
reaction with AuCl4− in the DCE.

Considering an alternative mechanism, whereby AuCl4− 
partitions and undergoes homogeneous electron transfer with 
DA in the aqueous phase, then an alternate equation is needed 
as shown below,

 2 2
2

',H O ',H O
Au(III) DA

Au DA
ln10 pHo o

cell
RTE E E
F+» - + (3)

Using equation 3, large negative ∆G values are calculated 
indicating a spontaneous reaction pathway that may be a 
driving force for AuCl4− transfer to water. This would manifest 
as a relatively large positive current offset that was not 
observed; therefore, it is likely the small interfacial size limits 
this reaction pathway. The shake-flask experiments shown in 
Figure 6A at a large ITIES also demonstrate that AuCl4− transfer 
followed by homogeneous reaction in the water phase is not 
favoured at low pH; however, it may be a factor as pH increases. 

Figure 9: (A) Differential pulse voltammograms (DPVs) recorded at a Au NP/PDA 
modified GCE electrode in 0.1 M PBS. (Film formation parameters). DPV was 
performed with a pulse amplitude, width, period, and increment of 0.07 V, 
0.050 s, 0.2 s, 0.001 V, respectively. (B) Plot of ip versus [DA] obtained from A. 
Experimental ip values are plotted as solid circles (●) while linear regression curves 
are solid, red traces. The linear regression equation and its associated R2 value is 
given inset along with the equation of the line-of-best-fit (LOBF). Dashed, red 
curves are the LOBF positive and negative as described in the SI section 4.

Figure S5A depicts the i-E curves recorded at an Au NP/PDA 
modified GCE while changing the scan rate, while Figure S5B 
contains plots of ip,a and ip,c versus ν1/2. Linear curve fittings of 
the latter show good correlation with R2 values of ~0.999. The 
number of electrons transferred (n) was calculated using the 
Randles-Ševčík equation70, 82 (equation 4) and assuming a DA 
diffusion coefficient (D) equal to 0.54×10−5 cm2 s−1 as described 
by Corona-Avendaño et al.83 

ip=0.4463 F3

RT

1/2
n3/2AD1/2c*v1/2 (4)

In this way, n ≈ 1.87 and 2.00 were calculated for ip,a and ip,c 
versus ν1/2, respectively. This agrees well with the 2-electron DA 
oxidation generally to DAQ (Scheme 3). The redox chemistry of 
DA has been studied extensively at the GCE/electrolyte 
interface.83 Zhang and Dryhurst84 investigated DA 
electrochemistry at a pyrolytic graphite electrode that showed 
reversible DA oxidation. They also identified several 
intermediate species using HPLC and proposed that DA is 
oxidized to DAQ which can then undergo the intramolecular 
cyclization to form I56D or DHI (see Scheme 3). DHI has a much 
lower oxidation potential than DA84 and thus, readily 
polymerizes to form PDA and melanin. 
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Figure 10: (A) DPVs recorded under the same conditions as Figure 9A, however, 
with different concentrations of DA, AA, and UA added, as indicated inset, as 
interferents. DA and UA oxidation waves are labelled inset. (B) Calibration curve 
constructed using the ip data from A. Red trace is the linear curve fitting while the 
red, dashed traces are lines-of-best-fit at a 99.9% confidence interval as described 
in Section 4 of the SI. Linear regression equation and R2 values are written inset. 
(C) Chemical structures of ascorbic and uric acid.

Figure 9A shows differential pulse voltammograms (DPVs) 
measured in 3-electrode mode using Au NP/PDA modified GCEs 
while changing [DA]. Figure 9B depicts the calibration curve 
generated using the peak current values for DA oxidation from 
Figure 9A. The Au NP/PDA film was electrogenerated using Cell 
1 at pH 4.1, 20 mM of DA, and 25 CV cycles. This pH was chosen 
as the Au NPs appeared more visually exposed in the SEM 
images. Other film generation conditions were investigated; 
however, these are showcased here as a proof-of-concept. The 
ip versus [DA] plot has a linear region spanning roughly between 
0.1-20 μM; afterwards, the curve deviates.

Next, the influence of interferents such as AA and UA were 
investigated using a 0.1 M PBS buffer solution containing 0.1 M 
KCl electrolyte at pH 5.5-6 (see Figure 10A). Even with no DA 
added, a DA oxidation wave was observed at 0.17 V like that 
seen using cyclic voltammetry (see dashed, black trace in Figure 
8A). No peak for AA was observed even at concentrations of 50 
or 100 μM (data not shown), and its oxidation may be inhibited 
at the modified electrode interface. A UA oxidation peak was 
observed with a peak potential of ~0.37 V. As [DA] increased 

from 0.3 to 24 μM, the UA anodic peak current decreased. 
Simultaneously, the UA peak potential shifts slightly by 
~0.016 V; however, at higher [DA] it stabilizes. This may be 
owing to the Ag/AgCl reference electrode, which is on the lower 
end of its operational range,73 or it may be caused by DA 
inhibiting UA oxidation. Nevertheless, using these DA peak 
signals a new calibration curve was constructed with both AA 
and UA interferents present (see Figure 10B). There is a sharp 
decrease in the slope of the linear correlation curve which 
indicates a loss in sensitivity. The R2 value is still high at 0.979 
showing a good fitting.

A limit-of-detection (cm) was calculated using the average of 
3 blank DPV signal profiles and the following two equations,85

Sm = Sblk + kσblk (5)

cm=Sm - Sblk
m   (6)

Whereby, Sblk is the mean blank signal, σblk is the standard 
deviation of the blank signal, k is the variation in the blank, and 
m is the slope of the calibration curve. Using a k value of 3, cm 
was determined to be 0.27 and 0.43 μM for the calibration 
curves shown in Figures 9B and 10B, respectively. Thus, there is 
a slight loss in sensitivity when AA and UA are present. The Au 
NP/PDA modified electrode is an order of magnitude less 
sensitive than some of the highest sensitivity platforms 
reported.86, 87 However, these platforms often rely on complex 
enzyme- or antibody-based modifications that are challenging 
to achieve,87 or are not practical for in vivo implementation. 
Karim et al.88 recently wrote a comprehensive review of 
dopamine electrochemical sensors. Table 1 provides a few 
select electrode modifications for comparison with the work 
presented herein. 

Table 1: Select contemporary reports of electrochemical dopamine sensors. GO = 
graphene oxide; rGV = reduced graphene oxide.

Electrode 
functionalization 
Material

Technique cm 
/μM

Linear 
range 
/μM

Ref.

Laccase-carbon 
dots

DPV 0.08 0.25 -
76.81

[89]

PEDOT–GO–
polyphenol
oxidase

amperometry 8×10−9 5×10−5 
– 0.35

[90]

Au NPs + 
polymelamine

DPV 0.067 0.1-11 [91]

rGO-
Fe3O4/AgNPs

DPV 0.004 0.015 
- 100

[92]

FeMoSe2-GO DPV 0.002 0.04-
40

[93]

Au NP/PDA-GCE DPV 0.27 0.1-24 This 
work

Thus, this proof-of-concept electrochemical sensing device, 
with the potential of generating a free-standing, conductive 
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PDA electrode is promising and comparable to other biosenors 
in the field in terms of cm and limit-of-linearity (see Table 1).

Conclusions

In summary, Au NP incorporated PDA films were 
electrogenerated at a micro liquid|liquid interface (25 μm in 
diameter) under external, potential control. DA was dissolved in 
the aqueous phase, while a P66614AuCl4 ionic liquid was added to 
the DCE phase. The influence of aqueous pH on film formation 
was observed voltammetrically which manifested as a more 
prominent heterogeneous electron transfer wave as pH 
increased. Moreover, the film morphology was shown to 
change using SEM imaging. At low pH, the film seemed thinner 
with the Au NPs more exposed on the surface; however, as the 
pH was adjusted to become more alkaline the film thickness 
seemed to increase and NPs were more encapsulated. The ease 
of film formation at higher pH’s agreed with thermodynamic 
calculations and previous DA as well as PDA studies.8, 12, 46, 59, 60 
The need for a Brønsted base to enhance the thermodynamics 
of electropolymerization also agreed with other liquid|liquid 
electrochemical reports.34, 35, 39-41, 43, 48

Au NP/PDA films deposited onto a large (mm scale) GCEs 
were then used as a proof-of-concept platform for DA detection 
with and without the presence of interfering species such as AA 
and UA. DA oxidation was shown to be quasi-reversible with ΔE 
varying from roughly 0.04-0.08 V with increasing pH; 
simultaneously, the pH dependence of Eo,H2O

DA+/DA was found to 
agree quite well with previous reports.74, 75 A good linear 
dynamic range was discovered for DA detection using the Au 
NP/PDA modified GCE from 0.2 to 20 μM. Moreover, the limit-
of-detection (LOD) was quantified with and without the 
addition of other biomolecules that act as interferents, 
specifically AA and UA. The LOD changed slightly from 0.27 to 
0.43 μM; thus, there was a modest decrease in the overall 
sensitivity of the biosensor. Future investigations will include 
modifying microelectrodes as well as using the Au NP/PDA 
composite as a free-standing electrode. The latter proved 
challenging in the present work as the film was quite fragile. 
While this may be disadvantageous for an in vitro biosensor 
device, the nanocomposite materials softness may prove to be 
quite advantageous for bioimplantation and avoiding rejection 
by the host.

The liquid|liquid interface is often employed as an analogue 
or approximation of the biological membranes. This work 
showcases how it can be exploited to generate complex 
nanocomposites as well as large biomolecules such as PDA. We 
hope this work will be a potential springboard for novel studies 
of nature’s approach to molecular synthesis based on the ITIES.
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