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Abstract

Dopamine oxidation and self-polymerization have recently attracted great interest arising from the versatile chemistry of this
endogenous catecholamine. Particularly interesting are the applications of polydopamine for surface coating, molecular imprint-
ing, and electrochemistry, which are reviewed here, covering the broad fields of medicine, materials science, and (bio)analytical
chemistry. Nonetheless, the peculiar physicochemical properties of dopamine and polydopamine, due to the redox potential of the
catechol moiety, are not fully exploited. We have confidence in increasing the applications of dopamine through a large variety of
research approaches, including the use of naturally occurring or synthetic dopamine analogues and copolymers. Accordingly, our
efforts in this direction are focused on proposing a role for polydopamine in quantitative applications, evaluating analytical
performance, cost, reproducibility, and versatility of the methods developed, and also revisiting standard (bio)analytical

platforms.
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Introduction

The huge importance of endogenous dopamine (DA) for the
human renal, hormonal, and central nervous systems and the
consequent severe clinical conditions associated with DA con-
centration anomalies, including schizophrenia and
Parkinson’s disease, have generated more than 200,000 scien-
tific articles over the past 80 years. A more recent and intrigu-
ing outcome from this plethora of information is represented
by DA oxidation and self-polymerization [1-3]. The electro-
chemical and chemical reaction pathway for polydopamine
(PDA) formation in aqueous solutions requires the synthesis
of 5,6-indolequinone from DA [1, 4, 5]. Notably, the polymer
growth is inhibited by low pH (below 4) and high concentra-
tion of various electrolytes that impair the preliminary
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intramolecular cyclization of oxidized DA by decreasing ni-
trogen nucleophilicity [1]. Since the pioneering investigations
and application of DA polymerization by electrodeposition [1,
2], and then by O,/pH-induced oxidation [3], thousands of
articles concerning PDA synthesis, study, and application
have been published. Notably, the last 4 years accounts for
almost 80% of all the scientific production, underlining the
increased interest arising from the versatile chemistry of this
endogenous catecholamine and its complex polymerization
mechanism [6-9]. The reactivity of DA and PDA is associated
with the redox potential of the catechol moiety, which has
been exploited to produce optically and catalytically active
metal nanoparticles in situ [10-12]. This feature, which is
responsible for the cross-linking of DA, can be enhanced by
chemical oxidants [13—15], UV irradiation [16], or microwave
irradiation [17], influencing the coating of PDA at the nano-
meter scale used for a variety of physical, chemical, and bio-
logical studies [7, 8]. However, this research field is still
young and challenging for application of PDA-coated surfaces
in medicine, the energy sector, and industrial manufacturing,
for example [7, 8]. In particular, a promising field of PDA
research is surface coating for molecular sensing and affinity
separation for pharmaceutical studies and clinical applications
[18, 19] because of the peculiar physicochemical properties of
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PDA, including photoreactivity, thermoreactivity,
electroreactivity, and chemical reactivity [10—12], and the mo-
lecular immobilization and imprinting capability of this bio-
polymer [2, 20-23]. Here we survey this demanding area of
bioanalytical research, focusing on the state of the art of PDA
applications for coating, imprinting, and electrochemistry, and
offering a long-term vision of the use of this polymer to its full
potential.

PDA imprinting

The preparation of molecularly imprinted polymers (MIPs)
requires noncovalent interactions or the formation of revers-
ible covalent adducts between a molecular template of interest
and a functional monomer(s) before the polymerization of the
latter. Subsequent template removal generates synthetic bind-
ing sites within the polymer with high selectivity and sensi-
tivity for the template molecule [24-27]. In this framework,
DA appears particularly suitable for molecular imprinting be-
cause of its hydrophilicity, biocompatibility, self-assembly,
and universal coating capability [3, 7]. In particular, the simple
DA-—analyte copolymerization and the subsequent analyte re-
moval have been used to generate a robust and biocompatible
nanometer film for quantitative analysis of molecules without
an additional self-assembled sublayer. Here we review select-
ed publications of use to categorize the research lines for PDA
application in MIPs based on substrate geometry and compo-
sition or on the template size (Fig. 1 and Table 1).

MIP substrates: geometry and composition

Among the variety of PDA layer applications [18, 19, 21],
PDA adhesion for molecular imprinting is essentially associ-
ated with solid-phase extraction and microextraction. Most of
these functional nanocomposites are nanoparticles and mate-
rials with similar geometry such as carbon dots, quantum dots,
and polystyrene microbeads. Less abundant are the studies
involving the PDA coating and imprinting on nanotubes,
graphite oxide (GO), macroscopic surfaces (gold and quartz),
and hydrogels. Commonly, deposition and imprinting have
been studied by scanning electron microscopy, transmission
electron microscopy, dynamic light scattering, and atomic
force microscopy (AFM) before and after the polymer adhe-
sion to determine the morphological features (i.e., shape, size
distribution, and dispersibility of nanocomposites and topog-
raphy of extended surfaces).

MIP on nanoparticles
The size of the imprinted particles is dependent on the

synthetic protocol and may differ by some orders of mag-
nitudes, resulting in huge differences between the
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Fig. 1 Polydopamine imprinting on substrates with several kinds of
geometries and composition. Dopamine-template copolymerization and
the subsequent template removal generates synthetic binding sites within
the polymer with a broad range of dimensions. GOs graphite oxide sheets,
NPs nanoparticles, NTs nanotubes, QDs quantum dots

preparations in terms of the amount of PDA per nanopar-
ticle and, more generally, the surface-to-volume ratio and
the properties of the nanocomposites. In detail, magnetic
MIPs are built with a core of Fe;04 [28-35], which can
contain additional shells (e.g., SiO,, carbon dots,
Nafion®) contributing to the global structural and physi-
cal features of magnetic MIPs [32- 35]. However, the
outer shell of PDA constituting the MIP is independent
of the substrate size and composition, appearing tunable
in a thickness range of 5-100 nm for a single growth step
[28, 29, 31, 33]. For example, very small fluorescent car-
bon dots with a magnetic Fe;O4 core (mean diameter
around 12 nm) have been coated with a shell of PDA of
about 25 nm [32]. Nevertheless, much larger particles (up
to 1 um) still preserve an outer shell of PDA with similar
size [30, 34,3 5].

MIP on nanotubes

Porous tubular structures at the nanometer scale have been
reported in the form of carbon nanotubes, multiwalled
carbon nanotubes, and halloysite nanotubes [36—40].
Their magnetic counterparts are obtained by the grafting
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Table 1 Polydopamine

molecularly imprinted polymer: Substrate Analyte
substrate features and analytes

Geometry Composition Name Application Reference

Nanoparticles Fe;04 Gallic acid Separation [28]

Lysozyme Separation [29]

Amino acids Separation [30]

Metabolites Separation [31]

5-Fluorouracil Drug delivery [46]

Albumin Separation [52]

Hepatitis A virus Detection [53]

Fe;04/carbon dots Hemoglobin Detection [32]

Fe;04/Si0O, Gallic acid Separation [33]

Hemoglobin Separation [34]

Fe;04/Nafion® Diethylstilbestrol Separation [35]

SiO, Bacteriophages Detection [23]

Hepatitis A Virus Detection [54]

Nanotubes Carbon nanotubes/Fe;O4 Lysozyme Separation [36]

Multiwalled carbon nanotubes Vanillin Detection [37]

Sunset yellow Detection [38]

Multiwalled carbon nanotubes/Fe;04 Cinnamic acid Separation [39]

Halloysite nanotubes Albumin Separation [40]

Flat surfaces Graphite oxide/Fe;Oy4 Albumin Separation [41]

Graphite oxide Hemoglobin Separation [42]

Gold chips Troponin T Detection [20]

IgG Detection [43]

Sulfamethoxazole =~ Detection [44]

Quartz crystals Domoic acid Detection [45]

Nanowires Alumina oxide Hemoglobin Separation [47]

Microbeads Polystyrene/quantum dots IgG Detection [48]

Microhollows  Pickering hydrogels Hemoglobin Separation [49]

Separation [50]

Amorphous Mesoporous carbon/Fe;O,4 Bromelain Separation [51]

of Fe;0,4 nanoparticles onto nanotubes [36, 39]. The outer
diameter of the nanotubes is variable, but is in the range
of a few tens of nanometers [36—40]. The PDA-coating
shell before and after the template imprinting procedure
ranges between a few nanometers [36—38, 40] and 40 nm
[39]. Notably, a thinner MIP in comparison with a
nonimprinted polymer (NIP) has been ascribed to DA po-
lymerization inhibition by the template [38], whereas
morphology changes for an MIP on analyte binding have
not been reported. Halloysite nanotubes are very peculiar
because of their chemically reactive hollow tubular struc-
ture, which can assume a negatively charged silica layer
on the outer surface and a positively charged alumina
layer on the inner surface. Although successfully
imprinted, the coating layer appears to be not uniform,
likely because of the redox properties of the surface of
halloysite nanotubes [40].

MIP on flat surfaces

Two-dimensional imprinting has been achieved by PDA ad-
hesion on molecular (e.g., GO) or extended (e.g., Au/SiO,)
flat surfaces. In detail, sheets of GO have been commonly
synthesized from graphite and then coated with PDA, thus
producing a larger surface-to-volume ratio and a higher num-
ber of binding sites per unit volume in comparison with nano-
particles [41]. Nevertheless, Fe;0,4 nanoparticles can also be
deposited on GO sheets before imprinting to confer magnetic
properties to these substrates [41]. Electron microscopy im-
ages show a curved surface for these nanocomposites before
and after imprinting [41, 42]. Furthermore, morphology anal-
ysis (AFM, scanning electron microscopy) of the two-
dimensional molecularly imprinted materials allows observa-
tion of the thickness of both the GO sheets (approximately 1
nm) and the PDA adhesion layer (a few nanometers) [42].

@ Springer



4330

Palladino P. et al.

There are no observable differences between the MIP and the
NIP because the size of the template and, consequently, the
dimensions of the binding site are below the limit of resolution
of the microscopy techniques. On the other hand, this mor-
phology conservation of nanocomposites on imprinting, tem-
plate removal, and template rebinding confirms the stability of
the PDA layer. Moreover, it provides indirect proof that the
greater binding capacity of the MIP in comparison with the
NIP is due to the effective molecular imprinting and not to
PDA nonspecific assembly modification. Regarding the ex-
tended deposition and imprinting of PDA, gold chips or SiO,
bare crystals have been used as substrates for molecular de-
tection and analysis by surface plasmon resonance [20, 43],
electrochemical [44], and quartz crystal microbalance [45]
techniques. On the basis of theoretical design, the PDA thick-
ness has been tuned between a few nanometers and a few tens
of nanometers to obtain the best template orientation during
the molecular imprinting. This results in the most analyte-
accessible functional cavities in the polymer layer [43]. The
surface morphology of bare substrates, NIP and MIP, has usu-
ally been investigated by AFM [44, 45], measuring the film
thickness, roughness, and homogeneity after coating, imprint-
ing, and washing stages, leading to a topographic characteri-
zation of PDA deposition and imprinting [44].

MIP template size: mesoscopically imprinted
polymers

The first example reported in the literature involved a PDA-
based MIP for the capacitive sensing of nicotine [2]. Later,
PDA was used as a recognition element for much larger tar-
gets, such as proteins or viruses. Therefore, it appears reason-
able that several new applications of PDA-based MIPs will be
related to the imprinting and sensing of living cells and viruses
in biological and environmental samples. This expansion of
applicability to larger and much more complex analytes has
been possible because of the self-assembly of DA in aqueous
media that generates a biocompatible and highly hydrophilic
polymer. PDA-unique features have easily overcome the
problem associated with poor stability of biological molecules
in organic solvents previously required for solubilization and
reaction of other kinds of functional monomers and cross-
linking agents. Consequently, “mesoscopically imprinted
polymers” appears to be a more suitable and more compre-
hensive name for the current and future developments of bio-
polymer imprinting strategies in bioanalysis.

Small-molecule imprinting
To the best of our knowledge, nicotine was the first molecule
imprinted in PDA for molecular detection [2], anticipating

plentiful applications in MIP sensor development, mostly by
use of nanoparticles as the substrate. In particular, the
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imprinting of small molecules (molecular mass ranging be-
tween 0.1 and 1 kDa) has involved amino acids [30], sugars
[31], estrogens [35], flavorings [37], colorants [38], phenolic
acids [39], antibiotics [44], toxins [45], and chemotherapeutic
agents in cancer [46]. Notably, it has been reported that the
release of an anticancer molecule imprinted on PDA-coated
Fe;0,4 nanoparticles increases in the presence of a magnetic
field, resulting in effective control of tumor growth in animal
models [46], thus paving the way for future studies and appli-
cations of MIPs on magnetic substrates.

Oligonucleotide, enzyme, and immunoglobulin imprinting

After an early report on human-hemoglobin-imprinted PDA
showing high rebinding capacity and specific recognition in
aqueous media [47], several PDA-imprinted substrates were
developed for rapid and specific recognition of proteins and
oligonucleotides with potential application to separation of
analytes from real and complex matrices [21, 48—51]. The
adsorption selectivity and binding specificity were evaluated.
The imprinting factor expresses the ratio between the MIP and
the NIP absorption capability toward the template, and the
selectivity coefficient evaluates unspecific binding of the
MIP and competitive analytes of a similar shape, size, and
isoelectric point. For example, studies on bovine serum albu-
min imprinting and separation from blood samples have given
imprinting factors between 1.7 and 6.2 and selectivity coeffi-
cients between 1.3 and 4.5 [40, 41, 52]. Similar studies have
been reported for different oligonucleotides, enzymes, and
immunoglobulins with a molecular mass ranging from 7 to
150 kDa up to a few tens of nanometers in length [21].

Virus imprinting

Very recently, trace amounts of several viruses have been di-
rectly and specifically detected by use of virus-imprinted
PDA; namely, hepatitis A virus (HAV) and bacteriophages
(f2, T4, P1, and M13) [23, 53, 54]. In the case of HAV, sensing
has been achieved also in human serum by use of virus-
imprinted SiO, @PDA, or magnetic Fe;0,@PDA, nanoparti-
cles with a low limit of detection of approximately 10" M
and an imprinting factor of around 2 [53, 54]. Remarkably,
electron microscopy images of modified nanoparticles show
surface protuberances between the PDA imprinting and wash-
ing stages, and hollows after template removal, with a size and
shape compatible with the HAV units (30 nm in diameter),
providing direct evidence of virus imprinting. In the case of
the bacteriophages mentioned earlier, it was shown that the
virus morphology severely affects the PDA imprinting on sil-
ica particles. Consequently, the binding selectivity and kinet-
ics decrease with size increase from the smallest and spherical
phage f2 (approximately 26 nm in diameter) to the largest and
elongated phage M13 (900 nm) [23]. However, the study
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authors recognize that the apparent negative correlation be-
tween dimensions and imprinting requires further investiga-
tions to exclude other factors (e.g., the influence of specific
capsid proteins of the viruses investigated) [23].

Electrochemical and photoelectrochemical
characterization and use of PDA films in (bio)
analysis

Because of their intrinsic characteristics of being potentially
fast, easy, and low cost, electrochemical and
photoelectrochemical techniques are widely used for the de-
velopment of bioassays for the detection of analytes of clinical
interest, such as clinical biomarkers [55, 56]. However, elec-
trode surface modification strategies are often challenging be-
cause bioanalytical applications require highly biocompatible
and properly functionalized surfaces to bind the
biorecognition material and retain its biological activity.
Moreover, the binding should be sufficiently strong to avoid
the leaching of the biomaterial from the sensor surface [57].
The increasing need for easy, efficient, and versatile

immobilization methods in bioanalytical assays led to the in-
vestigation of the potential applications of PDA in electro-
chemistry (Table 2).

Deposition of a PDA layer on an electrode: chemical
oxidation versus electrodeposition

The fundamental mechanism for the formation of PDA is still
not fully understood [58, 59]. In most of the applications, the
polymerization of DA is achieved by the chemical process
reported by Lee et al. [3]. Briefly, a combination of bulk and
surface polymerization is induced at a basic pH. Simple im-
mersion of substrates in a dilute aqueous solution of DA,
buffered at typical marine environment pH [10 mM
tris(hydroxymethyl)aminomethane, pH 8.5], results in spon-
taneous deposition of a thin adherent polymeric film.
Polymerization involves the oxidation of catechol to quinone,
which further reacts with amine and the other catechols and
quinones, leading to the formation of the polymeric film.
Despite the film not being chemically homogeneous, the coat-
ing obtained with this straightforward procedure shows great
reactivity toward amine and thiol groups [57, 60, 61]. Such

Table 2 Polydopamine (PDA): deposition strategy, electrode features, applications, and methods

Polymerization =~ PDA-modified electrode Analyte Methods Reference

Chemical GCE Laccase and glucose oxidase CV and chronoamperometry [57]
Silicon wafers/amorphous carbon PDA CVand EIS [60]
Laccase@Au on pyrolytic graphite Norepinephrine and microRNA ~ CV and EIS [63]
WS/ITO 5-Hydroxymethylcytosine Photocurrent and EIS [79]
AgNPs@graphene on GCE Adenine and guanine DPV [64]
AuNPs/myoglobin/graphene on GCE H,0, CV and amperometry [65]
AuNPs/ITO/graphene quantum dots H,0, CV and amperometry [66]
Fe;04 nanoparticles/thionine on GCE H,0, CV and amperometry [69]
Gold electrode Sulfate-reducing bacteria EIS [68]
Gold electrode PDA CV in the presence of Fe(CN)s® [73]
PDA/WO3/ITO CYFRA 21-1 Photocurrent and EIS [80]
TiO, nanotube arrays H,0, Photocurrent and EIS [82]
ITO/WO5/CdS/carbon nanotubes Insulin Photocurrent and EIS [84]
Si/Si0, PDA Photocurrent and CV [87]
La-doped CdS/3D ZnIn,S4/Au@ZnO on ITO  NT-proBNP Photocurrent [88]

Electrochemical GCE pH sensing Ccv [58]
GCE Dopamine cv [59]
Electroplated gold on cleaned gold H,0, and uric acid CV and amperometry [62]
Gold surfaces DNA (6)Y [67]
Gold electrode Dopamine CV [70]
GCE Dopamine CVand SWV [71]
Screen-printed carbon electrode Guanine CV, chronoamperometry, and EIS ~ [72]

AgNP silver nanoparticle, AuNP gold nanoparticle, CV cyclic voltammetry, EIS electrochemical impedance spectroscopy, DPV differential pulse
voltammetry, GCE glassy carbon electrode, /70 indium tin oxide, NT-proBNP N-terminal prohormone of brain natriuretic peptide, SWV square wave

voltammetry
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coatings, often called “pseudomelanin,” can be easily modi-
fied by a single-step reaction leading to several kinds of mod-
ified surfaces, including surfaces decorated with metal nano-
particles [62, 63], such as silver nanoparticles [64] or gold
nanoparticles (AuNPs) [65, 66], via the reduction from solu-
tion of the corresponding cations. This reduction step is pos-
sible because of the presence of the catechol groups, which
undergo oxidation at the quinone functional groups during the
reduction of the metallic cations. The reactivity of quinone
groups in PDA films toward primary amines and thiols can
be advantageously used for covalent binding of target biomol-
ecules, through a Schiff base formation or Michael-type addi-
tion, for sensor development [6, 57, 67—69].

A possible drawback of this method is the difficulty in con-
trolling the localization and the surface morphology of the de-
posited PDA film. Despite this polymerization strategy being
easily reproducible and universally established for a wide range
of materials [67], an alternative method for the preparation of
PDA can be achieved by an electrochemical polymerization
process. Since the electropolymerization occurs at the interface
of the electrode, PDA films can be generated in a highly con-
trolled and spatially selective manner. The mechanism of PDA
electropolymerization has been deeply investigated since the
late 1960s, when Hawley et al. [4] proposed essentially two
electrochemical mechanisms related to DA oxidation; namely,
the so-called ECC and ECE mechanisms (where “E” and “C”
denote the electrochemical step and the chemical step, respec-
tively). The oxidation of DA is considered to finally lead to
melanin-like polymers and thus the whole process is complex.
In the ECE mechanism, the polymerization goes through three
steps: In the first step, the formation of o-dopaminoquinone
occurs after exchange of two electrons and two protons. It is
commonly known that quinones are quite reactive and can
undergo nucleophilic coupling. Depending on the experimental
conditions used, mechanisms with more complicated se-
quences of electrochemical and chemical steps were also pro-
posed [67, 70]. Dopaminoquinone contains both an electron-
deficient ring and an electron-donor amine group. As the result
of a 1,4 Michael addition and on deprotonation of the amine
group, a cyclization reaction can occur. Therefore, in the sec-
ond step, o-dopaminoquinone undergoes intramolecular cycli-
zation, which leads to leucodopaminochrome, which is easily
oxidized in the third step to dopaminochrome, which may be
transformed into melanin polymers.

Voltammetric studies of DA have further elucidated the
oxidation steps leading to PDA formation [71, 72]. In detalil,
during consecutive scans, a continuous decrease of the peak
current intensities, due to the formation of PDA layers (Fig.
2a, b), has been reported. This effect demonstrates that the
electrode surface is affected by the fouling of the electrode
caused by the PDA layers as PDA grows with successive
scans up to complete electrode fouling. Nevertheless, two re-
dox peaks are still present and can be attributed to the
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oxidation and reduction of the catechol and quinone units
present in PDA [58, 73]. Furthermore, for DA in solution,
the anodic peak current is linearly proportional to the square
root of the scan rate, as usual for an electrode transfer reaction
controlled by both adsorption and diffusion [71], whereas for
PDA film adsorbed on the electrode, the linearity of the anodic
and cathodic peak currents versus scan rate indicates a
surface-confined voltammetry corresponding to a “thin layer”
type [72], as typical of electrode-adsorbed species [74]. The
oxidation peak potential moves to lower values with increas-
ing solution pH, indicating the involvement of protons in the
electrochemical reaction [72]. These features were used in the
fabrication of a pH sensor based on glassy carbon electrodes
and PDA films [58].

It clearly appears that the accurate assignment of all the
redox processes occurring on PDA films is a challenging task
[57]. The easy and universal application of PDA and the wide
variety of uses in (bio)analytical assay development is in con-
trast with the complex electrochemical behavior. Moreover,
this is also in contrast with the well-established redox process-
es of common conducting polymers, such as polypyrrole,
polythiophene, and polyaniline [75-78].

Photoelectrochemical properties of PDA
and photoelectrochemical bioassays

Photoelectrochemical sensors are powerful and reliable tools
for bioanalysis because of their inherent operational simplici-
ty, low background current, and high detection sensitivity
[79-81]. Recently, photoelectrochemistry has been applied
to the detection of several analytes, such as H,O, [82], nucleic
acids [83], proteins [84], and glucose [85].

The effectiveness of the photoelectrochemical assay main-
ly relies on the performance of the photoactive material.
Recent studies demonstrated that quinones can be successfully
used in energy applications through the hybridization of these
of molecules with several kinds of materials [86, 87]. In this
framework, some recent reports demonstrated that the synthe-
sized PDA exhibited semiconducting properties and a special
charge transfer capability because of the presence of the 7
system. The presence of a highest occupied molecular orbital
and a lowest unoccupied molecular orbital makes PDA a use-
ful photosensitizer to promote the absorption of visible light,
increasing light harvesting efficiency and charge collection
efficiency in photoelectrochemical bioassays (Fig. 2¢) and
offering interesting opportunities for the development of
high-performance optoelectronic devices [87, 88].

Outlook

The intriguing versatility of PDA has led to its relevant role in
several research fields, first of all in the science of
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biocompatible materials for drug delivery and cancer therapy.
Undoubtedly, the autoassembly and coating abilities of this
polymer are the most exploited features in such applications.
Functional surface moieties (quinones/catechols and amines)
add further possibilities in the subsequent (bio)chemical mod-
ification of PDA coatings, expanding their role beyond expec-
tations. However, at present the lack of innovative uses of
PDA in the field of (bio)analytical chemistry is surprising,
excluding those mentioned earlier for the synthesis of MIPs
and, in general, for electrochemical-based applications. In this
framework, original and unexplored ways of investigating the
possible use of DA/PDA with direct impact in quantitative
(bio)analytics are sought. One of the poorly investigated as-
pects of DA polymerization to produce PDA films is the ki-
netics of formation of these layers at the surface of the material
considered. For example, during the formation of the PDA
adhesive layer on a polystyrene surface (e.g., disposable lab-
oratory equipment such as microtiter plates, UV—vis cuvettes,
tips), the polymerization step may be perturbed in significant
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ways to obtain analytical information useful for macromole-
cules (e.g., protein detection in complex matrices) [9].

In particular, the co-presence in solution of proteins directly
limits the thickness of the final PDA layer adhered on the
substrate [9]. This approach, considered until now a drawback
in MIP production for protein detection, deserves further in-
vestigation. The broad absorption band of PDA in the visible
range permits investigation of the optical response at almost
any wavelength, and with low-cost and widely used plate
readers commonly used in immune-based assays (i.e.,
ELISA). The prospective application of such a bioanalytical
method would open new and crucial scenarios in light of the
serious failing of current methods for quantification of total
protein in biological fluids (Fig. 3, panel a). In this regard,
application to nanoplasmonic-based detection of low molecu-
lar weight analytes was recently reported. In particular, our
group has explored the possibility of developing “plasmonic
cuvettes” by in situ growth of controlled AuNPs by PDA for
localized surface plasmon resonance (LSPR)-based
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Fig. 3 Innovative uses of polydopamine (PDA) in the field of
(bio)analytical chemistry: competition-based assay for quantification of
total protein in biological fluids (a), localized surface plasmon resonance

quantitative assays at a fixed wavelength using a conventional
spectrophotometer [11]. This research starts from the consid-
eration of the role of PDA films decorated with metal nano-
particles. Despite the presence of numerous articles dealing
with the in situ reduction of metal ions at the PDA surface to
obtain nanoparticles, no indication of the rationale behind the
process has been provided; we recently obtained some results
in that direction, both by modulating the PDA formation pro-
tocol [11] before exposure of PDA to Au(Ill) and by varying
the metal ion concentration, leaving fixed the PDA film fea-
tures [12]. In the first case, we clarified the crucial role played
by PDA morphology in producing different populations of
AuNPs, providing different plasmonic behaviors. The surpris-
ing evidence is that not only the reducing power of PDA
toward Au(Ill) increases linearly with thickness but also that
the plasmonic behavior of AuNPs changes accordingly.
Considering the increasing demand for low-cost protocols to
modulate different LSPR regimes for bioanalytical applica-
tions [89, 90], this result stimulated further investigation.
Deposited nanostructures with different features (size, geom-
etry, density, etc.) generally exhibit a hybrid behavior between
pure wavelength sensitivity at constant extinction and pure
absorbance sensitivity at constant wavelength. The significant
result is that PDA thickness can modulate the plasmonic re-
sponse from the classical wavelength shift to the absorbance
change (Fig. 3, panel b). This approach was applied to the
quantitative determination of fermentable sugars in beer wort,
with excellent analytical performance compared with refrac-
tometers used routinely in cellars. Moreover, the easy reading
of the “photonic” UV—vis cuvettes at fixed wavelength with
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(LSPR)-based quantitative assay at fixed wavelength for applications in
clinical, food, and environmental control (b), and catalytic-based assay
for redox reactions (c). Abs absorbance, OX oxidized, RED reduced

portable spectrometers allows one to suggest further applica-
tions in clinical, food, and environmental control. PDA-based
nanocomposites for quantitative assays based on the catalytic
activity of metal nanoparticles may represent a further easy
and low-cost approach for colorimetric determination of
(bio)analytical targets in human specimens [12]. In other
words, with greater understanding of PDA behavior, novel
analytical applications can be developed by combining PDA
redox characteristics and kinetics of film formation.

By the reverse approach, once the PDA film type is fixed,
the role of different metal ion concentrations in producing
different AuNP populations also deserves further investiga-
tion. In this context, PDA films decorated with in situ grown
AuNPs (AuNPs@PDA) were tested for their catalytic activity
toward nitrophenol isomers. As widely reported in the litera-
ture, AuNPs (in solution or supported) act as efficient catalysts
in a large variety of organic reduction and oxidation reactions.
But, until now, the reduction of nitrophenols and in particular
of p-nitrophenol has been reported mainly as case studies to
characterize and compare different catalytic substrates, where-
as for quantitative determination, high-performance liquid
chromatography alone or combined with mass spectrometry
with the use of radiolabels generally remains the technique of
choice. In a recent study, the in-plate, fast, low-cost, and high-
throughput determination of p-nitrophenol on AuNPs@PDA
substrates in aqueous solution and in urine was achieved, pro-
viding new information on the behavior of these nanocompos-
ites during the catalytic process. Different AuNP populations
may show different catalytic ability and chemical resistance
on the basis of the preparation protocol [in terms of Au(IIl)
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concentration] used. Only a specific concentration range of
Au(Ill) guarantees AuUNPs@PDA resistant to the reduction
process, whereas outside this range, complete dissolution of
the nanocomposite occurs. The result is easily obtained with a
routinely used ELISA reader at 415 nm, where the absorbance
decrease of the p-nitrophenolate ion (the optically active spe-
cies generated by p-nitrophenol with excess of NaBH,) pro-
vides quantitative and linearly correlated information on the p-
nitrophenol present in the sample (Fig. 3, panel ¢). In conclu-
sion, recent advancements with regard to PDA decorated with
metallic nanoparticles widen the possibilities in this emerging
field. Several metallic precursors are reducible at the PDA
surface, giving nanoparticles with different and exciting opti-
cal, catalytic, and functional properties.

As a whole, PDA is very promising tool not only in the
already explored fields of applied medicine and materials sci-
ence but also in (bio)analytical chemistry. Our efforts in this
direction are focused on proposing a role for this polymer in
quantitative applications, evaluating analytical performance,
cost, reproducibility, and versatility of the methods developed
and also revisiting standard platforms, such as ELISA readers,
portable spectrophotometers, and electrochemical devices.
The reactivity of DA to give PDA in different environmental
conditions remains only partially explored, and we have con-
crete indications in several directions to increase its use
through a large variety of strategies, also involving DA homo-
logues and other suitable copolymers playing different roles in
this extremely fast changing research field.
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