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Polydopamine-coated flat glass surfaces for
nanoplastics uptake and Raman-based detection:
a case study with polystyrene
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Om Prakashb

Pollution caused by nanoplastics presents great challenges for researchers because of the lack of sensi-

tivity of traditional analytical methods, with Raman and surface-enhanced Raman spectroscopy (SERS)

becoming strategic for their detection. The main drawbacks lie in the poor signals of traditional Raman

spectroscopy, requiring high concentrations of analytes, and the non-homogeneous distribution often

limiting reliable detection when exploiting SERS on dried samples. Herein, we propose a simple strategy

based on a coating layer of polydopamine (PDA) on simple glass substrates to exploit the adhesive pro-

perties of the biopolymer for the grafting and thus evenly pre-concentration of polystyrene nanoplastics

(PS-NPs), further analysed using Raman and SERS. An in-depth analysis on the role of pH in PDA adhesive

properties demonstrates the importance of electrostatic interactions toward different kinds of PS-NPs,

presenting different Z-potential values. Moreover, PS-NPs of different sizes were analysed, ranging from

1 µm down to 15 nm. Raman detection of 100 nm and 1 µm PS-NPs was achieved, demonstrating that

the PDA coating layer enables NPs pre-concentration and their subsequent detection by Raman spec-

troscopy. The versatility of the PDA substrate was also proven by grafting gold nanostars, creating a SERS

substrate capable of detecting PS-NPs down to 15 nm.

1. Introduction

Pollution caused by the pervasive presence of plastic in the
environment has emerged as a significant and global problem,
with nanoplastics (NPs)—plastic particles smaller than 1 µm—

representing a particularly significant threat.1 This is due to a
series of factors, including their high surface area, coupled
with potential toxicity enhanced by bioaccumulation phenom-
ena, as they can easily penetrate biological membranes.2 All
these factors suggest obvious risks associated with their pres-
ence in ecosystems and the human body.3,4

The detection of NPs in environmental matrices thus rep-
resents a formidable challenge, because traditional analytical
techniques often lack the sensitivity, specificity, or resolution
required for accurate identification and quantification.5

Nevertheless, recent advances in material science and spectro-
scopic methods have opened up new routes to address this
issue.6

Among all the synthetic plastic polymers, which pose a
serious risk, polystyrene (PS) is surely the most representative
example, as it is one of the most commonly produced plastics

and thus, one of the biggest contributors to environmental
pollution.7 Beside the fact that it is not biodegradable and can
persist in the environment for centuries, it can easily get frag-
mented into micro and nanodebris, which constitute a serious
hazard for wildlife that may ingest it, especially in the marine
environment, where it is ubiquitous, and its accumulation is
highly significant.8 All this, added to the potential of PS to
carry harmful persistent organic pollutants,9 makes it essential
to develop user-friendly on-site methodologies able to easily
monitor pollution by PS-NPs in different environments.

Raman spectroscopy, a powerful analytical technique
capable of providing molecular fingerprints with high spatial
resolution, offers high specificity for molecular characteriz-
ation and provides a robust platform for the detection of
microplastics (MPs) and, in principle, of NPs. The unique
Raman scattering properties of different polymers constituting
MPs and NPs allow for their precise identification and quanti-
fication even in complex environmental samples.10

Nevertheless, the Raman detection of NPs has some serious
limitations in terms of sensitivity, as their signals can be very
weak. Moreover, in general, Raman techniques suffer from
diffraction limits when moving to sub-micron dimensions.11

Thus, the fact that Raman signals are feeble strongly restricts
the application of this technique to solid samples or highly
concentrated aqueous solutions, often making the detection of
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small NPs in diluted aqueous suspensions impossible without
resorting to massive and efficient preconcentration.5

These limitations, however, can be overcome by exploiting
surface-enhanced Raman spectroscopy (SERS), a technique
that significantly increases the Raman scattering signals of
molecules adsorbed on rough metal surfaces or
nanoparticles.12–16 Several examples of the application of SERS
to the detection of NPs have appeared in the last few years.17

However, in most cases, the proposed methods involve precon-
centration steps on the sample or rely on the drying of suspen-
sions on the SERS-active substrate, a procedure which has
intrinsic flaws, like the possibility of coffee ring effects and
more generally, an uneven distribution of the analytes.
Moreover, even though they have good results, most strategies
so far suggested propose time-consuming preparation and
complex synthetic methods.10,17–19

For instance, in a very recent study by Lin et al.,19 a quanti-
tative method for the detection of small NPs was optimized by
exploiting hydrophobic CuO@Ag nanowire substrates com-
bined with a multiplex-feature analysis strategy based on the
coffee ring effect. Although this method enables the detection
of 50 nm PS-NPs down to 10−10 wt%, the preparation of the
SERS-active substrate involves many steps, namely the syn-
thesis of CuO NWs, followed by silver deposition by thermal
evaporation, further modified by means of infrared thermal
radiation.

Polydopamine (PDA) is a bioinspired polymer known for its
strong adhesive properties and for its ability to form stable
coatings with controllable thickness on virtually any kind of
inorganic or organic substrate.20 Its universal adhesion and
functionalization capabilities, mainly due to the presence of
catechols and amino groups, have shown promise in enhan-
cing the binding of molecules or molecular entities in general,
even at the micro or nanoscale.21,22 Even if only a very limited
number of examples of interactions between NPs and PDA sur-
faces are present in the literature,23,24 it seems obvious that
the features of PDA offer a unique opportunity for the capture
of NPs, thus making PDA an ideal candidate for concentrating
NPs from environmental samples to allow their identification
and quantification. The grafting of NPs to PDA-coated surfaces
can benefit from various contributions, including π–π inter-
actions, hydrogen bonding, and electrostatic interactions.
Moreover, the use of a PDA-coated surface should, in principle,
allow the co-grafting of SERS-active nanostructures and NPs.

This work explores the possibility of using PDA as a grafting
and pre-concentrating substrate to bind PS-NPs, coupled with the
use of Raman spectroscopy and SERS for their detection. By inte-
grating these technologies, we demonstrate how this approach
can be proposed as a reliable and efficient method for monitor-
ing PS-NPs, present in aqueous suspension at ppm concen-
tration, thereby contributing to broader efforts to mitigate plastic
pollution and safeguard environmental health. At this proof-of-
concept stage, we turned our attention to simple bidimensional
flat substrates represented by glass cover slips, which are cost-
effective and can be easily coated with a PDA layer, offering a
practical substrate for thorough characterization.

The adhesive features of PDA are strongly dependent on the
protonation/deprotonation state of its exposed functional
groups and thus on the pH of the solutions in which they are
immersed. Therefore, here we propose a rational study to
understand the role of pH in the grafting capability of PDA sur-
faces, investigating the behaviour of PS-NPs functionalized
with different terminal groups. To our knowledge, there are no
examples in the literature reporting the exploitation of PDA-
coated substrates for the capture and preconcentration of
PS-NPs through pH-modulated electrostatic interactions. The
dimensions of the PS-NPs also play a crucial role in their deter-
mination; thus, we extended the investigation to PS-NPs
ranging from 1 µm to 15 nm. We demonstrated how the detec-
tion of large NPs grafted on the PDA surfaces can be easily
achieved by standard Raman measurements. Conversely,
moving to a smaller size, the versatility of the PDA layer was
exploited by grafting gold nanostars (GNS) and creating a SERS
substrate capable of detecting PS-NPs down to 15 nm at ppm
level.

2. Experimental section
2.1. Materials

Dopamine hydrochloride (≥99%) was purchased from Thermo
Scientific. Trizma base (≥99.9%), sodium citrate tribasic dihy-
drate (≥99.0%), Rhodamine 6G (99%), silver nitrate (≥99%),
hydrochloric acid (≥37%), 2-propanol (≥99.5%), gold(III) chlor-
ide trihydrate (∼30 wt% in HCl, 99.99%), sodium borohydride
(98%), L-ascorbic acid (≥99%), 2-[4-(2,4,4-trimethylpentan-2-yl)
phenoxy]-ethanol (Triton X-100), polystyrene latex beads, (1 µm
size, plain), and polystyrene latex beads, (100 nm size, plain)
were purchased from Sigma-Aldrich. Polystyrene latex beads
(surface SO3H, size 100 nm) and polystyrene latex beads
(surface NR3

+, size 100 nm) were purchased from micromod
Partikeltechnologie GmbH. Polystyrene latex beads (15 nm,
plain) were purchased from D.B.A. Italia s.r.l. PMMA nano-
particles (120 nm) were purchased from KF Technology Srl and
microscopy glass cover slips 21 mm × 26 mm were purchased
from Carlo Erba. Water was deionized and double distilled
(ddH2O).

2.2. Characterization

UV-vis-NIR absorption spectra of colloidal suspensions were
acquired with a Cary 60 spectrophotometer in the
300–1100 nm range.

Z-Potential measurements were performed on 1 mL col-
loidal suspension with a Zetasizer Nano-ZS90 (source: polar-
ized He–Ne laser, 30 mW output power, vertically polarized)
with a capillary cell.

Surface zeta potential (SZP) measurements were performed
on a glass-based substrate employing a surface zeta potential
kit from Malvern on a Zetasizer Nano-ZS90. The samples were
fixed on a specific sample holder capable of regulating its posi-
tion with respect to the laser beam. Measurements were per-
formed following the manufacturer’s instructions, dipping the
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sample holder in a suspension of positively or negatively
charged polystyrene standard nanoparticles as tracer
materials.

Transmission electron microscopy images were collected on
a Jeol JEM-1200 EX II instrument. 10 µL of samples were
dropped and left to dry overnight on copper grids, 300 mesh,
coated with Collodion solution.

Raman and SERS measurements were performed at room
temperature using an XploRa Plus (HORIBA Scientific) inte-
grated confocal spectrometer equipped with an Olympus
BX43 microscope with a motorized xy stage, acting as a sample
holder. The spectral resolution was about 3 cm−1, and the
light signals were revealed by an Open Electrode CCD camera
cooled down to −60 °C in a multistage Peltier air-cooling
system. 532 nm and 638 nm laser light (90 mW) were used as
excitation sources. Neutral filters with different optical den-
sities were used to set the proper incident laser power.

Scanning electron microscopy (SEM) images were acquired
with a Tescan Mira XMU variable pressure field emission scan-
ning electron microscope–FEG SEM (Tescan USA Inc.,
Warrendale, PA, USA), located at the Arvedi Laboratory,
CISRiC, Pavia. Slides were mounted onto aluminium stubs
using double-sided carbon adhesive tape and then were made
electrically conductive by coating them with a thin layer of Pt/
Pd (nm) in a vacuum. Images were obtained at 20 and 25 kV
using an In-Beam Secondary electron detector to achieve
higher spatial resolution.

2.3. Preparation and characterization of glass@PDA
substrates

Before use, glass cover slips were first cleaned twice with i-pro-
panol and once with ddH2O under sonication, 5 minutes for
each cleaning step. Once cleaned, the glass slides were put in
a staining jar and completely covered with 40 mL of a 2 mg
mL−1 solution of dopamine in 10 mM Tris-HCl buffer (pH 8.5)
to initiate the polymerization process. After 60 min, the solu-
tion was removed, and the glasses were washed a couple of
times with ddH2O and finally dried under nitrogen flux before
UV-vis-NIR and SZP characterization.

2.4. SEM imaging following plastic uptake experiments with
glass@PDA substrates

2.4.1. pH and surface charge effect. To assess the impor-
tance of the experimental conditions for nanoplastic uptake,
i.e. the pH of the samples, a first series of experiments was
conducted employing PS-NPs with different surface modifi-
cations. 100 nm diameter plain, SO3H-functionalized and
NR3

+-functionalized PS-NPs were investigated as test sub-
strates. Briefly, for each NPs uptake experiment, a glass@PDA
substrate was immersed overnight in a 10 ppm suspension of
plastics in 10 mM sodium citrate and then pH was adjusted
with the microaddition of 1 M solutions of hydrochloric acid
or sodium hydroxide. For each surface-modified sample of
NPs, two different pH conditions were tested: a pH value of 3,
where the glass@PDA substrate should express an overall posi-
tive surface charge, and a pH value of 6, where the glass@PDA

substrate should express a negative surface charge. The results
were monitored by SEM imaging.

2.4.2. Immersion time and NPs concentration. After we
had assessed the best conditions for NPs uptake, further
experiments were conducted on plain PS nanoparticles to
follow both the loading kinetics and the grafting efficiency by
changing the concentration of PS nanoparticles.

To follow the timescale of loading, SEM images were
acquired after 1 h, 2 h 30, 4 h and 24 h of immersion of the
glass@PDA substrate in 60 mL of the 10 ppm suspension of
100 nm PS-NPs at pH 3.

Setting 24 h as the optimal immersion time, four different
concentrations of PS suspension were employed to investigate
the rate of uptake at pH 3. Briefly, 2 ppm, 5 ppm, 10 ppm and
20 ppm suspensions of NPs were investigated through SEM
imaging.

2.4.3. Plastic uptake experiments investigating different
NPs dimensions. PS-NPs uptake experiments were performed
to investigate different NPs dimensions. For 1 µm PS-NPs,
10 ppm, 20 ppm, 50 ppm and 100 ppm concentrations were
analysed, keeping the optimized conditions fixed for the
uptake, i.e. 24 h immersion at pH 3. As proof of concept, an
uptake experiment for 15 nm PS-NPs was performed with
10 ppm concentration, again keeping fixed the conditions 24 h
of immersion at pH 3.

2.5. Raman detection of PS-NPs loaded on glass@PDA

Raman measurements were performed directly on dry
glass@PDA substrates loaded with 100 nm and 1 µm PS-NPs.
Raman spectra were collected with a 532 nm laser source, 100×
magnification objective, 106 W cm−2 nominal power density,
with an exposure of 30 s and 10 accumulations. Each substrate
was investigated by mapping a total area of 225 µm2 and
sampling every 1.5 µm. The main Raman modes of polystyrene
are reported in Table S1.25,26

2.6. Synthesis of gold nanostars (GNS) and preparation of
glass@PDA@GNS SERS substrate

GNS were prepared following a well-established seed-growth
approach.27 First, gold seeds were prepared by adding, in the
following order, 5 mL of a 0.2 M aqueous solution of Triton-
X-100, 5 mL of a 4.5 × 10−4 M aqueous solution of HAuCl4 and
then rapidly adding 600 µL of a 0.01 M solution of NaBH4. The
seeds thus obtained show an orange-brownish colour and were
stored in an iced bath prior to use (within a couple of hours).
The growth step was achieved as follows: 2.5 mL of a 0.004 M
solution of AgNO3 and 50 mL of a 4.5 × 10−4 M solution of
HAuCl4 were added in this order to 50 mL of a 0.2 M solution
of Triton-X-100 under stirring. Then, rapidly and in this order,
1.7 mL of a 0.0788 M solution of L-ascorbic acid and 120 µL of
the seeds ( just synthesised) were added. After the last
addition, the suspension turned from light pink to a dark
blue/grey colour, and the suspension was kept under stirring
for 15 min before characterization.

The glass@PDA substrates were then functionalized with
the GNS synthesised as described above. Briefly, glass@PDA
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substrates were immersed in a colloidal suspension of GNS in
5 mM citric acid aqueous solution overnight. Then the colloid
was removed, the obtained glass@PDA@GNS were washed
three times with ddH2O and finally dried under nitrogen flux
before characterization.

2.7. SERS performance of glass@PDA@GNS substrates

The SERS response of glass@PDA@GNS was tested using
Rhodamine 6G (R6G), a well-known Raman reporter, as a probe
molecule. Briefly, 80 μL of a 10 µM aqueous solution of R6G was
deposited on the SERS substrates and covered with a clean glass
cover slip. The SERS measurements were performed immediately
after the deposition to keep the solution wet using a 638 nm
laser source, 50× magnification objective, 106 W cm−2 nominal
power density, with an exposure of 10 s and 5 accumulations. On
each substrate tested, 10 different areas were sampled. The main
Raman modes of R6G are reported in Table S2.28,29

2.8. SERS measurements of 15 nm NPs

SERS measurements were performed directly on dry
glass@PDA@GNS substrates loaded with 15 nm PS-NPs. SERS
spectra were collected with a 638 nm laser source, 100× magni-
fication objective, 106 W cm−2 nominal power density, with an
exposure of 10 s and 10 accumulations. Each substrate was
investigated by mapping a total area of 225 µm2, sampling
every 1.5 µm.

3. Results and discussion
3.1. Preparation and characterization of glass@PDA substrate

The coating of glass cover slips with a thin layer of PDA was
performed by following a simple and well-known dip-coating
procedure, described by Lee et al.20 Briefly, after a cleaning
step described in section 2.3., cleaned glass cover slips were
immersed in a 2 mg mL−1 solution of dopamine in 10 mM
Tris buffer (pH 8.5), resulting in the deposition of a PDA film
after 1 h. To stop the self-polymerization process, the solution
was removed, and the PDA-coated cover slips were washed a
couple of times with ddH2O and dried under nitrogen flux.

This route allows the glass slides to be coated with a nano-
metric layer of the polymer. In more detail, with these experi-
mental conditions, the thickness of the deposited PDA layer
could be estimated to be less than 10 nm.30,31 A representative
UV-vis spectrum of a PDA-coated slide glass (glass@PDA) is
reported in Fig. S1.

In order to understand the influence of pH on the grafting
properties of PDA, surface zeta potential measurements of
glass@PDA substrates at different pH values were performed.
As already confirmed by other studies,32–34 the PDA surface
can exhibit a switch from a positive to a negative surface
charge, moving from pH values lower than 4 to higher pH
values. This is due to the protonation and deprotonation equi-
libria that involve the catechols and amino groups. For the
purpose of this work, we were interested only in analysing the
two extreme conditions for plastic uptake; thus, all the experi-

ments aimed at understanding the role of the surface charge
of PDA on its adhesive capabilities were performed at pH
values of 3 and 6, where the polymer should express the two
different charges.

By means of DLS, as described in section 2.2., it was poss-
ible to measure the SZP of the glass@PDA surface when
immersed in two different buffered solutions at different pH,
of 3 and 6. From the measurements, it was possible to obtain
a value of 17 ± 2 mV at pH 3.12 and a value of −35 ± 2 mV at
pH 6.00. It must be stressed that the decision to perform all
the experiments by selecting pH 3 and 6 as the extremes was
taken after SZP titration of the glass@PDA surface (the full set
of data is reported in Table S3).

What can be observed from the experimental results of SZP
is reported in the scheme represented in Fig. 1. The peculiar
feature of PDA films, of displaying different surface charges
depending on the pH of the media, not only suggests the
importance of electrostatic interactions for NPs adhesion, but
it also tells us that by properly modulating the pH, it is poss-
ible to load both negative and positive objects.

3.2. Uptake of PS-NPs with glass@PDA substrates: SEM
imaging studies

3.2.1. The role of pH on surface charge and the effects on
NPs uptake. The first rounds of experiments performed on
glass@PDA samples were devoted to demonstrate the pivotal
importance of pH in NPs uptake. To assess this, we decided to
employ different kinds of PS-based NPs with a fixed diameter
of 100 nm but with different surface modifications: plain
PS-NPs, SO3H-functionalized PS-NPs (PS-SO3H-NPs) and NR3

+-
functionalized PS-NPs (PS-NR3

+-NPs). The intent was to evalu-
ate grafting efficiency as a function of electrostatic inter-
actions: negatively charged particles should benefit attraction
from a positively charged PDA surface (pH < 4) while under-
going repulsion from negative PDA surfaces (pH > 4); clearly,
the opposite behaviour is expected from positively charged
particles. The Z-potentials of all PS-NPs employed are reported
in Table 1, measured at the chosen pH values.

The NPs loading experiments were conducted by dipping
each glass@PDA in 60 mL of 100 nm NPs colloidal suspension
at 10 ppm concentration for 24 h. Six different experiments
were performed, one for each of the PS-NPs mentioned above,
at two different pH conditions, when the PDA displays a posi-
tive surface charge (pH 3) and a negative surface charge (pH
6). After 24 h of immersion, each sample was accurately
washed with ddH2O water and dried under nitrogen flux
before characterization. Fig. 2 shows representative SEM
images acquired for each loading experiment.

As expected, the best grafting efficiency is achieved when
attractive electrostatic interactions between PS-NPs and the
PDA surface can be established, while, as can be observed
from the SEM images, even in repulsive regimen, some NPs
can still be grafted on the substrate. This behavior can be
ascribed to other weak interactions that PDA can establish.35

The layer of PS-NPs observed in attractive conditions appears
quite homogeneous and complete, reflecting a situation in
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which all the surface can be covered with the NPs present in
suspension. Some aggregates of nano-objects are observed, but
with limited vertical overlap of a few individuals. Indeed, these
findings carry an important piece of information: to properly
capture NPs with PDA-coated substrates, the relationship
between the Z-potential of the NPs and the surface charge of
PDA must be optimized, which can be easily obtained by regu-
lating the pH of aqueous samples of PS-NPs.

3.2.2. Investigation of loading timescale and NPs concen-
tration. The timescale required to achieve optimal grafting
under favourable conditions was also investigated. We per-
formed SEM imaging on glass@PDA samples after different
immersion times in a 100 nm diameter plain PS-NPs suspen-
sion at a 10 ppm concentration. As can be observed in Fig. S2,
under these concentration conditions, almost complete
surface coverage is obtained after 2.30 h, while the maximum
uptake is achieved after 24 h of immersion, as can also be
seen from the calculated number of nanoparticles taken up.
This behavior was also confirmed by the Raman experiments

discussed in more detail in section 3.3. For this reason, all
further uptake experiments were performed by fixing 24 h as
the standard immersion time.

Once the experimental conditions for correct uptake had
been set, we investigated the effect of the concentration of
PS-NPs to gain a rough idea of the capture efficiency of the flat
PDA surfaces. Fig. 3 shows SEM images obtained after 24 h of
immersion of a glass@PDA substrate in 60 mL of suspensions
of plain PS-NPs at various concentrations, i.e. 20 ppm,
10 ppm, 5 ppm and 2 ppm. As could have been foreseen, it
can clearly be observed how the number of NPs captured by
the surface increases as the PS concentration increases.

While a linear trend for the increase in the number of NPs
grafted per unit area can be observed up to 10 ppm, increasing
the concentration beyond that no longer results in a signifi-
cant increase in the quantity of grafted NPs, as the surface
appears to be already saturated at 10 ppm. These preliminary
experiments conducted with the as-proposed flat PDA sub-
strate show a semi-quantitative method for monitoring PS-NPs
at low concentrations, highlighting the great potential of this
simple and fast technique.

3.2.3. Investigation of plastic uptake with different NPs
dimensions. As proof of concept of the as-proposed method-
ology, we tested the uptake capability of the glass@PDA sub-
strate for NPs of different dimensions, ranging from 15 nm to
1 µm, considering this as the upper limit for the proper defi-
nition of NPs. Having already established the best experi-
mental conditions to optimize the grafting procedure and con-

Fig. 1 Schematic illustration of the expected behaviour of a PDA surface towards nanoplastics with positive (reddish) or negative (light blue)
Z-potential values.

Table 1 Z-Potential values of different PS-NPs employed, in different
pH conditions

PS-NPs Z-Potential (mV) at pH 3 Z-Potential (mV) at pH 6

PS-SO3H-NPs −51 ± 3 −47 ± 2
PS-NR3

+-NPs 36 ± 3 25 ± 4
PS-plain-NPs −35 ± 2 −45 ± 4
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sidering that we again selected plain PS-NPs (which display a
negative charge over the whole investigated pH range, as
reported in Table 1), we performed the uptake experiments by
setting the pH at a value of around 3.

The uptake experiments using 1 µm size PS-NPs were per-
formed at concentrations of 10 ppm, 20 ppm, 50 ppm
and 100 ppm, following the same procedure described for
the 100 nm PS-NPs (section 3.2.2.). Representative SEM

Fig. 2 Representative SEM images of glass@PDA samples immersed in 60 mL of 10 ppm water suspension of: (a) plain PS-NPs at pH 3; (b) plain
PS-NPs at pH 6; (c) PS-SO3H-NPs at pH 3; (d) PS-SO3H-NPs at pH 6; (e) PS-NR3

+-NPs at pH 3; (f ) PS-NR3
+-NPs at pH 6.

Fig. 3 Representative SEM images of glass@PDA samples immersed in 60 mL of aqueous suspensions of 100 nm diameter plain PS-NPs at pH 3
with concentrations of (a) 20 ppm; (b) 10 ppm; (c) 5 ppm; (d) 2 ppm. (e) Number of particles per unit area obtained from SEM images as a function of
NPs-PS concentration in suspension averaged from three different SEM images.
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images for the four different uptake experiments are shown in
Fig. 4.

It is worth noting that the SEM images obtained with 1 µm
PS-NPs show a less dense layer of grafted PS particles than that
obtained for the 100 nm PS-NPs. This is particularly evident
when comparing the glass@PDA substrate grafted with 10 ppm
of 100 nm PS with the substrate coated with 1 µm PS at the same
concentration. The reason is obvious: when the concentration
expressed in mass units (ppm) is kept constant, an increase in
diameter is reflected in a reduction of the number of objects.
This clearly explains why, even with an NPs concentration of
100 ppm, the glass@PDA still does not show a homogeneous and
complete coverage of the substrate with 1 µm PS.

Either way, when the concentration is increased, the number
of 1 µm PS-NPs grafted on glass@PDA evidently increases, con-
firming again the capability of PDA surfaces as a tool able to
operate quite efficient pre-concentration, which could be useful
for detection and removal of NPs from aqueous samples.

A similar grafting experiment was conducted on 15 nm dia-
meter PS-NPs at 10 ppm concentration. It was confirmed again
(as depicted in Fig. S3) that working at acidic pH values, and
thus, with a positive PDA surface charge, enables pre-concen-
tration on the glass@PDA surface PS-NPs. From the SEM
images, some aggregates can clearly be observed, appearing as
fused objects because of Pt metallization. This, summed up to
the SEM limit resolution, made it almost impossible to
perform quantitative analysis of the number of grafted objects,
even though we could still observe complete coverage of the
PDA surface with the 15 nm PS-NPs. To address the resolution
issue, the same PDA-coating approach was applied on silicon

wafers instead of glass to perform imaging with better resolu-
tion, avoiding the use of Pt sputtering, which can significantly
affect resolution when working with small nano-objects.
Indeed, to improve imaging quality, we performed the pre-con-
centration of 15 nm PS-NPs using a 2.5 ppm suspension (SEM
images are shown in Fig. S4).

Overall, this imaging study demonstrates that a simple
PDA-coated flat surface can efficiently adsorb PS-NPs, and that
the system performs effectively with both positively and nega-
tively charged NPs by simply adjusting the pH of the sourrond-
ing medium. On top of that, the pre-concentration of PS-NPs
was also investigated in terms of dimensional range, proving
to work with NPs ranging from 1 µm to 15 nm in diameter by
simple immersion of the PDA substrates in the samples spiked
with PS-NPs at ppm level.

After thoroughly demonstrating the role of pH on the
expression of PDA interactions, we wanted to confirm that the
NPs preconcentrating strategy can be exclusively attributed to
the presence of PDA itself. Thus, as control experiments, bare
glass cover slips were immersed in 10 ppm and 100 ppm water
suspension of 100 nm and 1 µm PS-NPs at pH 3. As expected,
without the PDA-coating layer, PS-NPs did not interact with the
substrates, as evident from the SEM images reported in
Fig. S5, confirming once again the key role of the biopolymer.

3.3. Raman detection of pre-concentrated PS-NPs

Having assessed by SEM imaging the best conditions for
effective uptake of PS-NPs with the proposed PDA-based sub-
strate, we attempted to use Raman spectroscopy for their
actualdetection and identification. The purpose was to demon-

Fig. 4 Representative SEM images of glass@PDA samples immersed in 60 mL water suspension of 1 µm diameter plain PS-NPs at pH 3 at concen-
trations (a) 10 ppm; (b) 20 ppm; (c) 50 ppm; (d) 100 ppm; (e) the number of particles per unit area obtained from SEM images, as a function of NPs-
PS concentration in suspension averaged from three different SEM images.
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strate, by exploiting the grafting capability of PDA substrates,
how PS-NPs are pre-concentrated and thus easily detected by
means of traditional Raman spectroscopy, even at the
nanoscale.

Raman measurements were performed on the PDA sub-
strates loaded with PS-NPs, analysed in section 3.2. First, 1 µm
PS-NPs samples were analysed. Fig. 5a shows the average
Raman spectra of glass@PDA substrates loaded respectively
from top to bottom with 100 ppm, 50 ppm, 20 ppm and
10 ppm 1 µm PS-NPs collected as described in section 2.5.
Briefly, in order to achieve reliable information related to the
NPs concentration, a 225 µm2 area was mapped with a 532 nm
laser source and a 100× objective, sampling every 1.5 µm. The
spectra reported in Fig. 5a were obtained by averaging all the
spectra collected in the map. As can clearly be observed, the
PS Raman signals increase with an increase in PS-NPs concen-
tration. This behaviour can be followed from Fig. 5b, where
the Raman intensity values of the PS characteristic peak at
1001 cm−1 (relative to ring breathing mode)25 are plotted as a
function of concentration (red diamonds), in good agreement
with the number of PS-NPs loaded per unit area as a function
of their concentration (black circles). These results stress the
fact that for 1 µm size NPs, which represent the upper limit of
the definition of NPs based on dimensions, the exploitation of
a nanometric PDA layer coupled with Raman spectroscopy can
easily reveal and quantify PS-NPs.

To demonstrate the potential implementation of the PDA
preconcentration method in real environmental matrices, we
performed additional experiments on PS-NPs spiked into real
water samples (i.e., tap water and river water from the Roggia
Vernavola, Pavia, Italy). In brief, 60 mL of water was spiked
with 1 µm PS-NPs at a final concentration of 10 ppm, and
glass@PDA substrates were immersed in the suspension for
24 h prior to Raman measurements. Raman spectra collected

on precontracted PS-NPs are reported in Fig. S6. As can be
observed from the Raman spectra, despite a decrease in signal
intensity, the presence of PS-NPs can still be clearly identified,
without any signal interference, thus confirming the effective-
ness of the preconcentration strategy even in complex
matrices.

Similar behavior to that discussed for 1 µm PS-NPs was
observed when moving to 100 nm size PS-NPs (Fig. 6a). Here, a
much weaker Raman signal is observed, as expected, as the
mass of NPs brought onto the flat surfaces strongly reduces as
the dimension of the NPs decreases. This result should not be
surprising. It is well known that the exploitation of Raman and
SERS techniques for the quantification of NPs is limited due
to the aforementioned size-dependent intensities of Raman
signals.36 Nevertheless, following the intensity trend of the
1001 cm−1 peak as a function of NPs concentration (red dia-
monds in Fig. 6b), we again found a good match when com-
pared with the number of particles bound per unit area as a
function of their concentration in water suspension.

To further confirm that without this PDA-based preconcen-
tration step, the direct Raman detection of 100 nm and 1 µm
PS-NPs is hindered, control experiments were conducted.
Accordingly, Raman spectra were acquired from a 10 ppm
aqueous suspension of 100 nm PS-NPs and a 100 ppm
aqueous suspension of 1 µm PS-NPs, and the results were com-
pared with the signals obtained from the respective concen-
trations of NPs preconcentrated on glass@PDA substrates. As
can clearly be observed from the spectra reported in Fig. S7
and S8, the preconcentration step exploiting the adhesive pro-
perties of glass@PDA substrates is mandatory to achieve the
Raman detection of NPs. Moreover, Raman investigation was
also conducted on the substrates already characterized in
section 3.2.1., as proof of concept for the influence of pH on
the grafting procedure. As expected, no Raman signal could be

Fig. 5 (a) Average Raman spectra obtained on glass@PDA samples after immersion in 60 mL water suspensions of 1 µm diameter plain PS-NPs at
pH 3 at concentrations ranging between 10 ppm and 100 ppm; (b) intensity of 1001 cm−1 peak as a function of concentration (red diamonds) super-
imposed on the number of PS particles per unit area obtained from SEM images, as a function of PS-NPs concentration in suspension (black circles).
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detected from the glass@PDA substrate exposed to a 10 ppm
suspension of 100 nm NPs at pH 6 (see Fig. 2b). The same
result was achieved with the glass@PDA substrate immersed
in a 10 ppm colloidal suspension of positive PS-NR3

+-NPs at
pH 3 (Fig. 2e). These outcomes again highlight the fundamen-
tal role of PDA surface charge and thus the electrostatic inter-
action that can be established with PS-NPs. Although with just
mild pH modulation, PDA can easily modify its overall surface
charge, enabling an attractive interaction with the desired
target to be established. Indeed, glass@PDA samples
immersed in a 10 ppm suspension of PS-NR3

+-NPs at pH
6 gave a neat peak around 1001 cm−1 (Fig. S9, again obtained
by averaging the spectra collected by mapping a 225 µm2 area).

To provide confirmation that the maximum uptake of
PS-NPs was achieved after 24 h, Raman measurements were
performed on glass@PDA substrates immersed for different
amounts of time in a 10 ppm suspension of 100 nm PS-NPs
(Fig. S10). As expected, the maximum signal was obtained
after 24 h of uptake, confirming what had already been
observed in the SEM images shown in Fig. S2.

Lastly, to prove the applicability of PDA adhesive layers on
glass supports for different nanoplastics, we decided to investi-
gate the behavior with 120 nm PMMA NPs. After having
assessed that even PMMA NPs display a negative Z-potential at
the chosen pH values (i.e. −47 ± 3 mV at pH 6 and −22 ± 2 mV
at pH 3), glass@PDA substrates were immersed in a 10 ppm
suspension of PMMA NPs at both pH 3 and 6. As can be
observed from Fig. S11, efficient preconcentration of these NPs
was again achieved at pH 3, where the PDA layer could best
establish favorable electrostatic interactions with the target
analyte. However, although the preconcentration step was suc-
cessful, Raman analysis failed to detect PMMA NPs on the
glass@PDA substrate. This was not surprising, as the scatter-
ing cross-section of PMMA is significantly lower than that of

PS;37,38 therefore, Raman analysis was limited in the case of
small PMMA NPs, highlighting the need for more sensitive
detection strategies in such systems.

3.4. SERS detection of 15 nm PS-NPs

The same approach as that described above for NPs pre-con-
centration on glass@PDA substrates, and thus their Raman
detection, was also attempted for 15 nm diameter PS-NPs.
After having demonstrated the importance of the dimensions
of PS-NPs on the Raman response, we were not surprised by
the complete absence of any Raman signals for the smaller
PS-NPs investigated. As already observed in Fig. S3, after the
immersion of a glass@PDA substrate in a 10 ppm aqueous
suspension of 15 nm PS-NPs at pH 3, a full and compact layer
of NPs is obtained, but it seems clear that there is not enough
mass of PS material pre-concentrated on the PDA surface to
enable direct Raman detection. This result set the lower limit
of the dimension of PS-NPs that can be successfully detected
by means of simple Raman spectroscopy.

To address this issue, we chose to use the glass@PDA sub-
strate to graft noble metal nano-objects onto its surface, before
employing it for the pre-concentration of small PS-NPs. In this
way, pre-concentration brings the NPs into proximity with the
metal nano-objects, thereby enhancing their intrinsically weak
Raman signals.

To assess this, we decided to decorate a glass@PDA sub-
strate with gold nanostars (GNS). GNS were previously recog-
nized as efficient SERS substrates, due to their peculiar mor-
phologies: branches and tips guarantee the presence of hot
spots and the ‘lightning rod’ effect.39–42 GNS were thus synthe-
tized according to the seed-growth procedure described in
section 2.6.27 Representative TEM images of GNS nano-
particles are reported in Fig. S12 and a UV-vis-NIR spectrum is
reported in Fig. S13. The spectra show the expected plasmonic

Fig. 6 (a) Average Raman spectra obtained on glass@PDA samples after immersion in 60 mL water suspensions of 100 nm diameter plain PS-NPs at
pH 3 at concentrations ranging between 2 and 10 ppm; (b) intensity of 1001 cm−1 peak as a function of concentration (red diamonds) superimposed
on the number of particles per unit area obtained from SEM images, as a function of NPs-PS concentration in suspension (black circles).
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feature close to 900 nm, which is due to the longitudinal reso-
nance along one single branch of GNS. A second band is
located around 1500 nm and is due to longitudinal LSPR invol-
ving a couple of collinear branches (not shown in this spec-
trum).13 These two LSPRs are responsible for generating local
field enhancement, mainly corresponding to the tips of GNS
and along their main axis, as confirmed by theoretical field
simulations conducted in our previous work.43 The local field
enhancement generated by these anisotropic structures is
known to give strong SERS signals according to the so-called
lightning rod or antenna effect.44

Again, the peculiar adhesive properties of PDA match well
with the GNS features, as at pH 3, GNS possess a weakly nega-
tive Z-potential, resulting in −13 ± 2 mV. Thus, GNS grafting
on the glass@PDA surface was easily achieved by immersing
the PDA substrate overnight in the GNS colloidal suspension,
with the pH adjusted to 3. The substrates thus obtained
(glass@PDA@GNS) were then cleaned three times with ddH2O
to remove all residual Triton and finally dried under nitrogen
flux before characterization. Fig. S14 shows SEM images of a
typical glass@PDA@GNS sample, while Fig. S15 shows a repre-
sentative UV-vis-NIR spectrum of the substrate. One can
observe a sensible redshift of the LSPR representative peak
compared to the colloidal GNS spectrum (Fig. S13). This is due
to a change in the refractive index when moving from H2O to
the air/PDA interface and is probably also influenced by conju-
gation of plasmonic features between proximal GNS.

The SERS enhancing capability of glass@PDA@GNS sub-
strates was tested using Rhodamine-6G (R6G) as a probe mole-
cule following the procedure described in detail in section 2.7.
An average EF of 2 × 106 was obtained using the formula
reported in the SI (S16) from our previous work,45 consistent

with those previously reported in another of our studies on the
same GNS prepared with a different substrate.13

To better visualize the SERS enhancement, Fig. S17 shows a
comparison between the SERS spectrum of 10−5 M R6G solu-
tion and the corresponding Raman spectrum obtained from a
10−3 M solution of R6G.

Moreover, the reproducibility and homogeneity of the
glass@PDA@GNS substrates were assessed by analyzing three
independent samples, with ten different areas measured per
sample. Fig. S18a shows the SERS spectra of R6G acquired
from ten positions on a single substrate, confirming its good
homogeneity (RSD = 5.4%). Fig. S18b reports instead the
average SERS response from the three substrates, demonstrat-
ing the high reproducibility of the SERS-active substrate fabri-
cation (RSD = 3.2%).

Lastly, the stability of glass@PDA@GNS substrates was
monitored over 25 days by UV-visible spectroscopy. As shown
in Fig. S19, no detectable variation in the LSPR extinction of
the GNS-grafted substrates was observed, confirming their
long-term stability under the tested conditions, namely simple
storage in air without any special precautions.

In order to proceed with the SERS detection of PS-NPs, the
glass@PDA@GNS samples were immersed overnight in
aqueous suspensions of 15 nm PS-NPs at pH 3, ranging from 1
to 10 ppm. Representative SEM images of glass@PDA@GNS
substrate immersed in a suspension of 15 nm PS-NPs are
reported in Fig. S20 and S21. From the SEM images, the
adhesion of several PS-NPs could be observed both on the
surface of PDA, in the “free” space between GNS individuals
and, apparently, also directly on GNS branches. This fact can
be explained by the presence on GNS surfaces of the surfactant
Triton X-100, which could provide some hydrophobic inter-

Fig. 7 (a) Average SERS spectra obtained on glass@PDA@GNS samples after immersion in 60 mL water suspensions of 15 nm PS-NPs at pH 3
between 1 and 10 ppm; (b) intensity of 1001 cm−1 peak as a function of concentration of 15 nm PS-NPs.
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action with PS-NPs. SEM analysis clearly demonstrated that
the PDA-mediated preconcentration of small PS-NPs persists
even after the incorporation of GNS into the system.

The samples loaded with PS-NPs were carefully washed
three times with ddH2O and dried under nitrogen before pro-
ceeding with SERS analysis. As for the other PS-NPs previously
analysed, a 225 µm2 area was mapped, sampling every 1.5 µm
with a 638 nm laser source and a 100× objective. The 638 nm
laser source was selected because it provides a better match
with the LSPR features of GNS. Average SERS spectra obtained
from the map on glass@PDA@GNS substrates loaded respect-
ively with 1 ppm, 2.5 ppm, 5 ppm, 7.5 ppm and 10 ppm of
15 nm PS-NPs are reported in Fig. 7a.

Agreeably, the characteristic peak at 1001 cm−1 of the
15 nm PS-NPs is already detectable down to 2.5 ppm, with an
increase in the intensity along with the increase in concen-
tration of PS-NPs. In Fig. 7b, the intensities of the 1001 cm−1

peak as a function of the concentration of 15 nm PS-NPs are
reported. These preliminary results are encouraging, showing
how, with simple preparation, combining the adhesive pro-
perties of PDA with a SERS-active substrate, it is possible to
easily detect PS-NPs down to 15 nm. These findings mark a
significant step forward, addressing the persistent challenge of
detecting sub-50 nm NPs using SERS.37

4. Conclusions

In this work, we presented a straightforward approach for NPs
detection that exploits a PDA-coating on flat glass substrates.
By leveraging the adhesive properties of this biopolymer, we
enable the pre-concentration of PS-NPs, facilitating their
effective detection via Raman and SERS techniques. The influ-
ence of pH on the adhesive properties of PDA was evaluated,
highlighting the critical role of electrostatic interactions in the
grafting process of PS-NPs.

By employing this simple strategy, we successfully achieved
the Raman-based detection of PS-NPs of 1 µm and 100 nm

size. Additionally, the versatility of the PDA substrate was
exploited to immobilize gold nanostars (GNS), producing a
SERS-active platform capable of detecting PS-NPs as small as
15 nm at concentrations down to the ppm level. It must be
stressed that, even in the latter case, the proposed method-
ology relies on quite simple substrate preparation. This was
accomplished by grafting colloidal GNS onto glass@PDA, once
again exploiting the favourable interactions enabled by the bio-
polymer, which were also harnessed for the further preconcen-
tration of 15 nm PS-NPs.

The Raman- and SERS-based methods proposed so far,
even though capable of successfully detecting NPs from
aqueous suspensions even at very low concentrations, usually
involve complex preparation of the sensing substrate and/or
rely on poorly reproducible detection strategies, such as nano-
particle aggregation or dry dropping of NPs suspension
(Table 2).1,36,46–49

We thus believe that this simple approach will provide valu-
able insights for the development of reliable Raman- and
SERS-based methods for the detection of NPs.
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Table 2 Recent Raman SERS-based detection methods for micro and nanoplastics

Substrate
PS-NPs dimension
investigated LOD Sample treatment and detection strategy

Gold spattered on glass
substrate36

100–800 nm ∼0.1 mg L−1 Drying of aqueous NPs suspension, redispersion in organic solvent and
SERS detection on coffee ring after dry dropping

Klarite1 360 nm to 5 µm Not
calculated

Dry dropping of NPs aqueous suspension prior to Raman measurements

Silver nanoparticles46 100 nm, 500 nm,
10 µm

40 mg L−1 Aggregation of silver nanoparticles in NPs suspension prior to SERS
detection

Elliptical gold nanoparticles47 350 nm, 1 µm, 4 µm 6.25 mg L−1 Aggregation of gold nanoparticles in NPs suspension and dry dropping
prior to SERS detection

Gold nanoparticles on glass48 161 nm, 33 nm,
62 nm

∼10 mg L−1 Dry dropping of NPs suspension prior to SERS detection

Silver nanoparticles49 20 nm 10–5 mg L−1 Self-assembly of AgNPs and nanoplastics at the ethyl acetate-PMMA/water
interface. Transfer of AgNPs@PMMA film onto aluminum sheet prior to
SERS measurement

glass@PDA and
glass@PDA@GNS (this work)

15 nm, 100 nm,
1 µm

∼1 mg L−1 Direct Raman or SERS detection of dry NPs after their homogeneous pre-
concentration on glass@PDA or glass@PDA@GNS substrates
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Data availability

All the data that support the findings of this study have been
included within the article and the supplementary information
(SI). The authors have ensured that additional details related
to the Results and Discussion section are provided in the SI,
offering the readers additional figures and tables that can
enhance the understanding of the scientific findings. The
authors have included supplementary TEM and SEM images
of the substrates developed, additional Raman and SERS
spectra supporting the experiments referenced in the manu-
script as well as additional UV-vis characterizations.
Additionally, full details on the EF calculation have been pro-
viided in the SI. See DOI: https://doi.org/10.1039/d5nr02834e.
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