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A B S T R A C T   

Detection of microplastics is still challenging due to limitations of current methods, instrumentation, and particle 
size. In this work, surface-enhanced Raman spectroscopy (SERS) was used to detect polystyrene (PS, 350 nm) and 
polyethylene (PE, 1–4 µm) particles in pure water. Gold nanoparticles (Au NPs) of four different sizes were 
synthesized, characterized, and used as SERS active substrate for microplastic detection. The Au NPs obtained 
had a spherical shape with diameters of 33.2, 67.5, and 93.7 nm and an elliptical shape with shorter and longer 
diameters (nanorods) of 23.5 and 35.5 nm, respectively. The optimal conditions (volume ratio of sample to gold 
colloid, aggregating agent and its concentration) were determined. The efficient and stable SERS signals were 
observed on the PS microparticles, while the PE signal was difficult to obtain. The developed SERS method allows 
the detection of polystyrene microparticles at concentrations as low as 6.5 μg mL− 1. The described method can be 
a useful tool for the detection of microplastic pollutants of this particular size.   

1. Introduction 

Today, plastics are used in almost every field, including construction, 
transportation, packaging, textiles, consumer products, electronics, 
various health applications, and industrial machinery. Plastic is the 
material of choice because it is lightweight, flexible, versatile, hygienic, 
cost-effective and very durable. Therefore, plastic production has 
increased dramatically in recent decades [1,2]. Although the benefits of 
using plastics are numerous, their widespread use is leading to growing 
environmental problems. Plastic waste has become a major problem in 
the modern world [3,4]. Large amounts of plastics are released into the 
environment, such as soil and oceans. Plastic residues in the environ
ment undergo interactions and thus break down into microplastics (MP) 
and nanoplastics (NP) through mechanical abrasion, thermal and ul
traviolet (UV) decomposition, photooxidation, biodegradation, and 
mechanical friction [5]. Microplastics are defined as solid polymer 
particles with a size greater than 1 µm and less than 5000 μm and 
nanoplastic particles with a size of less than 100 nm. Microplastics are 
divided into two main groups [6]. Primary microplastic is intentionally 
produced and used as an additive in many products (e.g., cosmetics). It 
can enter the environment through wastewater. Secondary microplastics 
are formed by the fragmentation of larger plastic particles through hy
drodynamic processes. 

Regardless of their origin, microplastics and nanoplastics have 

become one of the most serious environmental and health problems for 
living organisms today. The impact of microplastics on various ecosys
tems such as the ocean, rivers, groundwater, wetlands, atmosphere, soil, 
etc., has been and is still being studied in detail [7–10]. Extensive 
knowledge is needed to understand the possible physical, chemical, and 
biological changes in the properties of microplastics and its effects on 
human health. Studies have reported the presence of MP particles in 
numerous products intended for human consumption [11,12]. Micro
plastic and especially nanoplastic particles can penetrate many biolog
ical barriers and possess strong toxicological properties [13]. One study 
investigated and confirmed that maternal lung exposure to nano
polystyrene results in translocation of plastic particles to placental and 
fetal tissues [14]. Mohamed Nor and colleagues found that a human can 
accumulate several thousand microplastic particles in the body over a 
lifetime [15]. On the other hand, the detection of microplastics in 
human feces (an average of 2 microplastic particles per g of feces) has 
been reported [16]. An important discovery related to the penetration of 
microplastics into living organisms, including mammals, was made by 
Ragusa and co-workers. Using Raman microspectroscopy, they detected 
multiple microplastic fragments in human placenta samples for the first 
time [17]. In recent research, plastic particles were detected in human 
blood [18]. 

Studies show that the vast majority of micro and nanoplastics found 
in the ecosystem consist of polyethylene (PE), polypropylene (PP), 
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polystyrene (PS), and polyethylene terephthalate (PET), which are 
formed by the degradation of products of these synthetic polymers [19]. 
The identification of plastic micro- and nanoparticles is particularly 
challenging due to their size. Currently, the most commonly used 
methods for chemical identification of microplastics are Fourier trans
form infrared spectroscopy (FTIR) and conventional Raman spectros
copy [20–23]. However, these two methods suffer from poor spatial 
resolution due to the limited diffraction resolution of the instruments. 
Another drawback is that Raman scattering is a weak process that limits 
the signal intensity. Therefore, the spatial resolution for FTIR and 
Raman spectroscopy is theoretically 20 μm and 1 μm, respectively [24]. 
Sampling, handling and identification of micro and nanoplastics is also a 
problem. Furthermore, these particles differ in size, color, density, and 
also in added additives (such as colorants and plasticizers), which makes 
detection even more challenging. This shows that it is not possible to 
effectively detect nanoplastics without further modification of the above 
methods. 

One way to increase the sensitivity of Raman spectroscopy is to use 
surface-enhanced Raman spectroscopy (SERS) [25]. This robust method 
is widely used to identify low concentrations of numerous chemical 
substances such as drugs, pollutants, biomolecules, explosives, or tiny 
plastic particles [26–29]. The discovery of SERS in 1974 attracted much 
attention because of the strong enhancement of the weak Raman signal. 
SERS is a technique that leads to an increase in the scattering cross 
section for molecules adsorbed on or are in the vicinity of the metal 
nanostructure [30]. The higher cross section leads to an increase in the 
intensity of the measured Raman signal. This enhancement of the Raman 
signal is generally explained by electromagnetic and chemical mecha
nisms. The electromagnetic mechanism is explained by the enhance
ment of the electromagnetic field near metal surfaces due to localized 
surface plasmon resonance (LSPR), which occurs when the collective 
vibrations of the metal’s valence electrons resonate with the frequency 
of the incident light. In the chemical mechanism, the adsorbed mole
cules form chemical bonds with the metal surface, and a resonance 
Raman scattering occurs involving these levels (the resonant Raman 
scattering leads to the increase of the Raman cross-section by 2–3 orders 
of magnitude when the energy of the incident photons is close to or 
equal to the energy of an electronic transition in the excited material). 
The amplification of the Raman signal is influenced by the choice of 
metal and the size and shape of the appropriate nanoparticles or nano
structures. Widely used today are colloidal solutions of silver or gold in 
various sizes and shapes. 

An important factor that strongly influences the SERS enhancement 
is the aggregation (static or dynamic) of nanoparticles in the colloid. 
This could result in nanoparticle clusters with plasmonic properties that 
are different from single NPs and with plasmonic resonance wave
lengths, hotspots, and enhancement efficiencies exceeding those of 
single NPs. 

Despite the recognized advantages of the SERS method and its many 
potential applications, there has been relatively little literature on the 
use of SERS for the detection of plastic micro- or nanoparticles. Xu et al. 
were able to identify PS and poly(methyl methacrylate) (PMMA) 
microplastics down to 360 nm in size by SERS using the commercially 
available substrate Klarite [31]. Jeon and co-workers produced Ag 
nanowire network structures coated on the regenerated cellulose matrix 
and obtained strong SERS signals from PS nanoplastics entrapped in the 
network [32]. Caldwell et al. achieved detection limits of 10 μg mL− 1 for 
46 nm AuNP substrates for the 161 nm PS, 20 μg mL− 1 for the 33 nm PS, 
and 15 μg mL− 1 for the 62 nm PET [33]. The same group developed the 
sequential milling method for the preparation of PET particles in the 
nanometer range [34]. Polystyrene (PS) nanospheres can also be 
detected from the SERS spectrum as they pass through the single solid 
gold nanopore [35]. Recently, Lv et al. reported that SERS enables the 
detection of 100 nm sized plastics (PS) at a level as low as 40 μg mL− 1, 
distinguishing between different types of microplastic particles such as 
PE and PP [36]. This enhancement was achieved by aggregating silver 

nanoparticles (AgNPs) with salts. Last year, a study was conducted 
showing for the first time that when PS nanoplastics were surrounded by 
SERS-active silver nanoparticles (AgNPs), a series of Raman spectra with 
chemical information could be obtained via SERS mapping [37]. The 
proposed method was able to identify previously undetectable plastic 
particles as small as ~ 50 nm spiked in water. Recently, Hu and co- 
workers have developed a SERS method for detecting polystyrene 
nanoplastics as small as 50 nm based on a silver colloid [38]. They 
quantitatively analyzed four sizes of PS nanoplastics (50, 100, 200, and 
500 nm) using the same SERS method but obtained different detection 
limits, with the highest sensitivity (detection limit of 6.25 μg mL− 1) 
obtained for 100 nm PS nanoplastics. Lee and Fang have recently 
developed a method where they use gold nanourchins (AuNU) as SERS 
substrates to detect 600 nm polystyrene particles [39]. They suggest that 
SERS of a single particle of PS can be induced by as few as 1–5 particles 
of AuNU under excitation at 785 nm. 

The need for simple, inexpensive, and reproducible SERS substrates 
suitable for microparticle and nanoparticle detection remains strong, 
especially at low particle concentrations. As mentioned earlier, most 
studies on the use of the SERS method for the detection of micro- and 
nanoparticles have been performed on polystyrene particles of different 
sizes, likely due to their two prominent Raman bands (i.e., the ring- 
breathing vibrations at ≈1002 cm− 1 and ≈1032 cm− 1). In this work, a 
sensitive and quantitative SERS method was developed for the analysis 
of polystyrene spheres of 350 nm, but the PE SERS signal was difficult to 
obtain. The developed SERS method allows detection of polystyrene 
microparticles at concentrations as low as 6.5 μg mL− 1. 

2. Materials and methods 

2.1. Materials 

Gold(III) chloride trihydrate, trisodium citrate dihydrate, hydroxyl
amine hydrochloride, ascorbic acid, SDS (sodium dodecyl sulphate), 
sodium chloride, sodium nitrate and potassium chloride were supplied 
by Merck. Silver nitrate was provided by Kemika. Polystyrene spheres 
with diameters of 350 nm and 1 μm (2.5 % (w/v) in water) were ob
tained from Polysciences, Inc. (USA). Clear polyethylene microspheres 
(1–4 μm) in powder form were supplied by Cospheric LLC (USA). The PE 
dilution (200 µg mL− 1) was prepared in water with the addition of 1 % 
SDS in ultrasonic bath. High purity water (18 MΩ cm− 1) was used for all 
experiments. All chemicals were of analytical purity and were used 
without further preparation. 

2.2. Preparation of gold nanoparticles 

2.2.1. Synthesis of gold NP seeds (A1) 
Au NP seeds were prepared by the little modified Turkevich method 

[40]. Briefly, an aqueous solution of HAuCl4 (0.5 mM) was brought to a 
boil and the same volume of 1.7 mM sodium citrate was added. The 
solution was stirred for 15 min and then cooled to room temperature 
with stirring. 

2.2.2. Synthesis of gold NPs (sample A2) 
1 mL of the previously prepared gold nanoparticle seed (A1) was 

added to 9 mL of water, followed by the addition of 0.1 mL of 0.2 M 
NH2OH⋅HCl. The mixture was stirred vigorously, and 0.084 mL of 25.4 
mM HAuCl4⋅3 H2O was added. 

2.2.3. Synthesis of gold NPs (sample A3) 
The procedure described above was repeated, but sample A2 was 

used as a seed solution. 

2.2.4. Synthesis of gold NPs (sample A4) 
The seed solution was prepared by adding 100 µL of 10 mM HAuCl4 

and 100 µL of 10 mM AgNO3 to 5 mL of 10 mM ascorbic acid solution. 
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The reaction mixture was vigorously stirred for 15 s and then 5 mL of 3 
mM HAuCl4⋅3 H2O was added. The reaction mixture was vigorously 
stirred for another 60 s. Finally, 1 mL of 20 mM sodium citrate solution 
was added to stabilize the mixture. 

2.2.5. Synthesis of gold NPs (sample A5) 
Au NPs were synthesised according to the slightly modified Pollitt 

protocol [41]. A solution of 0.5 mL gold(III) chloride trihydrate (24 mM) 
and 50 mL of ultrapure water was heated to 150 ◦C with vigorous stir
ring. During the boiling, 6 mL of 39 mM sodium citrate dihydrate was 
added. After 2 min, another 4.2 mL of gold(III) chloride trihydrate (24 
mM) was added to stimulate particle growth. Within a few minutes, the 
colour of the solution changed from transparent to black and finally to 
deep red. The solution was allowed to cool with constant stirring. All 
gold colloids were stored at 8 ◦C in the dark until further use. 

2.3. Preparation of SERS samples 

In a small glass tube, 500 μL of Au NPs, 25 μL of microplastic solu
tion, and 25 μL of aggregating agent were added unless otherwise 
indicated. The solution was vortexed and 2 μL of the droplet containing 
the plastic particles, gold nanoparticles, and aggregating agent was 
placed on a silicon or glass wafer coated with gold. The sample was 
covered until it dried in air at room temperature. After the droplet 
evaporated, Raman spectra were recorded. The sample preparation 
procedure is shown in Fig. 1. 

2.4. Characterization of nanoparticles 

The size and size distribution of gold nanoparticles were studied 
using a UV–vis spectrometer (Cary, Agilent) and a scanning electron 
microscope (SEM) (Mira-3, Tescan). SEM images were acquired at 
different magnifications with an accelerating voltage of 5 kV to avoid 
charging or damaging the sample. ImageJ software was used for SEM 
analysis and determination of particle size distribution. Dynamic light 
scattering (DLS) was used to further evaluate the diameter distribution. 
DLS measurements were performed using the Zetasizer Nano S, while 
zeta potential studies were performed using the Zetasizer Nano Z 
(Malvern). Size distributions were reported as distributions by intensity, 
and results are presented as the mean of at least 3 measurements. Zeta 
potential was reported as the mean of three measurements. Raman 
spectra were recorded using a Renishaw 1000 micro-Raman spectrom
eter connected to a Leica DM/LM microscope. The excitation source was 
a diode laser with a wavelength of 785 nm focused on a spot of 1.5 μm 
diameter on the sample surface. Raman spectra were also recorded using 
a Renishaw inVia micro-Raman spectrometer connected to a Leica mi
croscope. A 632 nm diode laser was used as the excitation source, and 
the laser beam was focused on a spot 1–2 μm in diameter on the sample 
surface using a 50 × magnification objective. The laser excitation power 
on the sample was about 5 mW. The 520 cm− 1 Raman band of a silicon 

wafer a was used to calibrate the spectrometer. The measurement time 
for each sample was 10 s with 5 accumulations unless otherwise indi
cated. Raman measurements were made at several locations on the 
substrate surface, and the measurement was repeated at the spot where 
the SERS signal was highest. 

3. Results and discussion 

3.1. Characterization of gold nanoparticles 

Au colloids with different particle sizes were synthesized and studied 
to determine the influence of the diameter of NP on the performance of 
SERS spectra. The synthesized colloidal gold solutions were character
ized by different techniques, the first of which is absorption spectros
copy. Fig. 2 shows the UV–vis absorption spectra of the synthesized gold 
NP with plasmon bands between 519 and 546 nm, as expected for 
spherical Au NPs in the size range of 20 to 100 nm. Samples A2, A3, A4 
and A5 have the absorption maximum at 528, 546, 534 and 533 nm, 
respectively (Table 1). Samples A4 and A5 have the smallest FWHM 
value of the absorption peak, indicating a narrow size distribution. 

SEM measurements were performed to observe the size and 
morphology of the synthesized Au NPs (Fig. 3). Samples A2 and A3 
consist of fairly uniform spherical nanoparticles. Sample A4, on the 
other hand, exhibits an uneven surface characterized by the presence of 
spikes on the surface. Samples A2, A3 and A4 have an average particle 
diameter of 33.2, 67.5, and 93.7 nm, respectively. In sample A5, the 

Fig. 1. Schematic diagram of PS analysis using the SERS method.  

Fig. 2. UV–vis spectra of synthesized gold nanoparticles.  
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shape of the particles is mainly elliptical (or nanorod) with an approx
imate axial ratio of 23.5 × 35.5 nm (Fig. 3d). The hydrodynamic size 
distributions by intensity for the colloidal gold samples are listed in 
Table 1. The dynamic light scattering (DLS) measurements revealed that 
the hydrodynamic diameter of the Au NPs is slightly larger than the size 
estimated by SEM. There are systematic differences between these two 
methods due to the coating material and the solvent layer adhering to 
the nanoparticles, which affect the larger hydrodynamic radius. The zeta 

potential (ζ) measurements (Table 1) indicate negatively charged, stable 
particles that do not tend to aggregate spontaneously. 

After determining the average size of the gold NPs using SEM, the 
number of Au NPs in the colloidal solutions and their surface area were 
calculated, assuming that the gold is completely reduced [42]. The 
number of Au NPs was estimated by calculating the volume of gold used 
in the reaction and the average volume of NP. The surface area of Au NPs 
was simply calculated using the formula for the surface area of a sphere 

Table 1 
The characterization of the prepared samples.  

Sample Zeta potential (ζ) 
(mV) 

Hydrodynamic diametera 

(nm) 
λmax 

(nm) 
DSEM (nm) Number of Au NPsb 

(mL− 1) 
Surface area of Au NPsc (m2/ 
L) 

A2  − 19.8 106.7 (88.3 %) 528 32.21 ± 3.92 1.45 × 1013  47.1 
A3  − 29.1 402.6 (90.6 %) 546 67.51 ± 6.35 1.61 × 1011  2.4 
A4  − 38.5 208.5 (85.2 %) 534 93.73 ± 12.54 2.94 × 1010  0.9 
A5  − 35.7 48.9 (60.3 %) 533 (23.53 ± 3.55) × (35.48 ±

5.07) 
1.34 × 1012  3.8  

a Percentages in parentheses indicate percentage based on intensity distributions. 
b The number of Au NPs in the colloid was estimated by dividing the total mass of gold in HAuCl4 used to synthesize the gold NPs by the individual mass of a gold NP. 
c The surface area of the Au NPs was calculated assuming that all NPs were spherical. 

Fig. 3. SEM images of synthesized gold nanoparticles: a) A2, b) A3, c) A4 (inset: a single gold NP) and d) A5. The insets show the particle size distributions.  
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and multiplied by the calculated number of nanoparticles (Table 1). 

3.2. Raman and SERS measurements 

3.2.1. Detection of polystyrene 
The gold colloids have a plasmon maximum at about 520 nm, and 

one would expect efficient excitation at 488 nm or 532 nm to be used for 
SERS. However, because of the formation of aggregates of Au nano
particles required for SERS, which shift the plasmon resonance toward 
red, excitation at 785 nm was used, which is more favourable. Prior to 
the SERS measurements, the Raman spectra of the PS350 and PS1000 
spheres were recorded by drop-casting the stock solutions onto a clean Si 
wafer (Fig. 4). The two prominent PS peaks are at 1004 cm− 1, which is a 
result of ring breathing vibration, and at 1032 cm− 1, which is a result of 
C–H in-plane deformation [43]. The Raman bands in the range 1150 to 
1200 cm− 1 are also observed (C–C stretches), as well as the ring skeletal 
stretch at 1605 cm− 1. While the intensity is good for the 1 µm PS spheres, 
the intensity of the Raman signal is greatly reduced for the 350 nm 
spheres, so that not even the two most intense bands at 1005 and 1034 
cm− 1 can be distinguished and only bands originating from the Si wafer 
can be seen (2nd order of Si at ≈ 950 cm− 1) (Fig. 4). Based on previous 
studies, the representative Raman signal at 1005 cm− 1 was selected to 
further identify the PS350 SERS signal [44]. There is no clear way to 
describe how SERS enhancement scales with the size of the analyte. The 
most important factors affecting enhancement are the distance of the 
analyte from the substrate, its uniform distribution and aggregation. 
This means that it is important to optimize the SERS method for each 
size of PS (or PE) sphere. The size of the PS particles we studied was 
much larger than the size of the gold nanoparticles, leading to the 
conclusion that the enhancement is mainly due to the electric field 
enhancement by the Au nanoparticles and their aggregates attached to 
the surface of the PS sphere. 

The results of many studies show that the improvement of SERS 
depends largely on many factors including the size and concentration of 
gold NPs [42]. The influence of colloids prepared by different synthesis 

methods (and correspondingly different sizes and concentrations of Au 
NPs) on the PS350 SERS signal was investigated and compared by using 
colloids A2, A3, A4 and A5 with the same colloid volume (Fig. 5a). The 
PS concentration used to determine the best Au colloid, the appropriate 
ratio of colloid to PS350 volume, and the aggregating agent was 100 µg 
mL− 1. The use of colloid A5 gave the best band intensity (by height) at 
1005 cm− 1, but good intensity was also obtained with sample A2. 
Samples A3 and A4 had slightly lower intensity at 1005 cm− 1, but the 
band at 1032 cm− 1 was better visible. These results show that it is better 
to use smaller particles (≈35 nm) in high concentration to obtain a good 
SERS signal. The higher number of Au NPs can cause a better coverage of 
the polystyrene surface and increases the number of hot spots, resulting 
in a larger enhancement. Increasing the Au particle size from 32 to 94 
nm resulted in a lower PS350 SERS signal (Fig. 5a). The reason is 
probably the decreasing surface density of the particles with increasing 
Au NPs size. As the Au NP size increases, the final PS350 particle 
coverage decreases, reducing the number of hot spots in the excitation 
region of SERS and thus reducing the signal. Additionally, since the 
aggregation of the Au NPs contributes also to the SERS enhancement, 
larger particles might form clusters whose plasmonic properties do not 
efficiently support the SERS process. 

The optical properties of metal nanostructures depend more on shape 
than size. Spherical Au nanoparticles have only one dipolar plasmon 
resonance, while complex structures typically have multiple dipole 
modes leading to broad plasmon absorption spectra. The induced elec
tronic cloud on complex structures is not homogeneously distributed on 
the surface. This could explain the better enhancement when Au nano
rods (sample A5) are used as SERS substrates compared to enhancement 
by spherical Au NPs. Due to the highest intensity, sample A5 was 
selected for further work. 

To determine the appropriate colloid volume for analysis of PS350, 
different volume ratios between the A5 colloid and PS350 were tested, 
ranging from 10:1 to 60:1 (Fig. 5b). The intensity increases when the 
volume ratio of colloid to PS is changed from 10:1 to 20:1, but there is 
not much difference between the ratios of 20:1, 40:1, or 60:1 colloid to 

Fig. 4. Raman spectra of 350 nm polystyrene spheres (PS350) (red) and 1000 nm polystyrene spheres (PS1000) (black), both 25 mg mL− 1 on Si wafer (not baseline 
corrected); b) UV–vis spectra of Au NPs solution and their mixtures with PS350 or PE and KCl or NaNO3 (0.6 M) solution. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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PS spheres. When the amount of colloid is increased beyond a certain 
volume, the signal is not further enhanced. As will be discussed later, the 
PS350 particles are well covered with Au NPs even with a lower amount 
of colloid solution. 

Hu and co-workers, in a recent paper emphasized the role of aggre
gating agent in the quantitative analysis of polystyrene (PS) nanoplastics 

using silver colloid [41]. In our case, the detection of PS350 was greatly 
facilitated by the use of aggregating agents. The SERS spectra of PS350 
were determined by adding 1 M NaNO3, NaCl and KCl to the A5 gold 
colloid to find the optimal aggregating agent. Fig. 5c shows the SERS 
signal intensity of PS350 when different aggregating agents were used. 
The intensity was significantly increased when any of the salts were 

Fig. 5. SERS spectra of PS350 with different: a) Au colloids, b) volume ratios of Au NPs/PS350 solutions, c) aggregating agents, d) KCl concentrations and e) 
concentrations (100, 75, 50, 25, 12.5 and 6.25 µg mL− 1). The concentration of PS350 was 100 µg mL− 1 and concentrations of aggregating agents (aa) were 1 M if not 
stated differently. 
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added to the sample, so any of the salts tested could be used. The 
negligible differences in the SERS spectra of PS350 when different salts 
were added to the colloids may be due to both the degree of aggregation 
of the colloids and changes in the surface area of the gold structures. 
Two other KCl concentrations (0.6 and 1.5 M) were tested, and the best 
SERS signal enhancement was obtained for a concentration of 0.6 M 
(Fig. 5d), which was used for the further experiments. An additional 
experiment was performed to test whether the addition of PS350 and PE 
itself had any effect on colloid aggregation. Fig. 4b shows the UV–vis 
absorption spectra for the A5 colloid with the addition of PS350 and the 
aggregating agent. It can be seen that there is no shift in the absorption 
maximum when only PS350 or PE spheres are added to the A5 colloid. 
Only after the addition of KCl or NaNO3 does another absorption 
maximum appear at higher wavelengths, indicating the formation of 
aggregates. 

PS350 solutions with concentrations of 6.25, 12.5, 25, 50, 75 and 
100 μg mL− 1 were studied to test the quantitative capability of the 
developed SERS method. Fig. 5e shows the SERS spectra of the different 
PS350 concentrations. A clear PS SERS peak at 1005 cm− 1 was observed 
for all concentrations. As the concentration decreases, the intensity of 
the band decreases and it is visible up to a concentration of 6.25 μg 
mL− 1, so this concentration was taken as the limit of detection (LOD) for 
the developed SERS method. This LOD is comparable to the data pub
lished for silver NPs [38]. 

3.2.1.1. Detection of polyethylene. Fig. 6a shows the Raman spectrum of 
polyethylene (PE) powder obtained with 632 nm laser excitation. The 
most intensive peaks are 1291 cm− 1 (CH2 twisting mode), 1127 cm− 1 

(symmetric C–C stretching mode) and 1060 cm− 1 (the anti-symmetric 

C–C stretching mode) [45]. Three distinct peaks around 1400 
cm− 1 are assigned to the CH2 bending modes, while the peaks at 2838 
and 2871 cm− 1 are assigned to the symmetric and asymmetric CH2 
stretching modes, respectively [46]. 

The SERS signal from the PE spheres was difficult to obtain. Of the 
various measurements, only several showed a satisfactory result 
(Fig. 6b). Obtaining a good spectrum was not improved by changing the 
colloid or adding an aggregating agent. Fig. 6c shows the SEM image of 
polyethylene spheres mixed with a gold A5 colloid. It can be seen that 
none of the spheres are covered with gold and that the Au nanoparticles 
are only found in the small area where the spheres touch. This situation 
did not change even after the addition of the aggregating agent. This 
could be a possible reason for the difficulty in obtaining the SERS 
spectrum. In contrast, the surface of the PS350 spheres was almost 
completely covered with gold nanoparticles (Fig. 6d). Since the 
coverage of the PE microspheres with Au nanoparticles varies from 
sphere to sphere, it is difficult under the Raman microscope to find sites 
with suitable SERS signal. One possible way to overcome this weakness 
is to improve the coverage of the PE particles with gold NPs, which will 
be the goal of further investigations. 

4. Conclusions 

Due to the large occurrence of micro- and nano-sized plastic particles 
in the environment today, there is an increasing need for a fast and 
efficient analysis of these particles, and the SERS method has so far 
proven to be a convenient, rapid, and simple method for the detection of 
many chemicals. The choice of metal used as the SERS substrate affects 
signal enhancement. Previously, it was discussed that Ag is a superior 

Fig. 6. a) Raman spectra of polyethylene (PE) powder - spheres with a diameter of 1–4 µm, excitation 632 nm, b) SERS spectra of PE (200 µg mL− 1) with Au colloid 
(A2) without aggregating agent, excitation 785 nm, not baseline corrected, c) SEM image of PE with A5 colloid, d) SEM image of PS with A5 colloid. 
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material for SERS detection of polystyrene. Therefore, it was challenging 
to use gold, but its advantages over silver (such as oxidation resistance, 
biocompatibility, etc.) are numerous. 

In this work, a method for detecting 350 nm polystyrene spheres 
using gold colloids was developed. Gold nanoparticles (Au NPs) of four 
different sizes were synthesized, characterized, and used as SERS active 
substrate for microplastic detection. The calculated mean particle size 
from SEM analysis was estimated to be 33.2, 67.5 and 93.7 nm for 
spherical samples. The gold nanorod sample has an approximate particle 
size of 23.5 × 35.5 nm. The influence of different sizes and concentra
tions of Au NPs on the PS350 SERS signal was investigated, and the 
nanorod colloid gave the best intensity at 1005 cm− 1 and was therefore 
selected for further work. After the best parameters for the nanorod 
colloid were determined experimentally, the detection limit of 6.25 µg 
mL− 1 was demonstrated, making this method sensitive enough for 
quantitative analysis. The method developed in this work is suitable for 
the detection of polystyrene in aqueous solutions. 
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