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Abstract: Environmental concerns about the widespread use of non-biodegradable plastic
have generated interest in developing quick and effective methods to degrade synthetic
polymers. With millions of tons of plastic waste generated annually, biodegradation by
microorganisms presents a promising and eco-friendly solution. However, a bottleneck
has arisen due to the lack of standardized methods for verification of the biodegradation
process. Based on this literature review, he techniques most commonly employed for this
purpose currently include measuring mass loss, examining the surface of plastic fragments
by scanning electron microscopy (SEM) and atomic force microscopy (AFM), and using
analytical methods such as Fourier transform infrared spectroscopy (FTIR), pyrolysis—gas
chromatography—mass spectrometry (Pyr-GC/MS) or high-performance liquid chromatog-
raphy (HPLC). Each of these methods has its advantages and disadvantages. Nevertheless,
currently, there is no universal approach to accurately assess the ability of individual
microorganisms to degrade plastics. In this review, we summarize the latest advances in
techniques for detecting biodegradation of synthetic polymers and future directions in the
development of sustainable strategies for mitigating plastic pollution.
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1. Introduction

Recently, synthetic polymers have become an irreplaceable element in everyday life
due to their low cost, durability, and versatility, which have made them an attractive
substitute material for metal, glass, wood, or paper. Plastics are used in almost every aspect
of our lives, from packaging, textile production, and personal care products to construction
applications [1]. The global production of plastic has been growing rapidly since 1950. Due
to the COVID-19 pandemic, there was a short stagnation in plastic production. However,
in 2023, synthetic polymers production reached 413.8 Mt, which is the highest amount
recorded so far [2,3]. Approximately 80% of the total global plastic consumption is made
up of petrochemical plastics, including polyethylene terephthalate (PET), polyethylene
(PE), polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC) [4-6].

Plastic waste due to its difficult biodegradation and high volume of production is
now regarded as a global environmental pollutant. The majority of produced plastics are
described as non-biodegradable, since the process of their decomposition is slow in the
natural environment, such that it cannot be detected during a human lifetime. Until the
last decade, it was believed that petrochemical polymers were not susceptible to biological
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decomposition; however, there is a rising number of scientific papers on microorganisms
capable of degrading plastics [7,8]. Nonetheless, the degradation of synthetic plastics
remains challenging due to their high molecular weight, dense C-C skeleton, hardness,
and insolubility in water as well as the addition of antioxidants and stabilizers during
synthesis. Moreover, long-chain polymers cannot be carried across microbial cell mem-
branes, which limits their accessibility to microorganisms [9,10]. To allow penetration into
the microbial cells, long-chain polymers must initially be depolymerized into short-chain
or low-molecular-weight products. These products can then pass through cell membranes
and be assimilated during intracellular metabolic pathways. Also worth mentioning is that
the vulnerability to biological decomposition varies based on the chemical and physical
characteristics, such as morphology (amorphous forms degrade faster than crystalline),
physical form (fibers, films, pellets or powder), and the presence of easily breakable bonds
such as ester or amide bonds.

The fragmentation of plastics into smaller particles, known as microplastics (MPs),
further increases environmental concerns; environmental ageing can release additives
and increase the toxicity of MPs [11]. MPs are classified based on size, shape, origin, and
composition. Plastic particles based on size are categorized as macroplastic, for particles
over 25 mm, mesoplastic, for particles between 5 and 25 mm, large microplastic, 1-5 mm,
small microplastic, 1 pm—1 mm, and nanoplastic, for particles measuring < 1 um. Based
on shape, MPs are classified into granules, fragments, films, pellets, fibers, and foams. MPs
consist of different types of polymers, but the most common are listed above [3,5,6]. A
similar classification is also made based on their origin, i.e., into primary and secondary
MPs. MPs can be produced intentionally (they are used, for example, in the production of
cosmetics, such as scrubs and toothpaste), in which case they are called primary MPs. They
can also be generated indirectly through processes such as littering, abrasion, irrigation,
mulching, and the use of sewage sludge and compost in agriculture, in which case they are
classified as secondary MPs [3,12].

Not only are MPs only environmental pollutants, but they also pose risks to human
and animal health. Detecting MPs is therefore essential for understanding their environ-
mental distribution, ecological impacts, and pathways into biological systems. Advanced
analytical methods, including spectroscopy, microscopy, and chromatography, have been
utilized to identify and quantify MPs, providing critical insights for developing effective
mitigation strategies. Research indicates that MPs can be ingested by aquatic organisms
such as mussels, fish, and marine mammals, and that they can bioaccumulate through
the food chain, ultimately entering the human diet [13-15]. MPs have been detected in
human feces [16] and shown to penetrate organs such as the liver, intestines, and lungs
in animal models, as well as cross the blood-brain barrier, raising concerns about their
neurotoxicity [17]. Behavioral studies highlight the impact of MPs on organisms. For
example, exposure to PE particles caused atypical behavior in Danio rerio fish, includ-
ing twitching and unnatural tail positioning, with severity increasing with higher MP
concentrations [18,19].

Due to the environmental effects of the excessive use of non-biodegradable plastics,
more and more biodegradable plastics are being invented, which offers a promising ap-
proach to managing the problem of plastic waste accumulation in the oceans and soil.
These polymers can be degraded faster than “conventional” plastics when exposed to light,
oxygen, moisture and UV radiation. They can be degraded by microorganisms into small
molecules such as water, carbon dioxide, methane, etc. [1]. There are several different
types of biodegradable plastics, e.g., polylactic acid (PLA), polybutylene succinate (PBS),
polyhydroxyalkanoates (PHA), and polycaprolactone (PCL) [4]. Despite this progress, a
comprehensive solution to plastic waste accumulation is yet to be found.
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To solve the global problem of plastic waste, researchers have focused on the isola-
tion and identification of microorganisms with the capability of plastic biodegradation.
Many natural and engineered strains have shown potential in this process [8,20,21]. How-
ever, due to the diversity in the chemical structure of polymers, studies to identify novel
microorganisms and enzymes are still ongoing.

Developing a universal method for detecting MPs and assessing their degradation is
crucial for addressing the growing environmental and health impacts of plastic pollution.
Current approaches often require specialized techniques tailored to specific MPs types,
making cross-comparisons and global assessments challenging. A standardized detection
method would not only facilitate accurate quantification and classification of MPs across
different environments but also support the evaluation of biodegradation processes by
providing consistent metrics to measure microbial or enzymatic efficiency. This review
aims to summarize the recent advances in MPs detection technologies while highlighting
promising strategies for evaluating the biodegradation of this persistent micropollutant.
Additionally, it seeks to identify critical research gaps that must be addressed to develop
holistic solutions for effective evaluation of plastic biodegradation.

2. Analytical Techniques Used to Detect Biodegradation of Plastics

The methodology used to identify predominant techniques for confirming plastic
biodegradation involved a structured literature search conducted on the Scopus and Di-
mensions.ai databases. Only Open Access articles published in English were consid-
ered. Specific keywords, including “microplastic biodegradation organism”, “microplastic
biodegradation microbes”, and “plastic biodegradation” were employed for the search.
Results were filtered by citation metrics and relevance. From each query, 50 results were
retrieved, resulting in an initial dataset of 600 articles. Duplicate entries were removed,
reducing the dataset to 467 articles. Titles and abstracts were then reviewed in the first
stage of selection, narrowing the dataset to 78 articles. After a detailed review of the full
texts, the methods used for confirming biodegradation were extracted from 49 articles to
determine the most frequently employed techniques. Figure 1 presents a workflow applied
to retrieve articles relevant to the determination of the most frequently used techniques
to confirm biodegradation. Figure 2 presents the distribution of the identified techniques
based on their frequency of use in the studied articles.

In the search for efficient methods for biodegradation of plastics, it is crucial to es-
tablish rapid, reliable, and standardized methods for validating the occurrence of the
biodegradation process. The techniques identified through this literature review highlight
the importance of various microscopic, spectroscopic, chemical, and analytical methods
in detecting and characterizing MPs and their biodegradation. These approaches are
summarized in Figure 3.

The following sections of this article will study five of the most commonly used
methods presented in Figure 2, along with additional relevant techniques. Their advantages,
limitations, and prospects for application in biodegradation studies will also be analyzed
to provide a comprehensive understanding of their roles in confirming the biodegradation
process of synthetic polymers.
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Figure 2. Commonly used methods for detecting biodegradation based on the structured literature
search [graph created with the free version of canva.com].

Figure 1. Diagram representation of structured literature search (graph adapted from [22]).
80%
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Figure 3. Commonly applicable methods for detecting and characterizing MPs [graph created with
the free version of canva.com].

2.1. Microscopic Methods
2.1.1. Scanning Electron Microscopy

Observation of the plastic film surface is one of the approaches to confirm the biodegra-
dation process. SEM relies on the principle of examining morphological changes, such as
surface irregularities, the formation of various pores and pits, and development of cracks.
It provides detailed insight into changes occurring on the surface of the material due to
microbial activity. It provides images with high resolution, enabling the observation of
subtle alterations in plastic morphology, which allow the study of microbial interactions
with the surfaces of plastic polymers and the formation of biofilm [8]. Changes in surface
morphology serve as tangible measures of the biodegradation process. This technique
allows for seeing more subtle changes in the structure than observation under a classical
optical microscope; however, this method is more expensive and time-consuming, and it
requires a significant effort for analysis [23]. Sample preparation is crucial for obtaining
high-quality SEM images. This may involve coating the sample with a conductive layer,
e.g., gold particles, to enhance imaging quality [24,25].

2.1.2. Transmission Electron Microscopy (TEM)

TEM is a very-high-resolution imaging technique based on the interaction of an elec-
tron beam with the sample [26]. It allows for visualization of sample morphology and
verification of the size and spherical shape of particles [27,28]. In the context of MPs detec-
tion, this powerful tool is most frequently utilized in studies examining the effects of plastic
particles on model systems. For instance, TEM was useful in the investigation of the toxic
effects of PS nano- and micro-plastics on the marine bacterium Halomonas alkaliphile [25].
In another study, TEM characterization was performed to evaluate the possible effects of
PP, PE, PET, and PVC MPs on microalgae [29]. Interesting results were also obtained in
determining the interaction between fluorescent PET and PP MPs with Cassiopea andromeda
jellyfish [30]. However, this technique has limited application for the direct detection of
microplastics, which are characterized by their amorphous and elementary composition.
This results in weak interactions with electrons and poor contrast shown by polymers in
the TEM analysis. As a solution, heavy-metal staining to enhance the detection efficiency
is proposed. Moreover, in TEM, there is a limit on the thickness that the studied particles
should possess for a valid analysis [23,31], and it is not suitable for accurate mass-based
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concentration measurements. Additionally, the process of solvent evaporation during sam-
ple preparation may lead to particle aggregation on the grid, which can lead to misleading
results (larger particles masking smaller ones). Nevertheless, TEM can be combined with
elemental analysis to yield qualitative information about particle chemical composition [27],
or it can be used as one of multiple methods to provide a comprehensive overview of the
MPs under study.

2.1.3. Atomic Force Microscopy

AFM is a highly sensitive microscopic technique used to examine surface topography
and roughness. Similarly to SEM, this method is extensively used in biodegradation studies
of synthetic polymers, as it effectively captures surface changes induced by microbial
activity. On the images, increased surface roughness and various pits and cracks can be
observed as the biodegradation process progresses [32,33]. In the study by Fang et al.
this method was used to indicate the degradation and surface changes of PP and PE MPs
caused by bacteria obtained from mangroves. In this study, findings obtained by AFM
align with results from complementary methods like SEM and FTIR, emphasizing AFM’s
role in confirming degradation [34]. This technique offers several advantages, including
high resolution and minimal sample preparation. Unlike electron microscopy methods
(SEM or TEM), AFM does not require coating or elaborate preparation. When it comes to
time efficiency, use of this method can be relatively quick for small areas of the sample;
however, for large-scale surface imaging, due to the scanning process, which acquires data
point by point, this method can be time-consuming [35,36].

2.1.4. Fluorescence Microscopy/Nile Red (NR) Staining

Fluorescent dyes, for example, NR, are used in the staining of MPs, helping to dis-
tinguish between plastic waste and non-plastic particles or fragments in environmental
samples [23,37]. NR is a dye that selectively binds to hydrophobic regions [38—40]. MPs
detection using NR is described as cost- and time-effective and can be semi-automated for
high-throughput sample analysis. Additionally, it uses readily available equipment [39-41].
Degradation of plastic affects the fluorescence after NR staining [41]. As biodegradation
progresses, more hydrophilic by-products are produced, due to microbial activity. As the
plastic becomes more susceptible to microbial degradation, the number of hydrophobic
regions to which NR binds may decrease, leading to a decrease in the number of stained
regions. Therefore, monitoring changes in Nile red fluorescence over time can serve as an
indicator of the biodegradation process and the changing hydrophobicity /hydrophilicity
of the plastic surface. Additionally, the plastic fragments can break down into smaller
fragments during the biodegradation process, and the resulting MPs will be visible after
NR staining [38].

2.2. Spectroscopic Methods
2.2.1. Raman Spectroscopy

In the process of the biodegradation of plastics, the issue of polymer residues is impor-
tant. Raman spectroscopy turns out to be ground-breaking and extremely helpful because
it uses optical effects that directly reflect the structure and chemical conditions of molecules
in living cells or tissues [42]. This analytical method uses the interaction of light with
chemical bonds. It provides information on chemical structure, crystallinity, and molecular
interactions. Raman spectroscopy is used in plastic degradation studies to analyze the
Raman spectra of MPs and identify different types of polymers [43]. Together with FTIR,
it is one of the preferred methods used to identify plastics, with a significant advantage
over FTIR in the analysis of MPs particles less than 20 pm in size [43—45]. Raman imaging
technology enables extremely efficient analysis of samples, including polymer biodegra-
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dation products. It uses a single-wavelength light source that induces Raman scattering,
resulting in the acquisition of the molecular vibrations of the sample in the form of a
Raman spectrum. Raman spectroscopy offers a number of benefits, including high spatial
resolution, a wide spectral range, high sensitivity to non-polar functional groups, and low
water interference [44,46]. The main issue in the use of Raman spectroscopy is distorted
spectra caused by the fluorescence of plastic additives, which lead to a low signal-to-noise
ratio in Raman spectra. Another limitation of the method’s use is in environmental samples
subjected to natural weathering processes. This fact is associated with changes in the struc-
ture of the plastic surface, most often caused by oxidation processes of functional groups.
Therefore, it is not recommended to use this method to analyze unknown environmental
samples for identification purposes [47,48].

2.2.2. X-Ray Photoelectron Spectroscopy (XPS)

XPS is a sensitive analytical technique that determines the elemental surface composi-
tion and binding states of elements by analyzing the emitted electrons [49]. XPS represents
an innovative approach in methods dedicated to MPs’ detection. Allowing for quantifi-
cation of elemental ratios (e.g., C/O, F/C), XPS provides insights into the presence of
chemical functional groups on the surfaces of MPs and helps in identifying the polymer
composition of MPs. XPS is often used in conjunction with other analytical techniques, such
as FTIR and microscopy, to obtain a more comprehensive understanding of MPs’ properties.
Among other applications, XPS has been used to determine the chemical composition of
MPs from tea bags [50]. It was also applied in the analysis of heavy metals and other
associated contaminants coexisting with MPs [51]. XPS was also used in determining the
biodegradation effects of linear low-density polyethylene (LLDPE), high-density polyethy-
lene (HDPE), and PVC. The spectra showed significant changes in oxygen content for
LLDPE and HDPE and a decrease in the concentration of chloride ions combined with the
weakening of C—Cl bonds in the case of PVC [25]. XPS also indicated changes during the
aging of PP and HDPE films using a UV-ozone chamber. After aging, the initial oxygen
content in the HDPE was lower than in the PP, making the change in surface oxygen content
greater for these MPs [52]. While XPS is a powerful surface analysis technique, it has some
limitations. It only reveals information about the outermost layers, limiting insights into
the bulk composition of MPs. Reliable results require meticulous sample preparation due to
the need to remove low-molecular-weight material, solvents, salts, and buffers. Analyzing
polymers with XPS may generate weak signals for small nanoplastics, leading to potential
false positives or negatives [53].

2.2.3. X-Ray Diffraction (XRD)

XRD is employed for the primary characterization of material properties such as crystal
structure, crystallite size, and strain. The generated diffraction patterns determined by
the position, arrangement, and size of the constituents of the polymer are like fingerprints
that can be compared to library data for identification [54]. Apart from understanding
the crystalline nature of MPs and their identification, XRD helps to contribute to the
comprehensive study of these materials in various environmental contexts. For instance,
changes in crystallinity patterns can provide insights into the effects of environmental
factors on the structural integrity of MPs or may indicate how MPs interact with minerals,
sediments, or other substances in aquatic or soil ecosystems [55-57]. The XRD analysis may
offer valuable insights into the alterations in the structural composition of the polymers
throughout the process of biodegradation. However, changes in polymer crystallinity
do not always correspond to the rate of biodegradation. For instance, in the study by
Sun et al. [25], the biodegradation rates expressed as weight loss for HDPE and LLDPE
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were similar, but the decreases in the crystallinity of the materials were quite different
(72.00% to 5.78% and 54.56% to 50.25%, respectively). Interestingly, the same study showed
no significant change in the crystallinity of PVC despite the apparent degradation of
the polymer (12.1% = 2.0%). This can be explained by the unique arrangement of PVC,
where chlorine atoms disrupt the symmetry. As a result, regularly aligning the chains
is challenging, leading to inadequate crystallization. Crystals are formed only in the co-
regular segment of PVC chains, contributing to their stable crystallinity during degradation
when compared to HDPE. Thus, XRD may be useful for validating biodegradability, but it
should not be relied upon exclusively.

2.2.4. Fourier Transform Infrared Spectroscopy

FTIR, is a technique that uses infrared radiation for investigating the chemical structure
of samples. The spectrum generated by the absorption of a wave by a molecule is obtained
using the Fourier transform function [58]. The method provides details of the molecular
level of the tested sample, providing valuable information in degradation studies based
on changes in polymer structure for detecting the degradation and ageing of specific
plastics [59]. During these degradation processes, oxidative reactions occur, resulting in the
formation of new bonds (C-O, C=0, and O-H), which provide evidence of degradation [60].
However, the authors note the need for extreme caution when using FTIR to detect the
level of plastic degradation using biological recycling, applying microorganisms. For such
degradation methods, spectrum records can be falsified by biomass, affecting the presence
of C-O, C=0, CONH, and O-H bonds [60]. So far, FTIR has been used to detect degradation
in PE, PS, PP, PET, PVC, and polyurethane (PUR) [61-63]. The main advantages of this
method are as follows: high detection sensitivity, which enables the investigation of trace
amounts of material [60]; universality; the possibility of testing a wide range of samples
from various origins in many forms (gas, liquid, solid) [64]; the fast analysis time (from a
few seconds to a few minutes) [65]; and the possibility of quantitative analysis [66]. The
limitations of the method are, in particular, the fact that the results are averaged over
entire samples, without the ability to specify individual molecules, which can hinder the
detailed analysis of environmental samples, difficulty in identifying mixtures present in
samples, and spectral interference due to impurities present in samples. A summary of
all the possible changes in the structures of particular polymers is presented in Table S1B,
provided in the Supplementary Materials.

2.2.5. Nanoparticle Tracking Analysis (NTA)

NTA determines the particle size distribution in samples based on the Brown-
ian motion of individual particles. This technique combines laser light scattering mi-
croscopy with a charge-coupled device (CCD) camera, which enables the visualization of
nanoparticles [27,67]. NTA exhibits the capacity to analyze particles in the size range of
30-2000 nm [68] and shows favorable results for accuracy, repeatability, and reproducibility
at high and low particle number concentrations. Moreover, dust and microorganisms are
easily detected in this method, and large particles have little influence on the results [67].
However, some difficulties may arise with polydisperse mixtures, resulting in underestima-
tion of the smaller particle sizes [69]. NTA requires several parameter adjustments [67]. For
instance, NTA was used to demonstrate the formation of nanoparticles during the degra-
dation of a PS disposable coffee cup lid, monitoring the increase in particle concentration
over time [68].

2.2.6. Dynamic Light Scattering (DLS)

DLS is the preferred technique employed in the routine determination of nanoparticle
dimensions. Similarly to NTA, the particle size is established from fluctuations in scattered
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light intensity due to Brownian movement [67]. Despite the low resolution achieved, it is
extensively used for the measurement of particles at the nanometer-to-micrometer interface
(800 nm~5 um) [27]. When using DLS, it should be remembered that this method cannot
be considered suitable for the analysis of polydisperse or non-spherical particles. DLS
is characterized by a low ability to distinguish MPs from other types of particles [26].
Furthermore, DLS strongly overestimates large particles due to the dependence of light
scattering intensity on particle size. However, DLS in batch mode, e.g., coupled with
asymmetric flow field flow fractionation (AF4), significantly increases the resolution power
of measurements [27].

2.3. Chemical and Analytical Methods
2.3.1. Weight Loss Measurement

The most basic technique used to confirm microbial activity on plastic films is weight
loss measurement. This method is widely used in assessing the effectiveness of degradation
processes [24,25,70-72]. The approach involves measuring the reduction in weight of a
plastic sample over a specified period, providing a quantitative indicator of the rate at
which the material has biodegraded. The process typically begins by exposing the plastic
sample to microorganisms or environmental conditions that promote biodegradation. As
the microorganisms break down the polymer chains or the plastic undergoes chemical
changes, the mass of the material decreases. This reduction in mass serves as a tangible
measure of the effectiveness of the biodegradation process. Mass loss is presented as a
percentage change in weight. The formula for calculating mass loss is presented below:

% Mass loss = (WOW) x 100%
Wo

where W) is the initial weight (g) of the plastic fragment and W is the weight (g) of the
plastic fragment after biodegradation

This method enables repeated weighing of the sample, so that the rate of biodegradation
can be determined and compared between different microorganisms and studies [8,73-75].

This method is quick and inexpensive, and it does not require complex equipment or a
highly experienced operator. The degree of degradation during the test can be determined
using an analytical balance with high resolution (e.g., 0.0001 g) to determine the weight
of the plastic fragment before and after degradation [75,76]. However, the method is not
without disadvantages. For instance, it is prone to human error and may result in loss
of part of the sample, especially when dealing with very small particles [77]. This may
be why, in some studies, despite maintaining the same conditions, the results varied by
up to a few percentage points [25,63]. Compared to other methods discussed below, it
is less reliable. Nonetheless, it is a useful tool for screening organisms capable of plastic
biodegradation due to its being cost-effective and labor-efficient. This method also allows
one to rapidly compare plastic biodegradation efficiency for different microorganisms and
select the most promising among them for further studies. However, it cannot be used as
the sole determinant of the biodegradation process.

2.3.2. Clear Zone Formation

The efficiency of the biodegradation of plastics by microorganisms makes it possible
to observe clean zones during cultivation on an appropriate agar medium. The medium
is composed of micro and macro elements, with a limited organic carbon source. This
observation confirms the ability of microbes to hydrolyze the emulsified polymers, and
this technique enables high-throughput screening of environmental samples [72,78]. One
technique for detecting the ability of microorganisms to hydrolyze PET involves using
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two layers of agar medium, with the lower one containing nutrients and the upper one
PET. The nutrient agar is composed of 50% R2A agar. Buffering the medium or adding
pyruvate is helpful. The top layer is created by adding PET dissolved in dimethyl sulfoxide
(DMSO) to ultrapure noble agar. Ultrasonic homogenization is used to obtain a uniform
solution. Ultimately, the layer is slightly cloudy and allows observation of the emerging
clear zones [79].

2.3.3. Contact Angle Measurement (CA)

CA measurement is a simple and minimally complex technique that assesses surface
wettability, influenced by cohesive and adhesive energies [80]. This measurement involves
applying a liquid droplet to a solid surface at the equilibrium point among the solid,
liquid, and gaseous phases. The CA is influenced by the chemical properties of the solid
surface, including polar and dispersed interactions, as well as its physical properties,
such as roughness. Small contact angles (<90°) suggest high wettability, indicating that
liquids spread easily on the surface [81]. Overall, CA measurement is a valuable tool
in MPs research, contributing to the broader understanding of the environmental fate,
interactions, and surface characteristics of these particles. CA is frequently employed
to evaluate the effects of the aging and weathering of MPs in various environmental
conditions. Increased hydrophilicity has also been observed in the case of PE sheets, as
well as HDPE and LLDPE films after incubation with microorganisms [25,74]. Furthermore,
the wettability of MPs can influence the behavior of aquatic and soil environments. It
was observed that the soil CA was increased when the MPs concentration reached 2% of
dry soil weight [82]. Moreover, highly wettable surfaces may promote interactions with
water and other substances, affecting the fate and transport of MPs. CA measurements
can also be instrumental in studying the effects of surface modifications on MPs [80].
Generally, plastics such as PE, PP, and PVC are characterized by strong hydrophobicity.
By introducing hydrophilic functional groups to the plastic structure, the hydrophobic
nature can be decreased. Greater hydrophilicity makes the material more susceptible to
degradation [75]. In combination with other techniques, CA measurements may contribute
to the identification of specific polymers associated with MPs [80].

2.3.4. Thermogravimetric Analysis (TGA)

TGA is a thermal analysis technique that determines the change in mass of a sample as
a function of temperature or time. TGA signals provide a profile of the thermal degradation
patterns; thus, they can be easily used to identify the type of polymer present in MPs
samples [83]. Identification and/or quantification of polymers through TGA requires
minimal or no sample pre-treatment to separate MPs from their environmental matrix.
Due to the rapidity and facility in providing chemical identification of polymers, various
TGA-based methods for the analysis of MPs are being evaluated, such as a combination of
TGA and DSC [84] or FTIR [85]. A fairly significant limitation of TGA is the possibility of
overlapping phase transition signals, such as those of polyurethane (PU) and PET, which
results in difficulties in distinguishing them [84].

2.3.5. Differential Scanning Calorimetry (DSC)

DSC is a thermal analysis technique that measures the heat flow associated with phys-
ical and chemical changes in a sample as a function of temperature [86]. DSC can identify
changes in the structures of polymers and provides information on various thermal proper-
ties, including the glass transition temperature, melting point, crystallization temperature,
and heat capacity [83,87]. The quantification and identification are performed via the DSC
signal using the area of the melting peak and its relation to the sample mass [84]. While
DSC is not a direct detection method for MPs, it plays a crucial role in characterizing the



Molecules 2025, 30, 2462

11 of 19

thermal properties of the polymers associated with MPs particles. It helps to characterize
and quantify the polymer mixtures, offering insights into the thermal behavior of individ-
ual components, where each polymer’s distinctive melting point (Tm) is identified. This
approach is valuable in the identification of MPs fragments in environmental samples that
cannot be detected by the naked eye and are difficult to identify with FT-IR and Raman
spectroscopy [88]. Generally, DSC is effective for analyzing polymers with crystalline
components, such as PE, PP, PA, and PET, but it does not apply to amorphous polymers,
such as PS [89].

2.3.6. Pyrolysis-Gas Chromatography/Mass Spectrometry

One of the methods developed for the identification and quantification of polymers is
Pyr-GC/MS. Although it has never been claimed to provide proof of plastic biodegradation,
it does have such potential. By detecting the MPs in the samples, it should be possible
to validate the efficiency of the biodegradation process, by measuring the samples at the
beginning and the end of the biodegradation process in a liquid culture of microorganisms.
Originally, this method was used to validate environmental samples for the quantification
and qualification of MPs pollutants. It has been used in the detection of MPs in live
organisms [90], human blood [91], water [92], soil [93], and air [94]. This method allows
for the detection of many polymers such as PE, PP, PS, PU, PET, and PVC, allowing for
the detection of MPs in the range of 0.1 (PU) to 9.1 ug (PE) [92]. Before the Py-GC/MS
analysis, the samples must undergo digestion (hydrogen peroxide solution (H,O;), 10%
potassium hydroxide (KOH), and others) to remove organic matter. Most of the described
methods rely on coupled pyrolysis using a Frontier-Lab pyrolyzer (Koriyama, Japan) with
gas chromatography—mass spectrometers from different brands, such as Shimadzu (Kyoto,
Japan), Agilent Technologies (Santa Clara, CA, USA), etc. The optimized Pyr-GC/MS
method requires a pyrolysis temperature of 600 [92] to 700 °C [95], with the Pyr-GC transfer
line set at 300 °C. The advantages of this method are high measurement sensitivity, enabling
the identification of copolymers such as PE-PP, and a very small particle size range. On
the other hand, this method requires costly equipment, experienced staff, and the time-
consuming preparation of samples. In summary, this method still requires optimization as
a tool for polymer biodegradation, but it has potential for application in this type of study.

2.3.7. High-Performance Liquid Chromatography (HPLC)/Ultra-Performance Liquid
Chromatography (UPLC)

UPL and HPLC are among the most common methods for the detection of plastic
degradation efficiency. The main difference between HPLC and UPLC is the column filling
particle size. UPLC uses particles < 2 um, while HPLC uses particles of 3 um to 5 um.
UPLC analysis enables reductions in analysis time, improved detection sensitivity, increased
resolution due to reduced dead volume, and the adaptability to operate at pressures higher
than in a standard HPLC system. An HPLC system can operate at a maximum pressure of
6000 psi, while with UPLC, the achievable values reach 15,000 psi [96]. To date, U-HPLC
methods have been applied to degradation products of poly(ethylene terephthalate) (PET)
and polystyrene (PS). The estimation of the degradation capacity for PET is evaluated via the
quantitative and qualitative analysis of samples, taking into the consideration compounds
such as bis(2-hydroxyethyl) terephthalate (BHET), mono(2-hydroxyethyl) terephthalic acid
(MHET), terephthalic acid (TPA), and ethylene glycol (EG) [21,97]. During PS degradation,
many different compounds are formed. Atiq et al. focused on 2-phenylethanol, 1-phenyl-1,
2-ethanediol, phenylacetaldehyde, styrene oxide, and styrene, which can be determined
via HPLC [98]. Styrene can be analyzed using the Zorbax ODS, which is a silica-based,
C18-type column, as well as 2-phenylethanol (with the ZORBAX Eclipse Plus C18 column,
Agilent Technologies, Santa Clara, CA, USA) [99] and phenylacetaldehyde (with the BEH
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C18 or Discovery C18 column) [100]. A detailed description of the detection conditions and
methods is presented in Table S1A, provided in the Supplementary Materials.

2.3.8. A Multi-Aspect Comparison of MPs Detection Methods

As stated in this review, there is still no single sufficiently reliable method to assess
the biodegradation of plastics, but some methods offer significantly more advantages
than others. The advantages and disadvantages of each method are discussed in detail in
Table S1IA-C, in the Supplementary Materials in this review. In addition, in the figure below,
the methods are compared in terms of four important factors affecting their suitability
for plastic degradation studies. A comparison of the methods listed in this review in
terms of cost, the need for a highly experienced operator, sample preparation, and time
efficiency are summarized in Figure 4. The methods presented vary significantly in terms
of these criteria: high-end techniques such as TEM, SEM, and AFM provide detailed
insights into the surfaces of polymer fragments but are associated with high costs and
extensive training requirements, making them ideal for advanced confirmatory analyses.
On the other hand, low-cost methods such as mass-loss measurement, contact angle, and
fluorescence microscopy are more accessible and efficient, but often lack specificity and
can be prone to operator bias. Spectroscopic approaches, including FTIR and Raman
spectroscopy, offer a practical balance, providing reliable polymer identification with
moderate effort and resources, but cannot be used as the only sufficient method to determine
plastic degradation. For complex biodegradation studies, it is recommended to combine
simple screening techniques (e.g., clear zone formation or contact angle) with confirmatory
analytical methods, such as FTIR or Raman, to ensure the reliability of the obtained results.

Cost (1 - low, 3 - high)

Training (1 - low, 3 - high)

SEM

Fluorescence

SEM

Fluorescence

AFM 3.0 Microscopy AFM 3.0 Microscopy
HPLC/ UPLC 25 TEM HPLC/ UPLC 25 TEM
20 2,0
Pyr-GC/MS 15 Raman Pyr-GC/MS 15 Raman
1.0 1.0
0.5 0.5
DSC XPS DSC XPS
0.0 00
TGA XRD TGA XRD
Contact Angle FTIR Contact Angle FTIR
Measurement Measurement
Clear Zone Formation NTA A multi-aspect ciear zone Formation NTA
Weight Loss Measurement DLS . Weight Loss Measurement DLS
Sample Preparation (1 - low, 3 - high) comparison Time Efficiency (1 - high, 3 - low)
SEM Fluorescence O microplastics SEM Fluorescence
AFM 3.0 Microscopy ) AFM 3.0 Microscopy
A detection methods Js
HPLC/ UPLC i TEM HPLC/ UPLC i TEM
2.0 2.0
Pyr-GC/MS 15 Raman Pyr-GC/MS 1.5 Raman
1.0 1.0
0.5 05
DSC XPS DSC XPS
0.0 0.0
TGA XRD TGA XRD

Contact Angle
Measurement

Clear Zone Formation

FTIR

NTA

Contact Angle
Measurement

Clear Zone Formation

FTIR

Weight Loss Measurement DLS Weight Loss Measurement DLS

Figure 4. A multi-aspect comparison of MPs detection methods [graph created with the free version

of canva.com].

3. Conclusions

Here, we have summarized the most common methods used in the study of MPs
detection and plastic biodegradation. Researchers have to decide which technique is
appropriate for each step in the study, from basic, cheap, and uncomplicated methods such
as clear zone formation or weight loss measurement, which allow for the rapid identification
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of microorganisms with potential for polymer biodegradation, to more complicated, but
more reliable methods confirming changes in the surfaces of films or the quantity of
MPs in samples. However, it should be taken into account that there is still no single
sufficiently reliable method for rapid and error-free identification of plastic degradation.
It is necessary to improve existing methods and develop new ones that will be reliable
and practical tools in identifying plastic biodegradation. For the reliable identification of
plastic biodegradation, a combination of several methods for measuring weight loss with
microscopic and analytical methods is necessary.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules30112462 /s1: Table S1A: Comparison of methods for identification
and characterization of microplastics with examples of applications and advantages and limitations
of these methods; Table S1B. Comparison of methods for identification and characterization of mi-
croplastics with examples of applications and advantages and limitations of these 12 methods; Table
S1C. Comparison of methods for identification and characterization of microplastics with examples of
applications and advantages and limitations of these 16 methods. References [101-121] are cited in the
Supplementary Materials.
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Abbreviations

The following abbreviations are used in this manuscript:

MPs microplastics

PET polyethylene terephthalate
PE polyethylene

LLDPE linear low-density polyethylene
HDPE high-density polyethylene

PP polypropylene

PUR polyurethane

PS polystyrene

pPVC polyvinyl chloride

PLA polylactic acid

PBS polybutylene succinate

PHA polyhydroxyalkanoates

PCL polycaprolactone

SEM scanning electron microscopy
AFM atomic force microscopy

TEM transmission electron microscopy
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HPLC high-performance liquid chromatography
UPLC ultra-performance liquid chromatography
FTIR Fourier transform infrared spectroscopy
Pyr-GC/MS pyrolysis—gas chromatography—mass spectrometry
XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

DSC differential scanning calorimetry

CA contact angle

TGA thermogravimetric analysis

NTA nanoparticle tracking analysis

DLS dynamic light scattering

NR Nile red
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