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towards a circular economy. Nevertheless, biodegradable materials still exhibit
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polymers, with helpful information on undesirable products or polymerization
mechanism, to understand deterioration pathways by the structure of degradation
products and to follow drug release and pharmacokinetic. Additionally, it
summarizes MS studies addressed on environmental and health issues related to
the extensive use of plastic materials, that is, potential migration of additives or
microplastics identification and quantification. The paper is focused on the most
significant studies relating to synthetic and microbial biodegradable polymers
published in the last 15 years, not including agro-polymers such as proteins and

polysaccharides.

KEYWORDS

polyhydroxyalkanoates

1 | INTRODUCTION

Biodegradable polymers are a whole family of materials
with different properties and applications (Mukherjee
et al., 2023). They can be derived from agro-sources, be
synthesized by microorganisms or monomers, either bio-
based or fossil-based (Figure 1). There are two major
advantages of biodegradable plastic products compared
to the conventional ones: they can save fossil resources
by using biomass that renews (in short time) and offer
additional means of recovery at the end of lifetime
through biodegradability. Consequently, in the last
decade, the uses and applications of biodegradable
polymers have increased, absolutely conditioned by
environmental concerns and consecutive legislative
choices.

Even though nowadays there are several commercial
biodegradable systems, consistent research activities, and
financial supports are still focused in improving their

biodegradable polymers, characterization, degradation, drug release, microplastics,

performances by tailoring structural properties to further
broaden the application fields. Thus, a good under-
standing of characterization features and a reliable
structural analysis is of noteworthy significance to
successfully enhance the properties of this class of
polymers. Furthermore, some controversies and doubts
have arisen recently about the end-life fate and persist-
ence of biodegradable bioplastics and microplastics
(Serrano-Ruiz et al., 2021; Wang et al., 2021; Wei, Bohlén,
et al., 2021). Mass spectrometry (MS) has been increas-
ingly involved in biodegradable polymer analysis, thanks
to the enhancement of instruments and up-to-date
configurations. Among the MS methods, the soft ioniza-
tion techniques, for example, matrix-assisted laser
desorption ionization time of flight MS (MALDI-TOF
MS) and electrospray ionization MS (ESI-MS), have been
extensively applied in the structural characterization of
biodegradable polymers. In recent times, reviews and
book chapters on MS in biodegradable polymer analyses

Biodegradable Polymers
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have been published (Kowalczuk, 2016; Kowalczuk &
Adamus, 2016; Rizzarelli & Carroccio, 2014, 2015;
Rizzarelli & Rapisarda, 2021, 2023; Rizzarelli et al.,
2019a, 2020). MS methods, for their high sensitivity,
selectivity, and quickness, allow the finest structural
details to be revealed still in complex polymer samples.
Thus, different strategies, based on or supported by MS
techniques, have been applied and developed to help
biodegradable polymer analyses, related to the character-
ization, degradation, and usage challenges.

Whenever single-stage MS has not been able to
ascertain the polymer structure, tandem mass spectrom-
etry (MS/MS) provided helpful checking interpretation of
MS data and supplementary information (Crecelius
et al., 2009; Rizzarelli & Rapisarda, 2021, 2023). It has
been used in the characterization, degradation, and
applications of traditional and biodegradable polymeric
systems. Preliminary fragmentation studies represent
the first step for the confident structure assignments of
tandem mass spectra (Chendo et al, 2018;
Rizzarelli, 2013; Wesdemiotis et al., 2011). Both MALDI
and ESI-MS/MS techniques provided valuable structural
details on end-groups, copolymer composition and
sequence distribution, pharmacokinetic, fate of poly-
meric excipients, drug delivery systems (DDS) as well as
degradation products and mechanisms as very recently
reviewed (Rizzarelli & Rapisarda, 2023). Multi-
dimensional MS methodologies, combining MALDI and
ESI with TOF mass analysis, MS/MS fragmentation, and/
or ion mobility MS (IM-MS), have been successfully
employed to give insights on chain-end or in-chain
substituents, composition, isobaric and isomeric species,
isomeric purity, differentiate linear and cyclic polymers,
macromolecular connectivity chain, sequences, and
architectures (Charles et al., 2020; Crotty et al., 2016;
Wesdemiotis, 2017). On selected biodegradable polymers,
the efficiency of new ionic liquid matrices in MALDI
(Berthod et al., 2009; Serrano et al.,, 2011) as well as
studies on dissociation modes in MS/MS, to support their
characterization (Scionti & Wesdemiotis, 2012), and
library-method facilitating the MS data interpretation
(Ogaki et al., 2008) have been tested, elucidating their
structures, and providing information on fragmentation
mechanisms.

Interestingly, inductively coupled plasma mass spec-
trometry (ICP-MS) was recently employed in bio-
degradable polymer analysis to check metals due to
residual catalyst (Rizzarelli et al., 2019b), correlate their
contents with polymer degradation (Dintcheva
et al., 2017), in antimicrobial textile nanocomposites or
for drug delivery studies (Doumbia et al., 2015; Hsieh
et al., 2018; Pathak & Dhar, 2015; Qin et al., 2022; Shi
et al., 2015; Wang et al., 2012; Yu et al., 2022).

Furthermore, time-of-flight secondary ion mass
spectrometry (TOF-SIMS) has been used recurrently in
surface characterization of biodegradable polymers and
to verify the changes induced by degradation processes.
In particular, it highlighted physiochemical surface
interactions between bioresorbable polymers and biolog-
ical environments (Rizzarelli et al., 2020). In fact, the
final performance of a biodegradable material is greatly
connected with its surface structure and interfacial
features. Moreover, MS methods provided comprehen-
sive information on degradation processes by the
detection of polymer end-chain structures derived from
primary thermal, thermo, and photo-oxidative decompo-
sition mechanisms. The hydrolytic and enzymatic
degradation of biodegradable polymers has been mon-
itored mainly by ESI-MS being interfaced promptly with
solution-based separation techniques such as high-
performance liquid chromatography (HPLC). Further-
more, HPLC-ESI, pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS) and ultrahigh-resolution Fou-
rier transform ion cyclotron resonance mass spectrome-
try (FT-ICR-MS), with an ESI ion source, have been
employed in studies concerning environmental and
human health issues, particularly migration of additives
and microplastics analysis (Okoffo et al, 2022;
Phothisarattana & Harnkarnsujarit, 2022; Savva et al.,
2023; Sun et al., 2022; Wang et al., 2022). Whereas
investigations on biomass carbon ratios on biodegradable
materials have been carried out by accelerator mass
spectrometry (AMS) (Flores et al.,, 2009; Funabashi
et al., 2010; Tachibana et al., 2009).

Accordingly, the current review aims to outline an
overview of the studies focused on biodegradable
polymers in which MS provided helpful information on
the synthesis, unexpected side reactions, or polymeriza-
tion mechanism. Additionally, it summarizes studies
addressed using MS on degradation processes, drug
release and pharmacokinetic, and the potential environ-
mental impact related to an extensive use of bio-
degradable plastic materials. The paper is focused on
the most significant studies relating to synthetic (bio- and
fossil-based) and microbial biodegradable polymers,
mainly polyesters (Figure 2). Studies on agro-polymers
are not included in this review. GC-MS analysis has been
broadly used in PHA samples, previously treated by
solvolysis and derivatization to reduce the molecular
weight and improve volatilization. LC-MS has been
applied in the analysis of the monomeric composion of
microbial PHAS, a challenging task for the wide chemical
variety of monomers and limited numbers of analytical
standards. Both MALDI and ESI have been exstensively
employed to get structural information of microbial and
synthetic biodegradable polymers. However, molar mass
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microbial biodegradable polymers studied by mass spectrometry. [Color figure can be viewed at wileyonlinelibrary.com]

estimates were reliable only in the case of samples with
narrow molar mass distributions. An in-depth outline of
the MS methods used to study microbial and synthetic
biodegradable polymers and the kind of information
obtained will be provided. Challenges and successful
strategies will be highlighted. The ultimate goal is to be
helpful in the choice of the MS technique in future
studies. A right selection is essential to be successful in
the consistency and usefulness of the data acquired,
further extending the fields of application of MS in the
development of biodegradable polymers and supporting
resolution of controversies with human and environ-
mental health drawbacks.

2 | CHARACTERIZATION OF
BIODEGRADABLE POLYMERS
BY MS

The structural characterization is the first stage in
the analysis of a polymeric sample. Several MS tech-
niques, combined with other analytical methods or by
themselves, are fruitfully used for the structural

characterization of polymers, including the bio-
degradable ones (Crotty et al., 2016; Gerislioglu
et al., 2018; Rizzarelli & Carroccio, 2014; Sato et al., 2020;
Wesdemiotis et al., 2023). Checking the structure,
ascertaining the successful synthesis, detecting
unexpected species from side reactions, and so
forth involve the selection of appropriate analytical
approaches. This is important to detect species in trace
amounts with critical health-related implications being a
guarantee of safety, efficacy, and quality. Therefore, MS
techniques for their high sensitivity, selectivity, and
speediness are a valued support for the characterization
of biodegradable polymer providing exhaustive structural
details even in complex matrices. MS analysis, especially
by MALDI and ESI-MS, have been established helpful in
the identification of end groups or contaminants, in the
validation of functionalization of polymer—drug coniu-
gates systems, to understand the polymerization mecha-
nism, or else to investigate the surface and the
distribution of constituents or drugs in polymeric
samples. Certainly, the choice of a matrix tailored for a
particular kind of polymer sample, of the solvent and
polymer/matrix mixture deposition on the sample plate,
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of cationization reagents, of the matrix/polymer/catio-
nizing agent mixing ratios, as well as presence of salts,
sample concentration, instrument settings, and so
forth play a crucial role for the successful characteriza-
tion of the sample. These MS methods cannot be used for
analysis of polymer samples that are insoluble or poorly
soluble in organic solvents. Considerable efforts have
been devoted to the development of new “solvent-free”
MALDI sample preparation methods. The method
consists in immersing the polymer sample in liquid
nitrogen, followed by addition of powdered matrix. The
resulting mixture is finely ground in a rotating-ball mill.
The “solvent-free” methodology has not been applied to
biodegradable polymers in the last 15 years. High
dispersity mass samples with high molecular weight
can be analysed with more difficulties by MALDI and
ESI-MS. ESI-MS spectra can be complicated by multi-
charged ions. In MALDI analysis, the lower molecular
weight ions are detected with decreasing intensity.
However, valuable information has been deduced assum-
ing the spectrum representative of the whole of
biodegradable sample (Rizzarelli & Carroccio, 2014).
Additionally, MALDI-MS can potentially supply quanti-
tative information necessary for determination of the
average molecular masses and molecular mass distribu-
tion of a polymer or of relative amounts of different
components in a polymer mixture. Nevertheless, molar
mass estimates are reliable only in the case of samples
with a narrow molar mass distribution, whereas, for
polymer samples with high dispersity, the results are far
from the actual expected values. The inaccurate determi-
nation of molar masses in high mass dispersity samples
by MALDI-TOF MS is reasonably due to mass discrimi-
nation effects and decreasing detection response at
higher masses. In fact, lighter molecules are preferen-
tially desorbed and ionized in the MALDI process,
suppressing the desorption and ionization of higher
mass molecules, and the detector response is not
constant. An accepted method for molar mass determi-
nation by MALDI, in high mass dispersity polymer
samples, consists of the analytical fractionation by size
exclusion chromatography (SEC) followed by MALDI
analysis of each narrow-distributed fraction, procedure
first described in the analysis of synthetic polymers by
Montaudo et al. SEC/MALDI TOF off-line coupling
involves the collection of sample fractions through an
analytical SEC. The so-obtained narrowly distributed
fractions are analyzed by MALDI-MS for the determina-
tion of their average molecular weight. This allows
calibration of the SEC curve against absolute molecular
weight, to be further applied to compute trustworthy
molecular weight parameters of unfractionated high
dispersity samples (Montaudo et al., 2006). In the last

15 years, the off-line SEC/MALDI method has been
applied to a limited number of studies concerning the
structural characterization and the MM determination of
synthetic =~ biodegradable  copolyesters  (Fouquet
et al., 2020). On the contrary, tandem MS has supported
numerous studies being, in several case, crucial to define
exactly structures of end group, architectures, and
sequence distributions (Rizzarelli & Rapisarda, 2023).
All these structural features are essential in the develop-
ment of biodegradable polymers also for the inter-
connection with the biodegradability required at the
end of their lifetime.

2.1 | Structure investigation

Whatever the type of polymeric material, the inspection
of molecular issues and structures is the first step in its
development. MS can provide primary information,
confirming the mass of the repeating units, establishing
the nature of end groups, monomer composition, average
molar masses, and so forth. In the past, a variety of
biodegradable polymers has been characterized by MS.
MS has been used to confirm the successful preparation
of monomers and the presence of impurities (Blanquer
et al., 2010; Ezati et al., 2022; Liu et al., 2008; Raase
et al., 2015; Santra et al., 2020) as well as the structures of
polymer and copolymer samples (Bakkali-Hassani
et al., 2022; Dria et al., 2012; Feng & Tong, 2017; Fischer
et al., 2015; Impallomeni et al., 2013; Landim et al., 2019;
Liu et al., 2009; Lochee et al., 2010; Loriot et al., 2016;
Saito et al., 2019; Shen et al.,, 2019; Sobczak, 2012;
Takizawa et al., 2008; Ten Breteler et al.,, 2013; Zhu
et al., 2011; Zoéttowska et al., 2015), the composition and
sequence distributions (Impallomeni et al., 2011, 2015;
Rizzarelli & Puglisi, 2008; Rizzarelli et al., 2022), or just
the end groups, particularly useful in multi-step synthetic
procedure (Impallomeni et al., 2013; Kolmas et al., 2014;
Oledzka et al, 2011; Rizzarelli et al.,, 2015; Tang
et al., 2011; Theerasilp et al., 2018; Zhang et al., 2008),
and in commercial sample (Rizzarelli et al., 2019b), or
else extensively in checking the structure of microbial
polyhydroxyalkanoates (PHAs) produced by usual or
cheap feeding (Ali & Jamil, 2014; Allen et al., 2010; Bhati
et al., 2010; Biernacki et al., 2017; Elain et al., 2015;
El-Kadi et al., 2021; Ge et al., 2016; Hagagy et al., 2022;
Hamdy et al., 2022; Impallomeni et al., 2011, 2018; Jyoti
et al., 2021; Mahato et al., 2021; Mostafa et al., 2020;
Salazar et al., 2014; Sriyapai et al., 2022) or by carbon
waste sources (Alsafadi et al., 2020; Arshad et al., 2017,
Astolfi et al.,, 2020; Ekere et al.,, 2022; Johnston
et al, 2017, 2018, 2019; Ojha & Das, 2018; Radecka
et al., 2016; Sriramani et al., 2022; Susithra et al., 2021),
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otherwise to quantify the yield production of PHAs
inside microorganisms (Liang et al., 2022). Soft ioniza-
tion techniques have been exploited to check the
polymerization mechanism (Chen et al., 2020; Gorrasi
et al., 2016; Glimiistas et al., 2022; He et al., 2020; Yang
et al., 2022) or confirm the effective backbone functio-
nalization (Cicogna et al., 2014) or else the structure of
polymer-conjugates (Bansal et al., 2020; Blaj et al., 2021;
Den Berghe et al.,, 2011; Impallomeni et al., 2021;
Kwiecienn et al.,, 2012, 2015; Maksymiak et al., 2013;
Parwe et al., 2014; Peptu et al., 2018, 2022; Pignatello
et al., 2013, 2015; Scherger et al., 2021; Yu et al., 2008)
and bioconjugates, hybrid materials with biomolecules
covalently bonded to synthetic polymers (Ke et al., 2017;
Pedron et al.,, 2010; Pelosi et al.,, 2021; Talelli &
Vicent, 2014; Yi et al., 2008). Some studies have been
addressed to the challenging identification of branched
structures (Fischer et al., 2015; Peptu et al., 2012;
Shiravand et al., 2016). MALDI (Shiravand et al., 2016),
SEC/MALDI TOF off-line coupling (Fischer et al., 2015),
and LC-tandem MS (LC-MS/MS) (Peptu et al., 2012)
were used in successful approaches.

MS spectra interpretation of copolymers can be
complicated for the higher number of signals and the
support of additional techniques and/or MS/MS is in
some cases essential. Both ESI-MS/MS (Adamus, 2009;
Duale et al.,, 2021; Fouquet et al., 2020; Johnston
et al., 2017, 2018; Kwiecien et al., 2015, 2016; Maksymiak
et al., 2016; Prian et al., 2019; Sallam et al., 2017; Wei
et al., 2014) and MALDI-MS/MS (Ashby et al., 2017;
Sallam et al., 2017; Weidner et al., 2009), with collision-
induced dissociation (CID) as the most frequently used
fragmentation mode, have supported the characteriza-
tion of biodegradable copolymers. Furthermore, surface
analyses in biodegradabe polymer systems have been
carried out almost exclusively by secondary ion mass
spectrometry (SIMS) (Bege et al, 2012; Casettari
et al.,, 2011; Chen, Dong, et al., 2010; Du et al., 2018;
Lee et al., 2008; Mohiti-Asli et al., 2014; Ugur et al., 2020;
Van Royen et al., 2011; Zorn et al., 2022).
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Identification of microbial PHAs

PHAS represent a very important family of biodegradable
polymers. They can accumulate in microbial cells with
very high molecular weight (MW) or be synthesized in
laboratory. Numerous studies have been supported by
MS to verify their structures and establish the composi-
tion. Relevant information about the influence of carbon
source and/or pH, temperature, etc. on the PHA
structures were obtained, mainly combining MS with

chromatographic separation techniques, LC as well as
GC. GC-MS has been extensively adopted on PHA
samples previously treated by solvolysis and derivatiza-
tion. MS studies frequently applied complementary
structural analyses by Fourier transform infrared spec-
troscopy (FTIR) and/or nuclear magnetic resonance
(NMR) (Allen et al., 2010; Arshad et al., 2017; Bhati
et al., 2010; Biernacki et al., 2017; El-Kadi et al., 2021;
Hamdy et al., 2022; Jyoti et al., 2021; Mostafa et al., 2020;
Ojha & Das, 2018; Sriramani et al., 2022; Sriyapai
et al., 2022; Susithra et al., 2021). A response surface
methodology (RSM) was used to examine the combined
outcomes of glucose and peptone concentration as well
as pH on microbial PHA production. All variables had a
substantial effect on PHA production either individually
or in the interaction with each other. The chemical
composition of the polymer extracted from Bacillus
cereus SH-02 was checked by '"H NMR, '*C NMR, and
GC-MS analysis. Functional groups and surface morpho-
logical features were analyzed by FTIR. Both NMR and
MS spectra exhibited data that confirmed a poly(R-3-
hydroxy butyrate) (PHB) polymer sample, with MW
detection for methyl 3-hydroxybutyric acid by MS
(Hamdy et al., 2022). A similar RSM approach was used
by Ojha and Das in the optimization of PHA production
using yeast strain isolated from natural sources. Again,
the structure characterization of the extracted PHA was
performed by FTIR, GC-MS, and NMR. GC-MS analysis
was carried out after methanolysis of the extracted
sample. However, NMR revealed that the biopolymer
was a poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) (Ojha & Das, 2018). Srisawat et al. evaluated
the use of 13 engineered nanogel particles to increase
PHA accumulation in the marine photosynthetic bacte-
rium Rhodovulum sulfidophilum under photoautotrophic
culture. The anionic nanogel particles significantly
enhanced PHA accumulation in R. sulfidophilum up to
157-fold using NaHCO; as the sole carbon source. The
PHA content was determined using a GC-MS instrument.
By performing '*C tracer experiments and GC-MS
analysis, they confirmed that HCO®>~ was assimilated
throughout the central carbon metabolism. Indeed, the
GC-MS mass fragmentation pattern of extracted PHA
from the R. sulfidophilum culture containing nanogel
particles established the incorporation of [**C]NaHCO,
into PHA accumulated in R. sulfidophilum (Srisawat
et al., 2022). El-Kadi et al. used inexpensive and available
alternative carbon sources (whey, sugar beet molasses,
and date molasses) to obtain PHB from Bacillus para-
mycoides, Azotobacter salinestris, and Brevundimonas
naejangsanensis. They investigated the chemical
structure by FTIR and GC-MS/MS. GC-MS after
extraction was carried out after derivatization by
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N,O-bis-trimetilsilil-trifluoroacetamide (BSTFA) reagent.
Infrared (IR) of the produced PHB from B. paramycoides
and A. salinestris showed similar bands, which confirmed
the presence of PHB; however, B. naejangsanensis
showed weak bands, indicating lower PHB concentra-
tion. The obtained information on chemical composition
showed that the GC-MS signals of the PHB extracted
were due to 2,4-ditert-butylphenol for B. paramycoides
and isopropyl ester of 2-butenoic acid for both A.
salinestris and B. naejangsanensis (El-Kadi et al., 2021).
Jyoti et al. checked the ability of Ralstonia solanacearum,
a phytopathogen, to accumulate PHB granules. Fluores-
cence microscopy, GC-MS, and 'H NMR were used to
confirm the bacterial accumulation of biodegradable poly
(3-hydroxybutyrate) (P(3HB)) by glucose and >C glucose
feeding. In particular, fluorescence microscopy was
employed for the vision of P(3HB) granules within the
bacterial cells. R. solanacearum cells were grown in P
(3HB) production media, collected, and highlighted by
nile red, a lipophilic fluorescent dye. The presence of
fluorescent dots in the cells showed the accumulation of
typical P(3HB) granules (Figure 3A). GC-MS on
N-methyl-N-(t-butyldimethylsilyl) trifluoroacetamide +
1% t-butyl-dimethylchlorosilane (TBDMS) derivatized
cell hydrolysate confirmed the nature of P(3HB). In fact,
3-hydroxybutyric acid, the monomer of P(3HB), with
2TBDMS was eluted at 13.9 min, and diagnostic mass
fragments were detected in the mass spectra (Figure 3B).
The metabolite identification was further confirmed
using standards and the NIST library (National Institute
of Standards and Technology) (Figure 3C) (Jyoti
et al., 2021).

GC-MS on methanolyzed PHA and FTIR were used
to analyze the content and monomer composition of
PHAs synthesized by cheap edible oils as a carbon
source. Different edible oils, such as groundnut oil
(GNO), mustard oil, sesame oil, and soybean oil were
tested on PHA production from Pseudomonas aeruginosa
EO1. FTIR spectra showed strong typical bands for the
PHA polymer. GC-MS highlighted the presence of
PHA copolymers. In particular, PHA extracted from
P. aeruginosa EO1 wusing GNO contained beta-
hydroxybutyric acid methyl ester (3HB) (7.41%), methyl
3-hydroxytetradecanoate (7.26%), and hexadecanoic acid,
methyl ester (5.03%) (Mahato et al., 2021). 'H NMR and
GC-MS analyses were used to check the structure of
PHAs extracted from Paraburkholderia sp. PFN29, by
comparing to standard PHB and PHBV, the most
common PHAs (Sriyapai et al.,, 2022). On seeking
alternative sources for bacterial production of PHA,
Allen et al. evaluated the potential of the seed oil from
Jatropha curcas plant, since it is nonedible, widely
available, and can be cheaply produced. The microbial
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PHA was fully characterized by GC-MS, ESI-TOF-MS, gel
permeation chromatography (GPC), and 'H and '°C
NMR. In the GC-MS spectra only the methyl
3-hydroxybutanoate monomeric unit was identified.
Instead, ESI-TOF-MS showed that the PHA was a
copolymer, detecting peaks due to HB/HV copolymer
chain. ESI data were confirmed by 'H and *C NMR
analysis (Allen et al., 2010). To determine the type of
PHA mainly produced by two new isolate Halolamina
species, FTIR, LC-MS, and LC-MS/MS analyses were
carried out. LC-MS/MS analysis with ESI source dis-
played peaks, at retention times of 5.2, 7.3, and 8.1 min,
which disclosed the occurrence of PHB, acetoacetyl-CoA,
and PHB synthase, its synthetic products. The FTIR
spectra showed sharp peaks at around 1628.98 and
1629.28 cm™!, which confirmed the presence of the
carbonyl group (C=O0) on amides and related to
proteins, typical of PHB (Hagagy et al., 2022). Ge et al.
used a LC-MS for the determination of monomeric
composition in bacterial PHAs isolated from Pseudomo-
nas cultivated on different carbon sources. LC-MS was
performed by an ESI source and on PHAs samples after
hydrolysis. Besides C6, C8, C10, C12, C14, and C16, the
hydrolized PHAs were also composed of three unknown
PHA monomers whose molecular masses were deter-
mined by ESI-MS in negative ion mode. Based on the
molecular masses, it was suggested the presence of PHA
monounsaturated monomers: 3-hydroxydodecenoicacid,
3-hydroxytetradecenoicacid, and 3-hydroxyhexadecenoi
cacid. Nonetheless, due to the lack of analytical
standards, the chemical structures were further checked
by off-line LC-NMR. The study highlighted how much is
challenging the analysis of monomeric composition in
microbial PHAs for the wide chemical variety of
monomers and lack of analytical standards (Ge
et al., 2016).

In accordance with the circular economy approach,
several recent papers have been addressed in microbial
PHAs produced by waste-by-product (Astolfi et al., 2020;
Sriramani et al., 2022; Susithra et al., 2021). GC-MS on
pretreated samples (Arshad et al., 2017; Sriramani
et al., 2022; Susithra et al., 2021), ESI-MS and MS/MS
(Ekere et al., 2022; Johnston et al., 2017, 2018; Johnston
et al.,, 2019; Radecka et al., 2016), ICP-MS (Astolfi
et al.,, 2020), isotope ratio mass spectrometry (IRMS)
(Alsafadi et al., 2020) have been successfully used to
check the structure or elemental composition of the
microbial PHAs. 'H NMR and GC-MS techniques were
adopted to confirm the PHB biosynthesis, using an alkali-
pretreated spent mushroom substrate of sugarcane
bagasse as a novel lignocellulosic carbon source, by a
Bacillus tequilensis PSR-2 isolate. GC-MS was performed
after a process of methanolysis. GC-MS and NMR, with
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FIGURE 3 Analysis of P(3HB) or its monomer 3-HB in Ralstonia solanacearum. (A) Confocal image of R. solanacearum highlighting

the P(3HB) granules (stained red with nile red) when excited at 560 nm.

The figure represents the bright field image (i) of bacterial cells, red

fluorescent dots of P(3HB) granules (ii), and the merged image (iii) having bacterial cells with P(3HB) granules. (B) Total ion chromatogram
of TBDMS derivatized cell hydrolysate of R. solanacearum obtained by GC-MS highlighting the 3HB-2TBDMS peak and mass fragments. (C)
Identification of 3HB peak to the NIST library resulted in 95% similarity to the database. Reprinted with permission from Jyoti et al. (2021),
copyright 2021 (American Chemical Society). [Color figure can be viewed at wileyonlinelibrary.com]

further support of FTIR, ascertained the PHB structure
(Susithra et al., 2021). PHAs produced with organic waste
as the feedstock may provide contaminants that could
move from bio-waste to the polymer granules. Potential
contaminants include inorganic elements, such as heavy
metals. Therefore, Astolfi et al. evaluated the total

content of particular elements in numerous PHA
samples produced from different origins and methods.
Two kinds of feedstocks were included: a mixture of
organic fraction of municipal solid waste and biological
sludge from urban wastewater treatment and fruit waste.
The contents of 40 elements were quantified by ICP-MS.
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The elemental content of PHA was usually low and
ranged from ppb to a few ppm, excluding alkaline and
alkaline earth metals. Predictably, the feedstock nature
influenced the contaminant levels. In fact, the PHA from
fruit waste showed a lower elemental content than PHA
originated from the mixture of the organic fraction of
municipal waste and sludge from wastewater treatment.
The crop-derived commercial PHA sample showed lower
concentrations of heavy metals than the waste-based
PHA ones. The PHA extraction process affected the
contents of contaminants as well, with acid-based
extraction resulting in lower heavy metal contents than
extraction with either hypochlorite or chloroform.
Additionally, several experiments were carried out to
check the migration of elements from the PHA samples
under different conditions (storage times, temperatures,
and pH). ICP-MS data showed that the level of elemental
migration from all the PHA samples were below the
migration limits reported in EU Commission Regulation
on plastic materials and items “intended to come into
contact with food under frozen and refrigerated
conditions” (Astolfi et al., 2020). Alsafadi et al. explored
the use of date waste (DW) biomass as feedstock to
obtain PHA by the halophilic archaeon Haloferax
mediterranei. "H NMR showed the chemical structure
of the biopolymer identified as PHBV with 18.0 mol% of
3-hydroxyvalerate. IRMS analysis of carbon isotopes,
usually employed to distinguish between polymers based
on their origin (plant- and petroleum-derived plastics),
was carried out as a new method to highlight an
eventual discrimination by the microorganism towards
either of the two carbon isotopes (**C and '*C) in the
biosynthesis of PHBV from DW. The isotopic ratio
Be/2c (8 *c) for PHBV was found to be -19.1%o,
which indicated that H. mediterranei preferentially had
broken lighter bonds and uses the light atoms for the
biosynthesis of PHBV (Alsafadi et al., 2020). Several
recent studies have been focused on microbial PHA,
synthesized using waste as a carbon source, and
carried out by NMR and ESI-MS/MS to determine the
molecular structures (Ekere et al.,, 2022; Johnston
et al., 2017, 2018, 2019; Radecka et al., 2016). Waste
polyethylene (PE) via nonoxygenated PE wax (Johnston
et al., 2017), waste polystyrene (PS) fragments attained
using oxidative degradation (Johnston et al., 2018) low-
density PE from Tetra Pak® waste (Ekere et al., 2022),
oxidized polypropylene (Johnston et al., 2019) and
oxidized PE wax (Radecka et al., 2016) were tested as
feedstocks for PHA production. In all these studies, ESI-
MS supported by MS/MS fragmentation analysis was
highly informative providing detailed structural charac-
terization on end groups and co-monomeric unit
structures and compositions.

WILEY——

2.1.2 | MS structure analysis of
biodegradable synthetic polymers

Different structure investigations have been carried out
in synthetic biodegradable polymers by MS, with
analytical methodologies developed ad hoc. Bakkali-
Hassani et al. developed a strategy for the synthesis of
well-defined, curable biodegradable polymer precursors.
They used a controlled way via continuous flow
ring-opening polymerization (ROP)/postmodification
reactions of e-caprolactone (CL) and r-lactide (LA).
Polymer architectures were established by 'H NMR,
ESI-MS, and SEC. The presence of allylic chain-end
groups grafted on the aromatic core molecule was
evidenced for both structures by ESI-MS analysis of low
molar mass (MM) star polylactic acid (PLA), and linear
poly(e-caprolactone) (PCL). A single population corre-
sponding to sodium adducts of PLA or PCL, with a peak-
to-peak mass difference (Am/z) of respectively 144.04
(LA) and 114.04 (CL), corresponding to the mass of the
two repetitive units, were indeed unambiguously
observed. In the case of PCL sample, another population
was observed in the low MM region due to nongrafted
allylic-ended PCL species, not detected by ‘H NMR.
Then, the precursors were employed to prepare networks
and polymerized high internal phase emulsions via an
emulsion templating strategy using photo-initiated thiol-
ene click reaction (Bakkali-Hassani et al., 2022).

In the literature, diverse investigations have applied
MS analyses to ascertain the structure of biodegradable
polymers prepared by ROP of lactones evaluating the
influence of the catalyst and the initiator (Duale
et al., 2018, 2021; Maksymiak et al., 2016). Duale et al.
studied by NMR and MS the molecular structure of low
MW poly(8-valerolactone) (PVL) synthesized via bulk-
ROP of &-valerolactone with boric acid (B(OH);) as a
catalyst and benzyl alcohol (BnOH) as an initiator. They
fully characterized the homopolymer sample by MALDI,
ESI, and ESI-MS/MS, both in positive and negative ion
mode. In ESI-MS spectra two series of ions related to PVL
chains terminated by benzyl ester and hydroxyl end
groups and with carboxyl and hydroxyl end groups were
detected (Figure 4). Furthermore, less abundant ions due
to cyclic PVL oligomers were identified. The structure of
PVL oligomers were further confirmed by ESI-MS" by
using CID and comparing spectra acquired in positive
and negative ion modes. Finally, MALDI-TOF MS proved
that the PVL samples were constituted by two types of
linear PVL oligomers with different end groups and a
small amount of cyclic oligomers, not visible at higher
molar masses (Duale et al., 2018).

MS analysis has been helpfully used in the character-
ization of synthetic biodegradable homo and copolymers
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FIGURE 4 (A) Electrospray ionization-mass spectrometry spectrum (ESI-MS) (positive-ion mode) of poly(8-valerolactone) (PVL)
oligomers and the spectral expansion in the range m/z 910-1050. (B) The structures of the ions observed in ESI-MS of PVL. Adapted and

reprinted with permission from Duale et al. (2018), copyright 2018 (American Chemical Society). [Color figure can be viewed at

wileyonlinelibrary.com]

as well. Chemosynthesis of hydroxyl butyrate (HB)
copolymers has been adopted to improve the applications
of PHB, limited by its brittleness and thermal decompo-
sition temperature near to the melting point. Copolymers
based on HB, 1,4-butanediol, and adipic acid (A) were
synthetized by microwave-assisted transesterification of
the homopolymers PHB and poly(1,4-butylene adipate)
(PBA) in solution. A detailed characterization of the
copolyesters was carried out by GPC, differential
scanning calorimetry (DSC), wide-angle X-ray diffrac-
tion, 'H and *C NMR, and MALDI-TOF. Random and
microblock copolymers were obtained changing the
experimental conditions, such as the composition of the
starting mixture as well as the amount of catalyst
(4-toluenesulfonic acid). NMR provided information on
the average block length while MALDI-TOF mass spectra
confirmed the microstructure and allowed to ascertain
the nature of the end groups (Impallomeni et al., 2013).
The average number molecular weight (Mn) and the
degree of polymerization of triblock copolymers were
assessed by "H NMR and MALDI-TOF and compared.
The triblock copolymers, synthesized by ROP, were

based on poly(ethylene glycol) (PEG) and PCL-bearing
benzyl carboxylate on the a-carbon of caprolactone. Mass
discrimination effects were observed. However, a
decrease in detection response at higher masses is
well known in MALDI analysis due to the preferential
desorption and ionization processes in lighter molecules
in comparison with higher MM molecules. Anyway,
the data of molecular weight and degree of polymeriza-
tion acquired by MALDI-TOF were comparable to
the 'H NMR results (Table 1) (Safaei Nikouei &
Lavasanifar, 2011).

An MS analytical protocol was used for a detailed
structural characterization of (co)oligoesters functiona-
lized with antioxidants for cosmetic purposes. The
bioactive compounds were covalently linked as pendent
groups along the backbone via anionic ring-opening
copolymerization of B-substituted {-lactone containing
the p-anisic moiety (p-AA-CH,-PL) with f-butyrolactone.
Biodegradable samples were synthesized via anionic
ROO of p-methoxybenzoyloxymethylpropiolactone initi-
ated by p-anisic acid sodium salt. The homo- and (co)
oligoesters were characterized by SEC, 'H NMR, ESI-MS,
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and MS/MS. Three series of singly charged ions were
detected in the ESI spectrum: the series A and B were
assigned to sodium cationized [(p-AA-CH,-HP),,/HB, +
Na]* (co)oligoester chains bearing p-anisic acid and
carboxylic end groups and containing one or two (p-AA-
CH,-HP) comonomer units; the less abundant ions were
due to sodium cationized oligo(3-HB) terminated by
p-anisate and COOH end groups. Thus, MS showed that
the (co)oligoester contained up to three bioactive p-anisic
moieties along the oligomer chains. ESI-MS/MS analysis
was carried out on the precursor ion at m/z 819 assigned
to the sodium adduct of [p-AA-(p-AA-CH,-HP),/HB, +
Na*] terminated by p-anisate and carboxyl end groups.
The detection of some product ions (m/z 667, 733, and
583) let the authors establishing the fragmentation
pathway and confirmed a random breakage of ester
bonds along the oligomer chain and ester bonds between
the chain and the bioactive pendant group (Maksymiak
et al., 2016).

MS methods have been also applied in the characteri-
zation of biodegradable polymer blends (Barrere
et al., 2014; Rizzarelli et al., 2016). IM-MS combined
with an atmospheric solid analysis probe (ASAP) was
employed for the analysis of polymer blends (PLA-
polybutylene succinate (PBSu) and PLA-PE) prepared
mixing PLA with PBSu or PE. Barrere et al. first studied
the ASAP-MS spectra of the single polymeric compo-
nents. In the ASAP-MS spectrum of PBSu an unexpected
series was detected and attributed to the presence of trace
impurity, whose structure was assigned to adipic acid
thanks to MS/MS analysis. Additionally, both PLA and
PBSu ASAP spectra showed an ion series due to cyclic
oligomers previously found by Py-GC/MS with chemical
ionization. ASAP-IM-MS spectra of PLA-PBSu also
showed the presence of additive in PLA. The ASAP-MS
spectrum of a PLA-PE blend highlighted only one series
of ions related to PLA cyclic oligomers. The lack of PE
ions in the spectrum was attributed to a huge difference
in ionization efficiency between PLA and PE. Never-
theless, from the 2D plot (i.e., drift-time vs. m/z plot) of
PLA-PE blend, PE mass spectrum was extracted and it
was very similar to that of PE alone (Barrére et al., 2014).

LC-ESI MS and NMR were used in the characteriza-
tion of synthetic end-capped and intramolecular azo-
functional oligocaprolactones with interesting potential
applications. The azofunctional oligomers (DC) were
synthesized by ring-opening oligomerization of CL
initiated by the OH groups of the azo dye. Chromato-
graphic separation and MS/MS, performed on an ESI ion
trap instrument, highlighted that the reaction product
was a mixture of two fractions: an end-capped azo
functional oligoCL (a-DC), with a single CL arm
oligomer, and one of intramolecular azo functional
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oligoCL (B-DC), with two CL arms. The analytical
approach allowed discriminating between a-DC and §3-
DC, establishing that the former constituted a minor
component (Peptu et al., 2012).

2.2 | MS investigations on polymer
conjugates and bioconjugates

Biodegradable polymers are employed in different kind
of biomedical devices, that is, implants, scaffolds, and
DDS. One remarkable way to enhance drug delivery
ability and reduce systemic toxicity is to use
polymer—drug conjugates. MS, particularly MALDI and
ESI, has been applied in the analysis of polymer
conjugates and to confirm the success of the synthetic
method, in some cases comparable to a polymer end
group modification (Den Berghe et al, 2011;
Impallomeni et al.,, 2021; Lis-Cieplak et al., 2020;
Maksymiak et al., 2013; Parwe et al.,, 2014; Scherger
et al., 2021; Steinbach & Wurm, 2016; Yu et al., 2008).
MALDI-TOF MS was used for the structural characteri-
zation of pranoprofen (PPF) conjugated to PCL via
microwave-assisted transesterification, catalyzed by p-
toluenesulfonic acid. PPF is an efficient nonsteroidal
anti-inflammatory drug employed mostly in ophthalmol-
ogy. NMR, MALDI-MS, and GPC gave proof of the
covalent link between PPF and PCL. MALDI-TOF mass
spectra highlighted a multimodal mass distribution,
different from the typical unimodal bell-shaped mass
distribution of polydisperse polymers. The several bell-
shaped mass distributions were repeated at regular m/z
values, multiples of the first distribution at lower m/z.
This phenomenon was related to the synthetic route used
and observed in GPC curves as well (Impallomeni
et al,, 2021). ESI-MS, MALDI-MS, NMR, and MS/MS
have been emploied in the structural characterization of
cyclodextrin-oligoester and polyester derivatives (Blaj
et al., 2021; Lis-Cieplak et al., 2020; Peptu et al., 2018;
Peptu et al.,, 2022) as well as pesticide (Kwiecien
et al., 2012, 2015) and lipoic acid (Maksymiak et al., 2013)
oligo(3-hydroxybutyrate) conjugates. Lis-Cieplak et al.
prepared polymer-drug conjugates based on nontoxic
B-cyclodextrin (8-CD) and biocompatible and bio-
degradable polymers. They used -CD as the initiator
in bulk in the ROP of CL, p,L-, and r,.-lactide (LA and
LLA), changing molar ratios and temperatures (100°C
and 140°C). The structures of the synthesized (-CD-
polymer conjugates were clarified by "H NMR and solid-
state carbon-13 cross-polarization/magic angle spinning
NMR. MALDI-TOF MS confirmed the successful incor-
poration of B-CD molecule into the polymer chain.
Moreover, it highlighted different end groups in 3-CD-

PCL and -CD-PLA samples prepared at the two diverse
temperatures. In MALDI spectra of ($-CD-PLA, two
populations of chains were detected, due to even and
odd numbers of LA repeating units, with mass differ-
ences of 72 Da. The two series of peaks were explained by
the transesterification reaction, well-know in the polym-
erization of LA (Lis-Cieplak et al., 2020). Peptu's group
carried out different studies on biodegradable CD-
polyester conjugates by MALDI, MALDI-MS/MS, and
ESI-MS/MS (Blaj et al., 2021; Peptu et al., 2018, 2022).
Soft ionization MS techniques were used in the structural
and the architecture analysis of CD-oligoPLA to distin-
guish if the monomer units were attached as single or
multiple chains. The NMR showed that CD-LA products
were randomly esterified cyclodextrin with LA oligomers
with an average of 3 lactate units per chain. Whereas,
MALDI-MS analysis highlighted that the CD was
substituted with an average of 15.6 lactate units per CD
molecule corresponding, on average, to 5.2 oligolactide
arms per CD molecule. MS/MS studies by both ESI
quadrupole time-of-flight and MALDI-TOF allowed
correlating the size of the LA chains bonded to the CD
with the observed fragmentation patterns. Additionally,
ESI CID MS/MS supported the structure of the CD-LA
that was reflected in the observed fragmentation
patterns. MS/MS data proved that CD-LA derivatives
underwent cleavages of bonds at the level of both
oligosaccharide and PLA structures (Figure 5) (Peptu
et al., 2018).

Blaj et al. studied the synthesis of cyclodextrin-
oligoLA conjugates (CDLA) by an optimized MALDI-MS
method to establish the reaction kinetics. MALDI-MS
was used to estimate Mn changes during the synthesis for
a better understanding of the chemical process. The
MALDI-MS data were determined assuming that the LA
monomer was transformed only in the CDLA product.
They were compared with "H NMR results for the pr-
Lactide conversion rate, which confirmed the reaction
kinetics deduced by MALDI-MS, highlighting a high
degree of agreement. The MS analysis allowed monitor-
ing the CDLA products throughout the ring opening
oligomerization (ROO) reaction. In addition, they got
information about degradation products formed during
the synthesis procedure and the balance between
polymerization and depolymerization  processes.
MALDI-MS detected changes in MW and secondary
products, related to different solvents and temperatures,
whose structure was established by MS/MS analysis. The
authors showed by MS and MS/MS that the employed
solvents (dimethylformamide or N-methyl-2-pyrrolidone)
interfered with the synthesis process. They suggested that
the undesirable reaction proceeded through the cleavage
of the amide bonds, leading to amines, which played the
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role of nucleophile activators in the OH-initiated ROP of
LA (Blaj et al., 2021). In a similar way, Peptu et al.
explored the solution ROO of CL in the presence of 3-CD
obtaining highly water-soluble oligoCL cyclodextrin
derivatives (CDCL). Oligomerization kinetics, performed
by the MALDI-MS optimized method, revealed that
monomer conversion occured in two stages: first, the
monomer was fast attached to the secondary OH groups
of the B-cyclodextrin and then, the monomer conversion
proceeded slowly with addition to the primary OH
groups. Again, the MALDI results were in outstanding
agreement with the reaction kinetics determined via
NMR spectroscopy. Moreover, MALDI-MS and MS/MS

fragmentation experiments revealed secondary reactions
with chemical modification of the CDCL involving the
solvent used (Peptu et al., 2022).

In bioconjugates, biomolecules are linked by covalent
bonds to a synthetic polymer, among which PEG is the
most used. PEGylation is called the covalent connection
of PEG with other molecules, and it is principally
employed with therapeutic peptide and protein drugs.
PEGylated drugs and similar bioconjugates are hardly
prepared with high pureness. MS, particularly supported
by separation techniques and MS/MS, has provided
helpful structural characterization (Alalwiat et al., 2017;
Ke et al., 2017; Pedron et al., 2010; Sallam et al., 2018;
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Talelli & Vicent, 2014; Wesdemiotis et al., 2011; Yi
et al., 2008). By combining soft ionization methods (i.e.,
MALDI or ESI) with IM-MS and MS/MS fragmentation,
creating a multidimensional technique, relevant under-
standings into the composition, structure, and architec-
ture of bioconjugates have been provided. Sallam et al.
showed the utility of combining MALDI, ESI, MS/MS,
and IM-MS experiments for the full characterization of
the primary structure and architecture of a polyether
dendron conjugated with two different bioactive peptides
(Sallam et al., 2018). Furthermore, the MS/MS and IM-
MS/MS techniques were employed by Alawiat et al. in
the determination of the sequence, derivatization site,
and conformation of two alanine-rich peptides (AQK18
and GpAQK18, Gp: Lpropargylglycine) and their PEG
conjugates. The sequence and conformation of AQK18
and GpAQK18 polypeptides and their conjugates with
PEG were showed by MALDI-MS, ESI-MS, and MS/MS
fragmentation, wheras shape-specific dispersion by IM-
MS. Both MALDI and ESI-MS/MS analyses established
that the PEG chain was attached to the C-terminus of the
peptides. Remarkably, the IM-MS experiments showed
the existence of random coil and helical conformers in
both the peptides and bioconjugates. Moreover, the IM-
MS data suggested that the helical structure was
stabilized by PEG connection at the C-terminus (Alalwiat
et al., 2017).

2.3 | Insights on polymerization
mechanisms

MS has been also used in the elucidation of polymeri-
zation mechanisms and to check undesired side
reactions (Chen et al.,, 2020; Gorrasi et al.,, 2016;
Glimiistas et al., 2022; He et al., 2020; Yang et al., 2022).
Yang et al. investigated an anionic hybrid
copolymerization (AHcP) of cyclic and vinyl mono-
mers as a strategy to synthesize biodegradable hetero-
polymers. However, in AHcP transesterification
between comonomeric units often occurs, complicat-
ing the reaction mechanism. Thus the Authors studied
the AHcP of N,N-dimethylacrylamide (DMA) with CL,
excluding the transesterification between DMA and CL
units since DMA does not have ester group. NMR and
MALDI-TOF revealed that DMA and CL units were
randomly distributed into the polymer chains and were
helpful to confirm the AHcP mechanism (Yang
et al., 2022). To predict initiator efficiency before any
experiments by means of computational chemistry
methods, Glimiistas et al. carried out a theoretical and
experimental studies to investigate the effect of the
initiator metal on the coordination-insertion

mechanism of PVL. PVL sample was synthesized by
ROP, using tin(II) acetate (SnAcet,), lead(II) acetate
trihydrate (PbAcet,-3H,0), and cadmium(II) acetate
dihydrate (CdAcet,-2H,0) complexes as initiators
without any co-initiator. The polymer samples were
analyzed by FTIR, 'H NMR, GPC, thermogravimetric
analysis (TGA), and DSC. 'H NMR, *C NMR, and
MALDI-TOF/TOF MS analyses were particularly use-
ful to establish the end groups and initiator residue.
The occurrence of cadmium isotope distribution in the
peaks of the MALDI spectrum supported the conclu-
sion that cadmium metal was connected to the polymer
chains. Considering all the data, it was settled that the
complexes used behaved as initiators (Gilimiistas
et al., 2022). MALDI-TOF and 'H NMR were used to
test a new class of catalysts, based on natural amino
acids and tin (Sn(AA),), and establishing the polymer-
ization mechanism, using a BnOH initiator, in PLA,
PCL, and poly(trimethylene carbonate) synthesis. The
experimental data showed that Sn(AA), catalysts were
suitable for the synthesis of moderate and high-MW
PLLA. The backbone structure and end groups of low-
molar-mass polymers determined by MALDI-TOF and
NMR displayed that the polymerization proceeded via
a traditional coordination-insertion mechanism in
which the LA monomer was introduced into the tin-
oxygen bond with optional acyloxygen bond scission
(He et al., 2020). Chen et al. proposed a new reaction
pathway for the catalytic ROP reaction, different to the
three-step coordination-insertion mechanism reported
in the literature. They studied a biocompatible
coordination network, {[Zns(u,—0)(tzmb);] 0.5H,0},
(CZU-1), that showed high catalytic efficiency in the
solvent-free ROP of cyclic esters (1-LA and CL).
Density functional theory calculations, in situ diffuse
reflectance FTIR spectroscopy, and MALDI-TOF MS
confirmed the new polymerization mechanism. Both
experimental and computational data showed that the
guest water in CZU-1 played an essential role in the
activation of the coordination network producing u,-
OH Bronsted and Zn-OH Lewis acid centers, with a
synergistic effect on the ROP (Chen et al., 2020).

2.4 | Surface analysis by MS

The properties and analysis of surface in bio-
degradable systems can be significant since degrada-
tion processes start and happen when the surface is in
contact with biological or aqueous media. Surface
analysis in biodegradable polymers has been mostly
carried out by TOF-SIMS. TOF-SIMS is a useful
surface analysis technique that has provided valuable
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information on different type of biodegradable poly-
meric systems, including stents, microparticles, na-
nofibrous scaffolds, and so forth (Bege et al., 2012;
Casettari et al., 2011; Chen, Dong, et al., 2010; Du
et al., 2018; Lee et al., 2008; Mohiti-Asli et al., 2014;
Ugur et al., 2020; Van Royen et al., 2011; Zorn
et al., 2022). It proved, also with the support of images
and depth profile analysis, the presence and uniform-
ity of layers such as silver ion release polymeric
system applied as a coating to PLA nanofibrous
scaffolds (Mohiti-Asli et al., 2014) or poly(ethylene
carbonate), and Paclitaxel sprayed on drug-eluting
stents (Bege et al., 2012). The static-SIMS method was
successfully used to characterize the surface functio-
nalization of electrospun nanofibers. It provided both
qualitative and quantitative information on the
molecular composition of the external monolayer of
single nanofibres. The detailed interpretation of the
spectra permitted to get full diagnostic data on all the
surface components even if the PCL fibre matrix and
the additive used were structurally very similar. Ion
imaging on individual nanofibres showed the homo-
geneous distribution of the additive on the surface.
Although the quantification of the surface groups is
challenged by the availability of calibration standards,
Van Royen et al. built up a calibration curve and
quantified a relevant additive enrichment on the PCL
fibre surface (Van Royen et al.,, 2011). Linear
segmented biodegradable poly(peptide-urethane-
urea) (PPUU) block copolymers were synthesized,
and their surface compositions were characterized by
angle-dependent X-ray photoelectron spectroscopy
(ADXPS) and TOF-SIMS. Three types of segments
were present in PPUU block copolymers: the soft
segment (SS), due to PCL-diol; the hard one (HS),
constituted by lysine diisocyanate with a hydrazine
chain extender; and an oligopeptide segment (OPS),
containing three amino acids (proline, hydroxy-
proline, and glycine), included to provide controllable
biodegradation properties. The characterization of the
surface composition of biomaterials is essential since
biodegradation processes generally start at the inter-
face between biomaterial and living tissue. ADXPS
and TOF-SIMS experimental data showed that the
surfaces of all block copolymers were enriched with
the PCL SS, the most hydrophobic segment. However,
the TOF-SIMS results showed that all three segments
were present in the outer =2 nm of the PPUU samples.
Because of the HS and OPS structures mirror natural
peptides, their presence on the surface was suggested
to improve the biocompatibility and lead to enzymatic
degradation products potentially removable from the
body by normal metabolic pathways (Zorn et al., 2022).

WiILEY—*

Ugur et al. used TOF-SIMS to support their investiga-
tion on microparticle formulations based on poly
(lactide-co-glycolide) (PLGA) and a triblock
copolymer PLGA-poloxamer-PLGA obtained via an
emulsion-based process. They explored the influence
of a surfactant on the properties of the microparticles
and stabilized the emulsion by either poly(vinyl
alcohol), as a surfactant, or propylene glycol (PPG),
as an organic solvent. Four different kinds of
microparticles were prepared by combining the two
polymers with the two types of stabilizers. Addition-
ally, they studied the influence of the surface
properties of microparticles on the occurrence and
distribution of mixed polypeptide coatings and on
subsequent cell attachment. By TOF-SIMS images of
protein-coated microparticles, they showed that the
use of PPG was advantageous resulting in enhanced
protein adsorption. Besides, when PPG was used, the
replacement of PLGA with the triblock copolymer led
to improved stem cell adhesion (Ugur et al., 2020).
TOF-SIMS was successfully used in the surface
characterization of PLGA with vancomycin incorpo-
rated to obtain DDS. The authors studied multilayered
mixtures of the antibiotic and PLGA in dimethylsulf-
oxide (DMSO) solutions. In fact, TOF-SIMS imaging
explained that the two chemicals can undertake phase
separation when DMSO is used as the solvent. In
positive ion mass spectra (Figure 6A) obtained from a
PLGA layer (Figure 6A, upper panel) and a mixture of
vancomycin and PLGA (Figure 6A, lower panel), both
prepared on a Si wafer, diagnostic signals were
identified. The ions at m/z 100.1131 (Figure 6A, lower
panel) were assigned to C¢H 4N* and related to
vancomycin. The two ions at m/z 100 due to PLGA
(Figure 6A, upper panel) were ascribed to C,H,05"
and CsHzO,*. The three signals, due to vancomycin
ion C¢H;4,N* and to PLGA ions C,H,0;" and
CsHgO,", were well resolved (Figure 6A, lower
panel). In negative ion mass spectra (Figure 6B),
basing the calibration on the two PLGA ions C¢H,0,4
(143) and C¢H,05™ (159), the ions at m/z 154.9908
and 156.9880 were assigned to vancomycin and
specifically to C,H,0, **C~ and C,H,0, *’Cl-,
respectively, whose m/z and ion intensity ratio
matched the isotopic distribution of C,H,O,CL
Furthermore, the authors showed the applicability
of TOF-SIMS in three-dimensional molecular imag-
ing. This technique was powerful in molecular
imaging phase-separated vancomycin and PLGA and
depth profiling layered PLGA/vancomycin/PLGA
structures (Figure 7). The multilayer PLGA/vancomy-
cin/PLGA spin-coated on a Si substrate (Figure 7A)
was depth profiled. Several ion species were suitable
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FIGURE 6 Positive (A) and negative (B) secondary ion mass spectra for pure poly(lactide-co-glycolide) (PLGA) (upper panels) and their
mixture (lower panels), showing the vancomycin diagnostic ions at C¢Hy4Np, C;H40, **C1~, and C,H,0, *’CI™ at m/z 100, 155, and 157,
respectively. Also shown are PLGA ions C4;H,O53 b and CsHgO, b at m/z 100, C;H,0,~ at m/z 155, and C;HoO,~ at m/z 157. The PLGA ion
Ce¢H,Os™ at m/z 159 is useful in calibrating the negative ion mass spectrum for the mixture of vancomycin and PLGA to acquire accurate
m/z for the two vancomycin ions at m/z 155 and 157. Reprinted with permission from Du et al. (2018), copyright 2018 (AIP Publishing).

[Color figure can be viewed at wileyonlinelibrary.com]
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for depth profiling the layered structure and depth
profiles of CI~, CN~, C,H,0, **Cl~, and C,H,0, *’CI~
for vancomycin and C,H;0;~ and C3;H3;0;™ for the
glycolide and lactide moieties, respectively, of PLGA

FIGURE 7 [Illustration of the poly
(lactide-co-glycolide) (PLGA)/vancomycin/
PLGA layers prepared on a Si wafer (A) and
depth profiles (B) of ions CN™, CI~, C;H,0,
3¢, and C,H40, *'Cl™ representing
vancomycin layer, as well as those of
C,H;05;™ and C;H;0;5™ representing the
PLGA layers. Shown in (C) is a cross-section
of the layers expressed by intensities of
C3H30;™ (green in color) and C1™ (red) for
PLGA and vancomycin, respectively, with a
probed depth of 330 nm over a rastered area
of 200-200 Im>. The overlapped images of
C;H;05™ and CI™ (D-G) show distributions
of PLGA and vancomycin at probed depths
of 34, 103, 160, and 196 nm, respectively.
Reprinted with permission from Du et al.
(2018), copyright 2018 (AIP Publishing).
[Color figure can be viewed at
wileyonlinelibrary.com]|

were selected. The depth profiles of C,H;0;~ and
C3H;0;™ (Figure 7B) showed that, at the very center
of the vancomycin layer, there were still signals
corresponding to these two ions (Du et al., 2018).
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3 | DEGRADATION MONITORING
OF BIODEGRADABLE POLYMERS
BY MS

Plastic materials were invented and designed to resist the
action of chemical-physical agents and microorganisms
for a long time. Thus, degradation issues have had a
central role in their development and in macromolecular
chemistry since they can impair the application in
particular fields. Polymer degradation is called thermal,
thermo-, or photo-oxidative, chemical, thermo-
mechanical, biological, and so forth, according to the
different process and cause involved (heat, light, micro-
organisms, or chemicals). Of course, it can be induced by
the synergic action of more environmental factors.
However, whatever the sources, the degradation mainly
gives rise to products with lower MW than the virgin
sample and bearing characteristic functional and termi-
nal groups. The new compound originated can be
checked by diverse analytical methods, such as NMR,
FTIR, and MS, being highly informative and in some
cases diagnostic of the degradation pathways. Polymer
degradation provides permanent structural changes that
in plastic materials are undesirable. Biodegradable
polymers are a particular class with an exciting
challenge: they must resist to deterioration processes
during their usage, then, just after their lifetime,
biodegradation is needed. MS can be a valued support
in their design and development. In fact, it can provide
exhaustive information on macromolecular changes
induced by different deterioration processes that can
occur during all the lifetimes. Besides, MS methods are
helpful to monitor deterioration processes, assess the
mechanisms or gain qualitative and quantitative insights
on degradation products. MALDI (Rizzarelli &
Carroccio, 2009), ESI (Rizzarelli et al.,, 2019b) and
HPLC-ESI-MS (Bernhard et al., 2008; Borrowman
et al., 2020; De Hoe et al., 2019; Hajighasemi et al., 2016;
Jia et al., 2021, 2023; Loriot et al., 2016; Maksymiak
et al., 2013; Muroi et al., 2017; Osaka et al., 2008; Perz
et al.,, 2016; Rankin et al., 2014; Rivas et al., 2017;
Sato et al., 2017; Tapia et al., 2019; Wang et al., 2014;
Wu et al., 2011), GC-MS (Chrissafis et al.,, 2011;
Jang et al., 2022; Maurer-Jones & Monzo, 2021; Saeaung
et al., 2021), Py-GC/MS (Arrieta et al., 2013; Chrissafis
et al.,, 2010; Wattanawong & Aht-Ong, 2021), ICP-MS
(Hsieh et al., 2018; Yu et al., 2022) were employed,
frequently in combination with other analytical methods.
Biodegradable polymer degradation induced by heat
(Arrieta et al., 2013; Chrissafis et al., 2010, 2011; Saeaung
et al.,, 2021; Wattanawong & Aht-Ong, 2021), laser or
ultraviolet (UV) irradiations (Kumar & Srivastava, 2015;
Maurer-Jones & Monzo, 2021; Rizzarelli et al., 2019b),

photo- and thermal-oxidation (Maurer-Jones & Monzo,
2021; Rizzarelli & Carroccio, 2009), the relative mecha-
nisms and volatile organic compounds originated from
incineration have been studied by GC-MS (Jang
et al.,, 2022; Maurer-Jones & Monzo, 2021; Saeaung
et al., 2021), Py-GC/MS (Arrieta et al., 2013; Chrissafis
et al., 2010; Wattanawong & Aht-Ong, 2021), TG-GC/MS
(Chien & Yang, 2013; Chrissafis et al., 2011), MALDI-MS
(Rizzarelli & Carroccio, 2009) and ESI-MS (Rizzarelli
et al., 2019b).

ESI-MS by itself (Aminlashgari et al., 2015; Carstens
et al., 2008; Hakkarainen et al., 2008; Loh, 2013; Maksymiak
et al, 2013; Musiol, Sikorska, Adamus, Janeczek,
Kowalczuk, et al, 2016; Musiol, Sikorska, Adamus,
Janeczek, Richert, et al., 2016; Musiol et al., 2020; Sikorska
et al., 2014; Sikorska et al., 2018; Theiler et al., 2010; Vermet
et al, 2017) or the hyphenated HPLC-ESI-MS (Bernhard
et al., 2008; Borrowman et al., 2020; De Hoe et al., 2019;
Hajighasemi et al., 2016; Jia et al., 2023; Jia et al., 2021; Loriot
et al., 2016; Maksymiak et al., 2013; Muroi et al., 2017; Osaka
et al., 2008; Perz et al., 2016; Rankin et al., 2014; Rivas
et al, 2017, Sato et al, 2017, Tapia et al, 2019;
Wang et al., 2014; Wu et al, 2011) have been the most
elected techniques in the qualitative and quantitative
analysis of hydrolytic, enzymatic, and microbial degradation
products of commercial and synthetic biodegradable materi-
als. Polybutylene adipate terephthalate (PBAT) (Figure 2) is
widely used in packaging and agricultural fields because of
the good mechanical properties. According to its composi-
tion, microorganisms in the soil and in compost can degrade
it. Commercial biodegradable PBAT is used in agricultural
mulching films and degradation, induced by irradiation to
mimic the conditions that might be expected for this
application, studied, highlithing the formation of cross-
linked structures and gel fractions (Maurer-Jones &
Monzo, 2021). The biodegradation is mainly assisted by
lipase hydrolysis of the ester bonds within the macro-
molecular chains and produce small molecules. The
identification, evolution, and persistence of PBAT bio-
degradation products have been under scrutiny with the
fruitful support of MS, especially HPLC-ESI-MS analysis (De
Hoe et al., 2019; Jia et al., 2021; Muroi et al., 2017; Rankin
et al., 2014; Zumstein et al., 2018). Interestingly, De Hoe et al.
studied the influence of UV-irradiation on the enzymatic
hydrolysis product structures of blown, nonstabilized,
transparent PBAT films by HPLC-ESI-MS. MS analysis of
the enzymatic products of irradiated PBAT films showed the
presence of radical-based cross-linking of two terephthalate
units, producing benzophenone-like molecules. Moreover,
the Authors proved that the addition of photostabilizers to
PBAT films reduced the negative effect of UV irradiation on
their enzymatic hydrolyzation (De Hoe et al., 2019). HPLC-
ESI in negative ion mode, full scan, and multiple reaction
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monitoring (MRM), was applied to study the degradation
behavior of biodegradable PBAT-based films used for
shopping bags or for plastic film mulching on agricultural
fields. Pure PBAT films were chosen for the examination by
a high-temperature actinomycete isolated from composting
environments. Experimental data showed that PBAT was
degraded into adipic acid, terephthalic acid, butylene adipate,
butylene terephthalate, and butylene adipate-co-
terephthalate, originated from hydrolytic cleavage of ester
bonds (Rankin et al, 2014). Perz et al. investigated the
enzymatic hydrolysis of Ecoflex, a commercial biodegradable
and compostable PBAT, together with oligomeric and
polymeric model substrates. They selected and compared
the specificities of two enzymes of typical compost
inhabitants, a fungal and a bacterial cutinase from Humicola
insolens (HiC) and Thermobifida cellulosilytica (Thc_Cutl),
respectively. Model substrates were systematically prepared
with different chain length of the alcohol and the acid and
content of the aromatic fraction. HPLC-ESI-MS analysis,
both in positive and negative ion modes, allowed the
identification and quantification of the hydrolysis products:
terephthalic acid (TA), benzoic acid, adipic acid, mono(4-
hydroxybutyl) terephthalate, mono-(2-hydroxyethyl) tereph-
thalate, mono-(6-hydroxyhexyl) terephthalate and bis(4-
hydroxybutyl) terephthalate. The experimental data
confirmed that the two enzymes hydrolyzed the tested
copolyesters. Additionally, they highlighted that Thc_Cutl
hydrolyzed aromatic ester bonds more efficiently than HiC
resulting in up to threefold higher concentrations of the
monomeric hydrolysis product TA. However, HiC displayed
a greater general hydrolytic activity with twofold higher
concentration of released molecules (Perz et al., 2016). In a
similar way, Borrowman et al. investigated the degradation
intermediates derived from the breakdown of a sprayable,
synthetic biodegradable poly(ester-urethane-urea) by ultra-
HPLC (UHPLC) ESI-MS, both in positive and negative ion
modes. Hydrolytic, enzymatic, and in soil degradation
experiments were carried out. Monomers and short
oligomers, with amino, alcohol, and carboxylic acid moieties,
were identified. Remarkably, the most abundant products
originated from abiotic degradation (i.e., 6-hydroxy hexanoic
acid and its oligomers) were not detected among the
compounds derived from soil degradation (Borrowman
et al., 2020).

ESI-MS, together with SEC, UV/vis, and 'H NMR
spectroscopies, was used to study the UV-induced decompo-
sition oligomers from synthetic light-responsive serinol-
based polycarbonate and polyester. ESI-MS allowed estab-
lishing that the UV degradation process of serinol-based
polyester proceeded via intramolecular cyclization of the
functional amine group with the remote ester group,
producing a ten-membered cyclic degradation compound.
On the contrary, the aliphatic polycarbonates underwent

intramolecular cyclization and intermolecular transcarbama-
tion, forming oxazolidinone and 2-aminopropanol termi-
nated oligourethanes (Sun et al., 2019). Sikorska et al.
investigated the hydrolytic degradation, in water at 70°C, of
nonwoven materials made from PLGA (Sikorska et al., 2014)
and of PLA and its blend containing 15 mol% of poly[(R,S)-3-
hydroxybutyrate] (Sikorska et al., 2018) by ESI-MS supported
by MS/MS, HPLC-UV and 'H NMR. The structures of the
PLGA hydrolytic products were established by ESI-MS/MS.
Besides, HPLC and ESI-MS analysis identified the lactic and
glycolic acids among the water-soluble degradation products.
However, data showed that the nonwoven manufacturing
method influenced both the release rate of the lactic and
glycolic acids and the degradation behavior of the fibers
(Sikorska et al., 2014). With the same techniques, the effect
of the thickness and method of production of polymeric
packaging based on PLA (rigid films and cuboid-bars) on
their hydrolytic degradation rate as well as on the pattern of
released products was investigated. ESI-MS data, supported
by HPLC analyses, allowed establish the chemical structure
of water-soluble products as well as the dissimilarities in the
degradation products pattern from the PLA-based samples
differing in thickness. Lactic and 3-hyroxybutyric acids and
their oligomers, oligo-LA, and oligo-HB terminated by -OH
and -COOH end-groups were detected. The significant
differences in degradation products pattern were predomi-
nately observed in the first steps of incubation process and
were attributed to an autocatalytic effect (Sikorska
et al., 2018). With a similar analytical approach, the same
research team carried out studies on the biodegradation
behavior of prototype packaging thermoformed from
oligo-LA/PHB blends, PLA-extruded, and plain PLA films
under industrial composting conditions. Hydrolytic
degradation in water at 70°C was performed for reference
(Musiot, Sikorska, Adamus, Janeczek, Kowalczuk, et al.,
2016; Musiol, Sikorska, Adamus, Janeczek, Richert,
et al., 2016). Again, the structures of water-soluble degrada-
tion products were identified by NMR and ESI-MS. The
results revealed that the biodegradation process was less
dependent on the processing of PLA films and more
influenced by the degradation conditions (Musiot
et al., 2016b).

Both enzymatic and chemical-catalyzed hydrolytic
degradation of PCL, used in biomedical applications,
have been extensively investigated. Predictably, several
lipases accelerate the degradation that preferentially
occurs in the amorphous domains. Increasing the
amorphous fraction of a biodegradable systems can be
used to change the degradation rate according to a new
specific application. With the finding of ESI-MS analysis,
crosslinking has been shown to decrease the crystallinity
thus inducing a higher degradation rate (Theiler
et al.,, 2010). Moreover, in situ cross-linking of PCL
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fibres with bis-(e-caprolactone-4-yl) (BCY) resulted a
viable method to prevent the MM decrease during
meltspinning. Again, ESI-MS was helpful to establish
the influence of in situ crosslinking on the degradation
profile of melt-spun PCL fibres with diverse BCY
amounts. Noteworthy differences in the degradation
products with linear, cyclic, or BCY-related low-MM
compounds were distinguished, confirming the impact of
crosslinking and processing on the degradation process
and water-soluble products (Aminlashgari et al., 2015).
GC/MS (Aparaschivei et al., 2016; Pérez-Lara et al., 2016;
Spontdn et al., 2013), Py-GC/MS (Arrieta et al., 2014) and
MALDI-MS (Bernhard et al., 2008; Dopico-Garcia et al., 2013;
Rankin et al., 2014; Rivas et al., 2017; Shi et al., 2015) have
been less extensively used to monitor low MW degradation
products originated from soil, compost or wastewater.
Because of the growing awareness of plastic wastes in the
marine environment, biodegradability, mainly studied in the
past in soil or compost, has been carried out recently also in
wastewater. The structural identification and evolution of
degradation products were performed by HPLC-ESI-MS.
Interestingly, MALDI-MS imaging (MSI) was used to
evidence the hydrolytic reactions and differences on the

Sample /

m/z 1155.7

(A)
Standard

(B)
Sterile

(8)
Denitrifying

~temsty [N

1269.7

surface of a PCL—diol solid sample when exposed to
different water environments (Rivas et al., 2016; Rivas
et al,, 2017). Microbial degradation was carried out in aerobic
and denitrifying wastewater by a treatment plant. Capro-
lactone oligomers and PCL chains with a diethylene glycol as
terminal group were detected and identified. MALDI-MSI
images generated from polymer cuts using the most
abundant ions specific of the starting polymer (m/z 1155.7,
1269.7, 1383.8, and 1497.9) exhibited important differences
in the homogeneity on both intensity and uniformity.
Whereas the reference sample (Figure 8A) showed a
uniform and intense distribution, the exposed ones
(Figure 8B-D) pointed out increasingly heterogeneous
spatial patterns with a decreasing intensity following the
order sterile -> aerobic -> denitrifying. In the last case
(Figure 8D), the disappearance of the peak monitored was
almost complete in some parts (deep blue colored areas)
(Rivas et al., 2017).

Plastic pollution and contamination in the marine
environment, mainly attributed to mishandled plastic
waste, yields fragments or microplastics that can have
harmful effects on marine organisms with proven
transmission along the food chain (van Raamsdonk

JELER)

e
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FIGURE 8 Comparison of MALDIToF images corresponding to sections of (A) PCDL standard, (B) control sample kept in sterilized
water, (C) sample exposed to aerobic wastewater, and (D) sample exposed to denitrifying wastewater. Images were obtained by data

processing with Flex Imaging 4.0 software. Spatial differences among pixels using the different ions are visible across the surface of the
samples. Tons shown are sodium adducts [M + Na]*. Reprinted with permission from Rivas et al. (2017), copyright 2017 (Springer). [Color

figure can be viewed at wileyonlinelibrary.com]
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et al., 2020). In this view, biodegradability tests on
microplastics in soil and under marine conditions have
gained increased interest. Laboratory procedures have
been settled and diverse analytical methods, among wich
MS (i.e., GC/MS and HPLC-ESI/MS), applied to check
biodegradation and structural information (Cheng
et al.,, 2022; Gunawan et al., 2022; Park et al., 2021).
The release of oligomers under marine environmental
conditions of bio-based (PLA), microbial (PHBV), and
fossil-based polymers (PCL), as substitutes of conven-
tional microbeads (PE, polymethylmetacrylate) for cos-
metics, was monitored by HPLC-ESI-MS using both
positive and negative ion modes. Under abiotic condi-
tions, the ester hydrolysis of PCL generated monomer,
dimer, and trimer of polycaproic acid oligomers. The
PHBV microparticles incubated with microorganisms
released various dimer/trimer units of HB and HV. In the

| — T T W T -
80 W R W W W WL W

experimental conditions used, PHBV microparticles were
more sensitive to enzymatic cleavage than to abiotic
degradation processes (Cheng et al.,, 2022). Bernhard
et al. investigated the aerobic biodegradation in fresh and
seawater, using an inoculum from municipal wastewater
and artificial seawater, of PEG samples, of different MW.
They monitored the fate of degradation products by using
by HPLC-ESI and MALDI-MS, both in positive ion mode.
Freshwater samples were analyzed without any prepara-
tion whereas seawater degradation products had to be
treated to remove the salts. The evolution of peak
intensity of PEG 970 homologue, for freshwater and
seawater media, as a function of the incubation time was
set in relation to that with the highest intensity
(Figure 9). At the beginning (t=0), the intensity ratios
of all homologues show the typical pattern of a
polydispersed sample. Then, a shift in the MW

[%] Aysuajul yead “jay

[%] Ajisuayu) yead "joy

FIGURE 9 Fate of individual
homologues during aerobic biodegradation
-0 (0-14 d) of polydispersed PEG 970, measured
by (D)-ESI-LC-MS. (A) Freshwater media,
(B) artificial seawater media. Peak intensities

are set in relation to the highest peak
intensity detected during all measurements.
Reprinted with permission from Bernhard
et al. (2008), copyright 2008 (Elsevier).
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distribution towards the short-chain homologues is
observed for both media. The amount of low MW
oligomers increases in both media and decreases again
when degradation continues (Figure 9). This approach of
course is limited by the different detector responses for
the homologues of PEGs. MALDI spectra of PEG 2000
during aerobic biodegradation, in artificial seawater
media with marine inoculum, highlighted that the
degradation progress after 14 days was limited. A
reduction of some PEG homologues in the m/z range
1300-1600 was detected but the long-chain PEGs were
persistent (Figure 10) (Bernhard et al., 2008).

Thermal and photo-degradation studies of bio-
degradable polyesters, and polymers as well, are essential
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for the development of safe materials and select
appropriate stabilizers. Thermal degradation of PLA
and aliphatic polyesters based on dicarboxylic acids and
diols, as well as their related nanocomposites, has been
successfully studied by MS (Arrieta et al., 2013; Chrissafis
et al., 2010; Chrissafis et al.,, 2011; Rizzarelli &
Carroccio, 2009; Wattanawong & Aht-Ong, 2021). In
particular, thermal degradation behavior of synthetic
biodegradable poly(propylene azelate) and poly(propyl-
ene sebacate) samples was studied to elucidate the
degradation mechanisms by TGA, FTIR, and a combina-
tion of TG/GC-MS. Aldehydes, alcohols, allyl, diallyl, and
carboxylic acids were identified as the main decomposi-
tion products. From the structure of decomposition
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spectrometry spectra of polydispersed PEG
2000 during aerobic biodegradation in
artificial seawater media with marine

inoculum, matrix was DCTB. (A) Sample
from Day 1, (B) sample from Day 14.

Numbers indicate repeating units. Reprinted
with permission from Bernhard et al. (2008),
copyright 2008 (Elsevier).
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compounds, it was established that degradation processes
in both polymers took place primarily through a g-H
bond scission and secondarily via a-H bond cleveage
(Chrissafis et al., 2011). The decomposition products of
PBSu and Ag-zeolite PBSu composite films were ana-
lyzed by Py-GC/MS to assess their thermal degradation
mechanisms. Small molecules such as 1,3-butadiene and
tetrahydrofuran, together with cyclic molecules, alkyl,
vinyl, and hydroxyl-terminated compounds, were
detected for all the samples but with different areas
ratio. According to the structures assigned, the
B-hydrogen scission was confirmed the main mechanism
of thermal degradation of PBSu, similarly to CID
fragmentation mechanims (Rizzarelli, 2013). For virgin
PBSu, the main degradation products were high molecu-
lar weigh compounds such as 3-butenyl 4- hydroxybutyl
succinate (allyl product), 3-dibutenyl succinate (diallyl
product), all derived from p-hydrogen scission. The
cyclisation decomposition reaction from succinic
acid end molecules produced the cyclic compounds such
as succinic anhydride in agreement with a previous
work performed by MALDI analysis (Rizzarelli &
Carroccio, 2009). Small amounts of 1,3-butadiene and
tetrahydrofuran were observed at low retention time and
due to double B-hydrogen scissions of butanediol moiety
in the macromolecular chain and dehydration of
butanediol end molecules, respectively. The acidity of
zeolite influenced the thermal decomposition products
of PBSu composites. Ag-zeolites promoted the cracking
of PBSu molecules into smaller molecules, while
decreased the yield of large molecules (Wattanawong &
Aht-Ong, 2021). Exhaustive information on thermo-
oxidative degradation mechanisms in synthetic and
commercial PBSu were provided by MALDI analysis
thanks also to the use of extremely thin polyester films.
Structures and end groups of the degradation products
identified showed that a a-H abstraction mechanism
represented the primary step in PBSu thermal oxidation.
A detailed map of the polymer chains originating from
the decomposition of the hydroperoxide intermediate by
radical rearrangement reactions was depicted. Addidio-
nal, semi-quantitative analysis revealed that degradation
pathways were time-resolved, showing a different induc-
tion period. In commercial PBSu sample, ester and
urethane units, related to chain extension, underwent
a-H abstraction leading to the formation of additional
oligomers, with respect to PBSu, detected in the MALDI
spectra (Rizzarelli & Carroccio, 2009). In the literature,
MALDI-MS analysis on synthetic biodegradable poly-
mers has frequently detected cyclic or linear ions bearing
end groups originated from undesired thermal degrada-
tion processes (Raase et al., 2015; Rizzarelli et al., 2015).
In some cases, particularly in hyperbranched polyesters,

MALDI was not able to distinguish linear and cyclic
species by their mass difference, because there was no
release of a condensation product, for example, water
due to the ring-opening strategy employed (Fischer
et al., 2015).

Recently, the laser-induced degradation due to
ultrashort laser pulses (ULP) employed to cut extremely
thin PLA films was investigated. ULP polymer cutting is
a manufacturing technology under scrutiny for its
advantages in medical applications. Limited heat trans-
mission to the film portions around the cuts and the
consequent precise incisions involve reduced post-
processing and endorse ULP cutting appealing for
industrial applications. Nonetheless, ULP may induce
degradation processes and impair the safe use of the
polymer samples. Accordingly, portions of PLA films,
ULP cut and uncut, were fully characterized by SEC,
DSC, Py-GC/MS, ICP-MS, NMR, and FTIR. PLA
oligomers extracted in methanol were analysed by ESI-
MS operating both in positive and in negative ion mode.
FTIR, ESI-MS, and NMR analysis revealed the formation
of olefin end groups originated from a f-H transfer
mechanism, which could be due to heat and/or light
(Norrish IT mechanism). ESI mass spectrum for neat PLA
in positive ion mode (Figure 11A) showed two sets of
signals, the first due to linear chains bearing 1-dodecanol
ester group at one end and the alcohol group at the other
(series A), the second relative to cyclic species (series B).
Only one series was detected in negative mode
(Figure 11B), related to linear chains terminated by -
OH and -COO- end groups (series C). The series C wa not
detected in positive ion mode because of their lower
abundance in comparison with species labelled with A
and B. Remarkably, several additional ions were detected
both in positive (Figure 11C) and negative (Figure 11D)
ESI-MS spectra of the low molecular weight fractions
extracted from cut film portions. Sodiated cyclic species
(series B) and the linear chains, bearing -OH and olefin
end groups (series D), as well as terminated by -OH and -
COOH groups (series C), particularly -COOH and -
CH=CH, end groups, were attributed to a photo-
induced degradation mechanism (Norrish II type).
Remarkably, the detection of oligomers terminated with
-OCH,CH; (species F and G), -CHO (species 1) or -
COCH,CHj; (species L) was related to a Norrish I type
degradation mechanism that at first induces an homo-
lytic breaking of -CH-CO- bonds creating two radicals
giving rise to the different end groups identified
(Scheme 1) (Rizzarelli, Piredda, et al., 2019).

Insects used to treat organic waste streams,
producing valued protein products, are progressively
more exposed to plastic materials assimilating their
carbon into organic biomass that is ubiquitous and
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FIGURE 11 Expansion of ESI-MS spectra in (A) positive (+) and (B) negative (—) ion mode of low molecular weight fractions extracted
from neat film portions. Expansion of ESI-MS spectra in (C) positive (+) and (D) negative (—) ion mode of the low molecular weight
fractions extracted from cut film portions. Adapted and reprinted with permission from Rizzarelli, et al. (2019b) copyright 2019 (Elsevier).

[Color figure can be viewed at wileyonlinelibrary.com]

harmful to organisms. Discovering which insects are
able of bio-transforming specific plastic types could be
helpful in the development of ad hoc insect bio-
transformers. One way to explore this interaction
concerned the analysis of central carbon metabolism
(CCM) metabolites. In this contest, Beale et al.
investigated the biochemical impact of traditional
(poly(ethylene terephthalate) (PET), PE, PS, expanded
PE, PP) and biodegradable plastics (PLA) using three
insect models. Black Soldier Fly (BSF), Mealworm
(MWO), and Wax Moth (WM) larva were each exposed
to the plastic substrates for 5 days to explore any
positive metabolic benefits in terms of insect perform-
ance and plastic degradation potential. CCM metabo-
lites were analyzed via a targeted multiple reaction
monitoring (tMRM) LC-QqQ-MS method. Distinctive
expressed routes were observed for each insect model.
The Authors found that, when raised on PET, BSF
larvae have an elevated pyrimidine metabolism, while
the purine metabolism pathway was strongly expressed
on other plastics. Moreover, the MWO and WM model
insects were metabolically more active on PLA and
foam plastic samples (Beale et al., 2022).

4 | ROLE OF MS IN
APPLICATION ISSUES OF
BIODEGRADABLE POLYMERS

Nowadays, biodegradable polymers are used in wide
range of applications from biomedicine to agriculture
(Figure 12). As for traditional materials, their usage
involves several concerns related to the performance and
final target, requirements for human health such as in
food contact or the end of life in soil, compost, or other
media.

MS has been more and more increasingly supporting
investigations concerning application fields of bio-
degradable polymers, frequently addressed on environ-
mental and human health issues (Biswas et al., 2022; Fojt
et al., 2022; Mahmoud et al., 2022; Okoffo et al., 2022;
Phothisarattana & Harnkarnsujarit, 2022; Rizzarelli
et al., 2011; Savva et al., 2023; Sun et al., 2022; Wang
et al., 2022; Wu et al., 2021; Yuan et al., 2021). Studies on
additives and their potential migration (Phothisarattana
& Harnkarnsujarit, 2022; Savva et al., 2023), on micro-
plastics identification and quantification (Okoffo
et al., 2022; Sun et al., 2022; Wang et al., 2022), on the
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PE content in biodegradable polymer blends and carrier
bags claimed to be compostable (Rizzarelli et al., 2016),
drug release and loading as well as pharmacokinetic
(Biswas et al., 2022; Ibarra et al., 2018; Kang et al., 2021;
Wu et al., 2021), in some cases combining separation
techniques and MS and MS/MS (Biswas et al., 2022; Kang
et al., 2021; Yuan et al., 2021), have been carried out.

4.1 | Studies on environmental and
human health issues

Biodegradable bioplastics are an appealing alternative to
traditional materials. Nevertheless, similarly to tradi-
tional plastics, great quantities of plastic additives are
used in the formulations of bioplastics to improve their
performance and barrier properties. Nowadays, there is a
more and more increasing apprehension about causes of
chemical exposure. Nonetheless, in bio-based and
biodegradable systems there is a limited knowledge
about complex additive mixtures. Very recently, Savva
et al. carried out by HPLC coupled with high-resolution
MS a wide screening of the bioplastics composition of
single-use plastic (SUP) items made of PLA and PHB, in
comparison with those based on a traditional and fossil-
based material, such as high-density PE, being one of the
plastic materials with the highest market share. They
powdered different types of SUP items (i.e., plates, cups,
cutlery, straws, bags, and bottle cap) in the nano-micro
range (100 nm-10pum). The additives were extracted
from the materials using three different solvents (metha-
nol, acetone, and toluene) and ultrasonic-assisted solvent
extraction. It was not possible to remove the 100% of the
additives from the material, but experiments were
performed in the same condition to get a comparative
fingerprint of primary organics and relative abundances
between the different materials. The extracts were
analyzed by a QExactive-hybrid quadrupole Orbitrap
mass analyzer equipped with a heated ESI source, both
in positive and negative ion mode. About two hundreds
of additives were tentatively recognized in the bioplastics
SUP items. In particular, an average of 123 and 121
plastic additives were found in PLA and PHB items,
respectively. Among the additives, plasticizers were the
most abundant and the phthalates group was the most
found, with 63 plastic additives established by standards
and quantified (Savva et al., 2023).

Undoubtedly, biodegradable polymers are promising
alternatives for conventional plastics, but they recently
have been received attention for the potential negative
impact in soil ecosystems. In fact, some evidence showed
that microplastics (MPs) can modify the physical
properties of soil (i.e., pH, evaporation, and aggregation),

microbial communities and function, and enzymatic
activities (Yang et al., 2021). Dissolved organic matter
(DOM) is a relevant constituent of soil carbon providing
substances involved in physical-chemical and biological
processes in soil. Carbon is dominant in MPs, conse-
quently they may potentially contribute to the soil carbon
and change its cycling processes (Rillig et al., 2021).
Interestingly, Sun et al. estimated the effects of bio-
degradable PLA and PBSu MPs at a concentration of 1%
(w/w) on chemical composition and properties of DOM
in two soil types, a black soil (BS) and a yellow soil (YS).
They carried out a comparative study on PE and PS MPs.
They used fluorescence excitation-emission matrix spec-
troscopy and FT-ICR-MS, with an ESI ion source and
combined with solid-phase extraction procedures. FT-
ICR-MS provided a detailed molecular-level DOM
properties in the diverse MPs treatments. MPs addition
significantly increased the number of DOM molecules in
BS soil. The identified formula numbers of DOM were
1432 in control and 3563, 3498, 2666, and 3329 in MPs
treatments for PBSu, PLA, PE, and PS, respectively. On
the contrary, for the DOM in YS soil, the modification of
MPs reduced the molecular numbers. In fact, the
identified formula number of DOM in the control was
4906, while just 2642 molecules were detected in PBS
buffer-treated samples. PBSu substantially enhanced the
soil-dissolved organic carbon and the relative intensities
of protein-like components. The FT-ICR-MS showed that
more labile-active DOM molecules were preferentially
found in biodegradable MPs experiments, and this result
was related to the polymer degradation. The PE and PS
MPs changed the molecular compositions of the soil
DOM (Sun et al., 2022).

There is also growing concern regarding the potential
environmental pollution and release of harmful chemi-
cals (particularly additives) from MPs, including those
from biodegradable items. In fact, MPs originated from
biodegradable plastics are mistrusting the safety of this
promising materials. Py-GC/MS has been displayed to be
an appropriate tool for the concurrent identification and
mass quantification of numerous synthetic polymers in
different environmental samples. Okoffo et al. developed
and validated an analytical method coupling pressurized
liquid extraction and Py-GC/MS combined with thermo-
chemolysis to identify and quantify at once five micro-
bioplastics (i.e., PLA, PHAs, PBSu, PCL, and PBAT) in
environmental samples (wastewater, biosolids, marine
sediments, and drinking/stormwater samples), irrespec-
tive of particle size, shape, and a prior optical separation.
The interpretation of the pyrograms was based on an in-
house database and the literature data. The limits of
quantification for the target micro-bioplastics ranged
between 0.02 and 0.05mg/g. PLA and PBAT were
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regularly detected in wastewater, biosolids, and sediment
samples (concentrations 0.07 +0.18 mg/g). The devel-
oped analytical method could be potentially extended in
assessing the biodegradation of bioplastics in environ-
mental samples by quantifying the induced changes in
the microbioplastics concentration (Okoffo et al., 2022).
For the same purpose, Wang et al. developed a method
based on alkali-assisted thermal depolymerization and
LC-MS/MS analysis, specifically to quantify PLA MPs.
MPs were efficiently depolymerized to lactic acid and
detected by LC-MS/MS with a limit of quantification of
18.7ng/g. They did not need previous separation or
extraction from the environmental samples. Using this
method, PLA MPs were detected in all the sediment
samples of a reservoir at a range of 53.5-491 ng/g dw, and
the concentrations decreased with the sediment depth
(Wang et al., 2022).

In biodegradable plastic food packaging, metal
oxides, among which titanium dioxide (TiO,) and zinc
oxide (ZnO) nanoparticles (NPs), enhanced mechanical,
thermal and barrier properties as well as functional
performance, such as antimicrobial activity against
various microorganisms. However, applications of
nano-TiO, and nano-ZnO in food contact substances
must fulfil safe migration limits. Migration of NPs is a
mass transfer phenomenon of components from packag-
ing into foods. International authorities establish through
regulations the use of metal oxides in food contact
materials to control migration levels of substances from
the packaging as a safety issue. In 2021, the European
Food Safety Authority stated that TiO, can no longer be
considered safe when used as a food additive. Thus,
determining the potential migration behavior is funda-
mental for the commercial application of biodegradable
polymers. Phothisarattana and Harnkarnsujarit studied
the effects of TiO, and ZnO nanofillers (1%-5%) on
bioplastic packaging microstructural changes for infrared
absorption, thermal stability and overall and specific
migration behavior in distilled water, 10% ethanol and
3% acetic acid. NPs were compounded with thermoplas-
tic starch (TPS) and then blended with PBAT to be
processed via blown-film extrusion. ICP-MS was used to
monitor metal oxides release, predictably dependent on
the simulant nature. Films with ZnO showed higher
migration levels, particularly in acid simulant due to high
dissolution of ZnO particles. Release of TiO, had a
maximum at 3%-4% of NPs content followed by a sharp
drop at higher TiO, percentage. Overall, nanocomposites
films containing ZnO showed higher migration levels
than the TiO, ones, indicating that the latter was more
inert. Anyway, migration levels of both NPs incorporated
in PBAT/TPS blown films were affected by the matrix
structure alteration due to simulant penetrations,

interaction and adhesion forces between metals and
polymers and favorable dissolution of the metal into
simulants (Phothisarattana & Harnkarnsujarit, 2022). PE
in complex biodegradable polymer blends and carrier
bags claimed to be compostable was checked by Py-GC/
MS and TGA. Polymer blends based on PLA, PBAT,
native starch (NS), and calcium carbonate (CaCO3), with
known amount of PE (0%-10%), prepared by melt
mixing, were analyzed by a two steps Py-GC/MS
optimized method (Figure 13). In the first step (400°C,
Figure 13A), pyrolysis products from thermal breaking of
PLA, NS, and PBAT were detected. In the second one
(500°C, Figure 13B), triplet peaks characteristic for PE,
due to a,w-dienes, oa-alkenes, and n-alkanes, were
detected (Figures 13C,D). TGA was used to quantify
the amount of PE in the blends. Furthermore, the
analytical strategy was employed in the analyses of
commercial carrier bags claimed to be compostable. The
determination of the composition of the biodegradable
carrier bags is significant to fulfill the compostability
requirements established in the standard specification
EN 13432-2000. In fact, according to this standard, “each
significant organic constituent of the packaging material
must be biodegradable.” “Significant” means any constit-
uent present in more than 1% of dry weight of that
material. This implies that the maximum allowed
concentration of PE that can be found in a compostable
carrier bag is 1%. In two commercial carrier bags, the Py-
GC/MS at 500°C provided pyrograms that were a
fingerprint for PE with triplets corresponding to linear
chains of a,w-dienes, a-alkenes, and n-alkanes. Then, by
TGA analysis a component with a degradation tempera-
ture of about 455°C, corresponding to that of PE, was
detected. The relative weight loss % of the two carrier
bags were estimated at 7.6% and 14%. The results showed
that the combination of TGA and Py-GC/MS can be
applied with relevant practical and legal implications
(Rizzarelli et al., 2016).

Biomass resources are increasingly employed for
manufacturing plastic products in the view of reducing
the depletion of the fossil ones. Indeed, wholly or partly
biobased, fossil-based, and/or natural polymers and
additives constitute the current plastic items in the
market. Laboratory procedures and standard methods for
the measurement of the biobased carbon content in
monomers, polymers, and plastic items and products,
based on ratio of carbon isotopes, *C, 1*C, and '*C have
been developed. Nowadays, the knowledge of the
biobased content in plastic items is essential to assess
their environmental impact and meet legislative require-
ments. Investigations on biomass carbon ratios of several
materials have been carried out by AMS (Flores
et al., 2009; Funabashi et al., 2010; Tachibana et al., 2009).
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FIGURE 13 (A) Total ion current (TIC) trace of pyrolysis products of BPE10 at 400°C. (B) TIC and single ion current (SIC) traces at m/z
41 and 55 of the degradation products of BPE10 at 500°C. (C, D) Experimental mass spectra and (C’ and D’) from the library of degradation

products of BPE10 at 500°C (RT 15.4 and 15.5 min). Adapted and reprinted with permission from Rizzarelli et al. (2016), copyright 2016
(Elsevier). [Color figure can be viewed at wileyonlinelibrary.com]
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Funabashi et al. analyzed the biomass carbon ratio of
PLA or PBSu and their composites with inorganic and
biobased CaCO;. Determination of biomass carbon ratio
was based on the ratio of '*C to '*C in the samples using
AMS. Furthermore, the consequence of pretreatment
(oxidation temperature and reaction by acid) on the
biomass-carbon ratio was investigated. Biomass carbon
ratios (BCR) of PLA and biobased CaCO; were nearly
100%, while those of PBSu and nonbiobased CaCO; were
more or less 0%. BCR of PLA/inorganic CaCO; and
PBSu/biobased CaCO; composites, after pretreatment
(oxidation reaction at 980°C), were in agreement with
the expected values. Studying the effects of pretreatment
for biomass carbon ratio measurements by AMS, the
Authors highlighted that CaCO; in composite samples
can be separated from polymers by pretreatment of
reaction by phosphoric acid (HsPO,) (Funabashi
et al., 2010). In a similar way, the same research group
evaluated by AMS the biomass carbon ratios of polymer
composites based on fossil-based PBSu as matrix and
corn starch (CS) or cellulose filler (CF) with a small
amount of furfural (FR) from biomass. They found that
PBSu with 40 wt% of CS or CF had a BCR of 31% and
36%, respectively. The AMS data were compared with the
carbon composition obtained using NMR analysis that
confirmed almost the BCR measured by AMS (Flores
et al., 2009). More recently, Berto et al. explored the
suitability characterization of carbon stable isotopes
(8"C) of traditional and biodegradable plastic items
(carrier bags and bottles for drinking water) by elemental
analyser/IRMS. The 8"°C values determined in different
food packaging reflect the biobased origin of biodegrd-
able materials. On the contrary, the recycled samples
showed a 8'°C signature between plant- and fossil-
derived polymers. Additionally, preliminary abiotic and
biotic degradation processes in plastic materials, recov-
ered on beaches and in seawater, showed less negative
8'3C values (Berto et al., 2017).

4.2 |
studies

Drug release and pharmacokinetic

Some biodegradable materials, named “bioresorbable
polymers,” can be easily absorbed by the body via
hydrolytic or enzymatic processes. Among the marketed
bioresorbable polymers, PLA, PLLA, poly(p-lactide), poly
(pr-lactide), poly(glycolide) (PGA), PLGA, PCL, PEG and
their derivatives have been, and still are, widely studied
with the support of MS (Rizzarelli et al.,, 2020) and
MS/MS  (Rizzarelli & Rapisarda, 2023). Their
chemical-physical properties and adjustable degradation
rates have made them fitting for several applications, that

is, as orthopedic, drug delivery, and cardiology. Several
research have been focused on drug release and
pharmacokinetic, with attention on the connected
degradation rate, by MS coupled with LC and supported
frequently by MS/MS (Ahmad et al, 2019; Alam
et al., 2014; Alshetaili et al., 2019; Benhabbour et al., 2019;
Chen, Pederson, et al.,, 2010; Dahmana et al., 2020;
Fernindez et al., 2022; Graves et al., 2015; Han et al., 2020;
Ibrahim et al., 2022; Kang et al, 2021; Makarov
et al., 2014; Mita et al.,, 2009; Moeller et al., 2012;
Ren et al., 2022; Sanders et al., 2012; Shi et al., 2019;
Tappa et al., 2017; Wu et al., 2019; Zhao et al., 2019).
Several investigations by LC/MS and MS/MS have been
focused on biodegradable DDS (i.e., microspheres,
microcapsules, micelles or nanoparticles, implants),
particularly to determine drug loading or concentrations
(Ahmad et al., 2019; Alshetaili et al., 2019; Benhabbour
et al., 2019; Ibrahim et al., 2022; Kang et al., 2021; Phan
et al., 2018; Shi et al., 2019; Tang & Singh, 2010; Wu
et al., 2019) and track drugs or hormone release and fate,
both in vitro and in vivo (Alam et al, 2014;
Chen, Pederson, et al., 2010; Dahmana et al., 2020; Han
et al., 2020; Ren et al., 2022). Recently, for the high
sensitivity, accuracy, and precision, analytical strategies
based on UHPLC coupled with MS/MS have been
developed, with appealing interest for pharmacokinetic
study. The analytical approaches allowed monitoring
DDS fate and pharmacokinetic features after administra-
tion (Ahmad et al.,, 2019; Alshetaili et al., 2019; Han
et al., 2020; Shi et al., 2019; Tang & Singh, 2010; Wu
et al.,, 2019) and were able to check the fate of
pharmaceutical polymeric excipients (Shi et al., 2019).
Several studies on PLGA and PEG copolymers and
conjugates by LC-MS have been reported in the literature
(Ahmad et al., 2019; Alam et al., 2014; Alshetaili
et al., 2019; Benhabbour et al., 2019; Chen, Pederson,
et al., 2010; Graves et al., 2015; Han et al., 2020;
Kang et al., 2021; Ren et al., 2022; Sanders et al., 2012;Shi
et al., 2019; Wu et al., 2019; Zhao et al., 2019). Controlled
drug release microspheres based on three different
biodegradable polymers (PLGA 7525A, PLA, PLGA
5050 A) loaded with finasteride, used against alopecia,
were estimated for subcutaneous long-acting injectable
formulations (LAIF). Morphology, surface structure, and
particle size were evaluated by scanning electron micros-
copy and laser-light particle size analysis. Drug loading
was determined by HPLC, while plasma finasteride
concentrations were monitored by LC-MS/MS. Mass
spectra were recorded on ESI and positive ion mode,
using MRM. PLGA 7525A provided a suitable drug
concentration level for 1 month without burst release and
was selected for the finasteride LAIF because the
termination of finasteride release met the target period

85U01 SUOWLLIOD A0 3|qeatjdde ay) Aq peuseno a8 s3Il YO ‘88N JO Sa|nJ Joj ARiq 1 8UIUO AB|IAA UO (SUOTPUOD-PUR-SWIBHLO00" A3 1M ARR1q) 1 U1 UO//SdNL) SUOBIPUOD pUe SWS 18U} 885 *[£202/TT/82] U0 Afiq1 auljuo A8 (1M ‘dnoio ¥ND AQ 698TZ'SeL/Z00T OT/I0p/Wo0 A8 1M Afelq Ul JUO'S UINO Bous [0S o A feue//Sdny WOy papeo|umoq ‘0 ‘/8/2860T



MASS SPECTROMETRY INVESTIGATIONS ON BIODEGRADABLE POLYMERS

WILEY—2

of 1 month (Kang et al., 2021). Two different PLGA
polymers, one acid and one ester terminated, and one
PLGA/PEG diblock copolymer were investigated as
potential biodegradable polymeric nanoparticles of fenre-
tinide (anticancer drug) with the purpose of enhancing its
apparent low water solubility and intestinal absorptivity.
UPLC/MS and UV detection were used for the quantita-
tive determination of fenretinide. Interestingly, an influ-
ence of terminal groups of PLGA NPS was observed, with
the acid-terminated ones performing the best drug release
and the ester ended the best cell permeability. Moreover,
the PLGA/PEG NPS showed a better drug release than the
ester-terminated PLGA and the poorest cell permeation.
However, all three biodegradable formulations accom-
plished better than the fenretinide alone in both drug
release and cell permeation tests (Graves et al., 2015).
Recently, a new LC-MS/MS method for the direct
quantitation of bp-a-Tocopheryl PEG 1000 succinate
(TPGS) in biological matrices has been developed. TPGS
is a biodegradable amphiphilic polymer derived from the
esterification of vitamin E with PEG 1000. It is US Food
and Drug Administration-approved and widely used in
nanocarrier DDS. The simultaneous quantitation of TPGS
and its metabolite, PEG1000, produced by its hydrolysis,
was challeng by LC-MS/MS and MRM since both
molecules are polydisperse. In fact, this resulted in
multiple charges, different adduct patterns, and conse-
quently complex ESI mass spectra (Figure 14) (Ren
et al., 2022). However, the several precursor ions were
further fragmented by in-source CID at a higher
declustering potential to a limited number of TPGS/
PEG1000 specific fragment ions tested as surrogate ions of
TPGS/PEG1000 to quantify all polymers in the biological
sample (Figure 15). MRM transitions (m/z 557.4—99.0 and
221.3-89.1) produced by the surrogate ions m/z 557.4 and
221.3 showed the best signal-to-noise ratio for quantitation
of TPGS and PEG1000, respectively. Optimization of
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experimental conditions allowed to investigate the phar-
macokinetics, tissue distribution, and excretion of TPGS
and PEGI1000 in rat after oral and intravenous dosing.
After oral administration, neither TPGS nor PEG1000
were found in plasma showing that TPGS had very low
bioavailability. After intravenous injection of TPGS,
PEG1000 and TPGS were detected (Figure 16) (Ren
et al., 2022).

Ferndndez et al. investigated a potentially efficient
treatment of prostate cancer through the conjugation of a
known and highly active chemotherapeutic drug (Pacli-
taxel, PTX) to the sidechains of a pH-susceptible
biodegradable polyacetal polymer. Polymer conjugate
(tert-Ser-PTX) aimed to increase stability in circulation
and prevent side effects and was compared with PTX
alone. Determination of total drug loading and free drug
content in the tert-Ser-PTX, drug release in simple and
complex media, stability in serum, and quantification of
PTX and impurity (7-epi-PTX) in tissue samples were all
carried out by LC-MS/MS analyses. Experimental data
showed a sustained release of PTX provided by tert-Ser-
PTX conjugate over 2 weeks in a pH-responsive manner
and suggested the application of DDS as a sound
treatment for prostate cancer (Fernandez et al., 2022).

Recently, also ICP-MS has been more and more
employed to evaluate the loading efficiency and pharmaco-
kinetic in biodegradable DDS, especially nanoparticles,
encapsulating specific drugs containing metals (Chen
et al., 2021; Ibarra et al., 2018; Pathak & Dhar, 2015; Shi
et al, 2015 Wang et al, 2012; Wu et al, 2021;
Xiao et al, 2011, 2012; Zhang et al, 2014). Preliminary
digestion treatments are usually needed to determine drug
loading in the biodegradable polymeric systems. On the
contrary, drug release is monitored in buffer solution, with
PBS replaced with CH3;COONH, buffer to avoid ion
suppression in ICP-MS analysis. Interestingly, Xiao et al.
monitored the drug release by HPLC coupled with ICP-MS
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FIGURE 14 Q1 full scan of (A) TPGS and (B) PEG1000 at DP 50 V. Reprinted with permission from Ren et al. (2022), copyright 2022

(Elsevier). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 16 Mass spectra of chromatographic peaks corresponding to PEG1000 and tocopheryl PEG 1000 succinate (TPGS) in (A, B)
reference standards and (C, D) a plasma sample collected from a rat 1 h after intravenous injection of TPGS. Reprinted with permission from
Ren et al. (2022), copyright 2022 (Elsevier). [Color figure can be viewed at wileyonlinelibrary.com]

analysis of Pt species released in simulated medium from
biodegradable micelles of methoxy poly(ethylene glycol)-
block-poly(r-lactide-co-2-methyl-2-carboxyl-propylene  car-
bonate/Pt) bearing pendant COOH groups (Xiao et al., 2012)

and a Pt(IV) complex covalently conjugated to the
amphiphilic tri-block copolymer, methoxy poly(ethylene
glycol)-block-poly(caprolactone)-block-poly(L-lysine), contain-
ing pendant amino groups (Xiao et al., 2011). The outlet of
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the LC column was directly connected to the sample
introduction system of ICP-MS and model compounds
were used to assign the detected chromatographic
peaks. The results allowed to conclude that the Pt-
carboxylate and amide coordination bonds were more
susceptible to hydrolysis than the polymeric backbones
and to depict the hydrolysis and release pathways of the
biodegradable platinum DDS (Xiao et al., 2011, 2012).
Recently, ICP-MS has been used to assess the loading
efficiency in PLGA NPs encapsulating self-synthesized
thiol B cage (BC-EG-SH), gadolinium (Gd) atoms, and
20nm citrate-coated gold nanoparticles (AuNPs)
(PLGA-Gd/B-AuNPs), investigating the in vivo pharma-
cokinetics and micro-distribution in tumor. The
Authors aimed to develop a novel magnetic resonance
imaging (MRI)-detectable boron (B)-containing nanoas-
semblies and evaluate their potential for boron neutron
capture therapy (BNCT). BNCT is a cellular-level
selective radiation therapy and is considered an

attractive treatment strategy against cancers. B and Gd
concentrations in PLGA NPs as well as in cells, tumor,
and muscle were determined by ICP-MS. The results
showed that BC-EG-SH was the most optimal B
compound for encapsulation among three different
molecules as its encapsulation efficiency could be
enhanced by the addition of AuNPs, reaching approxi-
mately 30%. Moreover, the diagnostic ability of Gd was
not affected by the PLGA-loaded AuNPs, paving the way
for future studies regarding the noninvasive imaging of
the distribution of NPs in patients (Wu et al., 2021).

A limited number of studies on biodegradable DDS
have been carried out by GC-MS/MS (Brochhausen
et al.,, 2009), MALDI and MALDI-MSI (Tang &
Singh, 2010; Wei, Yu, et al.,, 2021) and TOF-SIMS
(Burns & Gardella, 2008). In particular, GC-MS/MS
was used in drug release to determine the residual
prostaglandin E2 content in biodegradable PLGA
microspheres (Brochhausen et al., 2009). MALDI
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synthetic and microbial biodegradable polymers. [Color figure can be viewed at wileyonlinelibrary.com]
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was employed in the investigation on mPEG-
PLGAmMPEG-based delivery system for long-term
controlled release of salmon calcitonin (sCT) after
single subcutaneous injection. sCT is the most
frequently used calcitonin, exploited for many years
in the treatment of metabolic bone diseases, such as
osteoporosis. The chemical stability of released sCT
was evaluated by MALDI-TOF and compared to sCT
control, incubated in PBS at 37°C. At high incubation
time, ions related to a degradation product were
detected. However, the peak due to the sCT appeared
as the major in the spectra, pointing out that most of
the sCT retained the chemical integrity (Tang &
Singh, 2010).

5 | CONCLUSIONS

In the last 15 years, several MS techniques have been
successfully applied in the structural characterization, in
the degradation tracking and to get insights on the
applications of biodegradable polymeric systems. MS
analysis requires the conversion of the analyte molecules
to gas-phase ions, and their subsequent separation and
detection according to their mass-to-charge ratio.
Accordingly, the sample must be capable of forming
stable gas-phase ions, which precludes the analysis of
saturated and very large or cross-linked polymers.
Additionally, mixtures and polymeric blends may not
be characterized properly because of potential differ-
ences in ionization and detection efficiencies of the
different constituents. Despite that, valuable information
ranging from the synthesis to the end-of-life options have
been acquired on biodegradable polymeric systems, both
microbial and synthetic. Soft ionization methods, such as
MALDI and ESI-MS, by themselves, supported or
hyphenated with other techniques, as well as GC/MS
and Py-GC/MS, provided evidence on impurity in
monomers, repetitive units and end group structures,
polymerization mechanism, successful synthesis and side
reaction products, identification of microbial PHAs,
surface functionalization and behavior, residual catalyst,
degradation products and pathways, environmental and
health issues as well as on DDS (Figure 17). Surface
analysis of biodegradable polymers by SIMS supported
information about the chemical structure of the surface
components and distribution, surface functionalization,
and contamination, which can prejudice the surface
properties in many processes. ICP-MS was thoroughly
applied in checking metal contamination due to residual
catalyst, to monitor drug delivery or establish drug
loading and nanofiller migration. In cases where the
characterization of the polymer architecture was

complex, such as for isomeric structures, multi-
dimensional MS techniques was successfully employed
providing unequivocal identification. Moreover, MS
techniques have also been helpful in investigating the
degradation rate and drug release profile of bioresorbable
DDS. Different kind of MS investigations concern
environmental and health features related to applications
of biodegradable in different fields. Analysis on additives,
microplastics, nanofiller migration, illegal usage of
polyethylene in compostable carrier bags, and determi-
nation of biobased carbon content represent relevant
example of the helpful application implications in which
MS methods and analytical strategies have been decisive.
Nevertheless, in most cases, more techniques are
combined to determine details in complex biodegradable
polymeric systems, to overcome drawbacks, discriminate
isobaric species, and to get significant information on
specific applications.

Though there are several papers on the utilization of
MS in the field of biodegradable polymers, synthetic and
microbial, it is expected that advances in analytical
techniques will act as an engine and have a greater
attention in the future as they might provide answers and
more understanding on the fate of biodegradable items also
in real conditions, solving controversies and supporting
legislative choices to safeguard the environment. In the
meantime, we wish that this review would be valuable in
supporting the choice of the appropriate MS technique in
future studies or generating new application ideas, helpful
in the development of biodegradable materials.
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