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AA: Adipic acid
ABS: Acrylonitrile butadiene styrene
ADMET: Absorption, distribution, metabolism, excretion, and toxicity
AGC: Automatic gain control
ASAP: Atmospheric solids analysis probe
ATR: Attenuated total reflectance
BCE: Before the Christian Era
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BET: Brunauer-Emmett-Teller
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BSE: Bovine spongiform encephalopathy
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COSY: Homonuclear correlation spectroscopy
DAD: Diode array detector
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DLS: Dynamic light scattering



EC: European Commission

EFSA: European Food Safety Authority
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EO: Essential oil

ESI: Electrospray ionization
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FAO: Food and Agriculture Organization
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FDA: Food and Drug Administration
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FTIR: Fourier transform infrared

GC: Gas chromatography

GRAS: Generally recognized as safe
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HPLC: High performance liquid chromatography

HRMS: High resolution mass spectrometry
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ICH: International Conference on Harmonization

iPA: Isophthalic acid
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LDPE: Low density polyethylene

LOD: Limit of detection

LOQ: Limit of quantification

MAP: Modified atmosphere packaging

MHA: Mueller-Hinton agar

MHB: Mueller-Hinton broth

MIC: Minimal inhibitory concentration

MS: Mass spectrometry

NaSt: Sodium stearate

NIAS: Non-intentionally added substances

NMR: Nuclear magnetic resonance

NS: Nanosponges

PA: Polyamide
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PBA: Poly(1,4-butylene adipate)

PBAT: Poly(butylene adipate-co-terephtalate)

PBT: Poly(butylene terephthalate)

PC: Polycarbonate



PE: Polyethylene

PEF: Poly(ethylene furanoate)

PET: Poly(ethylene terephthalate)

PG: Propylene glycol
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PM: Planetary mill
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PTFE: Poly(tetrafluoroethylene)
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Summary

Throughout human evolution, food has been a central milestone for not only
survival, but also for social cohesion and cultural identity. However, the complexity
of modern food systems has posed new challenges for which society is not as
prepared as it should be. For example, we have never produced as much food as
today, yet a significant percentage of the population suffers from malnutrition, while
thousands of tons of food are lost or wasted throughout the food chain. Moreover,
ensuring food safety is a pivotal challenge for our globalized and interconnected
society, as the only role that food should have is to provide enough nutrients for the
population, and not to cause illnesses or, in the worst-case scenario, death. In this
context, food packaging serves not only to preserve freshness and quality of
products but also as barrier against contamination. At the heart of food packaging
innovation lies active food packaging which, with tailored solutions to specific
preservation challenges, can reduce food losses and waste and contribute towards
food safety. However, decades of unsustainable plastic management and
production have risen environmental alarms on the use of conventional plastic as
food packaging materials, for which bio-based polymers have emerged as an eco-
friendly and more sustainable alternative. Nevertheless, as consumers rightfully
demand foods free from harmful substances, new packaging materials and
solutions must meet the necessary standards to ensure they do not compromise

food safety.

Food safety has been the main focus of this PhD work, which was tackled by the
development of new active packaging solutions to target food losses and waste
while, at the same time, studying and ensuring the safety of new bio-based
packaging materials. This PhD thesis has explored the application of
nanostructured molecules as ethylene scavengers, the antimicrobial activity of a
volatile organic compound (VOC)-based active packaging solution, and the safety
of new starch-based packaging materials. For the first time, the scalability by
mechanochemical means of food-grade a-cyclodextrin nanosponges (a-CD-NS)

and their use as ethylene scavenger has been attempted. Moreover, the application
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of an active packaging solution based on diacetyl as antimicrobial VOC was
explored. Finally, the migration profile and safety compliance of starch-based food

packaging materials was studied.

Early ripening of fruits, vegetables, and other horticultural products affects their
quality and increases susceptibility to fungal contamination. The ripening process
is mainly controlled by ethylene, a phytohormone produced by fruits, vegetables,
and ornamental flowers that, even at yL L' concentrations, contribute towards food
senescence and spoilage. Commercial solutions to control ethylene levels involve
the use of potassium permanganate, an effective but toxic and difficult to discard
alternative. To address this problem, the application of food-grade a-CD-NS as a
greener ethylene scavenger was explored. First, a solvent-free synthesis of a-CD-NS
was successfully scaled up through mechanochemical means using N,N'-
carbonyldiimidazole as crosslinker, by varying the rotation frequency of a planetary
ball mill. Then, the validation of a fast and sensitive HPLC-DAD method allowed to
optimize a washing protocol to monitor imidazole, a toxic reaction subproduct,
yielding food-grade a-CD-NS. Their absorbent capacity was evaluated through BET
isotherms and ethylene absorption experiments using gas chromatography (GC)
coupled to a flame ionization detector (FID). When compared to other absorbents
(zeolite and bentonite), a-CD-NS showed the highest ethylene removal capacity (93
UL h™ kgaasorwent '), Opening the doors for a greener and safer sachet-shaped ethylene

removal active packaging solution.

Antimicrobial active packaging solutions are also an active food packaging category
of high relevance, as pathogenic microorganisms such as Salmonella enterica and
Listeria monocytogenes, commonly found in fresh meat products, continue to be
responsible for serious illnesses and food safety outbreaks. The antimicrobial
activity of diacetyl, an antimicrobial VOC produced by lactic acid bacteria during
fermentation, was tested in vitro against S. enterica and L. monocytogenes. Having
verified a higher diacetyl antimicrobial susceptibility in vapor phase towards S.
enterica, this bacterium was selected as the model strain for the following
experiments. Then, to entrap the volatile component, a diacetyl-based sodium

stearate (NaSt) gel formulation was developed by balancing its antimicrobial and
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rheological properties, as determined by texture profile analysis. The gel was also
supported onto the previously developed food-grade a-CD-NS, forming a diacetyl-
based a-CD-NS-NaSt composite, with view to increase its surface area and
potential release. Both active materials displayed similar in vitro anti-Salmonella
activity. However, diacetyl quantification by GC-FID showed that stearate gels
released 1.12 = 0.09 milligrams per gram of material while the a-CD-NS composites
were able to release 2.97 + 0.07 milligrams per gram of material, confirming that the
a-CD-NS-NaSt composite displayed a superior release behavior. Next, the
antimicrobial efficacy of both materials in the form of sachets was tested in vivo
against a packaged fresh beef meat artificially inoculated with Salmonella enterica
under refrigerated storage. The composite showed higher inhibition of Salmonella
(77%) when compared to the gel (33%). Likewise, both materials demonstrated
comparably strong inhibitory effects against common beef meat microbiota,
including total viable counts, pseudomonads, and lactic acid bacteria, ranging from

93% to nearly complete (99%) inhibition.

Following the quest towards a safe and sustainable food packaging sector, bio-
based polymers such as starch-based films, must comply with food safety
regulations if destined to be in contact with food. Thus, the chemical risk
assessment of three starch-based food packaging films was evaluated according to
directive EU 10/2011. Migration experiments using three different food simulants
(Tenax®, 3% v/v Acetic acid and 10% v/v Ethanol) revealed the migration of a large
number of cyclic and linear oligomer combinations of adipic acid, 1,4-butanediol,
propylene glycol, isophthalic acid and lactic acid monomers, among others, as
determined by UPLC-MS(QTOF). Oligomers are low molecular weight molecules
that can migrate from a food contact material into foodstuffs. As newly discovered
compounds, they lack reference standards available for the necessary toxicological
risk assessment and analytical studies. To this end, a stepwise synthesis approach
was used to synthesize and isolate, for the first time, eleven cyclic and linear
oligoester standard combinations using adipic acid, 1,4-butanediol, propylene
glycol, and isophthalic acid monomers. This stepwise synthesis protocol allowed to

obtain the desired oligoester standards with good overall yields ranging from 18 to
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52 %. Then, standards were characterised by 'H and *C NMR as well as UPLC-
MS(Orbitrap) and demonstrated an overall purity over 98 %. Next, the synthesized
standards were used to unequivocally identify the migrant oligoesters by their UPLC
profile and MS/MS spectra. Finally, according to their threshold of toxicological
concern concept, quantification results using the standards deemed safe only one

of the three assessed bio-based polymer films.

In conclusion, this PhD thesis evaluated the ethylene removal efficacy and the
antimicrobial activity of two new active packaging solutions, offering new
alternatives to control food safety and food waste. Moreover, it also contributed
towards the food safety of bio-based packaging materials by providing this series of
synthesized oligoester standards to unequivocally identify and quantify migrant

oligomers in emergent bio-based polymers.
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Resumen

A lo largo de la evolucidén humana, la comida ha sido un eje central no solo para la
supervivencia, sino también para la cohesiéon social y la identidad cultural. Sin
embargo, la complejidad de la actual cadena alimentaria ha planteado nuevos
desafios para los cuales la sociedad no esta tan preparada como deberia. Por
ejemplo, nunca hemos producido tanta comida, y sin embargo, un porcentaje
significativo de la poblacion sufre de desnutricién mientras que miles de toneladas
de alimentos se pierden o desperdician a lo largo de la cadena alimentaria.
Ademas, garantizar la seguridad alimentaria es un desafio crucial para la
globalizada e interconectada sociedad en la que vivimos, puesto que el Unico papel
que deberia tener la comida es el de proporcionar suficientes nutrientes para la
poblacién, y no el de causar enfermedades o, en el peor de los casos, la muerte. En
este contexto, el envasado de alimentos sirve no solo para preservar la frescuray la
calidad de los productos, sino también como barrera contra una posible
contaminacion externa. En el centro de la innovacién en envasado alimentario se
encuentran los envases activos que, con soluciones adaptadas a desafios
especificos de conservacién, pueden reducir las pérdidas y el desperdicio
alimentario y contribuir asi a la seguridad alimentaria. Sin embargo, décadas de
insostenible gestién y producciéon de plasticos han hecho sonar alarmas
medioambientales sobre el uso de plasticos convencionales en el envasado
alimentario. Como consecuencia, los materiales biobasados se han posicionado
como una alternativa mas ecoldgica y sostenible. No obstante, a la vez que los
consumidores demandan alimentos mas seguros y libres de sustancias dafinas,
los nuevos materiales y soluciones de envase han de cumplir también con los
estandares necesarios para garantizar que no comprometan la seguridad

alimentaria.

De hecho, la seguridad alimentaria ha sido el enfoque principal de esta tesis
doctoral, que ha abordado el desarrollo de nuevas soluciones de envase activo para
combatir las pérdidas y el desperdicio alimentario, al mismo tiempo que ha

estudiado y contribuido a la seguridad de nuevos biomateriales de envase. En esta
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tesis doctoral se ha explorado la aplicacidon de moléculas nanoestructuradas como
captadores de etileno, la actividad antimicrobiana de una solucién de envase activo
basada en un compuesto organico volatil (VOC) y la seguridad de nuevos
biomateriales de envase con base de almidén. Por primera vez, se ha intentado
escalar por métodos mecanoquimicos la sintesis nanoesponjas de alfa-
ciclodextrina (a-CD-NS) de grado alimenticio, asi como su aplicacién como
captadores de etileno. Ademas, se ha explorado la aplicaciéon de una solucién de
envase activo antimicrobiano basada en diacetilo como agente activo. Finalmente,
se estudio el perfil de migraciéony el cumplimiento de la seguridad de materiales de

envasado alimentario con base de almidén.

La maduraciéon precoz de frutas, verduras y otros productos horticolas afecta
directamente a su calidad y aumenta la susceptibilidad de los mismos a la
contaminacion fungica. El proceso de maduracion esta principalmente controlado
por el etileno, una fitohormona producida por frutas, verduras y flores ornamentales
gue, incluso en concentraciones de pL L™, contribuye al deterioro y el desperdicio
alimentario. Las soluciones comerciales existentes para controlar los niveles de
etileno implican el uso de permanganato potasico, una alternativa efectiva pero
téxica y dificil de desechar. Para abordar este problema, se ha explorado la
aplicacién de a-CD-NS de grado alimenticio como una alternativa mas ecoldgica
de captadores de etileno. Primero, se escalé con éxito una sintesis ‘verde’ sin
disolventes de a-CD-NS mediante métodos mecanoquimicos utilizando N,N'-
carbonyldiimidazol como agente reticulante, variando la frecuencia de rotacién de
un molino de bolas planetario. Luego, la validacién de un método HPLC-DAD rapido
y sensible permitié optimizar un protocolo de lavado para monitorear el imidazol,
un subproducto téxico de la reaccidn, obteniendo asi las a-CD-NS de grado
alimenticio. Su capacidad captadora de etileno fue evaluada a través de isotermas
BET y experimentos de retirada de etileno utilizando cromatografia de gases (GC)
acoplada a un detector de ionizacién de llama (FID). En comparacién con otros
adsorbentes (zeolita y bentonita), las a-CD-NS mostraron mayor capacidad de

eliminacion de etileno (93 pL h™" kgaasorwente '), @abriendo asi las puertas a una solucién

18



de envase activo para eliminacién de etileno mas ecoldgica y segura en formato de

sachet.

Las soluciones de envase activo antimicrobiano son también una categoria de
envase activo alimentario de alta relevancia, ya que microorganismos patégenos
como Salmonella entericay Listeria monocytogenes, comunmente encontrados en
productos carnicos frescos, contintan siendo responsables de enfermedades y
brotes de seguridad alimentaria. La actividad antimicrobiana del diacetilo, un VOC
antimicrobiano producido por bacterias acido-lacticas durante la fermentacion,
fue evaluada in vitro frente a S. enterica 'y L. monocytogenes. Tras comprobar una
mayor susceptibilidad antimicrobiana del diacetilo en fase de vapor hacia S.
enterica, esta bacteria fue seleccionada como especie modelo para los siguientes
experimentos. Con el objetivo de retener el componente volatil, se desarrollé una
formulacién de gel de estearato de sodio (NaSt) basada en diacetilo, equilibrando
sus propiedades antimicrobianas y reoldgicas. El gel también se soporté en las a-
CD-NS de grado alimenticio previamente desarrolladas, formando un compuesto
a-CD-NS-NaSt basado en diacetilo, con el objetivo de aumentar su area superficial
y su potencial liberacién. Ambos materiales activos mostraron una actividad in vitro
similar. Sin embargo, la medicidn de diacetilo por GC-FID demostré que el gel de
estearato liberé 1,12 £ 0,09 miligramos por gramo de material mientras que el
compuesto de a-CD-NS-NaSt liber6 2,97 = 0,07 miligramos por gramo de material,
confirmando asi una liberacién superior del compuesto de a-CD-NS-NaSt. A
continuacion, se probé la eficacia antimicrobiana de ambos materiales en forma de
sachets in vivo frente a carne envasada de ternera fresca artificialmente inoculada
previamente con Salmonella entérica, bajo refrigeracién. El compuesto de a-CD-
NS-NaSt mostré una mayor inhibicién de Salmonella (77%) en comparacién con el
gel (33%). De igual forma, ambos materiales demostraron similares efectos
inhibitorios frente a microbiota presente en carne de ternera, como los recuentos
totales, pseudomonas y bacterias acido lacticas, que oscilaron entre inhibiciones

del 93% y casi totales (99%).

Continuando el objetivo hacia un sector de envase alimentario seguro y sostenible,

los bioplasticos como los films con base de almidén han de cumplir con las
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regulaciones de seguridad alimentaria si estan destinados a entrar en contacto con
alimentos. Por ello, se evalud el riesgo quimico de tres films de envase de
alimentario con base de almiddn de acuerdo con la directiva de la UE 10/2011. Los
experimentos de migraciéon utilizando tres simulantes alimentarios diferentes
(Tenax, acido acético al 3% v/v y etanol al 10% v/v) revelaron la migracién de una
gran cantidad de combinaciones de oligdmeros ciclicos y lineales de acido adipico,
1,4-butanodiol, propilenglicol, acido isoftalicoy mondémeros de acido lactico, entre
otros, tal y como fue determinado por UPLC-MS (QTOF). Los oligdmeros son
compuestos de bajo peso molecular que pueden migrar de un material a los
alimentos. Como compuestos emergentes, carecen de los estandares de
referencia necesarios para su evaluacién toxicolégica y los correspondientes
estudios analiticos. Con el fin de contribuir a su disponibilidad, se utilizé un
enfoque de sintesis por etapas para sintetizar y aislar, por primera vez, once
combinaciones estandar es de oligoésteres ciclicos y lineales utilizando como
mondmeros acido adipico, 1,4-butanodiol, propilenglicol y acido isoftalico. Este
protocolo de sintesis por etapas permitié obtener los estdndares de oligoésteres
deseados con buenos rendimientos generales que fueron desde el 18 al 52%.
Luego, los estandares fueron caracterizados por RMN de 'H y 'C, asi como por
UPLC-MS (Orbitrap), demostrando una pureza general superior al 98%. A
continuacion, los estandares sintetizados se utilizaron para identificar y cuantificar
inequivocamente los oligoésteres migrantes mediante su perfil de UPLC y sus
espectros MS/MS. Finalmente, segln el concepto de umbral de preocupacioén
toxicologica (TTC concept), los valores de cuantificacion obtenidos utilizando los
estandares consideraron seguros solamente uno de los tres films de biomateriales

de almiddn evaluados.

En conclusién, en esta tesis doctoral se ha evaluado la eficacia de eliminacién de
etileno y la actividad antimicrobiana de dos nuevas soluciones de envase activo,
ofreciendo nuevas alternativas para controlar la seguridad alimentaria y el
desperdicio de alimentos. Ademas, también se ha contribuido a la seguridad

alimentaria de nuevos biomateriales de envase sintetizando una serie de
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estandares de oligoésteres con los que identificar y cuantificar inequivocamente

los oligdmeros migrantes en biomateriales emergentes.
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1. Food safety

In 1969, the Food and Agriculture Organization of the United Nations (FAO) defined
food safety as the ‘assurance that food will not cause adverse health effects to the
consumer when prepared or eaten’, establishing the first global efforts towards food
hygiene (FAO, 2023a). However, the oldest known food safety regulations date back
to the Babylonian Code of Hammurabi, ca. 1772 BCE. Back in the day, the code
included actions related to food safety and hygiene, such as penalties for selling
spoiled or adulterated food, stressing the importance of ensuring the quality and

safety of food for public health and well-being (Prince, 1904).

In the interconnected global landscape we live in, food safety has become more
than ever paramount due to the intricate network of food production, distribution,
and consumption spanning across countries and continents. The increased
complexity of the supply chains and the globalization of food trade, lead to potential
hazards such as contamination, adulteration, and improper handling that can occur
at any stage, posing significant risks to human health and economic stability. As the
standard of living improves, it is expected that so will food security. However,
despite all efforts, a recent study showed that the number of severely food insecure
people has done nothing but increase from 560 to 900 million in the period from
2015 to0 2023, being Asia and Africa the most affected regions (FAO, 2023b). In fact,
it is estimated that 600 million people, almost 1 in 10 people in the world, will falliill
after eating contaminated food at least once in a lifetime (WHO, 2022). Moreover,
unsafe food disproportionally affects vulnerable groups of people such as the
elderly, infants and children with a major incidence in low- and middle-income
countries (WHO, 2015). Apart of the invaluable impact on human health, the losses
related to productivity, trade-related and medical care can account for as much as

110 billion US dollars per year (WHO, 2022).

Food safety incidents occur on a daily basis to varying degrees. However,
historically, there have been several chemically, biologically and environmentally
related food safety tragedies and challenges, that due to their impact and

repercussion have remained in the collective memory (Fung et al., 2018). One of the

25



most notorious was the so-called Minamata disease, which happened twice, in
1956 and 1965, in Niigata Prefecture in Japan (Eto, 2000). In this disease, discharges
of mercury oxide in Minamata bay and its bioconversion to methyl mercury, caused
bioaccumulation of the neurotoxic compound in sea life that later appeared in the
local fish and seafood food chain. As a result, over 900 people died and millions
suffered from neurological problems such as sensory disturbance, narrowing of the
visual field, and hearing and speech disturbances (Shimohata et al., 2015). One
particularly unfortunate case of food adulteration happened in Chinain 2008, when
infant formula was adulterated with melamine. As a result, tens of thousands of
infants were hospitalised as they produced kidney stones with some resulting in

renal failure (Gossner et al., 2009).

Apart from the impact on human health and the economy, foodborne outbreaks can
have great social implications. For example, the so-called mad cow disease, which
originated in the United Kingdom in 1996 and soon affected other neighbouring
countries, threatened the future of European integration. In the outbreak, the
transmission of the degenerative bovine spongiform encephalopathy (BSE)
infection to humans through the ingestion of beef meat led to symptoms like those
of Creutzfeldt-Jakob disease, that fatally affected the brain and spinal cord (FDA,
2020). Positively, the social concerns derived from this crisis deeply impacted
regulatory harmonization and policies of a newly formed European Union

(Kockerling et al., 2017).

Foodborne pathogens have also been responsible for a great number of food
outbreaks. In 2011, Germany experienced a large outbreak of entero-haemorrhagic
Escherichia coli (EHEC) considered by the World Health Organisation (WHO) as the
largest in Europe at the time (Kockerling et al., 2017). Thousands of people across
Europe were hospitalized due to a new E. coli strain, E. coli O104:H4 in
contaminated bean sprouts which lead to widespread illness and hospitalizations.
One example where globalisation played a big part on the food outbreak was the
2009 scandal associated to the Peanut Corporation of America, a major peanut

product provider. As a result of the distribution of Salmonella Typhimurium
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contaminated peanut paste, a salmonellosis outbreak quickly spread through 46

states and Canada (CDC, 2009).

Table 1. Major examples of world-wide foodborne outbreaks.

Event Agent Region Effects

. 900 people died and 2 million
Minamata .
. suffered neurological health
disease (1956 &  Methyl mercury Japan

problems
1965) .
(Eto, 2000; Shimohata et al., 2015)
Melamine in 6 death and 300,000 affected
infant formula Melamine China infants
(2008) (Gossner et al., 2009)
Bovine . .
. . Degenerative until fatal, 223
Mad cow disease spongiform oo
Europe human victims
(1996) encephalopathy
(FDA, 2020)
(BSE)
E. coli outbreak . 53 people died, 3,842 suffered
E. coliO104:H4 Europe .
(2011) symptoms (Yeni et al., 2016)
Peanut . .
. Salmonella United 9 deaths and 714 infected persons
Corporation of . .
Typhimurium States (CDC, 2009)

America (2009)

Due to the global implications, and in addition to national food safety initiatives, the
WHO has been promoting international and national cooperation by setting and
addressing a food safety agenda. The first Global Food Safety Strategy was
published in 2002 and aimed to safeguard public health and facilitate international
trade by ensuring the safety and quality of food products worldwide, promoting
comprehensive food safety systems at national and international levels (WHO,
2002). The plan was later updated in 2013 to strengthen surveillance mechanisms,
risk assessment and management practices between not only governments, but
also industries and international organizations, focussing on foodborne illnesses,
and specially in zoonoses (WHO, 2013). The actual strategy (WHO, 2022) builds up
upon the two previous initiatives to address emerging challenges and evolving food
safety concerns. This strategy emphasizes a more holistic approach towards food
safety, considering not only microbial but also chemical and physical hazards, as

well as issues related to antimicrobial resistance and environmental sustainability.
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The current WHO Global strategy for food safety underlies five major strategic

priorities (WHO, 2022):

e Strategic priority 1: Strengthening national food control systems -
competent authorities can establish and strengthen national food control
systems by evaluating and improving key components that will contribute to
reducing the burden of foodborne diseases.

e Strategic priority 2: Identifying and responding to food safety challenges
resulting from global changes and food systems transformation — national
governments can identify and proactively respond to global changes and
transformations to food systems, as well as to the movement of foods that
have the potential to impact food safety.

e Strategic priority 3: Improving the use of food chain information, scientific
evidence and risk assessment in making risk management decisions -
resources to strengthen national food systems are allocated through an
evidence and risk-based approach.

e Strategic priority 4: Strengthening stakeholders (regulators, academia, food
industry, consumers) engagement and risk communication — food safety
stakeholders adapt a food safety culture and encourage the acceptance of
their individual and collective responsibility for food safety.

e Strategic priority 5: Promoting food safety as an essential component in
domestic, regional and international food trade — economic success of
national food production in domestic, regional and international trade is
promoted by national food systems which act as a safety warrant of food

products.

This strategy also aligns food safety and the strategic priorities with the Sustainable
Development Goals (SDGs) and the 2030 agenda (WHO, 2022). The SDGs are a call
for action by 193 countries to collectively achieve 17 objectives that would promote
prosperity while protecting the planet (UN General Assembly, 2015). As such, food
safety is fundamentalto SDG 1, 2, 3, 6, 8, 12 and 17 (Figure 1).
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Figure 1. Aligment of food safety with the Sustainable Development Goals
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2. Packaging materials and food chemical risk

2.1. Food packaging materials

Food is exposed to a series of physical, chemical, and microbiological agents during
the storage, distribution, and commercialization stages. Historically, the way
humans stored food remained unchanged practically until 100 years ago, when new
materials and manufacturing techniques came into place (Risch, 2009). Nowadays,
food packaging is an essential part of the food chain not only by providing
protection, but also by helping to maintain food quality and extending food shelf-
life. As such, food packaging has three primary roles (protection, utility, and
communication) in three different environments: physical, atmospheric, and
human. In consequence, an ideal food package should effectively serve its three

functions in all three environments (Risch, 2009).

Nowadays, the number of food packages could be as big as the number of food
products, as the market has adapted to cover any specific needs. As seen in figure
2,the most used materials by market share are plastics (45 %), cardboard and paper
(833 %), metals (12 %) and glass (6 %) (Cameron, 2020). That been said, food
packages are usually multi-layer materials instead of mono-materials to gather a
combination of the necessary properties that ensure the best preservation of the
packaged food product. The most common example of a multilayer material is Tetra
Brick®, a combination of laminated paper, aluminium foil and plastic (low density
polyethylene, LDPE). The combination of these three materials gives the packaging
materials structural support (paper), aroma and light barrier properties
(aluminium), and sealing, adhesion and ink support (LDPE), (Georgiopoulou et al.,

2021).
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Figure 2. Market share of food packaging materials. Adapted from Cameron, 2020.

Despite being relatively new, plastics represent the most used materials in food
packaging mainly due to their unique properties as they are mouldable, generally
chemically inert, cost effective, lightweight, and provide multiple choices in terms
of transparency, heat resistance, sealability, and barrier properties (Kirwan et al.,
2011). Moreover, many of them are recyclable. Table 2 showcases the types of

plastics used in food packaging.

Table 2. Types of plastics used in food packaging and their acronyms.

Type of plastic (Acronym)

Polyethylene (PE) Polyvinyl chloride (PVC)
Polypropylene (PP) Polystyrene (PS)

Polyethylene terephthalate (PET) Styrene butadiene (SB)

Polybutylene terephthalate (PBT) Ethylene vinyl alcohol (EVOH)
Polycarbonate (PC) Polyvinyl acetate (PVA)

Ethylene vinyl acetate (EVA) Polyamides (PA)

Polymethyl pentene (TPX) High nitrile polymers (HNP)
Fluoropolymers (PCTFE/PTFE) Acrylonitrile butadiene styrene (ABS)

As food packaging materials, low- and high-density polyethylene (LDPE and HDPE
respectively) are the most used with over 50 % by market weight, with PP, PET, PS

and PVC accounting for most of the remaining bulk (Kirwan et al., 2011).
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However, the large use of this type of polymers together with their long degradation
rates have posed significant environmental challenges. Despite efforts set by
environmental goals, factors such as economics, politics, and society play an
important role on plastic packaging recycling. Recycling can be defined as the
processing of material waste for its original purpose or for other purposes. However,
when it comes to plastic food packaging, materials need first to be accurately
sorted, washed and successfully decontaminated which, together with the
technical feasibility associated to each material, make the process often not viable

(Dainelli, 2008).

The environmental concerns outlined above, together with legislation efforts, have
increased the interest for the development of new materials for food packaging
applications. Even though bio-based polymers only account for 1 % of plastics
produced annually, they represent an important part of the food packaging industry
as most of them are destined for food packaging applications (Torres-Giner et al.,
2021). Bio-based polymers consist of a whole family of materials with distinct
properties and applications and can be categorised as ‘bio-based’, ‘biodegradable’,
or both. Bio-based polymers encompass any polymer produced from renewable
resources, comprising both naturally occurring polymers and synthetic ones
synthesized using monomers derived from biological sources (Ashter, 2016). They
offer the advantage of using biomass that regenerates annually and the potential for
carbon neutrality. On the other side, biodegradable polymers are those capable of
decomposing rapidly by microorganisms under natural conditions through aerobic
or anaerobic processes to carbon dioxide, methane, water, or biomass (Laycock et
al.,, 2017). As such, bio-based polymers can be biodegradable but not all

biodegradable polymers are bio-based.

Gruiji¢ et al. divided bio-based polymers according to their origin and production

methods into four fundamental classes (Gruji¢ et al., 2017).

e C(lass 1- those obtained from biomass such as polysaccharides (starch,

chitosan, cellulose, etc.) and proteins (collagen, gluten, casein, etc.).
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e (lass 2- bio-based polymers produced through usual chemical pathways

but from bio-based monomers often obtained from fermentation of

carbohydrates, such as chemically synthesized poly lactic acid or bio-

polyesters.

e (lass 3- bio-based polymers produced by microorganism activity such as

polyhydroxyalkanoates (PHAs) and bacterial cellulose.

e C(lass4-asinclass 2, bio-based polymers produced through usual chemical

pathways but from a combination of bio-based and conventional,

petroleum-based monomers. Examples include polybutylene succinate

(PBS), bio-based terephthalic acid (TPA), bio-based PP and PE, etc.

A non-exhaustive list of the most important bio-based polymer materials trends for

food packaging applications and their properties can be found in table 3.

Table 3. Bio-based polymer materials trends for food packaging applications and
their class according to their origin and production method and their properties.

Bio-based Source Properties References
polymer
Formed of lactic acid units.
Similarly to PET, PS and PC, the
most relevant characteristics of
Polylactide th|§ plo-based polymer are high
Corn, rigidity, good transparency, heat (Garlotta,
(PLA) > R
sugarcane sealability, printability, and melt 2001)
Class 2 -
processability. No oxygen or
water barrier. Biodegradable
under industrial composting
conditions.
Made of 3-hydroxybutarate units,
PHB is the most common type of
polyhydroxyalkanoate. It has
Poly(3- similar properties to polyolefins
. . and can be processed by all
hydroxybutyr Microorganis (Yeo et al.,
. common methods. Good water
ate) (PHB) m activity - . 2018)
Class 3 stability but poor impact-strength

resistance. Biodegradable under
domestic composting conditions,
soil, and in the marine
environment.
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Bio-polyester from 1,4-
butanediol, adipic acid and
terephthalic acid. Ductility and

::;):(batlteyl:: Corn thermomechanical properties
tore phtalate) cusarae . comparable to LDPE but low (G. Lietal.,
P g mechanical strength and water 2015)
(PBAT) petroleum . . .
barrier properties. Biodegradable
Class 4 )
under composting and under
certain soil and marine
conditions.
Bio-polyester from 1,4-
. butanediol and succinic acid.
Bio- .
olvbutvlene Balanced mechanical and
P s:ccir:,ate Corn, processing properties (Rafigah et
. sugarcane comparable to PP but with higher al., 2021)
(bioPBS) L .
rigidity. Biodegradable under
Class 2 . .
composting and under certain
soil and marine conditions.
This polymer from bio-based 2,5-
Poly(ethylen furandicarboxylic acid and bio-
monoethylene glycol has .
e furanoate) Corn, ) (Kasmi et al.,
excellent mechanical strength
(PEF) sugarcane . 2018)
and oxygen and water barrier
Class 2 . .
properties outperforming those
of PET. Not biodegradable.
Starch based with moderate
oxygen barrier but poor moisture
Thermoplasti and mechanical properties. It is
. . . (F. Zhu,
c starch (TPS) Cassava, corn mixed with plasticizers to
. . - 2015)
Class 1 increase its processability.
Biodegradable with suitable
microbial activity conditions.
Unsuitable for film production,
neat cellulose is chemically
modified and mixed with
Cellulose plastngrs to achleye good
. mechanical properties. Bad gas (Petersen et
derivatives Wood . . .
and moisture barrier properties al., 1999)
Class 1
and not water stable.
Biodegradable in nature under
suitable microbial activity
conditions.
Protgln-based films from (Andrade et
] Wheat, gelatine, wheat gluten, soy, corn
Proteins . . . . . al., 2015;
animal skins, zein, or milk. These films have
Class 1 bones high cohesiveness and good Azevedo et
g g al., 2015)

barrier properties against oxygen
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and aroma. They have however
high water vapor permeability.
Biodegradable in nature under
suitable microbial activity
conditions.

Despite all the research involved in developing bio-based packaging materials,
there are ethical discussions surrounding the use of biomass and potential food and
feed resources towards material production. Consequently, parallel research on
utilizing non-edible by-products as the primary source for bio-based plastics is now
one of the main focuses for sustainable packaging development. This involves
significant quantities of cellulosic by-products and waste materials like straw, corn
stover or bagasse (Torres-Giner et al., 2021). Consequently, the ongoing trend in the
development of the next generation of bio-based plastics is primarily driven by the
shift towards traditional polymers derived from renewable sources that are not

intended for human consumption.

2.2. Food safety of packaging materials

2.2.1. Legislation

Food packaging plays a crucial role in ensuring the safety of food products as well
astheir handling and transportation. Diverse materials such as plastic, glass, metal,
paper, and their combination are employed for safeguarding food from chemical
contamination and extending its shelf-life. Nevertheless, the growing health
awareness among consumers has raised concerns regarding the potential transfer

of harmful substances from packaging materials to food products.

To address these potential hazards, a series of national and European Union
regulations have been implemented. At the Union level, the European Commission
(EC) provides a harmonised legal EU framework regarding materials intended to
come into contact with food during its production, processing, storage, preparation
and serving (Table 3). Regulation EC 1935/2004 sets out the principles for FCMs

such as requirements of not releasing their constituents into food at levels that are
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harmful to human health and not changing food in composition, taste and odour in
an unacceptable way. Moreover, it provides a framework for compliance
documentation and traceability of materials as well as labelling instructions for
FCMs (EC, 2004). Likewise, commission regulation EC 2023/2006 ensures that the
manufacturing process of a FCM is well controlled so that it remains compliant with

the legislation (EC, 2006).

Apart from the general legislation mentioned above, specific EU measures apply to
certain harmonized FCMs of interest due to their varied nature such as plastics (EU,
2011) and recycled plastics (EU, 2022), active and intelligent materials (EC, 2009),
ceramics (EEC, 1984), and regenerated cellulose films (EC, 2007). For other non-
harmonized FCMs not covered by EU specific legislation such as adhesives, cork,
rubbers, glass, metals, paper and board, printing inks, silicones, textiles, etc., the
International Life Sciences Institute (ILSl) has recently published a series of
recommendations, based on specific national level legislations, regarding their

testing conditions (Oldring, 2023).

Regulation EU 10/2011 is the most comprehensive of all regulations due to the
broad use of plastics as FCMs. It covers rules on the composition of plastic FCMs
and limits the substances that can be used for their production, setting out
restrictions for the compliance of plastic materials and articles (EU, 2011). This
include FCMs made of conventional plastics and also bio-based polymers that,
without a specific legislation, also reside under the same regulation. The evolving
nature of plastics along with parallel research on their safety has forced regulation
EU 10/2011 to be amended quite regularly over the last 13 years, making it
paramount to work on the consolidated version, now containing 17 amendments.
Furthermore, regulation EU 2022/1616 exists to control the recycling and
decontamination processes of recycled plastic FCMs (EU, 2022). Nevertheless,
FCMs manufactured with recycled plastics must still comply with EU 10/2011.
Likewise, regulation EC 450/2009 exempts active and intelligent FCMs to follow the
inertness stated by EC 1935/2004 so that they can address their specific purpose
by, for example, absorbing and releasing substances that will extend the shelf-life or

improve the condition of packaged food (EC, 2009). Finally, directive 84/500/EEC
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and 2007/42/EC cover the rules on ceramic articles (EEC, 1984) and regenerated
cellulose film materials and articles (EC, 2007) intended to come into contact with

foods, respectively.

Table 4. Major European regulations on food contact materials (FCM).

General FCM regulations

Regulation EC 1935/2004 on materials and articles intended to be in contact with
food

Regulation EC 2023/2006 on good manufacturing practices

Specific FCM regulations

Plastic Regulation EU 10/2011 (as 04/2024)
Active and intelligent materials Regulation EC 450/2009

Recycled plastic materials Regulation EU 2022/1616
Ceramics Directive 84/500/EEC

Regenerated cellulose film Directive 2007/42/EC

Other regulations

Regulation EU 2018/213 restricting the use of bisphenol A in varnishes and
coatings of FCMs

Regulation EC 1895/2005 restricting the use of certain epoxy derivatives in FCMs
Directive 93/11/EEC regulating the release of N-nitrosamines and N-nitrosatable
substance from rubber teats and soothers

Regulation EU 284/2011 setting out import procedures for polyamide and
melamine plastic kitchenware from China and Hong Kong

Other EU regulations regarding food contact materials address the use of
substances such as bisphenol A, epoxy derivatives, and nitrosamines to ensure
consumer safety. Bisphenol A (BPA), known for its potential health risks, is
subjected to strict controls under EU regulation 2018/213, with bans on its use in
certain products like baby bottles and restrictions on its presence in other food
contact materials in the form of varnishes and coatings (EU, 2018). Similarly, epoxy
derivatives, which may contain BPA, are subject to regulation EC 1895/2005 to limit
their migration into food (EC, 2005). Also, nitrosamines, known carcinogens, are
strictly regulated through Directive 93/11/EEC to prevent their presence in rubber
teats and soothers (EEC, 1993). Furthermore, the EU implemented specific

procedures for monitoring polyamide and melamine products imported from China
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or Hong Kong to ensure compliance with EU safety standards, given the importance

of these materials in food packaging and plastic kitchenware (EC, 2011).

Overall, these regulations, together with the European Food Safety Authority (EFSA)
and ILSI recommendations, underscore the EU's commitment to safeguarding
public health and ensuring the safety of food contact materials in the European

market.

2.2.2. Migration phenomena: intentionally added substances (IAS) and
non-intentionally added substances (NIAS)

While one of the main purposes of food packaging is to preserve foods from
chemical hazards, interaction of FCMs with food matrices can result in the transfer
of chemical substances, having significant implications for food safety and public
health. This complex phenomenon receives the name of migration and can occur
through various mechanisms, including diffusion, partitioning, and adsorption-
desorption processes (Arvanitoyannis et al., 2014). Over the last years, extensive
research has been performed on migration processes (Aznar et al., 2011; Canellas
et al., 2015d, 2017, 2019, 2020; Nerin et al., 2022a; Oldring, 2023; Vera et al., 2018,
2019; Wrona & Nerin, 2020) due to their complexity and varied migration scenarios.

Some factors that can have a direct influence over migration extent and rate are:

e The nature of the food: the choice of food simulant directly influences the
migration processes observed. The use of a fatty food simulant would likely
result in higher migration levels compared to the use of an aqueous or acidic
simulant due to the greater solubility of substances in fats (Coltro et al.,
2014; Urbelis & Cooper, 2021).

e The type of contact: numerous studies suggest that the degree of migration
correlates with the type of contact (direct or indirect). Evidence indicates an
increase in migration levels when direct contact with food occurs (Alamri et
al., 2021; Eicher et al., 2015).

e The time and temperature of contact: as demonstrated by Arvanitoyannis et

al., the concentration of the migrating compound is directly proportional to
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the square root of the contact time (Arvanitoyannis & Kotsanopoulos, 2014;
Guan et al., 2023). Likewise, higher temperatures lead to higher migration
rates.

e The nature of the packaging material: packaging characteristics such as
thickness have a great influence on the migration level. For example, thinner
packages are subject to higher migration rates (Nerin et al., 2007; Ramirez
Carnero et al., 2021).

e The characteristics and the amount of migrant: for example, highly volatile
migrants show a higher migration rate. Likewise, high molecular weight
(>1,200 Da) substances present lower migration levels when compared to
low molecular weight molecules (Triantafyllou et al., 2007). Moreover, higher
concentrations of migrant in the FCMs will inevitably lead to a higher transfer
onto the food matrix due to the difference in the concentration gradient and

Fickian diffusion phenomena (Kato & Conte-Junior, 2021).

Depending on their origin, we can classify migrating substances into two big groups:
intentionally added substances (IAS) and non-intentionally added substances
(NIAS). As indicated by their names, IAS are substances deliberately incorporated
into FCMs during production, processing, or packaging to fulfil specific functions
such as improving the material's properties, enhancing performance, or providing
aesthetic qualities. For plastic FCMs, they include plasticizers, antioxidants and
stabilizers, colorants, flame retardants, adhesives and coatings and UV stabilizers
(Arvanitoyannis et al., 2014). Table 5 gathers some examples of common IAS
migrating from plastic FCMs. Common plasticizers belong to the group of esters of
phthalic acid and adipic acid (Alp & Yerlikaya, 2020). Due to their stability and
excellent oxidation resistance, phenolic compounds such as butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and tert-butylhydroquinone
(TBHQ) are some of the most used antioxidants in plastic FCMs (Ousji & Sleno,
2020; W. Zhu et al.,, 2023). Flame retardants such as brominated and
organophosphate compounds are also often added to reduce the flammability of
plastic FCMs (Paseiro-Cerrato et al., 2021). Adhesives and coatings such of acrylic

and PU origin, are used to bond different material layers together to improve
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sealability and barrier properties of the final material and can also be transferred
into the food matrix (Aznar et al., 2011; Canellas et al., 2015a, 2015b, 2015c, 2017;
Félix et al., 2012; Isella et al., 2013; Jaén et al., 2022; Vera et al., 2011, 2012, 2013).
Migration of commercial families of compounds such as Tinuvin, Irganox, Irgafos,
etc., that are UV stabilizers added to protect FCMs from degradation caused by UV
radiation, can also occur (Monteiro et al., 1999; Reinas et al., 2012). Finally, an
interesting case is that of bisphenol A (BPA). BPA is typically considered an IAS as it
is deliberately incorporated into the production of certain plastics, such as
polycarbonate plastics and epoxy resins to impart specific properties, including
transparency and durability. However, BPA can also be considered a NIAS if it is
detected in FCMs unintentionally (Dreolin et al., 2019; Lépez-Cervantes & Paseiro-

Losada, 2003).

Table 5. Examples of common IAS migrating from plastic FCMs.

IAS Origin/Role Packagmg References
material
di(2-ethylhexyl) phthalate (Alp & Yerlikaya,
(DEHP) L 2020; Su, Vera,
. Plasticizer PVC .
diisononyl phthalate (DINP) Nerin, et al.,
diisodecyl phthalate (DIDP) 2021)
(Ousji & Sleno,
butylated hydroxyanisole (BHA) Antioxidants PE. PP PS 2020; Su, Vera,
butylated hydroxytoluene (BHT) and ’PE"I' " Salafranca, et al.,
tert-butylhydroquinone (TBHQ) stabilizers 2021; W. Zhu et
al., 2023)
2,4,6-tribromophenol (TBP), .
" . Flame (Paseiro-Cerrato
3,3',5,5'-tetrabromobisphenol A PC, PU, PE
retardants et al., 2021)
(TBBPA)
(Canellas et al.,
2021; Clemente,
. Aznar, Nerin, et
) Adhesives )
9,10-dihydroanthracene q Multilayer al., 2016;
an
retene . materials Domeno et al.,
coatings

2017; Salafranca
etal., 2015; Vera
etal., 2011)
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(Aznar et al.,
. . uv PE, PP, ]
Tinuvin, Irganox, Cyanox, Irgafos . 2023; Reinas et
stabilizer PET
al., 2012)

(Dreolin et al.,
2019; Lopez-

. . PC, epoxy
Bisphenol A (BPA) Production Cervantes &

resins .
Paseiro-Losada,
2003)

On the other hand, NIAS are chemicals that are present in FCMs but were not
intentionally added during its manufacturing. The source of NIAS in plastic FCMs is
very broad and can include impurities from primary materials, contaminants from
recycled components, degradation by-products from the polymer matrix and/or its
additives, and compounds resulting from reactions between polymer constituents
or its interactions with food (Wrona & Nerin, 2020). As a result, most NIAS are
unknown and can vary a lot from sample to sample, making it compulsory to
perform non-targeted analysis to determine all possible migrants through high-
resolution mass spectrometry (HR-MS). HR-MS allows finding molecular weights of
migrants to several decimal figures, allowing to determine the exact molecular
formula of the compound being analysed. However, qualitative analysis of NIAS
through HR-MS can be very difficult and challenging due to the complexity of
puzzling out chromatographic and spectrum results and a usual lack of information

about composition of a material (Nerin et al., 2013; Nerin et al., 2022b).

Two important terms that should not be mistaken are overall migration and specific
migration. Overall migration is a measure of inertness of a material and refers to the
total amount of migrant substances released from packaging per unit area under
specific predetermined conditions, often including substances whose identities are
not always known. In contrast, specific migration relates to every single substance
released by the packaging material (Robertson, 2016). In Europe, both IAS and NIAS
in plastic FCMs are controlled by Commission Regulation No 10/2011 (EU, 2011),
which specifies specific migration limits for some substances. For not listed
substances, migration should not be higher than 0.01 mg kg’ (ratio 6:1) of food or

food simulant (EU, 2011). This limit is established for the concept of functional
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barrier, but in practice, this value is applied to non listed substances, once provided
that they are non carcinogenic, mutagenic or reprotoxic (CMR). Moreover, for
substances without a toxicity assessment, a procedure of toxicity determination
can be assessed by application of the threshold of toxicological concern (TTC), a
theoretical approach of toxicity based on chemical structure, where analytes are
classified into three Cramer classes (Younes et al.,, 2022). This is the system

currently applied in Europe, although there is not an official regulation around it.

Plastic FCMs migration tests are commonly carried out using different food
simulants: liquid (e.g., 95% (v/v) ethanol, 3% (v/v) acetic acid) and/or solid (Tenax®).
Temperature and time of migration tests depend on the intended application and
worst-case scenario of the FCM is recommended for the tests (EU, 2011). The most
common migrants are organic analytes, which can be differentiated into two big
groups: volatile and non-volatile compounds, determining the analytical procedure
for their detection and quantification. Nerin et al. recently published a guidance for
selecting the appropriate method for the identification and quantification of NIAS in
FCMs (Nerin et al.,, 2022a). Volatile analytes will likely be analysed by gas
chromatography whereas non-volatile ones will be separated by liquid
chromatography. In both cases, chromatography will be coupled to different kinds
of mass spectrometry detectors, changing only the injection mode according to the
matrix of the migration extract (Nerin et al., 2013; Nerin et al., 2022a; Wrona & Nerin,
2020). Thus, as illustrated in Table 6, different analytical approaches have been

developed to analyse the migration of these extracts.
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Table 6. Examples of analytical procedures for different food simulants. Adapted
from Wrona & Nerin, 2020. SPME-GC-MS, solid phase microextraction gas
chromatography coupled to mass spectrometry (MS) detector; HS, headspace;
UPLC-HR-MS, ultra-high performance liquid chromatography coupled to a high-
resolution mass spectrometry detector (eg. quadruple time-of-flight, orbitrap).

] Food Description Analytical procedure
simulant
SPME-GC-MS either by HS or total
A Ethanol 10% (v/V) immersion mode. Direct injection for
UPLC-HR-MS
SPME-GC-MS either by HS or total
B Acetic acid 3% (v/v) immersion mode. Direct injection for
UPLC-HR-MS
SPME-GC-MS either by HS or total
C Ethanol 20% (v/V) immersion mode. Direct injection for
UPLC-HR-MS
SPME-GC-MS either by HS or total
D1 Ethanol 50% (v/V) immersi‘on mode, but pre\{iously c!iluting
the migration extract 5 times. Direct
injection for UPLC-HR-MS
Any vegetable oil HS- SPME-GC-MS for direct oil analysis.
containing less than 1% For liquid injection in a GC-MS or UPLC-
D2 unsaponifiable matter. HR-MS system, oil needs first to be
Canbereplaced by 95%  extracted. When using 95% ethanol and
(v/v) ethanoland isooctane, direct injection can occur in
isooctane both GC-MS and UPLC-HR-MS
poly(2,6-diphenyl-p- Tenax® needs to be extracted with some
phenyleneoxide) known  organic solvent (eg. ethanol or methanol)
E as Tenax®, particle size and then concentrated under nitrogen
60-80 mesh, pore size stream. Then, direct injection can occur
200 nm in both GC-MS and UPLC-HR-MS

2.2.3. Unaddressed risks: oligomers

As structurally diverse compounds coming from incomplete polymerisation or
polymer degradation, oligomers have already surpassed the number of polymers.
Being low molecular weight polymers, they constitute one of the primary forms of
NIAS (Shi et al., 2023). Due to their low molecular weight (generally below 1,000 Da)
they can migrate from the material matrix into the food and are often disregarded by
polymer scientists, which concentrate their attention into the 10* to 10° Da range

(Shi et al., 2023).
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Oligomers have been found across all kinds of plastic FCMs. PET oligomers are of
special interest due to the growing popularity of recycled PET, as recycling
processes can trigger polymer degradation which leads to oligomers formation
(Alberto Lopes & Tsochatzis, 2023a; Barnard et al., 2021; Cho et al., 2016; Ubeda et
al., 2018). Oligomers content can represent an important part of a material, with
some studies reporting PET FCMs to contain up to 1.2% w/w of oligomers (Hoppe et
al., 2018). Migrating oligomers have also being found in PE (Biedermann-Brem et al.,
2011; Coulier et al., 2007), PP (Coulier et al., 2007) and PS (Choi et al., 2005; Z. Tian
et al., 2020). In another case study, oligomers coming from PU are able to migrate
from lamination adhesives of multilayer materials (Ubeda et al., 2020; N. Zhang et
al., 2018). Moreover, the increasing popularity of bio-based polymers, usually
manufactured by mixing various monomers and materials to enhance their
properties, has multiplied the numbers of oligomeric combinations. As a result,
various cyclic and linear oligoester combinations of PLA (Aznar et al., 2019; Burgos
et al., 2014) have been found, as well as humerous monomer combinations of
diacids (e.g. phthalic acid, adipic acid, sebacic acid) and diols (e.g. 1,4-butanediol,
ethylene glycol, propylene glycol, diethylene glycol, 1,6-hexanediol, neopentyl
glycol) used in bio-based polymer manufacturing (Aznar et al., 2019; Cariou et al.,

2022; E.L. Bradley, 2010; Omer et al., 2018; Ubeda et al., 2021).

The lack of isolated oligoester standards results in an analytical challenge for the
identification and quantification of NIAS (Nerin et al., 2013; Nerin et al., 2022a).
Moreover, it limits the capability to perform toxicological risks assessments that
would shed some light into the human and environmental exposure as well as the
Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) of oligoesters,
as very few studies have been performed regarding the toxicity of oligomers. Wang
et al. proved that PLA oligomers can potentially induce acute intestinal and colon
inflammation in mice (M. Wang et al., 2023). Moreover, there is evidence that PS
oligomers cause human endocrine disruption (Ohyama et al., 2001). Hence, in
recent years, synthetic efforts have been made by independent research groups to
contribute towards the availability of migrant oligoesters (Cariou et al., 2022;

Paseiro-Cerrato et al., 2016; Pietropaolo et al., 2018; Ubeda et al., 2017).
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Nevertheless, urging to fill oligomers knowledge gaps, the need for reference

standards is rapidly increasing (Nerin et al., 2022a).

3. Biological risks and active packaging

Food spoilage poses a significant challenge to global food security, affecting both
developed and developing nations alike. Inadequate storage and transportation
infrastructure contribute to substantial losses of perishable goods, provoking food
insecurity issues. Active packaging technologies have emerged as a promising
solution to prevent food spoilage and foodborne diseases transmission by
incorporating active agents with antimicrobial activity into packaging materials

(Yildirim & Rocker, 2018).

3.1. Food spoilage and insecurity

All food eventually spoils. Deterioration can happen through physiological,
biochemical, microbiological, or environmental processes, which contribute to
changes in the nutritional value, texture, flavour, and overall quality of the food
product (Hammond et al., 2015). Moreover, food spoilage has social, economic, and
politicalimplications, such as the waste of valuable resources and the unnecessary
contribution to carbon emissions when food ends up in a landfill (Busetti & Pace,

2022; Hammond et al., 2015).

3.1.1. Senescence

According to the Food Authority Organisation (FAO), an estimated 17% of global
food production is wasted (FAO, 2021), with fresh products such as fruits and
vegetables being the main contributors (Blanke, 2015). This is directly linked with
the availability of food across the world, with regions such as Africa suffering from
hunger, which leads to sickness and premature death (James & Zikankuba, 2017). In
an attempt to overcome these challenges, it is needed to target the causes of
deterioration. In fruits and vegetables, they include early ripening (Pech et al., 2018),

moulds and bacterial contamination (Giannakourou & Tsironi, 2021), and
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mechanical injuries caused during processing (Yousuf et al., 2018). In other fresh
food products such as meat, oxidation of lipids and proteins, as well as
microorganism deterioration, either by post-harvest contamination or by foodborne

pathogens, are the main factors of spoilage (Soladoye et al., 2015).

Early ripening is one of the main causes of fruits and vegetables senescence (Kader
et al., 2003). Ripening is mainly controlled by the phytohormone ethylene, also
known as the plant growth hormone, which is produced by fruits and vegetables
themselves. In climacteric fruits, increasing concentrations of ethylene accelerates
their ripening and senescence processes (Golden et al., 2014). The impacts differ
for each fruit and vegetable, but among the most prevalent are decay, russet

spotting, yellowing, odour, wilting, and scalding(Kader, 2013).

Oxidation is also another important factor that contributes significantly to the
deterioration of quality and shelf-life of food. When food is exposed to oxygen,
reactive oxygen species (ROS) are generated, initiating a cascade of oxidative
reactions that lead to the degradation of essential nutrients, such as vitamins (A, D,
E and K), proteins, and lipids (S. Tian et al., 2013) . ROS comprise a series of
molecules such as singlet oxygen (O,'), oxygen superoxide (O2), hydrogen peroxide
(H202) and hydroxyl radicals (OH'), being the latter the most reactive of all (Meitha et
al., 2020). It is a radical reaction, where free hydroxyl radicals are the initiators. This
oxidative stress manifests through various visible changes, including discoloration,
generation of off-flavors, and texture alterations, and can produce inflammatory and
carcinogen compounds, contributing to food insecurity (F. Silva, Becerril, et al.,
2019). Additionally, oxidation accelerates the breakdown of cellular structures and
membranes, accelerating senescence processes such as enzymatic browning and
lipid rancidity (M. Hossain et al., 2020). Understanding the mechanisms of ripening
and oxidation in food senescence is crucial for developing effective preservation
strategies to maintain quality and extend the shelf-life of perishable fresh food

products (Nerin, 2010).
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3.1.2. Microbial spoilage

As mentioned previously, the prevalence of foodborne diseases generates direct
social, economic, and human health consequences as they contribute towards
food spoilage, and waste, and can cause illnesses. As such, we can differentiate
between food spoilage and pathogenic microorganisms. Food spoilage
microorganisms mainly affect the quality and appearance of food, making it
unappetizing but not necessarily harmful, while pathogenic microorganisms can
cause illness or disease when consumed in contaminated food (Tropea, 2022). In
fact, according to the World Health Organization (WHO), the annual global burden
of foodborne diseases exceeds 600 million cases and nearly 420,000 deaths (WHO,
2015). Table 7 summarises the impact of some foodborne pathogens and microbial

toxins in human health.

Table 7. Major foodborne diseases caused by pathogenic microorganisms and
food toxins in 2010. Adapted from WHO, 2015.

. No. of No. of
Threat Disease
cases deaths
Virus
Hepatitis A (HAV) Hepatitis 13,709,836 27,731
Norovirus Gastroenteritis 124,803,946 34,929
Bacteria
Campylobacter spp. Gastroenteritis 95,613,970 21,374
) Gastroenteritis/haemolytic
E. coli spp. . 111,476,873 63,375
uraemic syndrome
Salmonella spp. Salmonellosis 88,018,798 123,694
Vibrio cholerae Cholera 763,451 24,649
Shigella spp. Shigellosis 51,014,050 15,156
Listeria . .
Listeriosis 14,169 3,175
monocytogenes
Toxins
Aflatoxin Aflatoxicosis 21,757 19,455

Moulds and bacteria are, by far, the most important food spoilage and pathogenic
microorganisms. Moulds are often more related to food deterioration, with a special

affection towards fruits and vegetables, causing large pre-harvest losses and post-
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harvest waste in both household and shops (Alegbeleye et al., 2022). Moreover,
consumption of mould-contaminated food can result in serious food poising if the
mould has produced dangerous compounds for humans, such as mycotoxins (Table
8). Mycotoxins are secondary metabolites with diverse chemical structures and
mechanisms of toxicity produced by various fungi, predominantly those belonging
to the genera Aspergillus, Penicillium, and Fusarium. The most common mycotoxins
are aflatoxins (produced by Aspergillus spp.), which are potent carcinogens and can
lead to liver damage, ochratoxin A (produced by both Aspergillus and Penicillium
spp.), associated with nephrotoxicity and immunosuppression, and deoxynivalenol
(produced by Fusarium spp.), that is known to cause gastrointestinal disturbances
and immunomodulation (Bennett & Klich, 2003). Additionally, some of these toxins
and spores can survive high temperatures and pressures, posing significant
challenges in food manufacturing (Tropea, 2022).

Table 8. Examples of contaminating moulds on fruit and vegetables, the infection

caused, and the produce affected. *mycotoxin producer. Adapted from Alegbeleye
et al., 2022.

Mould Infection caused Affected produce

Pectin rich fruits (eg.
strawberries, kiwi, grapes,
pears, peaches, plums) and

Botrytis cinerea Grey rot o
y y leafy crucifiers (eg. lettuce,
peas, beans, asparagus,
pumpkin)
. . Citrus fruits, apples, tomatoes,
Aspergillus niger* Black rot PP
peaches, grapes
Penicillium italicum Blue rot Citrus fruits
Penicillium expansum* Blue-green rot Apple, pears
Canned fruits and vegetables,
Byssochlamys spp.* Rot fruits juices, purees and
concentrates
. . Strawberries, grapes, tomatoes,
Rhizopus stolonifer Softrot grap
peaches, melons
. Stem-end rot, Tomatoes, potatoes, citrus,
Alternaria spp.
black rot apples, carrots
. . Corn, tomatoes, potatoes,
Fusarium spp. Brown rot

cucurbits, onions
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Regarding pathogenic bacteria, the last EFSA zoonoses data reports the largest
number of food related deaths (Table 9) in the last 10 years, mainly caused by L.
monocytogenes and to a lesser degree by Salmonella spp., Campylobacter, and
Shiga toxin-producing Escherichia coli (EFSA, 2023). Overall, there was a 43.9%
increase of foodborne outbreaks. The presence of Salmonella in eggs and other egg
products was the food/agent pair causing most outbreaks across all EU member
states. However, despite causing lower outbreaks and illnesses, L. monocytogenes
was responsible for the largest number of deaths due to its high mortality rate (CDC
et al., 2018).

Table 9. Principal foodborne pathogenic bacteria, the number of associated

outbreaks, illnesses and deaths, their yearly increase and outbreak vehicles (EFSA,
2023).

Outbreaks Yearly
Species lllnesses . Outbreak vehicles
increase
Deaths
255 2.4% Broiler meat, mixed foods, bovine
Campylobacter 1,097 4.4 % meat, poultry meat
34 30.8% ’
1,014 31.2% Egg and egg products, mixed
Salmonella 65,208 8.6 % food, pig meat products, sweets
81 14.1 % and chocolate, bakery products
35 52.2%  Pig products, fish products, mixed
L. monocytogenes 2,738 25.4% food, vegetables and juices, dairy
286 45.9 % products
Shiga toxin- 71 229 %
producing 7,117 17.0%  Bovine meat and products thereof
Escherichia coli 28 55.6 %
0 0%
M terium
AT STL -
16 60 %
0 -100 %
Brucella 198 22.2% -
0 0%

3.2. Active food packaging

Traditional packaging can be considered inert towards the produce, by only

providing protection against external physical, chemical, and microbiological
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factors. Active packaging is a solution that provides the previously mentioned
protection, and additionally, an interaction takes place between the packaging, the
environment, and the produce (Wyrwa & Barska, 2017). Through a series of
interactions, active food packaging aims to increase food shelf-life, decrease food
spoilage and waste, resulting in an overall reduction of food insecurity. As a new
FCMs category that interact with the food product, it follows specific requirements
established by the EU regulation 450/2008: it must be effective for its intended use,
not release any component that might be harmful for humans, not cause any
compositional or nutritional change, not produce unacceptable taste or odour to
the food, and not mislead consumers through its packaging or labelling (EC, 2009).
Interactions occur through added substances, designhated as active agents, that
intervene in the processes that affect food shelf-life. These comprise physiological
(e.g. breathing of fruits and vegetables) and chemical (e.g. oxidation of fats)

processes as well as microbiological changes (Yildirim & Rdcker, 2018).

The great potential economic benefits of the use of active packaging systems in the
food chain have triggered the development of multiple commercial products of
different nature and forms (Table 10). For example, by the development of O,
scavengers and antioxidants, unwanted oxidation is reduced, as well as the growth
of aerobic microorganisms, thus inhibiting rancidity, discoloration and mould
development (Norouzbeigi et al., 2021). Free radical scavengers are usually more
efficient than oxygen scavengers, as by inhibiting the initiation of the oxidation
reaction, effectively act as strong antioxidants (Wrona et al., 2021). As for CO,
emitters, they can also decrease the microbial growth by reducing their metabolic
rate, contributing towards food safety (Ahmed et al., 2022). By reducing ethylene
concentration, usually through an oxidation reaction using potassium
permanganate supported onto a porous network, ethylene scavengers reduce
ripening and deterioration of fruits, vegetables and other horticultural products,
extending their shelf-life (Sadeghi et al., 2021). Likewise, by reducing humidity inside
the package, moisture scavengers can control microbial growth (Inthamat et al.,
2022). Finally, antimicrobial systems target the growth of microorganisms through

the release of antimicrobial compounds from the packaging or their incorporation
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onto the polymer matrix for their later release (Gracia-Vallés et al., 2022; Silva et al.,

2019).

Table 10. Different commercially available active packaging products. Adapted
from Gaikwad et al., 2020 and Wyrwa & Barska, 2017.

Commercial

Type Form Application product
0. Sachets, Moisture and lipidic foods,  ActiTUF™
scavengers labels, film, refrigerated and frozen Ageless®
masterbach goods, bakery products, Celox™
cookedrice, snacks, dried FreshPax®
fruits, cured meats, fish. OMAC®
OxyGuard®
CO, emitters Pads, box Ground coffee, snacks, CO,®FreshPads
system with nuts, bakery products, fresh  UltraZzap® Xtenda
CO;, emitters meat and fish Pak pads
SUPERFRESH
Ethylene Sachets, film  Fruits, vegetables and other Bio-fresh
scavengers horticultural products Ethysorb
Retarder®
PEAKfresh®
EvertFresh Green
Bags®
Moisture Sachets, Fresh feats and meats, MoistCatch
scavengers absorbent poultry, snacks, cereals, MeatGuard
pads and dried foods, fruits, Dri-Loc®
trays, vegetabkes, sandwiches Fresh-R-Pax®
microwavable TenderPac®
film
Antimicrobial Sheets, Fresh fruits and vegetables, Biomaster®
labels, films, = meat products, cheese, Irgaguard®
masterbatch, bakery products lonPure®
coatings, d2p®
interleavers Bactiblock®
SANICO®
Antioxidants Film coating, Cereal products, coffee, ATOX
multilayer chips, meat, chocolate, GOGLIO pack
salads (green tea)
SAMTACK
(nanoSe)
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3.2.1. Antimicrobial packaging

Antimicrobial active packaging is a type of packaging technology that inhibit
microbial growth and preserve the quality and food safety of the product by
releasing antibacterial or antifungal agents (Wyrwa & Barska, 2017). The number of
antimicrobial agents is continuously evolving and can be divided in different
categories (Table 11), such as organic acids, bacteriocins, biopolymers, essential
oils (EOs), volatile organic compounds (VOCs) or metal nanoparticles (Becerril et
al., 2013, 2020; Manso et al., 2011, 2013, 2015). Organic acids and their salts, such
as benzoic, sorbic and lactic acid, have been used for decades as preservatives and
are considered to be GRAS (Generally Recognised As Safe) by the FDA (Sullivan et
al., 2020). Bacteriocins are peptides of microbial origin, which form pores in
microbial membranes, resulting in cell death (Mousavi Khaneghah et al., 2018).
Additionally, some biopolymers such as chitosan or pectin, have inherent
antimicrobial properties, which make them ideal to form bio-based antimicrobial
films (Bhowmik et al., 2022a; Inthamat et al., 2022; Zimet et al., 2019). EOs are
mixtures of biologically active volatile compounds normally obtained by distillation
of natural materials such as herbs and spices. As complex mixtures made of
terpenoids, esters, aldehydes and other antimicrobial volatile organic compounds,
the use of EOs in the food industry has been widely studied (Clemente, Aznar, Silva,
et al., 2016; Garzoli et al., 2019; Mukurumbira et al., 2022; F. Silva, Caldera, et al.,
2019a). Finally, metal nanoparticles have also been widely used due to their thermal
stability and broad antimicrobial spectrum, allowing the processing of materials at

high temperatures (Gold et al., 2018).

Of special interests are the application of volatile organic compounds (VOCs).
VOCs can be isolated molecules of natural origin, being part of EOs (Wrona et al.,
2023), or part of the molecules produced by some microbes as defense
mechanisms against antagonistic microorganisms (Zhao et al., 2022). Due to their
volatile properties, not requiring direct contact with food, the application of VOCs
as active agents in food packaging is currently being widely studied (Camele et al.,
2023; Kreuzenbeck et al., 2023; Vanmathi Mugasundari & Anandakumar, 2022;
Vayachuta et al., 2021).
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Table 11. Main antimicrobials categories and agents. Adapted from Becerril et al.,

2020.

Antimicrobial L. .
Antimicrobial agent
category

Reference

Lactic acid

(Smulders et al., 2013)

Organic acids and
their salts

Sodium benzoate, citric
acid

(Birck et al., 2016)

Potassium sorbate

(Liang et al., 2019)

Sakacin A

(Barbiroli et al., 2017)

Nisin

(Zimetetal., 2019)

Bacteriocins Pediocin

(Meira et al., 2017)

Bacteriocin-produced by
living bacteria

(Espitia et al., 2016)

Chitosan

(Kildeeva et al., 2020)

Biopolymers Pectin

(Corkovi“ccorkovi “c et
al., 2021)

Hydroxyethyl cellulose

(Sen & Kahraman, 2018)

Cinnamon oil

(Simionato et al., 2019)

Oregano oil (Becerril et al., 2007)
Essential oils ] (Alizadeh-Sani et al.,
Rosemary oil
2021)
Thyme oil (Sharma et al., 2020)
Carvacrol (Wrona et al., 2023)
. . . (Williams-Campbell & Jay,
Volatile organic Diacetyl
2002)
compounds
Butanal (Camele et al., 2023)
Ethanol (Vayachuta et al., 2021)
Zinc oxide (Marra et al., 2016)
Metal nanoparticles Silver (Manso et al., 2021)

Titanium oxide

(Kaewklin et al., 2018)

3.2.2. Incorporation of active agents

Antimicrobial agents can take various forms within active packaging systems, which
will depend upon the active agent stability, mechanism of action, and other
properties such as volatility. A comprehensive depiction of potential forms of
antimicrobial food packaging scenarios is presented in Figure 3. For instance, an

antimicrobial agent might be integrated into the polymer or a coating, subsequently
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released into the surrounding atmosphere if it is volatile, or onto the surface of the
food if it lacks volatility. Alternatively, the active agent could be enclosed within a
sachet or a pad along with food-grade components capable of enclosing the agent
and regulating its release into the surrounding environment (Limbo & Khaneghah,

2015).

d) e) f)

Figure 3. Possible methods and mode of actions for incorporating active agents in
active packaging. a) From the polymer to the food through headspace, b) from a
coating to the food through headspace, ¢) from a coating to the food through direct
contact, d) from a pad to the food through direct contact, €) from a sachet to the
food through headspace, f) from an edible film to the food through direct contact.

As the preferred method for packaging manufacturing, extrusion is often applied for
the incorporation of active agents (Gémez-Estaca et al., 2014). In this case, the
active agent is incorporated as an additive alongside the melted polymer material
and moulded. However, this method poses a significant challenge as the active
agent can degrade due to the high temperatures and pressures used (Nerin et al.,
2016). To solve this stability challenge and also the incompatibility of some agents
with the polymer matrix, either the coating method or the encapsulation of the
active agent can be used. For coating preparation, the active agent is dissolved in a

surface-compatible solution and spread onto the material. Then the solvent is left
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to evaporate, leaving an immobilised active agent onto the surface (Becerril et al.,
2023). For edible polymers such as chitosan, directincorporation of the agentin the
food through direct contact can also be an option (Umaraw et al., 2020).
Alternatively, added elements such as sachets and pads can be used to incorporate
active agents into the packaging. The difference is that pads require direct food
contact (F. Silva et al., 2018), whereas sachets can easily be placed anywhere and
in many forms of packaging material and interact with the packaging atmosphere.
The use of sachets in the food packaging industry has become a popular active

packaging strategy (Table 12).

Table 12. Examples of active food packaging strategies using sachets to incorporate
active agents.

Active agent Function Food Reference
Peppermint EO Antimicrobial Strawberry (Amiri et al., 2022)
Thymol EO, Antifungal, (Alvarez-
ethylene Cherry tomatoes Hernandez et al.,
KMnO,
scavenger 2021)
Oregano EO Antimicrobial Sliced bread (Passazr'o”1h4‘; etal,
Ethanol Antimicrobial Shallots (Utto et al., 2018)
. . (Almenar et al.,
2- nonanone Antimicrobial Strawberry 2009)
_ . (Choosunget al.,
Ethanol Antimicrobial Mulberry 2019)
Ascorbic acid Oxygen scavenger Raw meatloaf (J. Lee etal., 2018)

However, for most active agents, especially for volatile molecules (EOs, VOCs),
encapsulation might be required to provide a more efficient packaging material. In
this case, encapsulation systems protect volatile active agents from degradation
and volatilisation, improve their availability and material compatibility and
contribute towards a more sustained and controlled release. Encapsulation
strategies include emulsions, and the use of encapsulating agents such as core-
shell nanofibers, cyclodextrins, halloysite nanotubes (HNTs), and liposomes,
among others (Becerril et al., 2020). Low particle size emulsions of two immiscible
liguids offer great stability and bioavailability of active agents by forming vesicles

similar to those of liposomes (Lei et al., 2019). Electrospinning of polymers at high
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voltages is used to produce core-shell morphology nanofibers containing the active
agent in their inner core, thus maximising its stability (C. Zhang et al., 2018).
Cyclodextrins are starch-based molecules that can form inclusion complexes by
accommodating hydrophobic substances through non-covalent interactions in
their non-polar cavity (Caldera et al., 2017). Finally, HNTs are naturally occurring
minerals that thanks to their tubular shape can be used to load and slowly release
active agents (Kumar et al., 2024). Examples on active agents encapsulation for

food applications can be found in Table 13.

Table 13. Examples of different encapsulation strategies used in active food
packaging applications.

Encapsulation

Active agent Food Reference
strategy
Emulsion with Tween  Coated low-fat (Artiga-Artigas et
E
Oregano EO 80 cheese al., 2017)
Emulsion with .
Thyme-gregano Lecithin and Tween Packaged rice (F. Hossain etal.,
EO mixture 80 2019)
Angellica EO Gelatine nanofibers Blueberries (Y. Zhou etal.,
2020)
Cinnamon EO B-cyclodextrin Pork fillets (Wen et al., 2016)
. (Aytac et al.,
Thymol y-cyclodextrin Not tested 2017)
Carvacrol HNTs Cherry tomatoes (Alkan Tas etal.,
2019)
. . (Bugatti et al.,
Lysozyme HNTs Chicken slices 2018)
Lecithi
Nisin ecithin and Coated cheese (Cui et al., 2016)
cholesterol
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Objectives

The main objectives of this PhD thesis are the study and development of active
packaging solutions targeting food safety and spoilage, as well as the evaluation of
the chemical safety of new bio-based packaging materials. To achieve these goals,

the following general objectives were set:

1. Mechanochemically synthesis, scale-up, and characterisation food-grade
alpha cyclodextrin nanosponges (a-CD-NS) and evaluate their ethylene

scavenging capacity.

2. Development of an antimicrobial volatile organic compound packaging
solution based on diacetyl as active agent, and the evaluation of its in vitro

and in vivo activity in fresh meat.

3. Assessment of the migration profile of new starch-based food packaging

materials in food simulants.

4. Implementation of a stepwise synthesis approach to produce cyclic and
linear migrant oligoesters based on adipic acid, 1,4-butanediol, isophthalic

acid and propylene glycol.

5. Evaluation of the chemical risk of the starch-based materials by
unequivocally identifying and quantifying their migrant oligomers using the

synthesized oligoester standards.
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Section lll: Experimental part
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Chapter 1:

Mechanochemically scaled-up alpha
cyclodextrin nanosponges: their safety and
effectiveness as ethylene scavenger
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1. Introduction

In an increasingly globalized world, good resource management is of paramount
importance. When it comes to food waste, figures can be alarming. The last Food
Authority Organisation (FAO) report [1] pointed out that an estimated 17 percent of
global food production is wasted, with fruits and vegetables being the main
contributors (Blanke, 2015) mainly due to early ripening and the consequent
product loss (Kader et al., 2003). The ripening process is mainly controlled by
ethylene, also known as the plant growth hormone, which is a molecule responsible
for numerous effects on the growth, development, and storage of fresh produces. It
is produced by fruits, vegetables, and ornamental flowers and it can have
detrimental effects on their shelf-life even at pl I"" concentrations (Saltveit, 1999).
The effects vary for each product but some of the most common include decay,
russet spotting, yellowing, odor, wilting and scalding, among others (Kader, 2013).
Therefore, new strategies to improve fruit and vegetables shelf-life are in demand,
with extensive research taking place in the food packaging sector (Enderle et al.,

2022).

Since ethylene was known as plant growth regulator just over 50 years ago (Abeles
et al., 1992), efforts have been made towards an effective ethylene removal
approach. Several mechanisms have been studied, including adsorption on clays,
zeolites and different activated carbon nanoforms (S. I. Kim et al., 2005; Liu et al.,
2006; Ooka et al., 2004), oxidation using transition metals (Forsyth et al., 2011),
photo-oxidation using UV lamps (Lawton, 1991) and chemical gaseous inhibitors
such as 1-methylcyclopropene (Sisler, 2006). However, the most studied and used
approach consists of chemical oxidation by means of potassium permanganate
impregnated on high surface area materials such as clays (Zagory, 1995). This
solution for ethylene removalis already being commercialized in the form of sachets
but, due to the toxic nature of potassium permanganate, these sachets are very
difficult to dispose. Hence, new alternatives with safer and eco-friendlier ethylene

removal compounds are needed.
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Cyclodextrins (Del Valle, 2004) are enzymatically bio-synthetized from starch and
can be defined as cyclic glucopyranose oligomers that have the ability of including
a wide range of compounds such as antimicrobials, essential oils and gases within
their cone-shaped lipophilic cavity (Duarte et al., 2015; F. Silva, Caldera, et al.,
2019b; F. Silva et al., 2014). Cyclodextrin nanosponges (CD-NS) are a virtually non-
toxic novel type of cross-linked cyclodextrin with improved properties over
cyclodextrin monomers because their higher stability over a wide pH range (1-10)

and temperatures of up to 130°C (Caldera et al., 2017).

Traditionally, CD-NS synthesis involves the use of high amounts of both energy and
organic solvents (Trotta et al., 2012). Pedrazzo et al. (Pedrazzo et al., 2020) proposed
a green synthesis using mechanochemistry, that eliminates the use of organic
solvents and uses only water for the washing step. Mechanochemistry is a solvent-
free synthesis that relies on mechanical forces such as friction to transfer energy
and form chemical bonds, reducing the energy requirements and aligning with the
Green Chemistry Principles (Anastas & Warner, 1998). Nevertheless, a washing step
is often necessary to remove any contaminants or subproducts that may be formed
during the process. One of the benefits of mechanochemical synthesis is that it can
be easily scalable. However, scaling up mechanochemical organic synthesis is still
at an early age as the main industry focus of this technique has been in inorganic

processes that are generally less temperature dependent (Colacino et al., 2021).

Trying to address the issue of food waste due to early ripening of fruit and
vegetables, the applicability of a-CD-NS for ethylene removal was studied. In this
work, we aim to scale-up the synthesis of a bio-based a-CD-NS, ensuring their food
safety by validating an HPLC-DAD method to monitorimidazole, a toxic sub-product
from the synthesis, and assessing the ethylene removal capacity of the final product

by means of gas chromatography.
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2. Objectives

The main objective of this chapter is to assess the scalability by mechanochemical
means of a-CD-NS and their production as food-grade materials. Moreover, the
evaluation of their ethylene scavenging capacity against other common adsorbents
will be performed. Thus, this study aims to validate the synthesis of a-CD-NS at a
large scale and their use as ethylene scavengers as a green alternative to combat

food spoilage of fruits and vegetables (Figure 1.1).

CD +CDlin
Planetary
mill

Imidazole
control
with
HPLC-DAD

Figure 1.1. Process for the synthesis of food-grade a-CD-NS and the evaluation of
their ethylene removal capacity, aiming at the development of a safe ethylene
scavenger for fruits and vegetables.

3. Materials and methods

3.1. Materials

Alpha-cyclodextrin, carbonyldiimidazole (CDI), imidazole and ammonium
dihydrogen phosphate were purchased from Sigma Aldrich (St. Louis, Missouri,

U.S.). Milli Q water was generated using an Ultramatic Wasserlab purification
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system (Navarra, Spain). For pH adjustment, 37 % hydrochloric acid and 85 % ortho-
phosphoric acid (Scharlab, Spain) were used. Analytical grade acetonitrile was
purchased from Honeywell (Charlotte, North Carolina, U.S.). Bentonites and

zeolites were kindly provided by Nurel S.A. (Zaragoza, Spain).

3.2. Synthesis and characterization of a-CD-NS

3.2.1. Small scale synthesis

Following the synthesis described by Pedrazzo et al. (Pedrazzo et al., 2020), a-CD
was dried in an oven at 100°C until constant weight. The one step, solvent free
synthesis was performed using a Retsch PM100 planetary ball mill (Haan, Germany)
and CDl as cross-linking agentin a 50 mL zirconium oxide jar with 10 zirconium oxide
balls of 10 mm. The amount of a-CD and CDI to achieve the chosen 1:4 molar ratio
was 3.38 and 2.25 g, respectively. After 3 h of 600 rpm sun wheel speed rotation,
changing the direction of rotation every 15 min, the synthesis was completed. Once
washed, the product was filtered on a Buchner funnel using a 0.2 pm mixed
cellulose ester Whatman membrane filter (Maidstone, U.K.). Then, it was left to dry
in an oven at 50 °C until constant weight was achieved. Afterwards, the dried CD-

NS were stored in a desiccator to prevent moisture uptake.

3.2.2. Synthesis scale-up

The synthesis was scaled up from a 50 mL to a 500 mL zirconium oxide jar. The
diameter of the balls was kept at 10 mm but the number of balls was increased to
100.The 1:4 a-CD and CDl ratio was identical and the quantities used were 33.8 and
22.5 g of each, respectively. Different sun wheel speed rotation frequencies (310,
350 and 400 rpm) were tested, changing the rotation direction every 15 min. From

here, the washing, filtering, and drying was performed identically as above.

3.2.3. CD-NS characterization

a-CD-NS characterization was performed using Fourier Transform Infrared -
Attenuated Total Reflectance (FTIR-ATR), Dynamic Light Scattering (DLS),

thermogravimetric analysis (TGA) and X-ray diffraction (XRD). Prior to analysis, all
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samples were powdered and dried at 100 °C until constant weight so that a
consistent relative humidity between samples can be assumed. FTIR-ATR
spectroscopy was performed on a Jasco FT-IR 4100 (Madrid, Spain) and samples
were measured without further preparation. Spectrum was taken with 32 scans at4
cm™ resolution in a wavenumber range of 500-4000 cm™. DLS analysis was carried
out to obtain hydrodynamic diameter and polydispersity index (PDI) of the washed
a-CD-NS using a Brookhaven 90Plus DLS instrument (Holtsville, New York, U.S.). All
measurements were done in Milli Q water at a concentration of 0.1 mg CD-NS mL™"
at 25°C. A total of 10, 45 seconds runs were done for each analysis.
Thermogravimetric analyses were carried out on a Q5000SA analyzer from TA
instruments (New Castle, Delaware, U.S.). Parameters were as follows: 50 mL min™
synthetic air flow and ramp rate of 10 °C min™ from room temperature to 800 °C.
Powder X-ray diffraction was performed on Panalytical Empyrean X-ray
diffractometer from Malvern Panalytical (Malvern, United Kingdom). CuKa radiation
(A =1.5419 A) was used to scan the diffraction angles (26) between 5° and 60° at a

speed of 4°/minute.

3.3. CD-NS washing

3.3.1. Influence of pH

The product of a small scale a-CD-NS synthesis was divided in half and placed in
two beakers containing 40 mL of deionized Milli Q water. Under constant stirring and
temperature (25 °C), pH was monitored every hour using a Mettler Toledo pH meter
(Greifensee, Switzerland). For one of the samples, concentrated hydrochloric acid
was added when necessary, to ensure the pH was kept below pKa of imidazole
(6.95). After eight hours, the solution was filtered and the product characterized as

described in 3.2.3.

3.3.2. CD-NS washing optimization

The same amount of product was washed under different conditions; 40 °C and 70
OC under constant stirring and ultrasonic extraction with different washing times (2,

4,6 and 8 h) and two (14:1 and 28:1) water to CD-NS ratios.
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To perform the experiments, 0.14 g of product were initially rinsed with 10 mL of Milli
Q water to dissolve the unreacted CDI. The solution was then centrifuged at 4350
rom using a VWR Mega Star 600R centrifuge (Radnor, Pennsylvania, U.S.) and the
supernatant was taken for further analysis. Then, the product was washed changing
only one of the above conditions at a time. At every time point, the solution was
centrifuged using the same conditions as above and the supernatant and pellet
were kept for HPLC-DAD and nitrogen content analysis, respectively. The pellet was
dried at 50 °C until a constant weight was obtained and its nitrogen content was
determined via elemental analysis on a Perkin Elmer 2400 Series || CHNS/O Organic
Elemental Analyzer (Waltham, Massachusetts, U.S.) using optimum burning

conditions and pure oxygen atmosphere.

3.4. HPLC-DAD for imidazole quantification

3.4.1. Method validation

An HPLC method for the determination of imidazole in the washing solution was
developed based on the one described by You Zhu et al. (Y. Zhu et al., 2015).
Quantification was performed using an HPLC Waters 2695 Separations Module
equipped with a Waters 2996 Photodiode Array Detector. Isocratic separation was
performed using an Acquity UPLC BEH HILIC column (1.7 pm, 2.1 x 100 mm) from
Waters (Milford, Massachusetts, U.S.). The composition of the mobile phase was a
mixture of acetonitrile and 5 mM ammonium dihydrogen phosphate (80:20, v/v),
adjusted with orto-phosphoric acid at pH 5. The mobile phase was filtered under
vacuum using an Albet 0.2 pym nylon membrane filter (Dassel, Germany) and
degassed for 30 min in an ultrasonic bath before use. An isocratic flow of 0.4 mL was
applied and the column oven was maintained at 35°C. Standards were prepared
gravimetrically using mobile phase as dilution solution. The run time was 5 min and
the wavelength defined to monitor imidazole at the retention time of 1.14 min was
215 nm. This method was validated according to the guidelines provided by the Food
and Drug Administration (FDA) [25] and International Conference on harmonization

(ICH) [26] and the parameters studied were linearity, intermediate, intra- and inter-
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day precision and accuracy. Empower Pro software was used for HPLC data

analysis.

3.4.2. Sample quantification

Aftervalidation, imidazole was quantified in the supernatant samples (n=3) from the
different time points and conditions used in the washing optimization (see section
2.3.2. for further details). When required, samples were diluted using mobile phase

to fit within the method’s linear range and were analysed as described above.

3.5. Evaluation of ethylene absorption capacity of a-CD-NS and other
absorbents

3.5.1. Brunauer-Emmett-Teller (BET) surface area analisis

N, adsorption and desorption isotherms were recorded at -196 °C in an ASAP 2020
Micromeritics apparatus (Norcross, Georgia, U.S.). Prior to analysis, the synthesized

a-CD-NS were degassed at 110 °C under vacuum.

3.5.2. GC-FID method for the determination of ethylene

A method for ethylene analysis was developed by slightly modifying the one
described by A. C. Guerreiro et al. (Guerreiro et al., 2017). Ethylene was measured
using an Agilent 8860 gas chromatography system (Santa Clara, California, U.S.)
fitted with a TG-BOND Alumina (Na2S04) column (0.53 mm internal diameter, 30 m
length and 10 pm film thickness) from Thermo Scientific (Waltham, Massachusetts,
U.S.) and coupled to a flame ionization detector (FID) Separation was carried out in
isocratic mode with a constant oven temperature of 60 °C. Inlet and detector
temperatures were both 150 °C and the run time was 5 min with ethylene reaching
the detector at 3.5 min. Helium gas was used as carrier at a flow of 3.5 mL min™. Gas
samples were manually injected into the GC-FID using a Trajan 1 mL air-tight syringe
fitted with a 50 mm length 0.63 mm OD side hole luer lock needle (Ringwood,
Victoria, Australia). A certified 10.29 pL L' gas mixture of ethylene balanced in

synthetic air (Nippon gas, Belgium) was injected using different volumes (0.1-1 mL)
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on Splitless mode to achieve linear instrument response. OpenLab CDS

ChemStation software was used for data analysis.

3.5.3. Ethylene removal experiments

All ethylene removal experiments were carried out at room temperature (25°C) and
for a period of eight days. A series of absorbent compounds were tested for ethylene
removal capacity: previously synthetized a-CD-NS and commercial bentonites and
zeolites. After drying at 100 °C for 18 h, 0.3 g of each compound were placed inside
20 mL vials and closed with N 24 PP screw caps fitted with a 3.2 mm Mackerey-
Nagel Silicone/PTFE septum (Allentown, Philadelphia, U.S.). Three replicates of a
controlvial without absorbent compound were also considered for every time point.
Then, the inner atmosphere of the vials was replaced using the certified 10.29 pL L
" ethylene gas mixture. For every time point replicate (24, 48, 72, 96 and 192 h), 0.5
mL were withdrawn through the septum using the air-tight syringe, injected
manually, and analysed using the method conditions described in 2.5.1.

Experiments were conducted in triplicate.

3.6. Statistics

Data analysis was performed using Microsoft Excel software, version 16.58. For
variables with 3 or more categories, statistical analysis was performed using one-
way ANOVA. A p value indicating the probability of significance of <0.05 was used to

indicate statistically significant differences.

4. Results and discussion

4.1. Synthesis scale-up and characterization

Apart from the chemistry, there is a number of factors affecting the success of ball-
milled organic synthesis (Stolle et al., 2011) such as, by order of importance,
rotation frequency, time, type and size of milling material, number of milling balls

and mode of operation.
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CD-NS synthesis scale-up was performed using a-CD and carbonyldiimidazole as
a crosslinker with a 1:4 molar ratio in a 500 mL zirconium oxide jar with 100 10mm
diameter balls and 33.8 g of a-CD and 22.5 g of CDI. The reaction time was kept

constant to focus on varying only the rotation frequency.

Three different rotation frequencies were tested: 310, 350 and 400 rpm. Above 400
rpm, jar temperature increased dramatically, which led to product degradation and,

therefore, rotations above 400 rpm were not tested.

The crosslinked a-CD-NS polymers were insoluble in a range of solvents such as
water, diethyl ether, dimethylformamide, petroleum ether and dimethyl sulfoxide or
ethanol, agreeing with previously reported data (Pedrazzo et al., 2020; Trotta et al.,
2012). Figure 1.2 shows the FTIR spectra of a-CD compared to the synthesized a-
CD-NS. The band present at around 1740 cm™ indicated the presence of a carbonyl
bond within the structure, which is indicative of an effective crosslinking between

cyclodextrin hydroxyl groups.

Transmmitance (%)
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Figure 1.2. FTIR analyses of a-cyclodextrin and washed a-CD-NS. Arrow indicates
the band of interest at around 1750 cm-1 assignable to the carbonyl group of the
ester bond formed.
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As expected for mechanochemical synthesis (Jicsinszky et al., 2017; G. W. Wang,
2013), high yields (>95 %) calculated by comparing the weight of the dry product
against the sum of a-CD and one C=0 bridge per cyclodextrin unit were obtained for
all three frequencies tested. As can be seen by the thermogravimetric mass-loss
curves and the corresponding derivative curves produced by all three rotation
speeds (Figure 1.3), the synthesized polymers exhibited very close degradation
paths with a relative maximum at 315 °C and, as a result, the same molecular
structure was expected for them. It is worth to point out that the three samples had

very similar adsorbed water amounts, which was calculated to be 8.59 + 0.56 %.

3,0
a) 100 b) Ty
s
80 s
" 310 rpm = 20 310 rpm
;:- 60 350 rpm 2 350 rpm
D ——400 pm = ——400 rpm
) g
= ¥ -g 1,0
20 o
0 0,0
40 240 440 640 40 240 440 640
Temperature (°C) Temperature (°C)

Figure 1.3. Thermogravimetric analyses (a) and their derivatives (b) of a-CD-NS
obtained through 3 hours of mechanochemical (ball mill) synthesis at 310, 350 and
400 rpm using a 500 mL zirconia jar.

The comparative analysis of XRD diffraction patterns (Figure 1.4) was used to
observe the differences in the spectra of a-cyclodextrin and the crosslinked a-
cyclodextrin nanosponges. a-CD showed clearly defined reflections with sharp
peaks, which confirmed its crystalline structure. However, diffractogram of a-CD-
NS had two wide peaks with the maxima at 13.9° and 20.7° which corresponded to
an amorphous polymer structure. This phenomena, which further characterizes a-

CD-NS, has been observed for similar materials (W. Li et al., 2019).
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Figure 1.4. X-ray diffraction spectra for pure a-CD and the synthesized a-CD-NS.

After washing, particle size of the crosslinked cyclodextrins (figure 1.5) was around
400 nm as determined by DLS, having a polydispersity index of 0.222 + 0.015, which
is in line with what has been previously reported for cyclodextrin-based complexes
after a wet milling cycle using a planetary ball mill (Calvo et al., 2011). In the case of
cyclodextrin polymers that did not undergo a ball milling process, similar size
measurements could only be achieved on the supernatant of a centrifuged

dispersion (Ansari et al., 2011).
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Figure 1.5. Size distribution of ball mill synthesized a-CD-NS after washing
determined by dynamic light scattering (DLS).

Figure 1.6a shows the FTIR spectra performed on the scaled up a-CD-NS at the
different rotations. As TGA curves exhibited similar adsorbed water for all three
samples, and to semi-quantitatively compare the intensity of the carbonyl band,
hence determining differences on the crosslinking degree, the ratio of the area of
carbonyl band at 1740 cm™ and the water bending band at 1640 cm™ was
calculated. Figure 1.6b shows the different ratios obtained for the rotation
frequencies tested when compared to the ratio corresponding to the synthesis
described by Pedrazo et al. (Pedrazzo et al., 2020) performed in a 50 mL jar at 600
rom. We could observe that at 350 rpm, the carbonyl to water ratio was relatively
higher than at 310 and 400 rpm. This could potentially mean a lower cross-linking
degree at 310 rpm and some temperature-affected cross-linking degradation

occurring at 400 rpm due to the sudden increase in reaction temperature.
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Figure 1.6. Analysis of CD-NS mechanochemical (ball mill) synthesis scale-up at
310, 350 and 400 rpm using a 500 mL zirconia jar: (a) FTIR analyses of a-CD-NS
obtained with arrows indicating the band of interest at around 1750 cm-1 assignable
to the carbonyl group of the ester bond and the band at 1640 cm-1 assignable to
bending of the adsorbed water. (b) Carbonyl band (1750 cm-1) and water bending
band (1640 cm-1) area ratio.

Considering the high yield, TGA similarities and the carbonyl to water ratio signal
from FTIR, it could be stated that 350 rpm rotation frequency produced an identical
a-CD-NS product to the one obtained in the small scale synthesis (Pedrazzo et al.,
2020) and that the scale-up was successfully performed. Our results showed that

the scale-up process cannot be performed by just proportionally increasing ball
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milling parameters and that a close monitoring of the optimization is needed to

ensure that the same final product is achieved, while maintaining the yields.

4.2. HPLC-DAD method validation

Several methods have been reported for the determination of imidazole derivatives
using a different range of analytical techniques. However, none of them focus on
just the determination of free imidazole. Zhu and collaborators reported an UV
method for the determination of imidazole and two imidazole derivatives using high
performance liquid chromatography (Y. Zhu et al., 2015). Considering this method
as a starting point, we aimed at developing a faster, cheaper, more easily accessible
and precise method that would allow imidazole monitoring in CD-NS, even at very
low concentrations using high performance liquid chromatography (HPLC) coupled
to a Diode Array Detector. In this way, the validated method will allow us not only to
analyze imidazole in the synthetized CD-NS, but also to evaluate a possible residual
imidazole release when the CD-NS are applied as ethylene scavengers in contact
with foods. The method was validated in terms of linearity, intermediate, intra- and
interday precision and accuracy, following a 5-day validation protocol according to
FDA and ICH guidelines. The described chromatographic conditions produced a
peak eluting at 1.48 min (Figure 1.7a). To evaluate the method’s linearity, five
replicates of eight evenly distributed calibration standards ranging 0.1 to 10 pg g
were prepared gravimetrically and analysed as described above. For intermediate
precision evaluation, three quality control (QC) samples at low (LQC: 2 ug g’),
medium (MQC: 4 pyg g') and high (HQC: 6 pg g') concentrations (n=3) were also
analysed each day. Calibration curves were obtained by plotting peak area against
concentration. The acceptance criteria involved a Pearson coefficient of at least
0.999 and the calibration standards’ accuracy within = 10 %. To generate the best
data for the chosen calibration range, six weighing factors (1/vx, 1/x, 1/x2, 1y, 11y,
1/y2) were evaluated. Linearity data can be found in Figure 1.7b. The weighting factor
1/x was chosen since the sum of relative errors was smaller while still presenting a
mean R? value of at least 0.999. The limit of detection and quantification were

calculated using a 25 ng g’ standard and were 3.07 ng g' and 10,24 ng g’
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respectively, which is considerably lower than previously reported (Y. Zhu et al.,
2015), meaning that very low concentrations of imidazole contaminant can be

effectively detected in the finished product.

Interday precision and accuracy (Figure 1.7c) were evaluated at eight
concentrations ranging from 0.1 to 10 pg g'. The calculated relative standard
deviations (RSD) were lower than 6 % for all concentration levels, while accuracy
was within a £ 10 % interval from the target concentration. Intra-day precision and
accuracy (Figure 1.7c) were assessed at 4 different concentration levels (0,1, 1, 5
and 10 pg g") using six replicates for each concentration. The obtained RSDs were
lower than 5 % for all concentrations, presenting an accuracy within a + 10 %
interval. Moreover, intermediate precision and accuracy (Figure 1.6c) were
assessed at 3 concentrations (2, 4 and 6 ug g"') performed in triplicate over the 5-
day validation protocol (n=15). The results showed RSDs lower than 3 % and the

relative error in terms of accuracy being within a £ 2 % interval.

Theoretical Measured RSD (%) Relative Error

a) c) .
concentration (Hg/g) (%)
s (Hg/g)
P 0.1 0.11+£0.01 5.64 5.95
Q085 0.25 0.23+0.01 4.1 -8.38
000 0.5 0.54 £ 0.01 1.91 3.64
= 1 098 0.03 274 -3.46
o Inter-day
F} 25 2.50+0.03 1.02 -0.49
s n=5
5 5.08 £ 0.07 1.28 0.79
o
i 75 7.55+0.08 0.99 0.25
Q0 10 10.03+0.11 1.10 -0.24
s
0.1 0.12+0.01 3.25 9.35
o
() w - 20 29 w KGi) 4o Intra-day 1 1.00£0.02 1.58 -0.93
Mt
n=6 5 530+0.14 255 4.92
b)
10 10.72+0.29 268 6.16
Weight Linearity Slope Intercept R2 2 2.08 +0.05 264 -0.10
1k 0410 5454560130341  1394.12+987.53  0.9996 +0.0003 I 4 4.05£0.10 243 061
n=15
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Figure 1.7. HPLC-DAD imidazole quantification linearity and validation data: (a)
typical HPLC-DAD chromatogram at A=215 nm. (b) Imidazole linearity data (n=5) (c)
Inter-day (n=5), intra-day (n=6) and intermediate (n=15) precision and accuracy. All
concentrations are in pg/g. RSD, relative standard deviation. When applicable,
values are presented as mean values * standard deviation.
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Overall, since RSDs and accuracy for all criteria were lower than 15 %, the HPLC-
DAD method was successfully validated, allowing for a robust and sensitive

quantification of imidazole within 5 min.

4.3. a-CD-NS washing optimization

N-N carbonyldiimidazole (CDI) is a commonly used reagent in peptide synthesis for
coupling amino acids and in organic chemistry for the formation of ester and amide
bonds. In this work, CDI has been used to crosslink a-cyclodextrin units by means
of ester formation via mechanochemical synthesis. After the reaction, a washing
step is necessary to eliminate free imidazole generated in the reaction and to wash
the unreacted CDI and the imidazoyl carbonyl groups still present within the
nanosponges network. Due to imidazole’s acute toxicity (LDso rat 960 mg kg' bw)
(ECHA, 2012), the optimization of the washing step with water is needed to ensure

its complete removal from the new material.

During the cross-linking reaction, CDI generates two molecules of imidazole which
are known to be able to catalyze the hydrolysis of ester bonds at different rates when
being in its neutral form (imidazole pH=pKa) (Kirsch & Jencks, 2002). To determine a
possible negative influence of pH in imidazole-induced hydrolysis of CD-NS, two
washing protocols (8 hours at 40 °C under constant stirring) at pH=pKa (neutral,
reactive) and pH<pKa (protonated, unreactive) were compared. Two identical
amounts of synthesized product were washed, and their pH was monitored every
hour. One of the washing solutions was maintained at a constant pH of 6.9, equal to
imidazole’s pKa. To the other solution, concentrated hydrochloric acid was added
when necessary to keep a constant pH of 6.0. After filtering and drying, the same
yields (99.5 %) were obtained. FTIR and TGA analysis of the two washed products
(Figure 1.8 & 1.9) did not reveal any differences between the ratio of the area of the
carbonyl band at 1740 cm™ and the water bending band at 1640 cm™, as well as in
the thermogravimetric kinetics of the samples. This indicates that no molecular
structure differences were produced during both washes at pH=pKa and pH<pKa,

and, therefore, pH control is not required through the washing step.
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Figure 1.8. FTIR analyses of a-CD-NS washed at pH 6.9 (solid line) and pH 6.0
(dotted line). The band of interest at around 1750 cm-1 assignable to the carbonyl
group was visible in both samples.
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Figure 1.9. Thermogravimetric analyses (a) and their derivatives (b) of a-CD-NS
washed at pH 6.9 and 6.0.

The results obtained showed that there was no statistical difference (p=0.05) among
the different water to solute (CD-NS) ratios used. Figure 1.10 shows the imidazole
extracted at different time points and conditions, plotted against the theoretical
imidazole present in the sample. Different letters show significant differences
(p=0.05) between populations. We can observe that extraction by stirring at 70 °C
gave the highest extraction efficiency, extracting up to 110 % of the theoretical

imidazole, which is within the method’s accuracy limits. However, after drying, a
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crystallized yellow product was obtained instead of the normal white powder (Figure

1.11).
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Figure 1.10. Results of the amount of imidazole extracted across time at 40 °C and
70 °C under constant stirring and ultrasonic extraction. Mean = SD of three
replicates is shown and compared against the theoretical imidazole in the samples.
Different letters show significant differences (p=0.05) between samples.

As the CD-NS washed at 70 °C looked like a crystalized powder, an X-ray diffraction
analysis was performed on a-CD-NS washed at 40 °C and 70 °C (Figure 1.11). Both
diffractograms showed a disordered crystal structure corresponding to an
amorphous structure. However, a subtle shift could be observed in the maximum of
both broad peaks, suggesting a significant change within the amorphous structure,

as the shifts were not all unidirectional.
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Figure 1. 11. X-ray diffraction spectra a-CD-NS washed at 40 °C and at 70 °C.

As a-cyclodextrin is known to be present in different hydrate forms (Georg et al.,
2005; Granero-Garcia et al., 2012), we hypothesize that a type of cross-linked a-
cyclodextrin hydrate is formed during washing at 70 °C, although more efforts are

needed to fully characterize and understand these changes in the CD-NS structure.

According to our results, extraction efficiency at 4 hours cannot be considered
significantly different (p<0.05) between stirring at 40 °C or applying ultrasonic
extraction. However, whereas for ultrasonic extraction maximum efficiency (99.39 +
0.96 % imidazole extraction) was reached at 4 hours, stirring at 40 °C only reached
a maximum of extraction (99.39 = 1.32 %) at 6 hours. Despite requiring longer
processing times, a washing step for six hours at 40 °C under constant stirring was
selected as the preferred washing conditions, based on its easier scalability when
compared to ultrasonic extraction. This was further confirmed by performing an
elemental analysis of the washed product targeting carbon, hydrogen and nitrogen
content, where a signal within the detection limit of the technique (* 0.3 % of
Nitrogen) was considered negligible. Altogether, the described washing
methodology allows for a faster washing step, with the potential to cut down energy

costs.
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4.4. a-CD-NS ethylene removal capacity

As CD-NS are formed by either the inner cavities of alpha-cyclodextrin and the outer
cavities of the crosslinked network, we evaluated CD-NS porosity in an attempt to
understand how ethylene could be absorbed by CD-NS. The porosities and pore
sizes of a-CD-NS were examined by their N, adsorption/desorption isotherms
(Figure 1.12). The isotherms displayed a typical type Il profile corresponding to an
unrestricted monolayer-multilayer adsorption expected for non-porous or
macroporous adsorbent materials. The specific surface areawas 3.90 m?g"' and the
average pore diameter 10.46 nm. The pore volume of pores less than 98 nm width
was 0.010 cm?® g'. This high surface area matches what has been previously
reported for other cyclodextrin monomers (K. Zhou et al., 2018) suggesting
polymerization does not have an effect on surface area increase. Moreover, the data
suggests that the presence of macropores (>50 nm) within the cyclodextrin
polymeric network would likely impede a-CD-NS to outperform their monomer
counterparts as ethylene scavengers if not by their higher physical and chemical
stability and water insolubility, which is a major concern when developing products
intended to be in contact with fruit, as they require high humidity environments

(290% relative humidity).
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Figure 1.12. N, adsorption/desorption isotherms (a) and pore size distribution (b) of
a-CD-NS.

Linear response using the GC-FID method described above was obtained and the

amount of ethylene inside the vials was successfully quantified by integrating the
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area under the ethylene peak. To evaluate ethylene removal capacity, the ethylene

ratio between each replicate and the control for each time point was calculated.

Figure 1.13 shows the ethylene removal behavior of the different absorbent
compounds tested. In the case of zeolites, the concentration inside the vial tended
to increase throughout the assay and, as a result, negative ethylene removal
percentages ranging from -44 % to -124 % were obtained. As zeolites adsorption
capacity increases very rapidly with pressure (Sarker et al., 2017), the results
obtained can be due to the fact that zeolites already removed some ethylene during
the vial filling process, which could later be released during the assay, meaning a
fast, yet weak ethylene removal capacity. With ethylene removal percentages
ranging from -22 % to 11 %, bentonites showed no clear behavior that could
demonstrate any potential ethylene removal capacity. However, a-CD-NS showed a
clear tendency as an effective ethylene removal across time. Analysis of variance
(p>0.05) showed that there was no difference between ethylene removed on day 3
and day 8 meaning that, after 72 hours, the maximum a-CD-NS ethylene removal
capacity was reached. Furthermore, ethylene concentration inside the vial was
maintained until day 8, suggesting no release of the removed ethylene back into the
vial’s atmosphere, which could indicate that an equilibrium state was reached
(Trotta etal., 2011). At day 3, a-CD-NS ethylene removal capacity was calculated as
18 mL of ethylene per kilogram of a-CD-NS (18 mL kg' of adsorbent), which
corresponds to 93 pL of ethylene h-1 kg adsorbent™. As most climacteric fruits and
vegetables produce ethylene within the range of 0.1-10 pyL kg-1 h-1 (Keller et al.,
2013), a-CD-NS can be considered a suitable ethylene removal agent as it can
remove more ethylene than what is produced by the fruit. When compared to
permanganate-based ethylene scavengers, CD-NS ethylene removal performance,
together with its non-toxic and organic, biodegradable nature, makes a reliable and
effective ethylene removal alternative. Additionally, the fact that alpha-CD-NS does
not react directly with ethylene, makes it possible to develop a strategy to recover
empty CD-NS and reuse this material, which cannot be done in the case of
permanganate-based ethylene scavengers, as permanganate readily reduces when

in contact with ethylene.
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Figure 1.13. Ethylene removal percentage of a-CD-NS and commercial bentonite
and zeolite across time. Mean = SD of three replicates is shown. Different letters
show significant differences (p<0.05) between samples.

5. Conclusions

Nowadays, the use of ethylene scavengers in the food packaging industry is often
limited to different forms of potassium permanganate based products, creating the
need for a non-toxic, robust, environmentally friendly ethylene removal solution. In
this work, a solvent-free, green synthesis of a-CD-NS was successfully scaled-up
10 times using a-cyclodextrin and carbonyldiimidazole at a 1:4 (a-CD:CDI) molar
ratio by mechanical alloying (3 h, 350 rpm rotation frequency) using a PM 100
planetary ball mill, as confirmed by FTIR, XRD and TG analyses. A washing step with
water was optimized by monitoring the presence of contaminants (unreactive CDI
and imidazole) with a validated liquid chromatography coupled to a diode array
detector (HPLC-DAD) method targeting imidazole, allowing to achieve high yield
(>95 %) contaminant-free CD-NS. Optimum washing conditions (99.39 + 1.32 %
imidazole extraction) were reached at 6 hours under constant stirring at 40 °C, with
no pH monitoring required. To our knowledge, this is the first time that a-CD-NS are
successfully scaled-up with a mechanochemistry method and the first time their

ethylene scavenging properties are reported. With a 93 YL h™ kgaasorent” €thylene
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removal capacity, the synthesized a-CD-NS can be considered a green,
biodegradable and safe ethylene scavenging alternative when compared to
traditional potassium permanganate. Overall, this work demonstrates the potential
of a-CD-NS to be a key player in the food packaging industry as ethylene scavenger,
helping towards a better produce management and reducing fruit and vegetable

losses throughout the food chain due to uncontrolled ripening.
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Chapter 2:

Controlling beef microbial spoilage with diacetyl-

based active packaging sachet
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1. Introduction

As recently reported by the European Food Safety Authority (EFSA), the number of
deaths related to foodborne outbreaks in the EU have been the highest of the last 10
years, with L. monocytogenes being the most common pathogen, and Salmonella
spp. to a lesser degree (EFSA, 2023). This clearly justifies the great focus of the
industry in demanding new active food packaging technologies targeting the control
of pathogenic and spoilage microorganisms’ growth in all packaged foods (Gracia-

Vallés et al., 2022; Mukurumbira et al., 2022; Omerovi¢ et al., 2021).

In broad terms, active food packaging can be categorized into two types: non-
migratory active packaging, involving scavengers that remove unwanted elements
from the packaging environment; and active releasing packaging, where emitters
enable migration of active, usually antimicrobial substances, into the packaging
environment (Ahmed et al., 2022). Some examples of the main current antimicrobial
agent trends used in active food packaging are inorganic nanoparticles (I. Kim et al.,
2022), polysaccharides displaying natural properties such as chitosan (Bhowmik et
al., 2022b; Flérez et al., 2022; Umaraw et al., 2020), and volatile organic compounds
and essential oils (Becerril et al., 2007, 2020; Gutiérrez et al., 2011; Lépez et al.,
2007; Otero et al., 2014; F. Silva, Caldera, et al., 2019c). Another area of increasing
interest is the exploitation of probiotics and bacterial antimicrobial metabolites as
active components, which include compounds such as organic acids (e.g.
propionic acid), acetoin, diacetyl, hydrogen peroxide and bacteriocins (Djebari et

al., 2021; Espitia et al., 2016; Settier-Ramirez et al., 2021).

Diacetyl (2,3-Butanodione) is a volatile organic compound and one of the
antibacterial molecules produced by lactic acid bacteria during fermentation
(Novak et al., 2010). It is non-toxic, is considered a flavouring agent with no
restrictions [FL-No 07.052] by EFSA and has been awarded the Generally
Recognised As Safe (GRAS) status by the U.S. Food and Drug Administration
(USFDA). Even though the antimicrobial properties of diacetyl have been known for
many decades (Jay, 1982), its use in active food packaging has been limited due to

its high volatility and strong buttery aroma (Teshome et al., 2022). Sodium stearate,
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also a GRAS compound and food additive [E470a], is widely used in the food
industry as emulsifier, stabilizer, thickener or gelling agent. Its ability to form
hydrogels has recently been explored in active food packaging by using it as a carrier
(Vanmathi Mugasundari & Anandakumar, 2022) often supported onto porous and
adsorbent materials, such as diatomite, to increase its surface area and
applicability (Mu et al., 2017). Such characteristics, together with its low market
price, can make sodium stearate a good carrier for diacetyl in the development of
an effective antimicrobial active packaging solution, adding an extra value to the

food chain and market.

In a more than ever globalised food consumption, itis paramount to ensure not only
quality, but also safety, while aligning to the customer trends for fresher,
preservative-free foods. Over the last decades, the food industry has evolved
towards this trend with the development of active food packaging, where the
preservatives are incorporated within the packaging material rather than in the food
product. Thus, this study aims to characterize and evaluate the effectiveness of an
active antimicrobial sachet based on two GRAS components, diacetyl and sodium
stearate, to inhibit Salmonella enterica growth, along with normal spoilage
microbiota such as pseudomonads, total viable counts and lactic acid bacteria, in

fresh beef filets.
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2. Objectives

The objective of this chapter was to evaluate the antimicrobial susceptibility of S.
Enterica and L. Monocytogenes to the VOC diacetyl. Then, active materials using
diacetyl and sodium stearate, and sodium stearate embedded onto a-CD-NS, will
be developed and theirin vitro and in vivo antimicrobial capacity tested in S. Enterica

inoculated fresh beef filets (Figure 2.1).
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Figure 2.1. Process for the evaluation of the antimicrobial susceptibility of S.
enterica and L. monocytogenes to diacetyl, and the evaluation of diacetyl-based
active packaging materials in fresh beef meat.

3. Materials and methods

3.1. Materials

Diacetyl (2,3-Butanedione) was purchased from Sigma Aldrich (St. Louis, Missouiri,
U.S.). Sodium stearate (NaSt) was acquired from ThermoFisher (Kandel, Germany).
Analytical grade ethanol was purchased from Honeywell (Charlotte, North Carolina,
U.S.). Ultrapure water was generated using an Ultramatic Wasserlab purification

system (Navarra, Spain).
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3.2. Bacterial strains and growth conditions

Reference bacterial strains were obtained from the Spanish Type Culture Collection
(CECT). Two strains were used in this study for its importance as pathogenic
foodborne bacteria: one Gram-positive strain (Listeria monocytogenes CECT 911,
serotype 1/2c) and one Gram-negative strain (Salmonella enterica subsp. enterica
CECT 556). Bacterial strains were stored in the appropriate culture medium (Brain
Heart Infusion broth for L. monocytogenes and Mueller-Hinton broth for S. enterica,
both from Scharlab, Spain) supplemented with 20% (v/v) glycerol at — 80 °C prior to
use. L. monocytogenes CECT 911 was subcultured in Brain Heart Infusion agar (BHI
agar, Scharlab, Spain) plates at 37 °C in aerobic conditions, whereas S. enterica
CECT 556 was subcultured on Mueller-Hinton agar (MHA, Scharlab, Spain) plates

at the same temperature and atmospheric conditions.

3.3. Antimicrobial susceptibility of L. monocytogenes and S. enterica
to diacetyl

3.3.1. Broth microdilution method

To evaluate the antimicrobial susceptibility of these two specific strains of L.
monocytogenes and S. enterica to diacetyl, a broth microdilution method according
to Clinical Laboratory Standards Institute guidelines (CLSI, 2012, 2015) was
performed to determine the minimal inhibitory concentration (MIC). L.
monocytogenes and S. enterica suspensions (approximately 1 x 108 CFU/mL) were
prepared in 0.9% NaCl solution from overnight grown colonies at 37 °C in BHI agar
and MHA plates, respectively. An inoculum dilution (1 x 108 CFU/mL) was prepared
from the previous suspension in the appropriate culture media and used as the final
inoculum for the test. Diacetyl stock solution (25 mg/mL) was prepared in sterile
physiological saline buffer. Serial two-fold dilutions ranging from 1024 to 8 ug/mL of
diacetyl were prepared in MHB or Mueller Hinton Fastidious (MH-F) broth for S.
enterica and L. monocytogenes, respectively Then, 50 yL of bacterialinoculum were
added to each well containing 50 pL of diacetyl dilutions. Positive controls were
carried out in diacetyl-free culture media. Negative controls were carried out with

diacetyl dilutions and culture medium without bacterial inoculum. The minimal
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inhibitory concentration (MIC) was assessed after 24h of aerobic growth at 37°C and
was defined as the lowest diacetyl concentration where no visible growth was
observed. The absence of growth was further confirmed in a microplate reader at

620 nm.

3.3.2. Vapor diffusion assays

The surface of BHI agar and MHA plates were first inoculated by spreading 100 pL of
L. monocytogenes and S. enterica, respectively, containing approximately 10°
CFU/mL in physiological saline solution, prepared from overnight-grown colonies at
37 °C in the respective culture media. Then, different volumes (0.5 pL, 1 yL, 2.5 pL
and 5 pL) of diacetyl were added to a 9 mm sterile filter disc placed at the middle of
the Petri dish lid. Control samples were prepared by adding the same volume of
physiological saline solution to the sterile filter discs. Petri dishes were then sealed
using Parafilm® and incubated overnight at 37 °C. Antimicrobial activity was then

evaluated in terms of the inhibition halo formed measured with a digital caliper.

3.4. Diacetyl active material formulations

3.4.1. Preparation and characterization of sodium stearate active gel
formulations

Sodium stearate was dissolved in a 20 % (v/v) ethanol aqueous solution to achieve
a 6 % w/v mixture which was heated at 60 °C under constant stirring until a
homogeneous gel was obtained. Then, different diacetyl volumes were added to the
hot mixture to achieve 10 mL blends containing 0, 0.25, 0.5, 1, 2, 3, 4 or 5 % v/w of
the active component. The blends were poured into 4.5 cm inner diameter Petri
plates (Scharlab, Spain), left to cool down at room temperate until an opaque gel

was obtained, sealed with Parafilm® and stored at 4 °C until further use.

To evaluate the influence of diacetyl percentage in the mechanical characteristics
of the active gel, the texture of diacetyl gel formulations was studied using a TA-XT2i
Texture Analyzer (Stable Micro Systems, United Kingdom) fitted with a one-inch

stainless steel cylindrical probe. The analysis was carried out on pieces (L x W x H)
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of 3x 3 x 3 cm coming from 3 independent replicates of gels containing diacetyl at
concentrations of 0, 1, 2 and 5 % v/w. Data was processed using Exponent Stable

Micro Systems version 6.1.10.0 (2016) software.

3.4.2. Preparation of sodium stearate —alpha cyclodextrin nanosponges
composites

A 6 % w/v NaSt mixture in a 20 % (v/v) aqueous solution was prepared as described
above. Food-grade alpha-cyclodextrin nanosponges (a.-CD-NS) were prepared by
mechanochemical synthesis as previously reported (Rupérez et al., 2022). Active
materials were prepared by thoroughly mixing 1 gram of a-CD-NS per 1.5 mL of hot
NaSt blend containing the necessary amount of diacetyl to achieve a 2 % v/w

granular composite.

3.5. In vitro antibacterial activity of active materials

MHA surface was first inoculated by spreading 100 pL of S. enterica inoculum
containing approximately 106 CFU/mL in physiological saline solution, prepared
from overnight-grown colonies at 37 °C in MHA. Each material was placed on the
middle of the Petri dish lid. The plates were then sealed with Parafilm and incubated
at 37 °C overnight. In order to determine the optimum gel formulation, the
antimicrobial testing of NaSt active materials containing different diacetyl
concentrations (0, 0.25, 0.5, 1, 2, 3, 4 or 5 % v/w) was performed by cutting gel
pieces of two sizes (Lx W x H): 1.5 x 1.5 x 0.5 cm and 3 x 1.5 x 0.5 cm, weighing
approximately 1.3 and 2.6 grams respectively. Optimal gel formulation as well as the
equivalent amount of NaSt-a-CD-NS composite was also tested embedded in in-

house made non-woven PP (40 g/m?) (Dorsan, Spain) sealed active sachets.

Antimicrobial activity was evaluated in terms of the inhibition halo formed. All

results were the product of at least three independent replicates.

3.6. Ethanol and diacetyl release quantification

To determine the amount of ethanol and diacetyl released at the in vitro

antimicrobial testing, 1.3 grams of both NaSt gel and NaSt-a-CD-NS composite
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active materials were placed in 20 mL vials, closed with N 24 PP screw caps fitted
with a 3.2 mm Mackerey-Nagel Silicone/ PTFE septum (Allentown, PA, USA) and

incubated at 37 °C for 24 hours.

Ethanol and diacetyl were measured using an Agilent 8860 gas chromatography
system (Santa Clara, CA, USA) coupled to a flame ionization detector (FID) and fitted
with a Zebrom Z-624 column (0.32 mm internal diameter, 30 m length, and 1.80 pm
film thickness) from Phenomenex (Torrance, CA, USA). Separation was performed
maintaining an initial temperature of 35 °C for 4 min and then raising it to 150 °C at
a 10 °C/minrate. Inlet and detector temperatures were both 150 °C, and the run time
was 15 min, with ethanol and diacetyl reaching the detector at 4.13 and 7.31 min,
respectively. Helium gas was used as a carrier at a flow of 1.6 mL/min.
Quantification standards were prepared gravimetrically in methanol and sampled
using the Full Evaporative Technique (FET) (C. Y. Zhang et al., 2015) by heating 10 pL
of each standard in 20 mL vials sealed with N 24 PP screw caps fitted with a 3.2 mm
Mackerey-Nagel Silicone/ PTFE septum (Allentown, PA, USA) at 80 °C for 20
minutes. 0.5 mL gas samples were manually injected into the GC-FID using a 60 °C
pre-heated Trajan 1 mL air-tight syringe fitted with a 50 mm length 0.63 mm OD side
hole Luer-lock needle (Ringwood, VIC, Australia) in Splitless mode. Five-point
calibration curves were constructed over the concentration range of interest (10, 50,
200, 300 and 400 mg/mL for ethanol and 0.25, 0.5, 1, 2.5 and 5 mg/mL for diacetyl).
Diacetyl and ethanol concentrations in the vial atmosphere were calculated by
considering both the density of the solvent and the total volume of the vials. Limits
of detection (LOD) and quantification (LOQ) were calculated using the equations
LOD=3.3*c/Sand LOQ =10 * o/ S respectively, where o is the relative error of the

calibration and S the slope.
3.7. In vivo anti-bacterial activity of active NaSt formulations sachets in
fresh beef

Modified atmosphere packaged (MAP) fresh beef fillets were sourced from a nearby
supermarket and cut into 100 g pieces in a safety cabinet. Beef samples were then

inoculated by immersing the fillets for 30 s in a 100 mL S. enterica suspension (10®
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CFU/mL) and draining them for 10 seconds before placing them on top of a
perforated cellulose/PP absorbent pads (Linpac Packaging, Spain) on a PET tray to
dry for 20 min (Cancio et al., 2023). In-house made non-woven PP (40 g/m?) (Dorsan
Filtration, Spain) sealed sachets containing 10 g of active NaSt gel or active NaSt-a-
CD-NS composites were attached to the inner side of the tray using double-sided
tape. The package was then sealed using a multilayer PET-PE film and incubated at
4 °C for up to 11 days. Sampling was performed at days 0, 3, 5, 7 and 11. Blanks
containing diacetyl-free gels and composites were also analyzed on each sampling
day. After incubation, 5 pieces of meat weighing approximately 10 grams were
sampled across each beef tray and homogenized with buffered peptone water (1:10
dilution) in stomacher bags using a Stomacher 400 circulator (Seward, UK) at 300
rpm for 3 minutes. Serial dilutions of the stomached sample in peptone water were
performed in sterile saline solution and an aliquot of 0.1 mL of each dilution was
spread on the surface of different solid media. S. enterica was determined using
Brilliant Green Agar (Scharlab, Spain) after incubation for 1 day at 35 °C (Rambach,
1990). Total Viable Counts (TVC) were determined on Plate Count Agar (Scharlab,
Spain) following incubation for 2 days at 30 °C (F. Silva et al., 2018). Pseudomonads
were determined on Cetrimide Agar (Scharlab, Spain) after incubation for 2 days at
20 °C (F. Silva et al., 2018). Finally, total lactic acid bacteria were plate counted on
Man Rogosa Sharpe agar (MRS, Scharlab, Spain) plates after incubation for 3 days

at 30 °C under microaerophilic conditions (F. Silva et al., 2018).

3.8. Statistical analysis

Data analysis was performed using Microsoft Excel software (Redmond, WA, USA),
version 16.58. For variables with 3 or more categories, statistical analysis was
performed using one-way ANOVA, where a p -value indicating the probability of

significance of <0.05 was used to indicate statistically significant differences.
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4. Results and discussion

4.1. Antimicrobial susceptibility of L. monocytogenes and S. enterica
to diacetyl

The antimicrobial activity of diacetyl is deeply affected by the pH and additives of
the growth substrate (Jay, 1982). So, in addition to its high volatility, it was not
surprising that the broth microdilution assays did not yield any minimal inhibitory
concentration values even at the highest concentration tested of 1024 mg/mL for
any of the strains. However, the vapor diffusion assays showed complete inhibition
of S. enterica for the smallest volume (0.5 L) of diacetyl tested. L. monocytogenes
was 10 fold less susceptible to diacetyl with complete inhibition obtained only with
the highest volume (5 pL) of diacetyl tested. The results are in agreement with
literature reports that indicate a higher efficacy of diacetyl in vapor phase than in
liquid media (Lanciotti et al., 2003) and also a higher antimicrobial activity against

Gram-negative than Gram-positive bacteria (Abouloifa et al., 2022; Dillon, 2014).

Given the increased susceptibility of S. enterica to diacetyl as well as its prevalence
in fresh meat products (EFSA, 2022; EFSA, 2023) and with Salmonella producing
1103 illnesses during 2012 and 2019 in the US alone (Canning et al., 2023) for all
further experiments Salmonella enterica subsp. enterica was selected as the model

species.

4.2. Diacetyl-based active formulations

4.2.1. Sodium stearate active gel

A 6 % w/v sodium stearate load was considered adequate to ensure a valid network
gel structure with sufficient intermolecular hydrogen bonds and Van der Waals
forces (Mu et al., 2017; Vayachuta et al., 2021). The amount of ethanol, which is
necessary to aid NaSt solubilization, was set at 20 % (v/Vv), as no detrimental effects

on bacterial growth were obtained at this concentration (data not shown).

The chosen NaSt gel formulation was tested at different diacetyl percentages to

assess its antimicrobial effect against S. enterica in solid medium (Table 2.1).
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Correlative results showed complete S. enterica growth inhibition for a NaSt gel with

4 % diacetyl for size A, and with 2 % diacetyl for size B.

Table 2.1. Effect of Diacetyl percentage in NaSt gel on the growth of S. enterica in
solid medium for two gel sizes (LxW x H); 1.5x1.5x0.5cm (A)and 3x1.5x0.5¢cm
(B). Values are presented as mean = standard deviation of at least three
independent replicates. Means = standard deviation followed by the same letter are
not significantly different using one-way ANOVA (p > 0.05). C.I. stands for Complete
Inhibition.

Diacetyl % (v/v) Inhibition halo (mm)
in gel A B
0.25 0 7.3+ 4.0°
0.5 0 48.3+4.7°
1 37.0+2.6° 82.3+10.8°
2 51.7+1.5P C. 1.
3 64.3+3.1° C. L
4 C. L C. L
5 C. L C. L

Mechanical properties on hydrogels are subject to an equilibrium of hydrogen bond
and Van der Waals forces between the substrates, solvent and water. During gel
preparation, a change on the physical characteristics of gel formulations as diacetyl
percentages increased was observed, as can be seen by the texture profile analysis
results of 6 % w/v NaSt gel samples with different diacetyl percentages (Table 2.2).
The results showed that, while springiness and cohesiveness were not significantly
affected, hardness and gumminess were influenced by the addition of diacetyl. Ata
percentage of 2 % (v/v), both parameters showed a significant increase and were in
line with values previously reported for similar NaSt gels (Vayachuta et al., 2021),
indicating a well-structured hydrogel network with good mechanical properties.
However, as the percentage increased to 5 % (v/Vv), hardness and gumminess
dramatically decreased. This phenomenon could be due to a disruption in the gel
inner structure, leading to a loss in strength (Jakubczyk et al., 2022).

Table 2.2. Texture Profile Analysis (TPA) performed on 6 % w/v NaSt 20 % (v/V)

Ethanol gels with varying diacetyl percentages. Values are presented as mean *
standard deviation of at least three independent replicates. Means + standard
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deviation followed by the same letter are not significantly different using one-way

ANOVA (p > 0.05) between attributes in columns.

Diacetyl %
(v/v) in gel

Hardness, N

Springiness

Cohesiveness

Gumminess, N

0
1
2
5

43.194 + 1.472°
41.939 + 1.735°
47.626 +1.415°
19.602 + 1.639°

0.148 + 0.006°
0.149 + 0.003°
0.166 +0.018°
0.139 +0.020°

0.069 + 0.003%"
0.064 + 0.002?
0.070 + 0.003%°
0.077 + 0.006°

2.962 +0.190°
2.674 +0.213°
3.334+0.215°
1.495 +0.116°

Based on both assays, a formulation with 2 % (v/v) of diacetyl was chosen for all
further experiments. This selection was based on the ability to generate complete
growth inhibition of S. enterica in solid medium and its mechanical properties that
were considered like those of a soap bar in terms of hardness, and with the

appropriate consistency for practical manipulation.

4.2.2. Sodium stearate — alpha cyclodextrin nanosponges active
composites

Some porous and absorbent materials can increase both stability and release of
volatile compounds on sodium stearate by increasing the surface area while
providing a network where the gel can be embedded (Mu et al., 2017). Aiming to
maximize the release of diacetyl, a sodium stearate - alpha-cyclodextrin
nanosponges (NaSt-CDNS) composite containing 2 % diacetyl was prepared. The
anti-Salmonella activity of a composite equivalent to that of a gel size (Lx W x H) 3 x
1.5 x 0.5 cm showed complete inhibition of S. enterica in solid medium indicating

that the composites have a similar antimicrobial effect as their gel counterparts.

4.3. Quantification of ethanol and diacetyl reléase

To assess the release differences between the NaSt gel and the NaSt-CDNS
composite active materials, a GC-FID method allowing for simultaneous
quantification of ethanol and diacetyl in vapor phase was developed. For both
compounds, good linearity was obtained (R? > 0.99) over the desired working range
(10-400 mg/mL for ethanol and 0.25-5 mg/mL for diacetyl) and the relative error

between the measured and the spiked concentrations obtained was always under
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5 %. While the LOD and LOQ for ethanol are slightly lower than what has been
described by other authors (C. Y. Zhang et al., 2015), most methods measuring
diacetyl use very different concentration ranges and are likely reported to the
concentration in solution rather than the amount within the atmosphere of the vial
(Salmerdn et al., 2015), making it difficult to compare parameters. Nonetheless,
quantification methods for similar-structure volatile organic compounds such as
butanone, analyzed under similar concentration ranges, showed similar linearity

values (Aguiar et al., 2023).

Table 2.3. Linearity data. All concentrations are in mg/mL. RE, relative error
[(measured concentration—spiked concentration/spiked concentration) x 100].

Compound Linearity RE LOD LOQ  Slope Intercept R?

Ethanol 10-400 0.19-2.36% 2.83 8.57 4.08x10* 7.51 0.9999
Diacetyl 0.25-5 0.11-3.84% 0.06 0.19 2.58x10% 523x10% 0.9999

The results of ethanol and diacetyl release after 24h at 37 °C from the NaSt gel (and
NaSt-CDNS composite can be observed in Figure 2.2. With a release of 319.63 +
5.45 (A) and 298.00 £ 5.45 (C) milligrams of ethanol per gram of material, there were
no significant differences (p < 0.05) between the release behavior of both control
samples. In the same way, there were no significant differences between the
ethanol release on active materials, with both active gel (269.47 + 16.26) and active
composite (253.81 = 9.90) releasing similar milligrams of ethanol per gram of
material. There is, however, a significant difference on ethanol release between
control and active materials, likely due to the influence of diacetyl in the ethanol
partitioning behavior between vapor and liquid media (Mackay, 1980). Figure 2.2 b)
showcases a significant difference on diacetyl release from active NaSt gel and
active NaSt-CDNS composite with 1.12 £ 0.09 and 2.97 + 0.07 milligrams per gram
of each material, respectively. This result attests to the advantages of embedding a
material containing a volatile component within a porous network while increasing
the surface area aimed to maximize release (Mu et al., 2017; Simionato et al., 2019;

Utto, 2014).
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Figure 2.2. Milligrams of ethanol (a) and/or diacetyl (b) released in 24 h at 37 °C per
gram of material (A: control NaSt gel, B: active NaSt gel, C: control NaSt-CDNS
composite, D: active NaSt-CDNS composite). Different letters show significant
differences (p < 0.05) between samples.

4.4. In vivo antibacterial activity of active diacetyl-NaSt sachets in beef
filets

Given the results obtained for the in vitro results for the active NaSt gel and the
active NaSt-CDNS composite sachets, their anti-Salmonella activity and
antimicrobial activity on beef microflora were evaluated over a refrigerated (4 °C)
storage period of 11 days. The effects of active sachets on growth inhibition and the
percentage of bacterial growth reduction are presented on Figures 2.3 and 2.4,

respectively.

Throughout the refrigerated storage period, control samples showed a higher
microbial growth rate than the sample containing active sachets. For S. enterica,
pseudomonads and total viable counts, the microbial growth kinetics were similar.
During the first 3 days of storage, initial beef microbial loads remained almost
unchanged, followed by an exponential growth on the fifth day after which a
stationary phase was reached for both S. enterica and pseudomonads at day. In the
case of lactic acid bacteria, a strong increase was shown at 11 days of storage,
which may be due to the decrease of oxygen inside the package, that is known to
favor the growth of this type of bacteria (EFSA, 2016). This late growth of lactic acid

bacteria can also be explained by the great influence of temperature on the
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development of lactic acid bacteria (A. P. R. da Silva et al., 2018), resulting in a higher

lag phase when incubated at low temperatures (Feng et al., 2014).
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Figure 2.3. Effect of active diacetyl NaSt formulation sachets on growth kinetics of
S. enterica (a) and beef microbiota: total viable counts (b), pseudomonads (c) and
lactic acid bacteria (d) in S. enterica inoculated beef samples. Values for days 0, 3,
5,7 and 11 are presented as mean values + standard deviation of three independent
replicates for the samples with three different sachets: control without diacetyl
(dashed line, triangle), active NaSt gel (solid line, circle) and active NaSt-CDNS
composite (dotted line, square).

S. enterica counts (Fig. 2.4, a) were decreased by both active NaSt gels and
composites. Atday 7, Salmonella counts for the active NaSt gel and the active NaSt-
CDNS composite were 5.52 + 0.08 and 5.51 += 0.04 log CFU / g respectively,
compared to 5.87 = 0.03 log CFU / g of the control sample, resulting in a non-
significantly different (p > 0.05) growth inhibition of 61 %. However, at day 11 with
5.73 = 0.11 and 5.26 = 0.10 log CFU / g compared to 5.89 + 0.06 log CFU / g, the
active NaSt gel showed a 33 % growth inhibition compared to a 77 % shown by the
active NaSt-CDNS composite. This confirms the higher diacetyl release from NaSt-
CDNS composites already observed by GC-FID and suggests a more controlled
diacetyl liberation across time, because the antimicrobial activity of sachet is

maintained for longer. Pseudomonads appeared to be more susceptible to the
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active NaSt gel and the active NaSt-CDNS composite sachets, because both active
sachets caused a growth inhibition of 60 % on day three and reaching a maximum
of 94 % inhibition by day 5, which was able to be maintained over the 11-day period.
In this case, the activity of the two active sachets did not differ at the end point of
the assay. This trend was also repeated for total viable counts and lactic acid
bacteria, where there were no significant differences (p > 0.05) between the
antimicrobial action of the two sachets. The effectiveness of the active sachets
against total viable counts increased progressively from 27 % inhibition on day 3 to
93 % inhibition on day 11. As for lactic acid bacteria, inhibition was maintained at

99 % as soon as they exited the lag phase on day 7.
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Figure 2.4. Effect of active diacetyl NaSt formulation sachets on S. enterica growth
(a) and beef microbiota: total viable counts (b), pseudomonads (c) and lactic acid
bacteria (d) in S. entericainoculated beef samples. Values fordays 3,5, 7and 11 are
presented as mean values * standard deviation of three independent replicates for
the samples with the different sachets: active NaSt gel () and active NaSt-CDNS
composite (l). Means = SD followed by the same latter are not significantly different
(p > 0.05) using one-way ANOVA.

Only a few studies have been performed on the antimicrobial action of diacetyl in

beef alone, as they are normally performed together with other volatile organic
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compounds and metabolites coming from fermentation extracts (Arrioja-Bretdn et
al., 2020; Ozogul & Hamed, 2018). However, one study performed by directly adding
diacetyl onto minced beef did not show any effect on the microbial growth
(Williams-Campbell & Jay, 2002). Therefore, the results obtained in the present
study which, as previously mentioned, take advantage of the higher efficacy of
diacetyl in the vapor phase (Lanciotti et al., 2003), highlight the suitability of the
active diacetyl-NaSt active sachets for their application in antimicrobial active food

packaging.

5. Conclusions

In this study, the applicability of GRAS diacetyl and sodium stearate to make an
active antimicrobial sachet that could be able to tackle microbial growth on fresh
meat has been explored. Diacetyl showed a high in vitro antimicrobial activity,
especially against Salmonella enterica, even when entrapped into sodium stearate
gel either supported or not into porous food-grade cyclodextrin nanosponges (CD-
NS). In vivo testing of both components in the form of diacetyl-releasing active
sachet demonstrated a higher efficacy of the sodium stearate-CD-NS composite in
inhibiting Salmonella enterica growth (77 %) in artificially-inoculated refrigerated
beef filets when compared with the gel (33 %). This enhanced efficacy of the
composite sachet is supported by the higher diacetyl release from the composite
matrix when compared with the stearate gel alone. Additionally, both sachets
proved very effective for common microbiota present in beef meat such as total
viable counts, pseudomonads and lactic acid bacteria, with growth inhibitions
ranging from 93 to 99 %. The efficacy showed by the inexpensive and easy to make
antimicrobial GRAS sachets encourages their use as active food packaging towards
shelf-life and safety increase of fresh meat products or other food products prone

to pathogen contamination or spoilage.

106



Chapter 3:

Synthesis and quantification of oligoesters
migrating from starch-based food packaging
materials
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1. Introduction

Regarding plastics, the prefix bio- can refer to polymers coming from renewable
sources and/or having a biological origin, to their biodegradability or compostability,
or to a combination of both (Rosenboom et al., 2022). This feature, together with
acceptable physical and mechanical properties and a low carbon footprint,
contributes to their increasing market growth rate (Mehmood et al., 2023). Whilst
plastic uses comprise consumer goods, electronics, agriculture, etc., the packaging
sector represents the major market (48%) for bioplastic materials (Romero Garcia

etal., 2022).

Starch-based biopolymers are one of the most popular (about 18% of market share)
bio-based plastic choices (Romero Garcia et al., 2022). The widely available starch
has to be mixed with plasticizers and other chemical moieties to improve its
physical properties. The incorporation of reinforcements, chemical modifications
and the blending with other co-polymers is a common practice to minimize the
limitations of starch-based materials such as poor mechanical properties or high
hydrophilicity (Agarwal et al., 2023). When it comes to food packaging applications,
research has focused on developing starch-based blends with poly(lactic acid)
(PLA), polyvinyl alcohol (PVA) or poly(butylene adipate-co-terephtalate) (PBAT),
among others, to improve both their physical and chemical properties (Garcia-
Guzman et al., 2022). However, the presence of a large and diverse number of
blends represents a challenge for the risk assessment of both intentionally added
substances (IAS) and non-intentionally added substances (NIAS) in food contact

materials.

IAS as well as NIAS can be transferred from a packaging material into the packaged
food, making migration tests a widely applied tool for the proper chemical risk
assessment of a plastic food contact material (EU10/2011). IAS are usually well
under control with fulfilled risk assessments and defined specific migration limits
(Groh et al., 2021). However, as diverse substances coming from impurities in the
raw materials, incomplete polymerization, or polymer degradation, NIAS are still

being discovered, especially in new food packaging materials (Aznar et al., 2019;
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E.L. Bradley, 2010; Hayrapetyan et al., 2024; Nerin et al., 2013; Nerin et al., 2022b;
Ubedaetal., 2021; Vazquez-Loureiro et al., 2023). Oligomers, low molecular weight
polymers, constitute one of the primary forms of NIAS (Shi et al., 2023). Due to their
low molecular weight (generally below 1,000 Da), they can migrate from the
packaging material matrix into the food and are often overlooked by polymer
scientists, who focus their attention on the 10* up to 10° Da range (Shi et al., 2023).
As most biopolymers are formed by a polycondensation reaction of various
monomers, structurally and chemically diverse oligoesters often represent the

dominant form of NIAS (Ubeda et al., 2021).

Nonetheless, the lack of isolated oligoester standards results in an analytical
challenge for the identification and quantification of NIAS (Nerin et al., 2013; Omer
et al.,, 2018). Moreover, it limits the ability to perform toxicological risks
assessments that would shed some light into the human and environmental
exposure and absorption, distribution, metabolism, excretion and toxicity (ADMET)
of these oligoesters. Hence, in recent years, efforts have been made to contribute
towards the availability of migrant oligoesters (Cariou et al., 2022; Paseiro-Cerrato
etal., 2016; Pietropaolo et al., 2018). Nevertheless, the need for oligoester reference

standards is nothing but increasing (Alberto Lopes & Tsochatzis, 2023b).

In the present study, migration extracts of three starch-based biopolymer films for
packaging fruits and vegetables were analysed by non-targeted LC/HRMS. From this
analysis, a variety of eleven linear and cyclic oligoester combinations composed by
1,4-butanediol, propylene glycol, phthalic acid and adipic acid, were identified as
possible NIAS. Based on a stepwise synthetic strategy, they were synthesized, and
they were used to unequivocally confirm and quantify the NIAS oligoesters migrating

from the three starch-based biopolymer samples.
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2. Objectives

This chapter aims to assess the food safety of new starch-based packaging
materials (Figure 3.1a) . First, the migration profile of the materials will be evaluated
using different food simulants (Figure 3.1b). Then, a stepwise synthesis approach
will be implemented to synthesise a series migrant oligoesters standards based on
adipic acid, 1,4-butanediol, isophthalic acid, and propylene glycol (Figure 3.1c).
Finally, the synthesized oligoester standards will be used to assess the food safety
of the bio-based materials, by unequivocally identifying and quantifying themin the

samples (Figure 3.1d).
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Figure 3.1. Process to achieve the objectives of chapter 3. a) Starch-based food
contact materials, b) Analysis of migration extracts by UPLC-HRMS, c) Stepwise
synthesis of migrant oligoesters standards, and their characterization by 'H and "*C
NMR, and UPLC-HRMS, d) Identification and quantification of migrant oligoesters
using the synthesized standards to assess their food safety.
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3. Materials and methods

3.1. Reagents

For analytical and migration purposes, LC-MS grade methanol (MeOH),
dichloromethane (DCM) and acetonitrile (ACN), as well as analytical grade ethanol
(EtOH) were provided by Honeywell (Seelze, Germany). Ultrapure water was
generated using an Ultramatic Wasserlab purification system (Navarra, Spain).
Ammonium and sodium acetate salts were purchased from Merck (Emsure® grade,
Darmstadt, Germany). MS grade formic acid was acquired from Waters (Milford, MA,
USA). PTFE syringe filters (0.45 pm) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

For synthetic purposes, isophthalic acid (iPA), benzyl bromide (BnBr), 1-ethyl-3-
carbodiimide hydrochloride (EDC.HCl), 4-dimethylaminopyridine (DMAP),
palladium hydroxide (Pd(OH).) and tert-butyldimethylsilyl chloride (TBDMSCIL), were
provided by Fluorochem (Hadfield, United Kingdom). 1,4-Butanediol (BD),
propylene glycol (PG), hydrogen fluoride-pyridine (HF.Pyr), dioxane and
dimethylformamide (DMF) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Adipic acid (AA) was acquired from Acros (Antwerp, Belgium). Triethylamine
(EtsN) was provided by Merck (Darmstadt, Germany). Hydrogen chloride (HCl) and
ammonium chloride were acquired from VWR (Radnor, PA, USA). Sodium sulphate
was purchased from Thermo-Scientific (Waltham, MA, USA). Sodium chloride,
sodium bicarbonate, ethyl acetate, cyclohexane, isopropyl alcohol, tetrahydrofuran
(THF) and dichloromethane (DCM) were provided by Fisher (Waltham, MA, USA). All
reagents were used without further purification. If necessary, THF and DCM were

dried using a MBraun SPS-800 dry solvent system (Garching, Germany).

3.2. Samples

The food safety of three commercial starch-based films (S1, S2 and S3) for food
packaging applications were investigated in this study. Samples were provided by a

local manufacturer and their formulation was not disclosed. Their thicknesses were
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measured using a digimatic micrometer from Mitutoyo (Kanagawa, Japan) as being

26.5%1.1, 25.5%+1.8 and 29.8+2.4 @m for films S1, S2 and S3, respectively.

3.3. Migration tests

All the migration experiments were performed in triplicate and according to the
European Regulation for food contact materials EU/10/2011 (European
Commission, 2011). Migration tests were performed using three different food
simulants: ethanol 10% (v/v, simulant A), acetic acid 3% (w/v, simulant B) and
Tenax® (simulant E). For simulants A and B, migration tests were performed by total
immersion of 5x1 cm cut-offs in 20 mL vials which were filled according to the 6 dm?
contact surface/kg of simulant rate, established by the Regulation EU/10/2011. For
simulant E migration experiments, 4x2 cm cut-offs of were placed in direct contact
with 0.32 grams of Tenax® inside aluminium foil pouches following the 4 g.dm ratio
established by UNE-EN-14338 (AENOR, 2004) and placed inside glass Petri dishes.
Migration experiments took place in an oven at 40 °C for 10 days. Migration extracts
from simulants A and B were directly injected in the UPLC-MS(QTOF) system. Prior
to injection, Tenax® samples from each migration experiment were extracted twice
with ethanol following the methodology designed by Vera et al. (Vera et al., 2011).
The recovered ethanol was then filtered with a PTFE syringe filter (0.45 pm) and
concentrated to approximately 0.5 mL under a gentle stream of nitrogen. This

concentration step was gravimetrically monitored.

3.4. UPLC-HRMS analysis of migration extracts

Chromatographic separation was carried out on a CORTECS UPLC BEH C18 column
(1.6 pm, 2.1x100 mm) using an UPLC Acquity system, both from Waters (Milford,
MA, USA). Chromatography was performed at 0.3 mL.min" column flow using water
(phase A) and methanol (phase B) both with 0.1% (v/v) formic acid as mobile
phases. Column temperature was set at 35 °C and the injection volume was 10 pL.
Chromatography started at A:B gradient of 95:5 (v/v), changed to 5:95 (v/v) in 6 min
and stayed at these conditions for an additional 4 min, going back to the initial 95:5

(v/Vv) gradient conditions to pre-condition the column for 3 min.
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The UPLC system was connected through an ESI probe to a Xevo G2 QTOF mass
spectrometer from Waters. Instrument configuration was as follows: capillary at 2.8
kV, sampling cone at 35 V, extraction cone at 3 V, source temperature at 150 °C,
desolvation temperature at 450 °C, cone gas flow at 40 L h™" and desolvation flow at
600 L h'. Acquisition was carried out in sensitivity MSF mode, allowing the
acquisition over a range of collision cell energies (CE) from 15 to 30 V during the

same run. Data were recorded using Masslynx’ v4.1 software.

The identification of compounds was performed by comparing migration extracts
with a migration blank and following a previously described methodology (Aznar et
al.,, 2016) to achieve level 2b of the scale proposed by Schymanski et al.
(Schymanski et al., 2014). Level 5 (lowest) comprises an accurate measurement of
the mass-to-charge ratio (m/z). Level 4 is achieved with an unambiguous molecular
formula. Level 3 is obtained when multiple potential structures are feasible. Level 2
can be claimed by the proposal of a single structure supported by experimental
diagnostic evidence such as MS? (2b) or matching library spectra (2a). Final
confirmation of the structure (level 1) is only reached through comparison with a
reference standard. Briefly, using the low energy spectrum, the precise mass of
precursor ions was used to determine the lowest mass error and the highest
isotopic fit of the elemental composition options proposed by Masslynx.
Afterwards, the selected elemental compositions were linked to a chemical
structure using different chemical databases (e.g. Chemspider, Scifinder) and freely
available software (NIAS-db 1.0, Cariou et al., 2022) by paying attention to the
chemical criteria and background experience about NIAS and IAS in bio-based
polymers. Finally, a candidate molecule was selected using its high-energy mass
spectrum. For being selected as a candidate, at least two main fragmentions of the
high energy mass spectrum showed a score value below 3 using the MassFragment®
tool from Masslynx. The score value was calculated by the software based on

fragmentation probabilities.
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3.5. Synthesis and characterization of oligoester standards

The selection of oligoester candidates to be synthesized was made with regards to
obtain as many structurally diverse oligoesters as possible but firstly considering
the hypothesised oligoesters in the migration extracts. An optimized stepwise
oligoester synthesis strategy previously described (Cariou et al., 2022) was
readapted for the preparation of the new identified substances arising from the
above-mentioned migration protocols. The synthesis of these oligoester standards
involves the use of new diol monomers and new diacid counterparts. Figure 3.2
briefly summarises all reactions in the stepwise synthesis sequentially
implemented involving successive monosilylation, monobenzylation,
debenzylation, desilylation, esterification and macrolactonization. Products were
purified after each reaction by flash column chromatography using an automatic
Reveleris Buchi apparatus (Flawil, Switzerland) fitted with pre-packed high purity 40
pm silica cartridges (4 to 220 grams, Buchi). An in-depth description of the synthesis
protocol, monitoring, and characterisation equipment ('"H and *C NMR, ESI-TOF-

HRMS) is provided in the Annexes.
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Figure 3.2. Reaction sequence involved in the stepwise synthesis of oligoester
standards. Method A: (i) BnBr, NaHCO;, Dioxane/DMF ; Method B: (ii) TBDMSC]|,
EtsN, DMAP, DCM; Method C: (iii) EDC.HCI, DMAP, DCM ; Method D: (iv) HF.Pyr,
THF; Method E: (v) H;, Pd(OH),, iPrOH; Method F: (vi) 2,4,6-Trichlorobenzoyl
chloride, EtzN, DMAP, 103M in THF.
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3.6. Purity assessment of oligoester standards

To perform a purity assessment of the synthesized oligoester compounds, each
standard was first solubilised with DCM and further diluted gravimetrically with ACN
to obtain a 10 pg.g' solution. Each solution was characterised on a UHPLC UltiMate
3000 coupled to an Orbitrap Q Exactive instrument fitted with a heated electrospray
ionisation source (UHPLC-ESI-MS-Orbitrap), both from Thermo Scientific
(Waltham, MA, USA). Chromatographic separation was achieved at 40 °C on a Cqs
Hypersil Gold column (1.9 pm, 2.1 x 100 mm) from Thermo Fisher Scientific (San
José, CA, USA). The flow rate was set at 0.4 mL.min" and the mobile phase was
composed of 10 mM ammonium acetate in both water (A) and acetonitrile (B).
Separation began with a A:B gradient of 95:5 (v/v) (1 min) and ramped to a gradient
of A:B 100:0 (v/v) over 16 min, to be maintained over 9 minutes before going back to
the initial conditions (2 min). The ionization parameters were as follows: sheath gas
flow, 50 arbitrary units (AU); auxiliary gas flow, 10 AU; capillary temperature, 350 °C;
heater temperature, 300 °C; spray voltage, 3.5 kV; S-lens radio frequency, 70 AU.
Data were acquired in full scan by using the positive/negative switching mode over
the m/z range 100 — 1,064 at a nominal resolving power of 70,000. Automatic gain
control (AGC Target) was set at high dynamic range (1 x 10°) and maximum injection
time (IT) at 250 ms. Purity percentage was determined by measuring the peak area
of the [M + HJ*, [M + Na]’, [M+K]*, [M+NH4]*, [M-H] and [M + HAc - H]" present

adducts of the oligoester and the impurities.

3.7. ldentification and quantification of oligoesters in migration extracts

In the present study, synthesized oligoester standards were used to achieve
Schymanski’s level 1 identification, putting together the information obtained from
section 2.4. and the relative retention time, chromatographic peak shape and MS?
fragmentation pattern. To this end, migration extracts, migration blanks and a 10 pg
g’ solution containing the synthesized oligoester were analysed by UPLC-
MS(QTOF). Chromatographic parameters and instrument configuration were kept
the same as in section 2.3. However, data acquisition was performed using the MS?

function by selecting the most abundant adduct (as observed in full scan mode) as
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parention to then apply a CE potential ramp (20 to 50 V) to favour both low and high
mass fragments. To avoid co-eluting interferences, only one parent ion was

fragmented at each time window.

Quantification was conducted using the external calibration method. To account for
impurities between oligoester standards, different sets of 14 points calibration
curves were gravimetrically prepared at the following concentrations: 10,000,
5,000, 2,500, 1,000, 750, 500, 300, 150, 100, 50, 20, 10, 5 and 1 ng.g". The analysis
method was the same as that employed for the analysis of migration samples in
section 2.3. The limit of detection (LOD) and the limit of quantification (LOQ) were
calculated as the smallest concentration of analyte that provided a sighal to noise

ratio three times and ten times the blank signal, respectively.

4. Results and discussion

4.1. NIAS migration in starch-based biopolymer films

Detected compounds in food simulants A, B and E after contact with the three
starch-based biopolymer film samples are shown in Table 3.1. No IAS were detected
in any of the samples through the non-targeted analysis. However, 22 oligoester
combinations were identified as suggested by MassFragment, which accounted for
90% of the cumulative area of signals after blank subtraction (n =23, 175 x 10° AU).
Migrant oligoesters added up to 97%, 96% and 85% in simulant A (n=11, 75 x 10°
AU), B (n=18,54 x 10° AU) and E (n = 10, 46 x 10° AU), respectively.

In terms of monomeric units, even cyclic combinations were dominated by 4-unit
combinations (n=4, 91 x 10° AU), followed by 6-units (n=2, 13 x 10° AU), 8-units (n=2,
9 x 10® AU) and 2-units (n=2, 8 x 10® AU) combinations. The only odd cyclic
combinations hypothesised were composed of lactic acid monomers alone and
were a 7-units (11 x 10°® AU) and a 5-units (3 x 10°® AU) combination. Linear
oligoesters were less abundant, ranging from 2 to 7 units oligomers, the most
intense being the 5-units (n=2, 13 x 10° AU), followed by 2-units (n=2, 10 x 10% AU)

and 4-units (n=2, 8 x 10® AU). Only one combination for each of the 3-units (2 x 10°
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AU), 6-units (0.1 x 10° AU) and 7-units (0.2 x 10°® AU) could be found. It could be
highlighted that cyclic oligoesters are favoured compared to linear oligoesters, the
latter being diols or hydroxy acids. No diacid linear combinations were found,
maybe due to their properties and to their higher reactivity. Oligoester combinations
involved 5 diols: butanediol (BD), ethylene glycol (EG), propylene glycol (PG),
diethylene glycol (DEG) and trimethylolpropane (TMP); and 3 diacids: adipic acid
(AA), sebacic acid (SA) and phthalic acid (PA, undefined isomer). Lactic acid (LA) did
not combine with any other monomer as it was not found in combination with any
diol or diacid monomers. BD and PG were the most abundant diols, being present
in 42% and 21% of the oligomers, respectively. Likewise, AA was the most common
diacid, being 64% of the oligoester combinations, followed by phthalic acid (8%)

and sebacic acid (4%).

Linear and cyclic combinations of AA and BD were common across samples 1 and
3, which indicated a type of blend using poly(1,4-butylene adipate) (PBA), a
biopolymer commonly blended with other polyesters to increase their
biodegradability and mechanical properties (Debuissy et al., 2016). Various
oligoester forms of AA and BD have been reported in other biodegradable food
contact materials, with the most common being the cyclic form of the tetramer
c[2BD+2AA] (Aznar et al., 2019; Canellas et al., 2015c; Cariou et al., 2022; Debuissy
et al., 2016; E.L. Bradley, 2010). As blends of PLA and PBA with PBAT increase the
barrier properties of the resulting material (Bheemanenietal., 2018; H. Zhang et al.,
2013), we hypothesized that oligomer combinations containing BD, AA, and PA
indicate an attempt to improve the barrier properties of the resulting starch-based

material.

When comparing the 3 starch-based materials, two lactic acid oligomers,
lin[2LA+C;Hs] and c[7LA], were the only combinations found across all three
samples, suggesting a common PLA component. Ethoxylation (+C;Hs) of LA
oligomers occurs during the migration process in contact with ethanol, meaning no
ethoxylated oligoesters would have migrated into the foodstuff (Aznar et al., 2019).
Sample 2 showed forms of PG and EG with adipic acid, pointing in this case to the

presence of poly(propylene glycol adipate) (PPA) and poly(ethylene glycol adipate)
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(PEA) as plasticisers (Slobodinyuk et al., 2023; Tang et al.,, 2020). Only one
combination of SA and DEG, commonly used as raw materials in polyester
manufacturing (Ubeda et al., 2017; N. Zhang et al., 2020), was found forming a cyclic
dimer in sample 3. TMP is a substance used in the production of hyperbranched
polyesters, a type of polymer with good properties as coating agents (Zhang et al.,
2017). Interestingly, another cyclic dimer containing AA and TMP, could also be

hypothesised in sample 3.
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Table 3.1. Compounds hypothesised in the migration of three biopolymers samples (S1, S2 & S3) in food simulants A, B and E. Molecular
formula (MF); linear (lin) and cyclic (c) proposed candidates; remarks, main fragments, and their scores (S) obtained by MassFragment.
LA: lactic acid, BD: 1,4-butanediol, AA: adipic acid, EG: ethylene glycol, PG: propylene glycol, DEG: diethylene glycol, SA: sebacic acid,
PA: phthalic acid, TMP: trimethylolpropane, Rt: retention time, nd: not detected.

Rt m/z[MNa]* MF S1 S2 S3 Candidate ID level Remarks/Fragments(scores)
4.37 213.0738 CsH140s E E E lin[2LA+C;Hs) 2a PLA oligomer. 161.0450 (S0.5) 158.0256 (S1)
4.4 241.1047 C10H150s A nd A lin[BD+AA] (86923-79-7) 1 Polyester oligomer. 202.1232 (S0.5) 147.0637 (S.05)
4.9 367.1349 Ci16H240s nd A,B,E nd c[2EG+2AA] 2a Polyester oligomer. 346.1604 (S0.5) 174.0846 (S0.5)
4.96 313.1623 C14H2606 A nd A lin[2BD+AA] (20985-13-1) 1 Polyester oligomer. 155.0724 (S1.5) 111.0431 (S1)
5.00 281.1478 - E nd E - - 259.1628, 143.0996
5.08 413.1784 CisH3009 nd A nd lin[2PG+2AA] 1 Polyester oligomer. 331.1837 (S1) 245.1081 (S1)
5.14 301.2847 Ci7H37N,0, nd nd AE - - 301.2847, 149.0060
5.54 395.1679 C1gH250s nd A,B,E nd c[2PG+2AA] 1 Polyester oligomer. 203.0996 (S2) 115.0793 (S2)
5.60 357.1162 C14H2,09 nd E nd lin[4LA+C;Hs) 2a PLA oligomer. 315.0782 (S3) 119.0626 (S3)
5.67 383.0966 Ci15H20010 E nd E c[5LA] 2a PLA oligomer. 158.0196 (S2) 89.0230 (S2)
5.71 369.1543 Ci6H260s A nd A - - 329.1606, 201.1153
5.85  441.2094 Ca0H340s A nd A lin[2BD+2AA] 1 Polyester oligomer. 401.2176 (S0.5) 291.1791 (S0.5)
5.87 455.1153 CisH24012  A,B,E nd E c[6LA] 2a PLA oligomer. 307.1044 (S2) 273.0987 (S2)
5.90 295.1526 Ci14H240s nd nd E c[DEG+SA] 2a Polyester oligomer. 227.1252 (S2) 203.1207 (S2)
5.92 513.2682 C24H42010 nd nd A lin[3BD+2AA] 1 Polyester oligomer. 458.2516 (S1) 329.1677 (S1)
6.01 567.2431 CagH35012 nd AB nd lin[2BD+2AA+PA] 2a Polyester oligomer. 228.1633 (S1) 129.0535 (S0.5)
6.15 527.1379 C21H28014 AB AB A c[7LA] 2a PLA oligomer. 158.0272 (S2) 175.1000 (S3)
6.23 423.1999 Cy0H3,0s AB,E nd AB,E c[2BD+2AA] (CAS 78837-87-3) 1 Polyester oligomer. 311.1474 (S2) 213.1034 (S3)
6.27 739.3167 C34Hs52016 nd AB nd c[2EG+2PG+4AA] 2a Polyester oligomer. 373.1862 (S0.5) 315.1352 (S0.5)
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6.30 641.3145 C30H50013 nd nd A lin[3BD+3AA] 1 Polyester oligomer. 547.2840 (S0.5) 431.2293 (S1)

6.31 595.2734 C28H14012 nd AB nd c[2BD+3AA+EG] 2a Polyester oligomer. 402.2205 (S2) 301.1345 (S2)
6.49 767.3488 C36Hs6016 nd AB nd c[4PG+4AA] 1 Polyester oligomer. 333.1578 (S2) 261.1282 (S2)
6.58 279.1573 Ci14H240,4 nd nd E c[AA+TMP] 2a Polyester oligomer. 257.1755 (S0.5) 130.1387 (S0.5)
6.63 443.1689 C22H250s AB nd A,B,E c[2BD+AA+PA] 1 Polyester oligomer. 307.1150 (S2) 221.0857 (S2)
6.67 623.3052 C30H48012 AB nd AB c[3BD+3AA] 1 Polyester oligomer. 457.2471 (S3) 429.2100 (S3)
7.03 545.1516 C21H30015 A nd nd lin[7LA] 2a PLA oligomer. 319.1362 (51.5)

7.74 256.2641 Ci6H34NO nd nd B - - 125.9877, 158.0055

7.86 282.2764 Ci6H37NO nd nd B - - 125.9877, 247.2442

8.36 284.2945 C1gH3sNO nd nd B - - 125.9865, 158.0121

8.45 319.1955 - nd nd B - - 125.9862, 365.2050

10.6 536.1666 - E nd nd - - 125.9881, 369.2711
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4.2. Synthesis of oligoester standards

4.2.1. Selection of combinations

Overall, the lack of NIAS reference compounds represents a major obstacle not only
for their use as analytical standard to unequivocally identifying and quantifying
them in samples, but also for the need to perform mechanistic and toxicological
studies (Shi et al., 2023). When it comes to oligoesters, only a few syntheses have
been attempted. Regarding oligoesters containing AA as diacid and BD as diol, only
c[2BD+2AA] was available to purchase (LGC standards, Middlesex, UK). However,
to the best of our knowledge, no attempt has been performed to synthesize a series
of AA and BD oligoesters, so the stepwise synthesis (Figure 3) was seen as an
opportunity to obtain not only c[2BD+2AA], but the rest of linear and cyclic
oligoesters ranging from 2 to 6 units. As some oligoesters containing EG combined
with terephthalic acid (Paseiro-Cerrato et al., 2016) and LA oligomers (Schliecker et
al., 2003) have already been synthesized, the efforts were focused in attempting the
synthesis of oligomers containing PG as diol (Figure 4). Most of the described
oligomeric syntheses involve the use of PA (both isophthalic, iPA, and terephthalic,
tPA) as diacid (Cariou et al., 2022; Eckardt et al., 2019; Paseiro-Cerrato et al., 2016;
Pietropaolo et al., 2018). However, as none involved the production of
c[2BD+iPA+AA], it was decided to attempt it specially because oligoesters
containing an aromatic moiety have a higher toxicity potential (He et al., 2015). In
this case, iPA was chosen as PA isomer due to its preferable use to improve barrier

properties in biopolymer production (T.-H. Lee et al., 2022).

4.2.2. Synthesis

Similarly to the procedure described by Cariou et al., 2022, a stepwise synthetic
approach was applied in this work to prepare new linear or cyclic oligomers based
on new diacid monomer such as adipic acid, or new diols units such as butane-1,4-
diolor propylene glycol. This robust and well-adaptable multistep synthesis allowed
us to yield the expected oligomers with an excellent control of the size and with

clean purity for further semi-quantitative analysis.
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Our efforts were first dedicated to the preparation of oligoesters derived from
butanediol (BD) and adipic acid (AA) (Figure 3.3). In comparison to the original
synthesis described by Cariou et al., 2022, a slight modification was implemented
for the monobenzylation reaction to furnish the monobenzylated ester 1 in view of
facilitating the treatment of the reaction while also improving the yield (Skalamera
et al., 2017). Likewise, the rest of the synthesis worked very effectively for the size
elongation of the linear oligomer in a well-controlled fashion. Along with this
sequential synthesis, the linear oligomers lin[BD+AA], lin[2BD+AA], lin[3BD+2AA],
lin[2BD+2AA], Llin[3BD+3AA] were successfully obtained as highly valuable
intermediates which are also part of the identified NIAS detected as migrants from
the biopolymer films. Our results showed that the final and tedious
macrolactonization was well amenable for different size of cyclic oligomers to
obtain either the 4-units c[2BD+2AA] or the 6-units c[3BD+3AA], with yields of 26%

and 18%, respectively.

As represented by the following cyclic oligoester c[2BD+iPA+AA] (Scheme 3.4), the
stepwise synthesis allowed the preparation of this expected cyclic 4-units-
compound with a globalyield of 38% over 11 synthetic steps. This result showed the
great efficacy of the synthesis and that this synthetic strategy was well-adaptable to
produce hybrid oligomers based on several diacid units (i.e. AA and iPA). Finally, our
results showed that this stepwise synthesis was highly suitable for the preparation
of non-symmetrical oligomers bearing a diol unit represented with two differential
reactivity of the hydroxyl groups such as a primary and a secondary alcohol
(Scheme 3.5). This type of dual reactivity of the diol partner was applied for the
preparation of propylene glycol-based oligomers which are consistent with other
NIAS arising from biofilms. Once again, the stepwise synthesis was very appropriate
for the synthesis of linear and cyclic oligoesters derived from propylene glycol (PG)
and adipic acid (AA). The linear oligomer lin[2PG+2AA] was cleanly obtained with a
global yield of 52% over 9 steps. This compound was used as precursor of the
macrolactonization for the most critical step as intramolecular reactions can be
favoured over intermolecular ones. While good macrolactonization yields were

generally observed (up to 80%), the macrolactonization of lin[2PG+2AA] afforded

123



the expected cyclic tetramer c[2PG+2AA] with a lower yield (73%), because of the
concomitant formation of the octamer c[4PG+4AA] (15%) along with the dodecamer
c[6PG+6AA] (5 %). The complex mixture components were separated by flash
chromatography and only c[2PG+2AA] and c[4PG+4AA] reached adequate

quantities for a complete characterisation and further use as reference standards.
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Figure 3.3. Stepwise synthesis of linear and cyclic oligoesters derived from
butanediol (BD) and adipic acid (AA).

124



b
Method A | M\

. OBn
HO ~yOH ethod. .
o) [¢]
2
o]
Method C then D I o
- BnO . OH
o
4
Method B -
HO ~_OH - HO OTBDMS
1
Method C then E ? ?
ethox en
" Ho' Ao _OTBDMS
15
23 2.3
p o MethodA [y omn

HO U

Ho o1

| Method 8

Ho-~-OTBDMS

19

TBDMSO._

Method D l

\Method A
bt
o (oBn
o
2
lMothadC
bt
o 0Bn
)
2
Method E
v
o
TBDMSO I oH
o i
I 5
2
|
| Method ¢
o 0
o Method D then £ HO. \‘ o (O g OH
O gk 080 - o | o
o o
2 lin[2PG+2AA]

Cc[2PG+2AA]

o o o
Method C ano ) o I Jo __OTBDMS
o I
16
l Method D then E
o o o
1 I I
HO™ 0y o ~OH
[
18
[¢] o7y
o 0™ 9% o
Method F 0.0 - 0._0
. S ) !
oo 0. HOI
O o o A
3 \ ‘ (o e}
oo

C[4PG+4AA]

Figure 3.5. Stepwise synthesis of linear and cyclic oligoesters derived from
propylene glycol (PG) and adipic acid (AA).

4.2.3.C

haracterisation

Characterisation data of the 11 synthesized oligoesters and their reaction

intermediates ("H and ™*C NMR, ESI-TOF-HRMS and melting point if applicable) can

be found in the supplementary information. Table 2 showcases the chemical

purities (w/w) of the final products. No impurities were identified for c[2BD+2AA],

and most of the compounds showed a purity above 98% w/w. The three hydroxy
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acids from AA and BD; lin[BD+AA], lin[2BD+2AA] and lin[3BD+3AA] were the
products with the highest impurity percentages (29.7 to 98.8%). Most of the
impurities involved side esterification reactions that resulted in larger chain
oligoesters. This might be due to the fact that these impurities were formed during
co-evaporation of the products under heat and vacuum, as continued removal of

water can pull the equilibrium of the esterification reaction (Khan et al., 2021).

Table 3.2. LC-ESI-MS(Orbitrap) purity percentages of the synthesised oligoesters
(w/w) and their impurities.

Compound Purity Impurities

lin[2BD+2AA] 54.3%, lin[3BD+3AA] 11.4%, lin[BD+AA+C;Hs)
3.0%, lin[2BD+2AA+C;Hs] 1.7%

lin[2BD+AA] 99.3 % lin[3BD+2AA] 0.7%
lin[4BD+4AA] 13.6%, lin[3BD+3AA] 2.3%, lin[2BD+2AA+C3Hs]

lin[BD+AA] 29.7 %

lin[2BD+2AA] 81.6% 1.0%, c[2BD+2AA] 0.8%, lin[2BD+AA] 0.6%, lin[BD+AA] 0.1%
c[2BD+2AA] 100 % -

lin[3BD+2AA] 97.3% C1sH2aNO 2.3%, C1,H2sNOs 0.4%, lin[2BD+AA] 0.1%
lin[3BD+3AA] 98.8 % C3aHsoNO14 1.0%, lin[3BD+2AA] 0.1%, lin[2BD+2AA] 0.1%
c[3BD+3AA] 98.6 % C16H36NO; 1.1%, 650.3743 m/z [M+NH,] 0.3%
C[2BD+AA+PA] 98.7 % c[2BD+2AA] 1.3%

lin[2PG+2AA] 98.7 % lin[3PG+3AA] 0.9%, c[2PG+2AA] 0.4%

c[2PG+2AA] 98.0 % CagH200; 1.0%, CaoH2,0; 1.0%

C[4PG+4AA] 98.2 % CazHs6NO33 1.3%, CasHs706 0.4%, c[2PG+2AA] 0.1%

4.3. Unequivocal identification and quantification

In order to verify the chemical structure of the oligomer candidates proposed during
the identification of migration extracts, MS? spectra of precursor ions were
compared with the spectra of a 10 mg.kg" oligoesters solution. All synthesised
oligoesters were identified with the retention time criteria and a minimum of 4
matching MS fragments. The application of the collision energy ramp proved to be a
good tool to generate low and high mass fragments (see supplementary
information). To the best of our knowledge, this is the first time that lin[BD+AA],

lin[2BD+AA], lin[2BD+2AA] c[2BD+2AA], lin[3BD+2AA], lin[3BD+3AA], c[3BD+3AA],
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c[2BD+AA+iPA], lin[2PG+2AA], c[2PG+2AA] and c[4PG+4AA] have been

unequivocally identified as migrant oligoesters from biopolymer samples.

For quantification purposes, linearity and sensitivity were first determined on
standard calibration curves. Gravimetrically prepared solutions of the oligoester
standards were analysed by UPLC-MS(QTOF) and the area of the most abundant
adduct for each compound ([M + H]* or [M + Na]") was obtained with a 10 ppm m/z
tolerance. Linearity parameters for each analyte are presented in Table 3.3. Relative
error or bias in the proposed linear range was within the acceptable order of +20 %.
Limits of detection (LOD) ranged from 0.03 to 2.54 pg.kg™ , which is in range of what
other authors found for similar compounds (Ubeda et al., 2020). Given that the
slope represents the sensitivity of a method towards an analyte, we found
differences between slopes of up to 30 times of c[2BD+AA+iPA] and lin[3BD+3AA].
Although the variation is less pronounced when comparing more chemically alike
oligoesters, it is still relevant and will affect the final concentration values and,
consequently, the safety compliance of the material. For example, between cyclic
oligomers differences in response ranged from 1.1 to 6 times and for linear
oligomers from 1.1 to 14 times. Even though differences in the ionization efficiency
and transmission between analytes are known to be dependent on several factors
(e.g. polarity, size, mobile phase composition), the understanding of the ESI process
is still limited (Cech & Enke, 2001; Liigand et al., 2017). Moreover, the lack of
oligomer standards makes semi-quantification the only alternative strategy to be

applied for reporting purposes (Ubeda et al., 2021).

127



Table 3.3. Linearity data of the oligoester standards analysed by UPLC-MS(Q-TOF).
Linear range, LOD and LOQ values are expressed in pg kg'. QS: quantifying
standard.

Qs Quant Interc Linear

Compound Adduct  Slope R? LOD LOQ
no. m/z ept range

. 6.2 -

Ql lin[BD+AA] 241.105 [M + Nal* 10.18 21.87 0.999 1.000 1.87 6.22
1.5-

Q2 lin[2BD+AA] 313162 [M+Nal' 1802 20684 0998 0500 0.44 1.47

Q3 lin[2BD+2AA] 441210 [M+Nal' 12.80 107.87 0999 %)(_)o 031 1.04
1.7 -

Q4 c[2BD+2AA] 401217 [M+H]' 873 3535 0999 oo 052 174
. 0.4 -

Q5 lin[3BD+2AA] 513.267 [M+ Na]* 24.39 62.91 0.999 150 0.13 0.44
8.5-

Q6 lin[3BD+3AA] 619.332 [M+ H]* 1.66 -29.39  0.998 1.000 254 8.46
1.1-

Q7 c[3BD+3AA] 601.322 [M+ H]* 7.86 -56.86  0.999 1.000 0.33 1.11
0.1-

Q8 c[2BD+AA+iPA] 443.168 [M + Na]* 48.52 477.25 0.999 500 0.03 0.09

Q9 lin[2PG+2AA] 413.178 [M + Na]* 14.19 29.18 0.998 13'0506 1.04 3.46
0.7 -

Q10 c[2PG+2AA] 373.186 [M +H]* 13.29 126.19 0.998 1.000 0.19 0.65

Ql1 c[4PG+4AA] 745.364 [M+ H]* 8.166 -145.62 0.998 15(5)0-0 0.39 1.28

Migration values of migrant oligoesters (ug.kg™' of food simulant) are summarised in
Table 3.4. For oligoesters for which a standard was not synthesised, a quantifying
standard from Table 3 was chosen according to their structure-type (linear or

cyclic), size and free functional groups.

Comparing migration results from the 3 food simulants, simulant E showed the
lowest migration values. In addition, due to Tenax different migration profile
compared to simulants A and B, simulant E values were similar across all three
samples. Despite being considerably higher than in Tenax, migration values in
simulant B were lower than in simulant A, probably due to a lower solubility and the

acid effect on the stability of oligoesters (Ubeda et al., 2020).
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Considering samples, overall oligoester migration was higher in S2 than in S1 and
S3, which were more similar. For example, c[2PG+2AA] was the dominant
contributor to the migration from S2, while c[2BD+2AA] was the dominant for both
S1 and S3. Concentrations of corresponding linear oligoesters were lower than their
cyclic counterparts but, in both cases, still exceeded the value established by
EU/10/2011 for non-listed substances (10 pg.kg™") except for c[2BD+AA+iPA] (S1,
simulant B & S3, simulant E) and lin[4LA+C;Hs] (S2, Simulant E). As recently
stressed by the scientific community, there is hardly any toxicological data available
on oligoesters (Cariou et al., 2022; Lestido-Cardama et al., 2022) which hinders a
correct risk assessment. Recent studies showed androgen receptor (AR) activity of
cyclic oligomers from food packaging adhesives (Ubeda et al.,, 2020) and the
potential of PLA oligomers to bioaggregate in the liver, intestine, and brain (M. Wang
et al., 2023). In these situations, a read-cross approach, such as the threshold of
toxicological concern (TTC), could be used (More et al., 2019). TTC assigns a
theoretical toxicity class to each compound depending on its chemical structure
(Crameretal., 1976). For this purpose, the software Toxtree v3.1.0 (Ideaconsult Ltd.,
Sofia, Bulgaria) was used. All compounds are divided into three classes according
to their theoretical toxicities — low (l), intermediate (ll), and high (lll) - and are subject
to a maximum daily intake above which further in vitro testing is required: 1.8, 0.54
and 0.09 mg per person per day, respectively. Moreover, compounds must not be
potential mutagens, carcinogens, organophosphates, or carbamates. Assuming a
food consumption of 1 kg/person/day, these intakes can be transformed to
maximum recommended migration values. Most of the migrant compounds were
listed as Class I, having a maximum recommended migration of 1,800 ng.g", which
was not exceeded for any of the oligomers. However, four oligoesters
(c[2EG+2PG+4AA], lin[3BD+3AA], c[2BD+3AA+EG] and c[2BD+AA+PA]) were
classified as class lll, having a recommended migration limit of 90 ng.g". From these
four class lll oligoesters, only c[2BD+AA+PA] did not exceed the limit, making S1 the

only biopolymer sample to comply with the legislation under these premisses.

Although TTC values tend to be conservative, underestimation can occur for some

compounds (Partosch et al., 2015; Reilly et al., 2019), evidencing the need of a
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thorough toxicological assessment of oligoester migrants regardless of their Cramer

class.
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Table 3.4. Mean concentration values of oligomers (ug kg') with standard deviation (n=3) in the three biopolymers (S1, S2 & S3) migration
extracts in simulant A, B and E. In brackets in the first column: assigned quantification standard when different (see Table 3.3 for code).
Concentration values in bold represent those surpassing their TTC value.

Cramer Acetic Acid 3% (v/v) Ethanol 10% (v/v) Tenax®

Compound a

ass S1 S2 S3 S1 S2 S3 S1 S2 S3
lin[2LA+C,Hs] (Q1) | - - - - - - 18.7+2.2 287+10.1 32.4+13.8
lin[BD+AA] | 86.9+9.4 - 156.5+4.9 - - - - - -

1,064.9 +
c[2EG+2AA] (Q10) | - 801.6+9.1 - - 59 - - 34.0+8.2 -
lin[2BD+AA] | 23.6+23 - 51.8+2.7 - - - - - -
lin[2PG+2AA] | - 301.1+3.6 - - - - - - -
+
c[2PG+2AA] | - 692.2 +10.0 - - 1'2§27'8 B - - 15.1+4.1 -
lin[4LA+C,Hs] (Q9) | - - - - - - - 3.8+1.7 -
c[SLA] (Q4) [ - - - - - - 19.6+ 1.1 - 10.2+2.3
lin[2BD+2AA] | 124.2 £9.9 - 201.1+6.9 - - - - - -
c[6LA] (Q7) [ 84.6+6.7 - - 60.5+ 3.5 - - 15.8+0.7 - 11.7+2.8
c[DEG+SA] (Q4) [ - - - - - - - - 124432
lin[3BD+2AA] | - - 165.8 +3.3 - - - - - -
lin[2BD+2AA+PA
In[2BD+2AA+PA] | ; 385.5+9.7 . . 840.3 +20.5 . . . .
(Q6)
c[7LA] (Q7) | 147.1+129 501.8+6.9 59.4+4.2 133.7+9.3 764.1+39.7 - - - -
c[2BD+2AA] | 374.2+17.5 - 472.1+13.4 814.6+46.8 - 971.3+41.6 46.1+3.9 - 90.4 +16.3
c[2EG+2PG+4AA] 688.4 £
- + - - - - - -

(Q11) 1] 251.5+7.0 105

131



lin[3BD+3AA] 1] - - 1435+ 8.7 - - - - - -
c[2BD+3AA+EG] 684.9 +
- + - - - - - -
(Q7) 1] 205.1+2.5 17.8
c[4PG+4AA] | - 65.2 £ 6.2 - - 273.8+4.8 - - - -
c[AA+TMP] (Q10) | - - - - - - - - 12.1+2.1
c[2BD+AA+PA] 1] 2.5+0.8 - 11.6+0.8 11.4+0.7 - 195+1.2 - - 0.5+0.1
c[3BD+3AA] | 50.8+2.1 - 99.6+1.6 168.8+8.3 - 255.6 £6.9 - - -
lin[7LA] (Q6) | 314+1.6 - - - - - - - -
Total linear oligoesters 266.1+20.2 683.6+86 724.7+21.0 - 840.3 £20.5 - 19.1+24 325+9.0 32.44+13.8
2,517.2 ¢+ 1,140.4 + 4,758.8 + 1,246.5 +
i i + ! + ! ! ! + + +
Total cyclic oligoesters 659.2 £ 39.2 20.8 543.0 £ 16.2 103.0 306 450 82.0+4.9 49.1+12.2 137.3+26.6
3,200.9 + 1,267.7 + 1,140.4 + 5,599.1+ 1,246.5
. + ’ ’ ’ 7 ’ + + +
Total oligoesters 925.2 +59.3 255 35.1 103.0 405 450 101.1+69 81.54+10.1 169.7+145
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5. Conclusions

In this work, the food safety of three starch-based biopolymer films has been
assessed using three food simulants: ethanol 10%, acetic acid 3% and Tenax. A
series of non-volatile migrant oligoesters arising mainly from adipic acid, 1,4-
butanediol, propylene glycol, ethylene glycol and phthalic acid were detected in the
migration extracts by UPLC-MS(QTOF). For identification and quantification
purposes, 11 linear and cyclic oligoester combinations (lin[BD+AA], lin[2BD+AA],
lin[2BD+2AA]  c[2BD+2AA], lin[3BD+2AA],  lin[3BD+3AA], c[3BD+3AA],
c[2BD+AA+iPA], Llin[2PG+2AA], c[2PG+2AA] and c[4PG+4AA]) were successfully
synthesized by a multi-step approach and characterized by 'H and "*C NMR and LC-
MS(Orbitrap). For the first time, these synthesised oligoester standards allowed to
unequivocally identify and quantify the migrant oligoesters detected in biopolymer
films. This allowed a more precise and concrete analysis of their theoretical toxicity,
with only one of the three samples compliant according to the TTC approach. The
protocol herein described aims to contribute towards the availability of oligoester
standards, a prerequisite for the highly demanded toxicological studies of these
packaging oligomers that will be able to shed some light into a grey area in the food

packaging sector.
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Section IV: Conclusions
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Conclusions

Modern food systems still face important challenges regarding food losses and
waste, foodborne outbreaks, as well as the growing unsustainable plastic food
packaging management and production. Over this PhD thesis, different
contributions towards food safety, either by developing new active packaging
systems or by assessing the chemical risk of novel bio-based packaging materials,
have been made. To this end, the synthesis of a-CD-NS to be used as ethylene
scavenger has been performed, intended to decrease senescence of fruits and
vegetables and increase their shelf-life. Moreover, a diacetyl-based antimicrobial
active packaging solution has been developed and successfully tested in fresh
meat. Finally, the safety of three starch-based food contact materials has been

assessed by synthesizing a new series of migrating oligoesters.

To validate the potential of a-CD-NS production at an industrial level, the scalability
of the crosslinking reaction between a-CD and CDI through mechanochemical
means using a planetary ball mill, was validated using FTIR-ATR, demonstrating the
capacity for this synthesis to be implemented at a bigger scale. Moreover, the
validated HPLC-DAD method herein developed is sensitive, fast, and robust to
monitor the washing step of the synthetized a-CD-NS, yielding safe, food-grade
materials. The scaled-up a-CD-NS showed great potential to be a greener and
effective alternative as ethylene scavengers when compared to other common
absorbents such as bentonite and zeolite, paving the way for an active food
packaging solution targeting fruits and vegetable spoilage. Even though the
crosslinking of a-CD did not influence the specific surface area of a-CD-NS, it
provided a polymer with higher physical and chemical stability, expanding their
potential applications. Overall, the results obtained for a-CD-NS as ethylene
scavenger show a new opportunity for active packaging solutions non-dependentin
difficult to discard, toxic, metal-based alternatives such as potassium
permanganate or palladium. As food-grade materials, the use of CD-NS opens a
new field in the food sector, an area in which their use has not been sufficiently

explored yet.
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Regarding the development of an antimicrobial active packaging solution,
antimicrobial in vitro testing of diacetyl showed no minimal inhibitory concentration
in liquid phase, but high inhibition in vapor phase against L. monocytogenes and S.
enterica. Furthermore, the vapor antimicrobial activity of diacetyl was higher for S.
entericathan for L. monocytogenes, suggesting a higher antimicrobial susceptibility
against Gram-negative than Gram-positive bacteria. However, the high volatility of
diacetyl posed challenges for its incorporation in active packaging. To solve this
issue, sodium stearate gels were found as a cheap and safe alternative to entrap
diacetyl, although its concentration deeply affected the rheological properties of
the resulting material. Moreover, embedding sodium stearate gels onto an
absorbent material such as a-CD-NS proved to boost diacetyl release. Even though
the sodium stearate gel and the a-CD-NS-NaSt composite active materials showed
identical in vitro antimicrobial activity against S. enterica, in vivo experiments in
inoculated packaged fresh beef filets demonstrated a two fold inhibition efficacy for
the composite material. Moreover, both materials showed high in vivo antimicrobial
activity towards common fresh meat microbiota such as total viable counts,
pseudomonads, and lactic acid bacteria. These results, together with the fact that
the diacetyl-based active packaging solutions are made of GRAS components,
makes their usage in food packaging to control fresh meat spoilage and safety very
promising. Moreover, they pave the way for other active packaging applications, as

their effect towards other microorganisms and food products is yet to be studied.

Bio-based polymers aim to yield more sustainable alternatives to fossil-based
plastic materials and are emerging materials in areas such as food packaging.
However, new food contact materials may pose new risks and that is why its
chemical safety should be thoroughly studied. In this work, for the safety
assessment of three starch-based food contact materials, migration experiments
were conducted according to EU regulation 10/2011. Non-targeted UPLC-HRMS
migrant assessment revealed that oligoesters were the main form of NIAS, with
cyclic oligoesters being the most prevalent across all samples when compared to
their linear counterparts. Moreover, migrant oligoesters were mainly composed of

adipic acid, isophthalic acid, lactic acid, 1,4-butanediol, and propylene glycol
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monomers. Since the lack of oligoester standards continues to be a hurdle for the
correct identification and quantification of these compounds in migration extracts,
for the first time, a stepwise synthesis approach was performed to obtain oligoester
standard combinations of: adipic acid and 1,4-butanediol, adipic acid and
propylene glycol, and adipic acid, isophthalic acid and 1,4-butanediol. This
stepwise synthesis approach allowed to obtain the desired oligoester standards
with good overall yields and purity, indicating its suitability to be applied for the
synthesis of other oligomer combinations. Using the synthesized oligoester
combinations, the migrating oligoesters were unequivocally identified and
quantified for the first time in bio-based food packaging materials. Interestingly,
differences in the analytical responses of the synthesized oligoester standards used
to quantify the migrant oligoesters, indicate the unsuitability of semi-quantification
approaches, and stress the need for the availability of oligomer standards. In
conclusion, the synthesis, identification, and quantification of migrating
oligoesters from starch-based samples has shed some light into the knowledge
gaps aboutoligomers. This stepwise synthesis approach will allow to further obtain
more oligoester combinations and perform the necessary toxicological risk
assessments for these substances, contributing towards safer plastic alternatives

in the near future.
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Conclusiones

La actual cadena alimentaria sigue enfrentando importantes desafios en cuanto a
pérdidas y desperdicio alimentario, brotes de enfermedades transmitidas por
alimentos, asi como la creciente e insostenible gestidon y produccién de envases
alimentarios de plastico. A lo largo de esta tesis doctoral, se han realizado
diferentes contribuciones enfocadas a la seguridad alimentaria, ya sea
desarrollando nuevos sistemas de envase activo o evaluando el riesgo quimico de
nuevos biomateriales de envase. Con este fin, se llevd a cabo la sintesis de a-CD-
NS para ser utilizadas como captadores de etileno, con la intencidn de disminuir
el envejecimiento de frutas y verduras y aumentar su vida util. Ademas, se
desarrollé y probé con éxito en carne fresca una solucion de envase activo
antimicrobiano basada en diacetilo. Finalmente, se evalué la seguridad de tres
materiales de contacto alimentario con base de almidén mediante la sintesis de

una serie de oligoésteres migrantes.

Para validar el potencial de produccion de a-CD-NS a nivel industrial, se comprobé
la escalabilidad de la reaccion de entrecruzamiento de a-CD con CDI por
métodos mecanoquimicos utilizando un molino de bolas planetario. La utilizacion
de FTIR-ATR, demostré la posibilidad de implementar esta sintesis a una mayor
escala. Ademas, se desarrollé y validé un método de HPLC-DAD suficientemente
sensible, rapido y robusto como para monitorear y optimizar el proceso de lavado
de las a-CD-NS sintetizadas, permitiendo el desarrollo de materiales
entrecruzados con CDI seguros y aptos para alimentos. Las a-CD-NS escaladas
mostraron un gran potencial como alternativa mas ecolégica y efectiva a los
captadores de etileno convencionales, en comparacién con otros adsorbentes
comunmente utilizados como la bentonitay la zeolita, abriendo el camino para una
solucién de envase activo dirigida al ralentizar el deterioro de frutas y verduras.
Aunque el entrecruzamiento de a-CD no influyd en el drea superficial de las a-CD-
NS, proporcioné un polimero con mayor estabilidad fisica y quimica, lo que amplia
sus potenciales aplicaciones. En general, los resultados obtenidos para las a-CD-

NS como captadores de etileno proporcionan una nueva oportunidad para
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soluciones de envase activo frente a las actuales alternativas con metales, dificiles
de desechar y tdéxicas, como el permanganato potdsico o el paladio. Como
materiales de grado alimenticio, el uso de CD-NS abre un nuevo campo en el sector

alimentario, un area en la que su uso aun no se ha explorado suficientemente.

Respecto al desarrollo de una solucion de envase activo antimicrobiano, las
pruebas in vitro de susceptibilidad antimicrobiana del diacetilo no mostraron una
concentraciéon minima inhibitoria en fase liquida. Sin embargo, se obtuvo una alta
inhibicién en fase vapor frente a L. monocytogenesy S. entérica, si bien la actividad
antimicrobiana del diacetilo en fase vapor fue mayor para esta ultima, lo que
sugiere una mayor susceptibilidad antimicrobiana frente a bacterias Gram-
negativas que frente a Gram-positivas. Sin embargo, la alta volatilidad del diacetilo
dificulta su incorporacién en envasado activo. Para resolver este problema, se opté
por geles de estearato de sodio como una alternativa econdémica y segura para
retener el diacetilo, aunque se observo que su concentracion en el gel tuvo un gran
efecto sobre las propiedades reoldgicas del material resultante. Ademas, la
incorporacion de geles de estearato de sodio soportados sobre un material poroso
como las a-CD-NS demostré aumentar la liberacidon de diacetilo. Aunque el gel
activo de estearato de sodio y los materiales activos compuestos por a-CD-NS-
NaSt mostraron una actividad antimicrobiana in vitro idéntica frente S. enterica, los
experimentos in vivo con filetes inoculados de ternera fresca demostraron una
eficacia de inhibicion dos veces mayor para el material compuesto. Ademas,
ambos materiales mostraron una alta actividad antimicrobiana in vivo frente a
microbiota comunmente presente en carne fresca, como los recuentos totales,
pseudomonas y bacterias acido-lacticas. Estos resultados, junto con el hecho de
que las soluciones de envase activo desarrolladas se componen de elementos
GRAS, hacen que su uso en envasado de alimentos para controlar el deterioroy la
seguridad de carne fresca sea muy prometedor. Ademas, aplanan el camino para
otras potenciales aplicaciones de envase activo, ya que su efecto hacia otros

microorganismos y productos alimenticios aun debe ser estudiado.

Los biomateriales poliméricos tienen como objetivo proporcionar alternativas mas

sostenibles a los materiales plasticos basados en combustibles fésiles, siendo
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materiales emergentes en areas como el envasado de alimentos. Sin embargo, los
nuevos materiales de contacto con alimentos pueden plantear nuevos riesgos, por
lo que su seguridad quimica debe ser estudiada minuciosamente. Este trabajo, ha
evaluado la seguridad de tres materiales de contacto alimentario con base de
almidén, realizandose experimentos de migracion de acuerdo con la regulaciéon UE
10/2011. La evaluacién de compuestos migrantes por UPLC-HRMS revelé que los
oligoésteres fueron la forma principal de NIAS, siendo los ciclicos los mas
abundantes en todas las muestras en comparacién con sus contrapartes lineales.
Ademas, se determiné que los oligoésteres migrantes estaban formados
principalmente por acido adipico, acido isoftalico, acido lactico, 1,4-butanodiol y
mondmeros de propilenglicol. Dado que la ausencia de estandares de oligoésteres
continta siendo un obstaculo para la correcta identificacién y cuantificacién de
estos compuestos en extractos de migracion, por primera vez, se utilizé un enfoque
de sintesis por etapas para obtener combinaciones de estandares de oligoésteres
de: acido adipico y 1,4-butanodiol, acido adipico y propilen glicol, y acido adipico,
acido isoftalico y 1,4-butanodiol. Este método de sintesis por etapas permitié
obtener los estandares de oligoésteres deseados con alta pureza y
rendimientos generales, indicando su idoneidad para ser aplicado en la sintesis
de otras combinaciones de oligdmeros. Ademas, utilizando las combinaciones de
oligoésteres sintetizados, los oligoésteres migrantes fueron identificados y
cuantificados inequivocamente por primera vez en materiales de envase
alimentario con base de almiddn. Curiosamente, las diferencias en las respuestas
analiticas de los estandares sintetizados utilizados para cuantificar los oligoésteres
migrantes indicaron la inadecuacidon de enfoques de semi-cuantificacién, vy
resaltaron, una vez mas, la necesidad de disponibilidad de estandares de
oligdmeros. En conclusiéon, la sintesis, identificacion y cuantificacion de
oligoésteres migrantes a partir de muestras con base de almidén ha arrojado
luz sobre las lagunas de conocimiento sobre oligdmeros. Ademas, este enfoque
sintético por etapas permitira obtener mas combinaciones de oligoésteres y
realizar las necesarias evaluaciones de riesgo toxicolégico para estas sustancias,

contribuyendo hacia alternativas de plastico mas seguras en un futuro cercano.
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Section VI: Annexes

The following Annexes are related to Chapter 3 of this Thesis.
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Synthesis, monitoring and characterisation

Synthesis

Method A : Diacid monobenzylation

To the corresponding diacid (1.00 eq) dissolved in a mixture of dioxane and DMF (1:1,
0.12 M) benzyl bromide (1.00 eq) was added, followed by the addition NaHCOs (1.03
eq). The suspension was stirred at 90 °C overnight. Solvents were evaporated and the
residue was suspended in ethyl acetate. After filtration, the organic phase was washed
with water and brine. Then, the organic phase was dried with Na;SQ,, filtered and
evaporated under reduced pressure. The crude was purified by flash chromatrography

on silica gel.

Method B : Diol monosilylation

To a solution of the corresponding diol (3.00 eq) in dry DCM (0.40 M) were added
TBDMSCI (1.00 eq) and a catalytic amount of DMAP (0.20 eq). EtsN (1.20 eq) was slowly
added to the reaction mixture at 0 °C. The reaction mixture was stirred at room
temperature overnight. The mixture was then successively washed with a saturated
aqueous solution of NH4Cl and H,O. The aqueous layer was extracted with DCM.
Combined organic layers were washed with brine, dried over Na;SOa, filtered and
concentrated under reduced pressure. The crude was purified by flash chromatography

on silica gel.
Method C : Coupling

To a solution of the corresponding acid (1.10 eq) and the corresponding alcohol (1.00
eq) in dry DCM (0.20 M) was added DMAP (2.00 eq). EDC.HCI (2.00 eq) was then added
portionwise in 3 times, 2 times at 0 °C with 15 min interval. The reaction mixture was
stirred for 4h at reflux and the 3rd part of the EDC.HCI was added. The reaction is stirred
at reflux overnight. The mixture was quenched with an aqueous solution of HCI 1 M. The
aqueous layer was extracted with DCM. Combined organic layers were washed with
brine, dried over Na;SQy, filtered and concentrated under reduced pressure. The crude

was purified by flash chromatography on silica gel.
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Method D : Desilylation

To a solution of the corresponding fully protected compound (1.00 eq) in dry THF (0.10
M), Olah's reagent (10.00 eq) was added at 0°C. The reaction mixture was stirred 4h at
35°C. The mixture was cooled down to 0°C and quenched with a saturated aqueous
solution of NaHCOs. The aqueous layer was extracted three times with DCM. Combined
organic layers were washed with brine, dried over Na;SO,, filtered and concentrated

under reduced pressure. The crude was purified by flash chromatography on silica.

Method E : Debenzylation

To a solution of the corresponding benzylated compound (1.00 eq) in degassed
isopropanol (0.10 M) was added Pearlman's catalyst (0.10 eq). Reaction mixture was
stirred at room temperature under H, atmosphere until completion, monitoring the
reaction by TLC. Palladium was filtered over celite pad, washed with isopropanol. The
filtrate was concentrated under reduced pressure. The crude is directly used for the next

step without further purification.

Method F : Lactonization

To a solution of triethylamine (2.00 eq.) in dry DCM (0.10 M) was added a solution of the
corresponding unprotected compound (1.00 eq.) in dry DCM (0.10 M). A solution of
2,4,6-trichlorobenzoyl chloride (2.0 eq.) in dry DCM (0.10 M) was then added. The
mixture was stirred overnight at room temperature. The mixture was then slowly added
into a solution of DMAP (10.00 eq) in dry DCM (0.001 M) and stirred 3h at room
temperature. The reaction mixture was concentrated under reduced pressure. The crude

was then purified by flash chromatography on silica gel.
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Monitoring and characterization

All reactions were monitored by TLC on commercially available precoated plates
(Kieselgel 60 F254), and the compounds were visualized with KMnO4 solution [KMnO4
(3 g), K2€CO3 (20 g), NaOH (5% aq.; 5 mL), H,0 (300 mL)] and heating or by UV (254 nm)

when possible.

Intermediate and final products were characterised by *H and 3C NMR as well as ESI-

TOF-HRMS.

NMR. Intermediate and final products were characterised by *H and 3C NMR. Spectra
were recorded on a Bruker Avance 300 spectrometer fitted with a 5 mm i.d. BBO probe
carefully tuned to the recording frequency of 300.13 MHz (for *H) and 75.47 MHz (for
13C), the temperature of the probe was set at room temperature (around 293-294 K), on
a Bruker Avance 400 spectrometer fitted with a 5 mm i.d. BBFO+ probe carefully tuned
to the recording frequency of 400.13 MHz (for *H) and 100.61 MHz (for *3C). The spectra
are referenced to the solvent in which they were run (7.26 ppm for *H CDCl; and 77.16
ppm for 3C CDCl3). Chemical shifts (8) are given in ppm and coupling constants (J) are
given in Hz with the following splitting abbreviations: s = singlet, d = doublet, t = triplet,
g = quartet, m = multiplet and br = broad. All assignments were confirmed with the aid
of two-dimensional *H, *H (COSY), or 'H, 13C (HSQC) experiments using standard pulse

programs.

ESI/ASAP-TOF-HRMS. Intermediate and final products were characterised by time of
flight (TOF) high resolution mass spectrometry (HRMS) measurements using a Xevo G2-
XS QTOF spectrometer (Waters, USA) fitted with an ESI or ASAP probe in both positive
or negative mode by direct infusion of a 10 ppm solution (ESI) or by direct introduction

of a glass capillary (ASAP).
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Figure A1 — Synthesis of linear and cyclic oligomer derived from Adipic acid (AA) and

1,4-Butanediol (BD).
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4-((tert-butyldimethylsilyl)oxy)butan-1-ol (1) : Following Method B, the crude was then
purified by flash chromatography (cyclohexane/ethyl acetate 90/10 to 80/20, v/v) to
afford 1 with 71% yield as a colourless oil. *H NMR (CDCls, 400 MHz): 3.56 (m, 4H), 2.74-
2.96 (br's, 1H), 1.54-1.67 (m, 4H), 0.87 (s, 9H), 0.04 (s, 6H) ; 3C NMR (CDCls, 100 MHz):
63.4, 62.7, 30.2, 29.9, 26.0, 26.0, 26.0, 18.4, -5.3, -5.3; ESI(+)-TOF-HRMS m/z for
C10H240,Si [M+Na]*: theoretical 227.1443, found 227.1436.

_—3.68
—~~3.56
—2.96
—2.74

_—1.67
——~1.54
—0.87
—0.04

HO/\/\/O‘/Si\J<

10 9 8 7 6 5 4 3 2 1 ppm

Figure A2- *H NMR (400 MHz, CDCl3) spectrum obtained for compound 1.
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Figure A3- 3C NMR (100 MHz, CDCls) spectrum obtained for compound 1.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

243 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 N:0-10 O:0-10 Na:1-1 Si:1-1

DRC28 (DCM) - MeOH/H20 (95/5%) XEVO G2-XS QTOF 06-0c1-2023
20231006_KK_DRC28_01 76 (0.783) Cm (74:92) 1: TOF MS ES+
2.46e+006
2271436
%3 2131004 2151248 2171049 219.0520 2211159 2230940 225.1096 | 228.1455 p30.1450 2310628 5550734 2351700 n56 0705  237.1095 2381457
T T T T T T T T T T Tt T e T T T T T miz
214.0 216.0 218.0 220.0 222.0 224.0 226.0 228.0 230.0 232.0 234.0 236.0 238.0
Minimum: -10.0
Maximum: 30,0 5.0 1000.0
Mass Calc. Mass mDa PPM  DBE i-FIT Norm Conf (%) Formula
227.1436 227.1443 -0.7 -3.1 -0.5 1870.6 n/a n/a C10 H24 02 Na Si

Figure A4- ESI(+)-TOF-HRMS elemental composition report obtained for compound 1.
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6-(benzyloxy)-6-oxohexanoic acid (2) - Following Method A, the crude was then
purified by flash chromatography (DCM/ethyl acetate 10/90 to 70/30, v/v) to afford 2
with 36% yield as a yellowish oil. *"H NIVIR (CDCls, 400 MHz): 7.29-7.40 (m, 5H), 5.12 (s,
2H), 2.34-2.43 (m, 4H), 1.62-1.77 (m, 4H). 3C NMR (CDCls, 100 MHz): 179.4, 173.2,
136.1, 128.7, 128.7, 128.4, 128.4, 128.4, 66.4, 34.0, 33.7, 24.4, 24.2. ESI(+)-TOF-HRMS
m/z for C13H1604 [M+Na]* : theoretical 259.0946, found 259.0953.

5.12

_—~17.40
~7.29
_-2.43
™~2.34
_—1.77
—~1.62

2.04

Figure A5- *H NMR (400 MHz, CDCI3) spectrum obtained for compound 2.
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Figure A6- 3C NMR (100 MHz, CDCls) spectrum obtained for compound 2.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance =5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

380 formula(e) evaluated with 2 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 N:0-10 ©O:0-10 Na:1-1

DRC20 (DCM) - MeOH/H20 (95/5%) XEVO G2-XS QTOF 06-0ct-2023
20231006_KK_DRC20_01 17 (0.197) Cm (10:18) 1: TOF MS ES+
3.860+006

259.0953 260,098,

61.1012 263.0889 265.1056 267.1201 269.1356 2714155 272 ‘32‘9&

19 %047.1269

249.1573 251.1276 253.1097 255.0860 257.1353

248.0 250.0 252.0 254.0 256.0 258.0 260.0 262.0 264.0 266.0 268.0 270.0 272.0
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
259.0953  259.0946 0.7 2.7 5.5 1876.0 0.001 99.91 C13 H16 04 Na
259.0960 -0.7 -2.7 10.5 1883.0 7.006 0.09 C14 H12 N4 Na

Figure A7- ESI(+)-TOF-HRMS elemental composition report obtained for compound 2.
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benzyl (4-((tert-butyldimethylsilyl)oxy)butyl) adipate (3) - Following Method C, the
crude was then purified by flash chromatography (cyclohexane/ethyl acetate 95/15 to
75/25, v/v)to afford 3 with 92% yield as a colourless oil. *H NIVIR (CDCls, 300 MHz): 7.25-
7.35 (m, 5H), 5.07 (s, 2H), 4.04 (t, 2H, 3/ = 6.39 Hz), 3.58 (t, 2H, 3/ = 6.22 Hz), 2.33 (t, 2H,
3J=7.03 Hz), 2.27 (t, 2H, 3J = 7.22 Hz), 1.57-1.69 (m, 6H), 1.45-1.56 (m, 2H), 0.85 (s, 9H),
0.00 (s, 6H). **C NMR (CDCls, 75 MHz): 173.5, 173.3, 136.2, 136.2, 128.7, 128.7, 128.3,
128.3, 66.3, 64.5, 62.7, 34.1, 34.1, 29.4, 26.1, 26.1, 26.1, 25.4, 25.4, 245, 18.5, -5.17, -
5.17. ESI(+)-TOF-HRMS m/z for Ci3H3gOsSi [M+Na]* : theoretical 445.2386, found
445.2386.

—5.07

Figure A8- *H NMR (300 MHz, CDCI3) spectrum obtained for compound 3.
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Figure A9- °C NMR (75 MHz, CDCI3) spectrum obtained for compound 3.
’
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
56 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:0-100 H:0-200 ©O:0-8 Na:1-1 Si:1-1
DRC18 (DCM) - MeOH/H20 (95/5%) XEVO G2-XS QTOF 09-Oct-2023
20231009_XX_DRC18_01 23 (0.248) Cm (9:23) 1: TOF MS ES+
7.60e+006
445.2386
‘Q/gé 435.3431 436.8968437.2344 439.1246 440.2826 441.2852 442.2845 443.3329 | 446.2411 447 2404 4482420 449.2416 4502422 451.0100 452.2802453.1922 _454.2965 454‘8":71
(AR R A LASAR LA LA RAARS R AL RS AR ot Ay s R M Rty s e
435.0 436.0 437.0 438.0 439.0 440.0 441.0 442.0 443.0 444.0 445.0 446.0 447.0 448.0 449.0 450.0 451.0 452.0 453.0 454.0 455.0
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM  DBE i-FIT Norm Conf(%) Formula
445.2386  445.2386 0.0 0.0 5.5 2098.3 n/a n/a €23 H38 05 Na Si

Figure A10- ESI(+)-TOF-HRMS elemental composition report obtained for compound 3.
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benzyl (4-hydroxybutyl) adipate (4) - Following Method D, the crude was then purified
by flash chromatography (cyclohexane/ethyl acetate 90/10 to 60/40, v/v) to afford 4
with 93% vyield as a colourless oil. *H NMR (CDCls, 400 MHz): 7.27-7.36 (m, 5H), 5.09 (s,
2H), 4.08 (t, 2H, 3/ = 6.59 Hz), 3.62 (t, 2H, 3/ = 6.40 Hz), 2.35 (t, 2H, 3/ = 7.09 Hz), 2.29 (t,
2H, 3J = 6.95 Hz), 2.16-2.22 (br s, 1H), 1.54-1.74 (m, 8H). 3C NMR (CDCls, 100 MHz):
173.4,173.2,136.0, 128.6, 128.2, 128.2, 128.2, 128.2, 66.2, 64.2, 62.1, 33.9, 33.9, 29.1,
25.1, 24.4, 24.4. ESI(+)-TOF-HRMS m/z for Ci7H240s [M+Na]* : theoretical 331.1521,
found 331.1521.

_-7.36
~7.27

OMOWOH
(e]
‘ M
H. ‘J T
T T T T T T T T T T T
10 9 8 7 6 5 3 2 1 ppm

Figure A14- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 4.
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Figure A15- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound 4.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance =5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

47 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 O:0-8 Na:1-1

DRC22 (DCM) - MeOH/H20 (95/5%) XEVO G2-XS QTOF 09-Oct-2023
20231009_XX_DRC22_01 57 (0.597) Cm (57:70) 1: TOF MS ES+
5.85e+006

wg/oé 301.1676323-2232  325.0007 o 19g¢ 327.2001 331 ‘1 521 3321552 3341596  336.1307 338.3436 3402105 341-2656 344.2038 347.4051 3481293

© T T T T IREERAARRE T T T T T T T T T T T T T T T T T T miz

320.0 322.0 324.0 326.0 328.0 330.0 332.0 334.0 336.0 338.0 340.0 342.0 344.0 346.0 348.0 350.0

Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
331.1521 331.1521 0.0 0.0 5.5 2011.6 n/a n/a C1l7 H24 05 Na

Figure A16- ESI(+)-TOF-HRMS elemental composition report obtained for compound 4.
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6-(4-((tert-butyldimethylsilyl)oxy)butoxy)-6-oxohexanoic acid (5) - Following Method
E, 5 was obtained with quantitative yield as a colourless oil. *H NIVIR (CDCls, 400 MHz):
4.09 (t, 2H, 3/ = 6.41 Hz), 3.63 (t, 2H, 3J = 6.25 Hz), 2.28-2.42 (m, 4H), 1.51-1.75 (m, 8H),
0.89 (s, 9H), 0.04 (s, 6H). :*C NMR (CDCls, 100 MHz): 179.1, 173.5, 64.5, 62.7, 34.0, 33.7,
29.3, 26.1, 26.1, 26.1, 25.3, 24.4, 24.2, 18.4, -5.2, -5.2. ESI(+)-TOF-HRMS m/z for
C16H3205Si [M+Na]* : theoretical 355.1917, found 355.1913.

—1.51
—0.89
—0.04

_—2.42
—~—2.28
—1.75

10 9 8 7 6 5 4 3 2 1 ppm

Figure A11- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 5.
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Figure A12- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound 5.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

47 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 0:0-8 Na:1-1 Si:1-1

DRC24 (DCM) - MeOH/H20 (95/5%) XEVO G2-XS QTOF 09-00t-2023
20231009_XX_DRG24_01 9 (0.117) Cm (6:14) 1: TOF MS ES+
2.720+006
10 350.2335 3551913 356.1937 361.1996 363.1789
03 _sa718e9 3491813 2335351 2458353.1345 | 357.1925 3591928 301 3622057 3831789 365 133 367.2396  369.1504 __ 371.1648
71829 ) . <391:2458353 . , , ; 1925 850.1928 . miz
3480 3500 352.0 354.0 356.0 358.0 3600 362.0 364.0 366.0 368.0 3700 3720
Minimum: -10.0
Maximum: 30.0 5.0  1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
355.1913  355.1917  -0.4 -1.1 1.5  1649.3 n/a  n/a C16 H32 05 Na Si

Figure A13- ESI(+)-TOF-HRMS elemental composition report obtained for compound 5.
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6-(4-hydroxybutoxy)-6-oxohexanoic acid (lin[BD+AA]) - Following Method E,
lin[BD+AA] was obtained with quantitative yield as a yellowish oil. *H NIMIR (CDCls, 400
MHz): 5.88-6.62 (br's, 2H), 4.10 (t, 2H, 3J=6.30 Hz), 3.66 (t, 2H, 3/=6.46 Hz), 2.26-2.40
(m, 4H), 1.56-1.76 (m, 8H). 3C NMR (CDCls, 100 MHz): 178.5, 173.6, 64.4, 62.4, 34.1,
33.7, 29.1, 25.2, 24.5, 24.2. ASAP(-)-TOF-HRMS m/z for CioH180s [M-H] : theoretical
217.1076, found 217.1080

) ® S2886 S8 26
© w A ) NN -
. N v N
(0]
O

|
4
L ‘1
L

10 9 8 4 3 2 1 ppm

-

Figure A17- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound lin[BD+AA].
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Figure A18- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound lin[BD+AA].

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Odd and Even Electron lons
48 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:0-100 H:0-200 O:0-12
DRC60 (SOLIDE) XEVO G2-XS QTOF 24-Oct-2023
20231024_KK_DRC60_01 235 (2.376) Cm (227:237) 1: TOF MS ASAP-
1.53e+006
10 2119900  213.1852 217.1080 227.9827
/gé 209.1511 210.0672 211.1346 - i 215.0915215.9969 | 218.1112 219.1131 220.1467 221.1512 222.1210 223.1324 224.1395 225.2216 227.2018 il
T T T Ty T T T T T T T T T T T T T T T T T T T
209.0 2100 211.0 2120 2130 2140 2150 2160 2170 2180 2190 2200 221.0 2220 2230 2240 2250 2260 2270 2280
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
217.1080  217.1076 0.4 1.8 2.5 1550.5 n/a n/a €10 H17 05

Figure A19- ASAP(-)-TOF-HRMS elemental composition report obtained for compound

lin[BD+AA].
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bis(4-((tert-butyldimethylsilyl)oxy)butyl) adipate (6) - Following Method C, the crude
was then purified by flash chromatography (cyclohexane/ethyl acetate 90/10 to 70/30,
v/v) to afford 6 with 95% yield as a colourless oil. *H NMR (CDCls, 300 MHz): 4.08 (t, 4H,
3) = 6.46 Hz), 3.62 (t, 4H, 3J = 6.25 Hz), 2.25-2.37 (m, 4H), 1.51-1.74 (m, 12H), 0.88 (s,
18H), 0.04 (s, 12H). 3C NMR (CDCls, 75 MHz): 173.6, 173.6, 64.5, 64.5, 62.7, 62.7, 34.1,
34.1,29.3,29.3,26.1,26.1, 26.1, 26.1, 26.1, 26.1, 25.4, 25.4, 24.6, 24.6, 18.5, 18.5,-5.19,
-5.19, -5.19, -5.19. ESI(+)-TOF-HRMS m/z for C26Hs406Si> [M+Na]* : theoretical 541.3357,
found 541.3356.

—1.51
—0.88
—0.04

3

3
_—2.37
~~2.25
—1.74

Figure A20- 'H NMR (300 MHz, CDCI3) spectrum obtained for compound 6.
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Figure A21- 3C NMR (75 MHz, CDCls) spectrum obtained for compound 6.

Elemental Composition Report

Single Mass Analysis

Tolerance = 10.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

125 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 0:0-20 Na:1-1 Si:2-2

Minimum: -10.0

Maximum: 30.0 10.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula

541.3356 541.3357 -0.1 -0.2 1.5 1768.4 n/a n/a C26 H54 06 Na Si2

Figure A22- ESI(+)-TOF-HRMS elemental composition report obtained for compound 6.
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bis(4-hydroxybutyl) adipate (lin[2BD+AA]) - Following Method D, the crude was then
purified by flash chromatography (cyclohexane/ethyl acetate 60/40 to 0/100, v/v) to
afford lin[2BD+AA] with 86% yield as a yellowish oil. *H NMR (CDCls, 400 MHz): 4.08 (t,
4H, 3) = 6.37 Hz), 3.62 (t, 4H, 3/ = 6.43 Hz), 2.27-2.34 (m, 4H), 2.22-2.27 (br s, 2H), 1.54-
1.74 (m, 12H). *C NMR (CDCls, 100 MHz): 173.6, 173.6, 64.4, 64.4,62.2,62.2, 34.0, 34.0,
29.2,29.2,25.2,25.2,24.5,24.5. ESI(+)-TOF-HRMS m/z for C14H2606 [M+Na]* : theoretical
313.1627, found 313.1627.

10 9 8 7 6 5 4 3 2 1 ppm

Figure A23- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound lin[2BD+AA].

198



| || R
o
HO\/\/\OMOV\/\OH
[}
r T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm

Figure A24- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound lin[2BD+AA].

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

43 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 0O:0-8 Na:1-1

DRC37 (DCM) - MeOH/H20 (95/5%) XEVO G2-XS QTOF 09-Oct-2023
20231009_XX_DRC37_01 49 (0.517) Cm (36:51) 1: TOF MS ES+
1.44e+007
1q 313.1627
%E 309.2033  310.2080  311.1426 312.2071 | 314.1659 3151679  316.1698  317.1729 318.1379  319.1396 _ 320.1429 321.2361 3222175 323.1515  324.1547
T T T [RARES T T T T T T T T T T T T T T T IRERARN et m/z
309.0 310.0 311.0 312.0 313.0 314.0 315.0 316.0 317.0 318.0 319.0 320.0 321.0 322.0 323.0 324.0
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
313.1627 313.1627 0.0 0.0 1.5 2399.5 n/a n/a Cl4 H26 06 Na

Figure A25- ESI(+)-TOF-HRMS elemental composition report obtained for compound
lin[2BD+AA].
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benzyl (2,2,3,3-tetramethyl-10,15-dioxo-4,9,16-trioxa-3-silaicosan-20-yl) adipate (7) -
Following Method C, the crude was then purified by flash chromatography
(cyclohexane/ethyl acetate 90/10 to 50/50, v/v) to afford 7 with 89% yield as a colourless
oil. 'H NMR (CDCls, 400 MHz): 7.29-7.38 (m, 5H), 5.11 (s, 2H), 4.05-4.12 (m, 6H), 3.63 (t,
2H, 3J = 6.26 Hz), 2.25-2.43 (m, 8H), 1.55-1.77 (m, 16H), 0.89 (s, 9H), 0.04 (s, 6H). 13C
NMR (CDCls, 100 MHz): 173.5, 173.4, 173.4, 173.2, 136.2, 128.7, 128.7, 128.4, 128.3,
128.3, 66.4, 64.5, 64.0, 64.0, 62.7, 34.1, 34.1, 34.0, 34.0, 29.4, 26.1, 26.1, 26.1, 25.8,
25.5, 25.5, 25.4, 24.6, 24.5, 24.5, 18.5, -5.2, -5.2. ASAP(+)-TOF-HRMS m/z for C33Hs404Si
[M+H]*: theoretical 623.3615, found 623.3633.

—>5.11
—1.55
—0.89
—0.04

_—~7.38
~~7.29

T
10 9 8 7 6 5 4 3 2 1 ppm

4.75 —

Figure A26- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 7.
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Figure A27- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound 7.

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

130 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 0:0-15 Si:1-1

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
623.3633 623.3615 1.8 2.9 7.5 593.2 n/a n/a C33 H55 09 Si

Figure A28- ASAP(+)-TOF-HRMS elemental composition report obtained for compound

7.
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0,0'-(butane-1,4-diyl) bis(4-((tert-butyldimethylsilyl)oxy)butyl) diadipate (9) -
Following Method C, the crude was then purified by flash chromatography
(cyclohexane/ethyl acetate 95/5 to 85/15, v/v) to afford 9 with 83% yield as a colourless
oil. *H NMR (CDCls, 400 MHz): 4.05-4.13 (m, 8H), 3.62 (t, 4H, 3/ = 6.35 Hz), 2.27-2.37 (m,
8H), 1.53-1.76 (m, 20H), 0.88 (s, 18H), 0.04 (s, 12H). 3C NMR (CDCls, 100 MHz): 173.5,
173.5, 173.4, 173.4, 64.5, 64.5, 64.0, 64.0, 62.7, 62.7, 34.1, 34.1, 34.0, 34.0, 29.4, 29.4,
26.1, 26.1, 26.1, 26.1, 26.1, 26.1, 25.5, 25.5, 25.4, 25.4, 24.6, 24.6, 24.6, 24.6, 18.4, 18.4,
-5.19, -5.19, -5.19, -5.19. ASAP(+)-TOF-HRMS m/z for C3gH70010Si> [M+H]* : theoretical
719.4586, found 719.4587.
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Figure A29- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 9.
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Figure A30- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound 9.

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0

Element prediction: Off
Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

448 formula(e) evaluated with 5 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:0-100 H:0-200 O:0-15 Si:0-2

Minimum:

Maximum: 30.0 5.0

Mass Calc. Mass mDa PPM

719.4587 719.4586 0.1 0.1
719.4554 3.3 4.6
719.4613 -2.6 -3.6
719.4582 0.5 0.7
719.4617 -3.0 -4.2

-10.0
1000.0

DBE

i-FIT

2045.
2053.
2056
2062.
2062.

1
6
.8
6
7

Norm

0.000
8.477
11.709
17.513
17.557

Conf (%) Formula

Cc36
c40
Cc33
c37
C55

H71
H67
H71
H67
H59

010 si2
09 si
014 si
013

Figure A31- ASAP(+)-TOF-HRMS elemental composition report obtained for compound

9.
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0,0'-(butane-1,4-diyl) bis(4-hydroxybutyl) diadipate (lin[3BD+2AA]) - Following
Method D, the crude was then purified by flash chromatography (cyclohexane/ethyl
acetate 70/30 to 10/90, v/v) to afford lin[3BD+2AA] with 82% vyield as a white solid. *H
NMR (CDCls, 400 MHz): 4.07-4.13 (m, 8H), 3.67 (t, 4H, 3J = 6.40 Hz), 2.29-2.36 (m, 8H),
1.59-1.76 (m, 22H). *C NMR (CDCl3, 100 MHz): 173.5, 173.5, 173.5, 173.5, 64.3, 64.3,
64.0,64.0,62.5,62.5,34.1,34.1, 34.0, 34.0, 29.3, 29.3, 25.5, 25.5, 25.3, 25.3, 24.6, 24.6,
24.5, 24.5. ESI(+)-TOF-HRMS m/z for C2sHa2010 [M+Na]* : theoretical 513.2676, found
513.2679. Aspect: white solid. Melting point: 46 °C.
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Figure A32- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound lin[3BD+2AA].
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Figure A33- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound
lin[3BD+2AA].

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

126 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 ©0:0-20 Na:1-1

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
513.2679 513.2676 0.3 0.6 3.5 2075.6 n/a n/a C24 H42 010 Na

Figure A34- ESI(+)-TOF-HRMS elemental composition report obtained for compound

lin[3BD+2AA].
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benzyl (4-((6-(4-hydroxybutoxy)-6-oxohexanoyl)oxy)butyl) adipate (10) - Following
Method D, the crude was then purified by flash chromatography (cyclohexane/ethyl
acetate 90/10 to 60/40, v/v) to afford 10 with 98% yield as a colourless oil. *H NMR
(CDCls, 400 MHz): 7.29-7.38 (m, 5H), 5.10 (s, 2H), 4.05-4.13 (m, 6H), 3.66 (t, 2H, 3/ = 6.36
Hz), 2.26-2.40 (m, 8H), 1.58-1.75 (m, 16H). 3C NMR (CDCls, 100 MHz): 173.5, 173.5,
173.4,173.2,136.12,128.7,128.7,128.3,128.3, 128.3,66.3, 64.3, 64.0, 64.0, 62.4, 34.1,
34.1,34.0,34.0, 29.3, 25.4, 25.4,25.3, 24.5, 24.5, 24.5, 24.5. ASAP(+)-TOF-HRMS m/z for
C27H1009 [M+H]* : theoretical 509.2751, found 509.2751.
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Figure A35- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 10.
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Figure A36- 13C NMR (100 MHz, CDCl5) spectrum obtained for compound 10.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

81 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 ©O:0-10

DRC65 (SOLIDE) XEVO G2-XS QTOF 14-Nov-2023

20231114_KK_DRC65_01 189 (1.912) Cm (188:189) 1: TOF MS ASAP+
4.06e+005

509.2751
%3 s0ani 525033301 504,310 505,2645,505.5361 506.5037  507.2204 547 5534 508.5547 i 510.2787 511.2806 512.2834512.4988 513.5223 514.5333 e
T T T T T T T T T T T T T T T T T T T T T T T
503.0 504.0 505.0 506.0 507.0 508.0 509.0 510.0 511.0 512.0 513.0 514.0 515.0

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula

509.2751 509.2751 0.0 0.0 7.5 935.4 n/a n/a C27 H41 09

Figure A37- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
10.
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benzyl (2,2,3,3-tetramethyl-10,15,22,27-tetraoxo-4,9,16,21,28-pentaoxa-3-
siladotriacontan-32-yl) adipate (11) - Following Method C, the crude was then purified
by flash chromatography (cyclohexane/ethyl acetate 90/10 to 50/50, v/v) to afford 11
with 84% vyield as a colourless oil. *H NMR (CDCls, 400 MHz): 7.31-7.38 (m, 5H), 5.11 (s,
2H), 4.05-4.11 (m, 10H), 3.63 (t, 2H, 3/ = 6.27 Hz), 2.25-2.42 (m, 12H), 1.59-1.75 (m, 24H),
0.89 (s, 9H), 0.04 (s, 6H). 13C NMR (CDCls, 100 MHz): 173.5, 173.5, 173.4, 173.4, 173.2,
173.2, 136.2, 128.7, 128.7, 128.3, 128.3, 128.3, 66.4, 64.5, 64.0, 64.0, 64.0, 64.0, 62.7,
34.0,34.0,34.0, 34.0, 34.0, 34.0, 26.1, 26.1, 26.1, 25.5, 25.5, 25.5, 25.5, 25.5, 25.5, 25.4,
24.5, 25.4, 24.5, 24.5, 24.5, 18.5, -5.2, -5.2. ASAP(+)-TOF-HRMS m/z for CazH70013Si
[M+H]*: theoretical 823.4664, found 823.4633.
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Figure A38- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 11.
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Figure A39- 13C NMR (100 MHz, CDCl5) spectrum obtained for compound 11.
Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

341 formula(e) evaluated with 2 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 0:0-15 Si:0-1

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
823.4655 823.4664 -0.9 -1.1 9.5 818.9 0.082 92.12 C43 H71 013 Si

823.4633 2.2 2.7 14.5 821.4 2.541 7.88 C47 H67 012

Figure A40- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
11.
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benzyl (28-hydroxy-6,11,18,23-tetraoxo-5,12,17,24-tetraoxaoctacosyl) adipate (12) -
Following Method D, the crude was then purified by flash chromatography
(cyclohexane/ethyl acetate 50/50 to 0/100, v/v) to afford 12 with 87% vyield as a white
solid. *H NMR (CDCls, 400 MHz): 7.29-7.39 (m, 5H), 5.11 (s, 2H), 4.04-4.15 (m, 10H), 3.67
(t, 2H, 3/= 6.38 Hz), 2.28-2.41 (m, 12H), 1.57-1.76 (m, 25H). *C NMR (CDCls, 100 MHz):
173.5, 173.5,173.4,173.4,173.4, 173.3, 136.2, 128.7, 128.7, 128.4, 128.3, 128.3, 66.4,
64.3,64.0,64.0, 64.0, 64.0, 62.5, 34.1, 34.0, 34.0, 34.0, 34.0, 29.3, 25.5, 25.5, 25.5, 25.5,
25.5, 25.3, 24.6, 24.5, 24.5, 24.5, 24.5, 24.5. ASAP(+)-TOF-HRMS m/z for C37HssO13
[M+H]*: theoretical 709.3799, found 709.3790. Melting point: 35 2C.
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Figure A41- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 12.
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Figure A42- 13C NMR (100 MHz, CDCl5) spectrum obtained for compound 12.

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

148 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 O©:0-15

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
709.3790 709.3799 -0.9 -1.3 9.5 684.4 n/a n/a C37 H57 013

Figure A43- ASAP(+)-TOF-HRMS elemental composition report obtained for compound

12.
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1-hydroxy-6,11,18,23,30-pentaoxo-5,12,17,24,29-pentaoxapentatriacontan-35-oic
acid (lin[3BD+3AA]) - Following Method E, lin[3BD+3AA] was obtained with 52% vyield
as a white solid. *H NIVIR (CDCls, 400 MHz): 4.06-4.15 (m, 10H), 3.68 (t, 2H, 3/ = 6.42 Hz),
2.29-2.41 (m, 12H), 1.60-1.76 (m, 24H). **C NMR (CDCls, 100 MHz): 173.6, 173.6, 173.6,
173.5, 173.4, 173.4, 64.4, 64.1, 64.1, 64.1, 64.1, 62.5, 34.1, 34.0, 34.0, 34.0, 34.0, 34.0,
29.3, 25.5, 25.5, 25.5, 25.5, 25.3, 24.6, 24.5, 24.5, 24.5, 24.5, 24.4. ASAP(+)-TOF-HRMS
m/z for C3oHs0013 [M-H] : theoretical 617.3173, found 617.3170. Melting point: 50 °C.
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Figure A44- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound lin[3BD+3AA].

212



Figure A45- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound

lin[3B

Elemental Composition Report

173.63
173.56

<

173.52

173.43

64.36
64.05

e
™S~—62.52

N A A A wmuwmmmw»wﬂww Watanuhdion

T
180

D+3AA].

Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Odd and Even Electron lons

T
160

T
140

T
120

T
100

131 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C: 0-100

Minimum:
Maximum:

Mass

617.3170

H:0-200 0:0-15

30.
Calc. Mass mDa

617.3173 -0.

0

3

5.0

PPM

-0.

5

-10.0
1000.0

DBE

6.5

i-FIT

669.9

Norm

n/a

Conf (

n/a

%) Formula

C30 H49 013

T
80

60

40

20

ppm

Figure A46- ASAP(-)-TOF-HRMS elemental composition report obtained for compound
lin[3BD+3AA].
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1,6,13,18,25,30-hexaoxacyclohexatriacontane-7,12,19,24,31,36-hexaone
(c[3BD+3AA]) - Following Method F, the crude was then purified by flash
chromatography (cyclohexane/ethyl acetate 90/10 to 30/70, v/v) to afford c[3BD+3AA]
with 92% yield as a yellowish oil. *H NMR (CDCls, 400 MHz): 4.04-4.17 (m, 12H), 2.26-
2.38(m, 12H), 1.60-1.75 (m, 24H). **C NMR (CDCls, 100 MHz): 173.3,173.3,173.3,173.3,
173.3, 173.3, 64.0, 64.0, 64.0, 64.0, 64.0, 64.0, 34.0, 34.0, 34.0, 34.0, 34.0, 34.0, 25.5,
25.5, 25.5, 25.5, 25.5, 25.5, 24.5, 24.5, 24.5, 24.5, 24.5, 24.5. ASAP(+)-TOF-HRMS m/z for
C30H48012 [M+H]* : theoretical 601.3224, found 601.3226.
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Figure A47- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound c[3BD+3AA].

214



o
OWO?
o

{ (o] (o]

[¢]
o

(e} [e]
o~
o
T T T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm

Figure A48- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound c[3BD+3AA].

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0

Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

44 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)

Elements Used:

C:0-100 H:0-200 0:8-13

DRC80 (SOLIDE) XEVO G2-XS QTOF 23-Nov-2023

20231123_KK_DRC80_02 95 (0.969) Cm (93:103) 1: TOF MS ASAP+
3.78e+007

601.3226  602.3263
1(1/83 589.5938 591.6416 592.6462 594.1575595_:}—%46 597.3000 600.3130 | / 604.3305 607.3911 608.3945 611.3(13_5‘1 612.3463 615.3434 617.3406 618.3484 e
T T T T T T T T T T T T T T T T T T T T T T T T T
590.0 592.0 594.0 596.0 598.0 600.0 602.0 604.0 606.0 608.0 610.0 612.0 614.0 616.0 618.0

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula

601.3226  601.3224 0.2 0.3 6.5 2366.6 n/a n/a C30 H49 012

Figure A49- ASAP(+)-TOF-HRMS elemental composition report obtained for compound

c[3BD+3AA].
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6-(4-((6-(4-hydroxybutoxy)-6-oxohexanoyl)oxy)butoxy)-6-oxohexanoic acid
(lin[2BD+2AA]) - Following Method E, the crude was then purified by flash
chromatography (cyclohexane/ethyl acetate70/30 to 30/70, v/v) to afford lin[2BD+2AA]
with 61% yield as a yellowish oil. *H NMR (CDCls, 400 MHz): 4.05-4.14 (m, 6H), 3.68 (t,
2H, 3J = 6.30 Hz), 2.26-2.41 (m, 8H), 1.56-1.76 (m, 16H). *C NMR (CDCls, 100 MHz):
177.7,173.6,173.6, 173.5, 64.4, 64.0, 64.0, 62.5, 34.1, 34.0, 34.0, 33.6, 29.2, 25.5, 25.5,
25.3, 24.6, 24.5, 24.5, 24.3. ASAP(-)-TOF-HRMS m/z for CyoH3409 [M-H] : theoretical
417.2125, found 417.2139.
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Figure A50- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound lin[2BD+2AA].
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Figure A51- °C NMR (100 MHz, CDCl3) spectrum obtained for compound
lin[2BD+2AA].
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Odd and Even Electron lons
78 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:
C:0-100 H:0-200 0:0-12
DRC66 (SOLIDE) XEVO G2-XS QTOF 06-Nov-2023
20231106_KK_DRC66_01 290 (2.927) Cm (284:290-249:256) 1: TOF MS ASAP-
5.58e+007
417.2139 418.2157

1ng 403.1974 4042170 40 haag 4008638122579 4142755 4162544 "1 2 4202202 4223934 424.2078 4282911 450 hca0 431 1g0p 4321981 4g5 5055 4363282

- 5 T T - T m/z

4020 404.0 406.0 4080 | 4100 | 4120 | 4140 | 4160 | 4180 | 4200 | 4220 | 4240 | 4260 | 4280 w00 | 4300 "0

Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
417.2139  417.2125 1.4 3.4 4.5 2000.9 n/a n/a €20 H33 09

Figure A52- ASAP(-)-TOF-HRMS elemental composition report obtained for compound

lin[2BD+2AA].
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1,6,13,18-tetraoxacyclotetracosane-7,12,19,24-tetraone (c[2BD+2AA]) - Following
Method F, the crude was then purified by flash chromatography (cyclohexane/ethyl
acetate 90/10 to 30/70, v/v) to afford c[2BD+2AA] with 71% vyield as a yellowish solid.
'H NMR (CDCls, 400 MHz): 4.08-4.14 (m, 8H), 2.29-2.37 (m, 8H), 1.62-1.76 (m, 16H). 13C
NMR (CDCls, 100 MHz): 173.3, 173.3, 173.3, 173.3, 64.1, 64.1, 64.1, 64.1, 34.1, 34.1,
34.1, 34.1, 25.6, 25.6, 25.6, 25.6, 24.5, 24.5, 24.5, 24.5. ASAP(+)-TOF-HRMS m/z for
C20H3208 [M+H]* : theoretical 401.2175, found 401.2195. Melting point: 60 2C.
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Figure A53- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound c[2BD+2AA].
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Figure A54- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound c[2BD+2AA].

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

66 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 O:0-10

DRC?75 (SOLIDE) XEVO G2-XS QTOF 13-Nov-2023
20231113_KK_DRC75_01 141 (1.432) Cm (141:142) 1: TOF MS ASAP+
2.88e+007
401.2195  402.2207
1Q%§390.3090 391.2805 3937732 395.4250 396.4315 399.1983‘\‘00'2091 i ; 403.7862 405.0282 406.2407 407.3495 410.3884 411.3951 414.2228 415.2331
T T LI T T T T T T T T T T T ISR T T T T T m/z
390.0 392.0 394.0 396.0 398.0 400.0 402.0 404.0 406.0 408.0 410.0 412.0 414.0
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mbDa PPM DBE i-FIT Norm Conf (%) Formula
401.2195 401.2175 2.0 5.0 4.5 1852.8 n/a n/a C20 H33 08

Figure A55- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
c[2BD+2AA].
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Adipic acid, Isophthalic acid & 1,4-Butanediol series
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Figure A56 — Synthesis of cyclic oligomer derived from Adipic acid (AA) , isophthalic
acid (PA) & 1,4-Butanediol (BD).
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3-((benzyloxy)carbonyl)benzoic acid (13) - Following Method A, the crude was then
purified by flash chromatography (cyclohexane/ethyl acetate 90/10 to 70/30, v/v) to
afford 13 with 38% yield as a white solid. *H NMR (CDCl3, 300 MHz): 8.81 (t, 1H, 4/ = 1.69
Hz), 8.28-8.36 (m, 2H), 7.58 (t, 1H, 3/ = 7.78 Hz), 7.33-7.50 (m, 5H), 5.41 (s, 2H). 13C
NMR (CDCls, 75 MHz): 171.3, 165.6, 135.8, 135.0, 134.6, 131.6, 130.9, 129.9, 139.0,
128.9, 128.9, 128.6, 128.5, 128.5, 67.3. ASAP(-)-TOF-HRMS m/z for CisH1204 [M-H] :
theoretical 255.0660, found 255.0657. Melting point: 116 °C.

A HOW® DO M —
0 00 M N OO0 M <
0 00 0~ [~ [~~~ 0
O o}

10 9 8 7 6 5 4 3 2 1 ppm

Figure A57- 'H NMR (300 MHz, CDCI3) spectrum obtained for compound 13.
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Figure A58- °C NMR (75 MHz, CDCl3) spectrum obtained for compound 13.
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
56 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:0-100 H:0-200 O:0-12
DRC51 (DCM) - MeOH/H20 (95/5%) XEVO G2-XS QTOF 06-Oct-2023
20231006_KK_DRC51_01 69 (0.711) Cm (63:71) 1: TOF MS ES-
9.48e+006
100y 2210816 251.0054 2550660 265.1465 309.1724
211.0758 : 225.0066 _ 233.1538 239.0587 - 57.0714 : 281.2469283.1091 293.1767 299.0257 : 313.0233315.0216
ey 10758 _ : : : : |27, , : 281.2469263.109 (2031767 2990257~ 1\ 313.02333150216,,
205 210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mbDa PPM DBE i-FIT  Norm Conf(%) Formula
255.0660  255.0657 0.3 1.2 10.5  2253.0 n/a n/a C15 H11 04

Figure A59- ASAP(-)-TOF-HRMS elemental composition report obtained for compound

13.
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benzyl (4-((tert-butyldimethylsilyl)oxy)butyl) isophthalate (14) - Following Method A,
the crude was then purified by flash chromatography (cyclohexane/ethyl acetate 90/10
to 80/20, v/v) to afford 14 with 97% yield as a colorless oil. *H NIVIR (CDClz, 400 MHz):
8.72 (td, 1H, %/ = 1.73 Hz, °J = 0.53 Hz), 8.22-8.27 (m, 2H), 7.52 (td, 1H,3) = 7.78 Hz, 5J =
0.53 Hz), 7.32-7.48 (m, 5H), 5.40 (s, 2H), 4.38 (t, 2H, 3J = 6.61 Hz), 3.68 (t, 2H, 3/ = 6.24
Hz), 1.81-1.90 (m, 2H), 1.63-1.72 (m, 2H), 0.90 (s, 9H), 0.06 (s, 6H). 3C NMR (CDCls, 100
MHz): 165.9, 165.8, 136.0, 134.0, 133.9, 131.1, 130.9, 130.8, 128.8, 128.8, 128.7, 128.5,
128.4, 128.4, 67.1, 65.5, 62.7, 29.4, 26.1, 26.1, 26.1, 25.5, 18.5, -5.2, -5.2. ASAP(+)-TOF-
HRMS m/z for CasH340sSi [M+H]* : theoretical 443.2254, found 443.2249. Aspect:
colourless oil.

67

1.90
1.81
1.72
1.63
—0.90
—0.06

Figure A60- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 14.
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Figure A61- °C NMR (100 MHz, CDCl3) spectrum obtained for compound 14.
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
71 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:
C:0-100 H:0-200 O:0-10 Si:1-1
DRC54 (SOLIDE) XEVO G2-XS QTOF 13-Nov-2023
20231113_KK_DRC54_01 103 (1.049) Cm (102:105) 1: TOF MS ASAP+
5.83e+005
443.2249 4442274
%3 _ 4328850 4348867435231 4‘36'55‘7‘ 439.2421 4402072 4422‘?5 L g aes2067 4a7oom5 445'22‘73 450,4451 452.1878 4532148 _ 4554719
432.0 434.0 436.0 438.0 440.0 442.0 444.0 446.0 448.0 450.0 452.0 454.0 456.0
Minimum: -10.0
Maximum: 30,0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
443.2249  443.2254 -0.5 -1.1 9.5 1158.3 n/a n/a C25 H35 05 Si

Figure A62- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
14.
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3-((4-((tert-butyldimethylsilyl)oxy)butoxy)carbonyl)benzoic acid (15) - Following
Method E, 15 was obtained with 96% yield as a white solid. *H NMIR (CDCls, 400 MHz):
8.76 (t, 1H, %/ = 1.46 Hz), 8.27-8.32 (m, 2H), 7.58 (t, 1H, 3/ =7.88 Hz), 4.40 (t, 2H, 3/ = 6.65
Hz), 3.70 (t, 2H, 3/ = 6.24 Hz), 1.81-1.95 (m, 2H), 1.63-1.76 (m, 2H), 0.90 (s, 9H), 0.07 (s,
6H). 1*C NMIR (CDCls, 100 MHz): 170.7, 165.8, 134.8, 134.4, 131.5, 131.3, 129.9, 128.9,
65.6, 62.8, 29.5, 26.1, 26.1, 26.1, 25.5, 18.5, -5.2, -5.2. ASAP(+)-TOF-HRMS m/z for
C18H2805Si [M+H]* : theoretical 535.1784, found 535.1783. Melting point: 70 °C.

~ O wONr~ O oo — O 0 — O 0
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Figure A63- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 15.
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Figure A64- 13C NMR (100 MHz, CDCl5) spectrum obtained for compound 15.

Elemental Composition Report

Single Mass Analysis

Tolerance = 50.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

59 formula(e) evaluated with 5 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 0:0-10 Si: 1-1

Minimum: -10.0

Maximum: 30.0 50.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm  Conf (%) Formula

353.1783 353.1784 -0.1 -0.3 5.5 1275.1 0.005 99.50 Cl8 H29 05 Si
353.1632 15.1 42.8 1.5 1280.8 5.615 0.36 Cl4 H29 08 Si
353.1937 -15.4 -43.6 9.5 1282.0 6.827 0.11 C22 H29 02 si
353.1726 5.7 16.1 14.5 1284.1 8.959 0.01 C25 H25 Si
353.1843 -6.0 -17.0 -3.5 1284.3 9.115 0.01 C11 H33 010 si

Figure A65- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
15.
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4-((6-(benzyloxy)-6-oxohexanoyl)oxy)butyl (4-((tert-butyldimethylsilyl)oxy)butyl)
isophthalate (16) - Following Method C, the crude was then purified by flash
chromatography (cyclohexane/ethyl acetate 90/10 to 80/20, v/v) to afford 16 with 82%
yield as a colorless oil. *H NIVIR (CDCls, 400 MHz): 8.66 (br s, 1H), 8.21 (d, 2H, 3/ = 7.76
Hz), 7.51 (t, 1H, 3/ = 7.76 Hz), 7.28-7.37 (m, 5H), 5.09 (s, 2H), 4.36 (t, 4H, 3/ = 6.39 Hz),
4.13 (t, 2H, 3J = 6.26 Hz), 3.67 (t, 2H, 3/ = 6.19 Hz), 2.29-2.39 (m, 4H), 1.76-1.89 (m, 6H),
1.61-1.72 (m, 6H), 0.88 (s, 9H), 0.04 (s, 6H). 3C NMR (CDCls, 100 MHz): 173.4, 173.2,
165.9, 165.9,136.2, 133.9, 133.8,131.1, 130.9, 130.8, 128.7, 128.7, 128.7, 128.3, 128.3,
128.3, 66.4, 65.5, 65.3, 64.9, 63.9, 62.7, 62.5, 34.0, 34.0, 29.4, 26.1, 26.1, 26.1, 25.6,
25.5, 24.5, 18.5, -5.2, -5.2. ASAP(+)-TOF-HRMS m/z for C3sHs00sSi [M+H]* : theoretical
643.3302, found 643.3297.

N Mmoo o © O T M O N OV NO @

Figure A66- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 16.
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Figure A67- 13C NMR (100 MHz, CDCl5) spectrum obtained for compound 16.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

135 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 ©0:0-15 Si:1-1

Minimum: -10.0
Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
©43.3297 643.3302 -0.5 -0.8 11.5 1420.0 n/a n/a C35 H51 09 Si

Figure A68- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
16.
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4-((6-(benzyloxy)-6-oxohexanoyl)oxy)butyl (4-hydroxybutyl) isophthalate (17)-
Following Method D, the crude was then purified by flash chromatography
(cyclohexane/ethyl acetate 90/10 to 60/40, v/v) to afford AA-BD-PA9 with 74% yield as
a colorless oil. *H NMR (CDCls, 400 MHz): 8.67 (br s, 1H), 8.22 (d, 2H, 3/ = 7.79 Hz), 7.51
(t, 1H, 3J = 7.79 Hz), 7.30-7.37 (m, 5H), 5.10 (s, 2H), 4.38 (g, 4H, 3/ = 6.49 Hz), 4.14 (t, 2H,
3) = 6.16 Hz), 3.73 (t, 2H, 3/ = 6.49 Hz), 2.29-2.42 (m, 4H), 1.52-1.95 (m, 12H). *C
NMR (CDCls, 100 MHz): 173.5, 173.3, 165.9, 168.9, 136.2, 133.9, 133.9, 131.0, 130.9,
130.8, 128.8, 128.7, 128.7, 128.4, 128.4, 128.3, 66.4, 65.3, 65.0, 64.0, 62.5, 34.0, 34.0,
29.4, 25.6, 25.6, 25.4, 25.4, 24.5. ASAP(+)-TOF-HRMS m/z for Ca9H3609 [M+H]" :
theoretical 529.2488, found 529.2446.

10 9 8 7 6 5 4 3 2 1 ppm

Figure A69- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 17.
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Figure A70- 13C NMR (100 MHz, CDCls) spectrum obtained for compound 17.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance =5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

114 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 O©:0-15

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
529.2446 529.2438 0.8 1.5 11.5 2175.9 n/a n/a C29 H37 09

Figure A71- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
17.
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6-(4-((3-((4-hydroxybutoxy)carbonyl)benzoyl)oxy)butoxy)-6-oxohexanoic acid (18) -
Following Method E, 18 was obtained with quantitative yield as a yellowish oil. *H NMR
(CDCls, 300 MHz): 8.65 (br's, 1H), 8.21 (d, 2H, 3/ = 7.73 Hz), 7.53 (t, 1H, 3/ = 7.73 Hz), 4.95-
6.14 (brs, 2H), 4.34-4.42 (m, 4H), 4.14 (t, 2H, 3/ = 6.18 Hz), 3.73 (t, 2H, 3/ = 6.38 Hz), 2.28-
2.40 (m, 4H), 1.60-1.94 (m, 12H). *C NMR (CDCls, 75 MHz): 178.3, 173.6, 166.0, 165.9,
134.0, 134.0, 130.9, 130.8, 130.7, 128.8, 65.3, 65.0, 64.0, 62.0, 34.0, 33.6, 29.2, 25.5,
25.5, 25.3, 24.4, 24.2. ASAP(+)-TOF-HRMS m/z for C2H300s [M+H]* : theoretical
439.1968, found 439.1969.
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© ®®o ~~ s © sesTTTmmen NN o o
VAN | S\ N
(o} o
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Figure A72- 'H NMR (300 MHz, CDCI3) spectrum obtained for compound 18.
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Figure A73-13C NMR (75 MHz, CDCls) spectrum obtained for compound 18.

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

202 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 N:0-3 O:5-13

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm  Conf (%) Formula
439.1969 439.1968 0.1 0.2 7.5 2761.2 n/a n/a C22 H31 09

Figure A74- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
18.
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3,8,15,20-tetraoxa-1(1,3)-benzenacyclohenicosaphane-2,9,14,21-tetraone
(c[2BD+AA+iPA]) - Following Method F, the crude was then purified by flash

chromatography (cyclohexane/ethyl

acetate 90/10 to 30/70,

v/v) to afford

c[2BD+AA+iPA] with 79% yield as a yellowish solid.*"H NMR (CDCls, 400 MHz): 8.59 (br s,
1H), 8.26 (dd, 2H, 3/ =7.76 Hz, %) = 1.62 Hz), 7.56 (t, 1H, 3/ = 7.76 Hz), 4.39 (t, 4H, 3/ = 6.09
Hz), 4.17 (t, 4H, 3/ = 6.26 Hz), 2.30-2.38 (m, 4H), 1.77-1.93 (m, 8H), 1.63-1.72 (m, 4H). *3C
NMR (CDCls, 100 MHz): 173.4, 173.4, 165.8, 165.8, 134.3, 134.3, 130.8, 130.8, 130.0,
128.9, 65.1, 65.1, 64.0, 64.0, 34.1, 34.1, 25.6, 25.6, 25.5, 25.5, 24.5, 24.5. ASAP(+)-TOF-
HRMS m/z for C2H280s [M+H]* : theoretical 421.1862, found 421.1861. Melting point:

65.3 °C.

Figure A75- H NMR (400 MHz,

c[2BD+AA+iPA].

RN YZ
|
\
|1
ol
| Ul |

CDCI3) spectrum obtained for compound
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Figure A76- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound
c[2BD+AA+iPA].

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

70 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)

Elements Used:

C:0-100 H:0-200 O:0-10

DRC78 (SOLIDE) XEVO G2-XS QTOF 13-Nov-2023
20231113_KK_DRC78_01 90 (0.926) Cm (90:91) 1: TOF MS ASAP+

3.45¢+006
421.1861
‘Q}ég 411.3937 412.3958 413.3972 415.0331415.3999 416.3961 417.4265 419.3145 | 422.1893 423.1911 424.1949  425.4363 426.4422427.3816 429.0867 4308875
T T T T T T T T T T T T T T T T T T T T T T T T T
411.0 412.0 413.0 414.0 415.0 416.0 417.0 418.0 419.0 420.0 421.0 422.0 423.0 424.0 425.0 426.0 427.0 428.0 429.0 430.0 431.0
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
421.1861  421.1862 -0.1 -0.2 8.5 1609.6 n/a n/a c22 H29 08

Figure A77- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
c[2BD+AA+iPA].
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Adipic acid & Propylene glycol series
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Figure A78 — Synthesis of linear and cyclic oligomer derived from Adipic acid (AA) &
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1-((tert-butyldimethylsilyl)oxy)propan-2-ol (19) - Following Method B, the crude was
then purified by flash chromatography (cyclohexane/ethyl acetate 90/10 to 70/30, v/v)
to afford 19 as a mixture of diastereoisomers with 85% yield as a colorless oil. *H NMR
(CDCls, 400 MHz): 3.76-3.85 (m, 1H), 3.57 (dd, 1H, 2/ = 9.97 Hz, 3J = 3.45 Hz), 3.34 (dd,
1H, 2J = 9.97 Hz, 3/ = 7.63 Hz), 2.40-2.54 (br s, 1H), 1.10 (d, 3H, 3/ = 6.33 Hz), 0.9 (s, 9H),
0.06 (s, 6H). **C NMR (CDCls, 100 MHz): 68.7, 68.1, 26.01, 26.01, 26.01, 18.4, 18.4, -5.2,
-5.3. ESI(+)-TOF-HRMS m/z for CoH220,Si [M+Na]* : theoretical 213.1287, found
213.1291.

N e

10 9 8 7 6 5 4 3 2 1 ppm
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Figure A79- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 19.

236



HO O\Si
/ N\

18.42
18.37
-5.23
-5.27

—26.01

<
-

20 ppm

Figure A80- 13C NMR (100 MHz, CDCl5) spectrum obtained for compound 19.

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

206 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:
C:0-100 H:0-200 N:0-10 0O:0-10 Na:1-1  Si:1-1

DRC49 (DCM) - MeOH/H20 (95/5%)
20231006_KK_DRC49_01 81 (0.837) Cm (80:85)

209.0810209'3517

XEVO G2-XS QTOF

13.1291

2
212,0962212.9372_ | 214.1307

215.1263

216.1281
T

Page 1

06-Oct-2023
1: TOF MS ES+
9.26e+004

21‘7.1059 217.964§'§]8.1540 X 219‘.0567 miz

1Q%% ‘ 208.1 2‘&!9 ‘ ‘ 219_1 133 211.0947

T T
208.0 209.0 210.0 211.0
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT

213.1291 213.1287 0.4 1.9 -0.5 508.3

T T T T

T T
212.0 213.0 214.0 215.0

Norm Conf (%) Formula

n/a n/a C9 H22 02 Na Si

216.0

217.0 218.0 219.0

Figure A81- ESI(+)-TOF-HRMS elemental composition report obtained for compound

19.
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benzyl (1-((tert-butyldimethylsilyl)oxy)propan-2-yl) adipate (20) - Following Method C,
the crude was then purified by flash chromatography (cyclohexane/ethyl acetate 90/10
to 70/30, v/v) to afford 20 as a mixture of diastereoisomers with 91% yield as a colorless
oil. *H NMR (CDCls, 400 MHz): 7.29-7.40 (m, 5H), 5.11 (s, 2H), 4.89-5.00 (m, 1H), 3.53-
3.67 (m, 2H), 2.26-2.43 (m, 4H), 1.59-1.76 (m, 4H), 1.19 (d, 3H, 3/ = 6.45 Hz), 0.88 (s, 9H),
0.04 (s, 6H). *C NMR (CDCl3, 100 MHz): 173.3, 173.0, 136.1, 128.7, 128.7, 128.3, 128.3,
128.3, 71.3, 66.3, 65.7, 34.3, 34.0, 25.9, 25.9, 25.9, 24.5, 24,5, 18.4, 16.5, -5.3-5.3.
ASAP(+)-TOF-HRMS m/z for C22H360sSi [M+H]* : theoretical 409.2410, found 409.2403.
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Figure A82- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 20.
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Figure A83- °C NMR (100 MHz, CDCl3) spectrum obtained for compound 20.
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
66 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:
C:0-100 H:0-200 0:0-10 Si:1-1
DRCS53 (SOLIDE) XEVO G2-XS QTOF 13-Nov-2023
20231113_KK_DRC53_01 188 (1.904) Cm (184:190) 1: TOF MS ASAP+
7.03¢+006
409.2403  410.2430
”3%5 399.3474 400-3450 44 5917 403.2339 4062032 407 553y | / 4122405 413.2430 4150416 447 5g55 4193221 4211838 423.2407 *252518 456 0650
T T T T AR T T T T T T T T T T T T T T T Tl T T T m/z
398.0 400.0 402.0 404.0 406.0 408.0 410.0 412.0 414.0 416.0 418.0 420.0 422.0 424.0 426.0
Minimum: -10.0
Max imum: 30.0 5.0  1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
409.2403  409.2410  -0.7 -1.7 5.5  2128.4 n/a  n/a c22 H37 05 si

Figure A84- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
20.
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benzyl (1-hydroxypropan-2-yl) adipate (21) - Following Method D, the crude was then
purified by flash chromatography (cyclohexane/ethyl acetate 90/10 to 60/40, v/v) to
afford 21 as a mixture of diastereoisomers with 89% vyield as a colorless oil. *H NMR
(CDCls, 400 MHz): 7.29-7.38 (m, 5H), 5.11 (s, 2H), 4.94-5.04 (m, 1H), 3.56-3.69 (m, 2H),
2.28-2.43 (m, 4H), 1.62-1.74 (m, 4H), 1.22 (d, 3H, 3/ = 6.46 Hz). 3C NMR (CDCls, 100
MHz): 173.4,173.4,136.1, 128.7,128.7,128.3, 128.3,128.3, 72.1, 66.4, 65.9, 34.2, 33.9,
24.5, 24.3, 16.3. ASAP(+)-TOF-HRMS m/z for Ci6H220s [M+H]" : theoretical 295.1545,
found 295.1543.
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Figure A88- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 21.
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Figure A89- °C NMR (100 MHz, CDCl3) spectrum obtained for compound 21.
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 50.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
31 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:
C:0-100 H:0-200 O:1-6
DRC56 (SOLIDE) XEVO G2-XS QTOF 13-Nov-2023
20231113_KK_DRC56_01 176 (1.778) Cm (176:177) 1: TOF MS ASAP+
1.95e+004
295.1543
19 2940792, 294.1460_2%42439 994 3759994 6033 2948290 | 2953018 2954221 595 6960005 8307095 8835 2961557 2962545  296.4479 I
T T T T T T T T T T T T T T T T T T T
29380 | 29400 | 29420 | 294.40 294.60 294.80 295.00 295.20 295.40 295.60 295.80 296.00 296.20 296.40 296.60
Minimum: -10.0
Maximum: 30.0 50.0  1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
295.1543  295.1545 -0.2  -0.7 5.5 784.1 n/a n/a C16 H23 05

Figure A90- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
21.
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6-((1-((tert-butyldimethylsilyl)oxy)propan-2-yl)oxy)-6-oxohexanoic acid (22) -
Following Method E, 22 was obtained as a mixture of diastereoisomers with 97% yield
as a colorless oil. *H NMR (CDCls, 400 MHz): 4.89-4.99 (m, 1H), 3.54-3.65 (m, 2H), 2.28-
2.40 (m, 4H), 1.64-1.71 (m, 4H), 1.19 (d, 3H, 3J = 6.44 Hz), 0.87 (s, 9H), 0.04 (s, 6H). 13C
NMR (CDCls, 100 MHz): 179.3, 173.0, 71.4, 65.7, 34.3, 33.8, 25.9, 25.9, 25.9, 24.5, 24.2,
18.4, 16.5, -5.3, -5.3. ASAP(+)-TOF-HRMS m/z for CisH300sSi [M+H]* : theoretical
319.1941, found 319.1934.
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Figure A85- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 22.
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Figure A86- 13C NMR (100 MHz, CDCl3) spectrum obtained for compound 22.

Elemental Composition Report

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

307 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 N:0-5 0:0-10 Si:1-1

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
319.1934 319.1941 -0.7 -2.2 1.5 2498.3 n/a n/a Cl5 H31 05 si

Figure A87- ASAP(+)-TOF-HRMS elemental composition report obtained for compound

22.
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benzyl (2,2,3,3,6-pentamethyl-8,13-dioxo-4,7,14-trioxa-3-silaheptadecan-16-yl)
adipate (23) - Following Method C, the crude was then purified by flash chromatography
(cyclohexane/ethyl acetate 90/10 to 70/30, v/v) to afford 23 as a mixture of
diastereoisomers with 72% yield as a colorless oil. *H NIVIR (CDCls, 400 MHz): 7.29-7.38
(m, 5H), 5.09-5.17 (m, 1H), 5.11 (s, 2H), 4.90-4.98 (m, 1H), 4.13-4.19 (m, 1H), 4.00-4.06
(m, 1H), 3.53-3.65 (m, 2H), 2.27-2.41 (m, 8H), 1.60-1.73 (m, 8H), 1.23 (d, 3H, 3/ = 6.52
Hz), 1.19 (d, 3H, 3/ = 6.41 Hz), 0.88 (s, 9H), 0.04 (s, 6H). 1*C NMR (CDCls, 100 MHz): 173.2,
173.1,172.9,172.7,136.2,128.7,128.7,128.3,128.3, 128.3, 71.3, 68.3, 66.3, 66.1, 65.7,
34.3,34.1, 34.0, 33.8, 26.0, 26.0, 26.0, 24.5, 24.5,24.4,24.4,18.4, 16.7, 16.5, -5.2, -5.2.
ASAP(+)-TOF-HRMS m/z for C31Hs005Si [M+H]* : theoretical 595.3302, found 595.3306.

o O OO MWOoLWUMmM A~ O T N O <
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Figure A91- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 23.
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Figure A92- 13C NMR (100 MHz, CDCl5) spectrum obtained for compound 23.

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

83 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 O:1-10 Si: 1-1

DRC61 (SOLIDE) XEVO G2-XS QTOF 13-Nov-2023
20231113_KK_DRC61_01 166 (1.681) Cm (163:166) 1: TOF MS ASAP+
1.48e+006

595.3306
103 5863416 5675728 5885217 589.5820 5906530 S9220235931550 55 6543 [ 5963330 597.3336 598.3307 599.3342 600.3386 6016370 6034668 0042920
T T RAREE] T T T EASSNABARARARSY BAAN SRR RESSNRSRRRRAES T T T m/z

T T T T T
597.0 598.0 599.0 600.0 601.0 602.0 603.0 604.0 605.0

586.0 587.0 588.0 589.0 590.0 59‘1 .0 59‘2.0 59\"3.0 5911.0 59‘5.0 59‘6.0
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
595.3306 595.3302 0.4 0.7 7.5 1349.4 n/a n/a C31 H51 09 si

Figure A93- ASAP(+)-TOF-HRMS elemental composition report obtained for compound
23.

245



benzyl (1-((6-((1-hydroxypropan-2-yl)oxy)-6-oxohexanoyl)oxy)propan-2-yl) adipate
(24) - Following Method D, the crude was then purified by flash chromatography
(cyclohexane/ethyl acetate 90/10 to 50/50, v/v) to afford 24 as a mixture of
diastereoisomers with 99% yield as a colorless oil. *H NMR (CDCls, 400 MHz): 7.29-7.39
(m, 5H), 5.03-5.17 (m, 1H), 5.11 (s, 2H), 4.95-5.03 (m, 1H), 4.14-4.21 (m, 1H), 3.99-4.06
(m, 1H), 3.55-3.70 (m, 2H), 2.27-2.42 (m, 8H), 2.27-2.42 (br s, 1H),1.60-1.72 (m, 8H), 1.23
(d, 3H, 3/ = 6.52 Hz), 1.21 (d, 3H, 3/ = 6.41 Hz). *C NMR (CDCls, 100 MHz): 173.3, 173.2,
173.2,172.8, 136.1, 128.7, 128.7 128.4, 128.3, 128.3, 72.1, 68.3, 66.4, 66.2, 66.0, 34.3,
34.1, 34.0, 33.7, 24.5, 24.5, 24.4, 24.3, 16.6, 16.3. ASAP(+)-TOF-HRMS m/z for CasH3609
[M+H]*: theoretical 481.2438, found 481.2434.

10 9 8 7 6 5 4 3 2 1 ppm

4 48
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Figure A94- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound 24.
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Figure A95- °C NMR (100 MHz, CDCl3) spectrum obtained for compound 24.
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
69 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:
C:0-100 H:0-200 O:1-10
DRC64 (SOLIDE) XEVO G2-XS QTOF 13-Nov-2023
20231113_KK_DRC64_01 189 (1.912) Cm (187:189) 1: TOF MS ASAP+
2.61e+006
1Q 4795146 4805312 4812434 451 4651
gé 479.0512_479.2289 . 480.2342 5 | - 482.2469 483.1014483.2483 484.0943.484.2513 485.0999485.2501 _ 485.7655__ 486.2656.486.4165
T T T T T T T T T T T T T T T T T T T
47850  479.00  479.50 480.00  480.50  481.00 48150  482.00 48250  483.00  483.50 484.00 48450 48500 48550  486.00  486.50
Minimum: -10.0
Maximum: 30.0 5.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
481.2434  481.2438 -0.4 -0.8 7.5 1648.5 n/a n/a c25 H37 09

Figure A96- ASAP(+)-TOF-HRMS elemental composition report obtained for compound

24
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6-((1-((6-((1-hydroxypropan-2-yl)oxy)-6-oxohexanoyl)oxy)propan-2-yl)oxy)-6-
oxohexanoic acid (lin[2PG+2AA]) - Following Method E, the crude was then purified by
flash chromatography (cyclohexane/ethyl acetate 90/10 to 20/80, v/v) to obtain
lin[2PG+2AA] as a mixture of diastereoisomers with 98% vyield as a colorless oil. *H NMR
(CDCl3, 400 MHz): 5.09-5.19 (m, 1H), 4.94-5.03 (m, 1H), 4.15-4.22 (m, 1H), 3.89-4.13 (m,
2H), 3.55-2.74 (m, 1H), 2.26-2.41 (m, 8H), 1.58-1.72 (m, 8H), 1.16-1.27 (m, 6H). 3C
NMR (CDCls, 100 MHz): 177.9, 173.5, 173.3, 173.2, 172.8, 72.0, 69.6, 68.3, 66.2, 61.2,
65.8, 34.2, 34.1, 33.9, 33.7, 33.7, 24.4, 24.4, 24.3, 24.2, 24.2, 19.2, 16.6, 16.2. ASAP(-)-
TOF-HRMS m/z for C1gH3009 [M-H] : theoretical 389.1812, found 389.1807.
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Figure A97- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound lin[2PG+2AA].
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Figure A98- *°C NMR (100 MHz, CDCls) spectrum obtained for compound
7
lin[2PG+2AA].

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0

Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Odd and Even Electron lons

65 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)

Elements Used:

C:0-100 H:0-200 O:0-10

DRC67 (SOLIDE) XEVO G2-XS QTOF 06-Nov-2023

20231106_KK_DRC67_01 265 (2.678) Cm (262:265) 1: TOF MS ASAP-
3.63e+006

389.1807
1005 ‘376‘994‘7379.00‘97 s79.9827 3813702 382‘?804 ‘383'979‘3 386.0131 3672887 - 390'1?41 3921878 3939853 395.3886‘395‘998‘1 S0BONT___ 4000088 d0rgea2
378.0 380.0 382.0 384.0 386.0 388.0 390.0 392.0 394.0 396.0 398.0 400.0 402.0

Minimum: -10.0

Maximum: 30.0 5.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula

389.1807  389.1812 -0.5 -1.3 4.5 1741.4 n/a n/a c18 H29 09

Figure A99- ASAP(-)-TOF-HRMS elemental composition report obtained for compound

lin[2PG+2AA].
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2,12-dimethyl-1,4,11,14-tetraoxacycloicosane-5,10,15,20-tetraone  (c[2PG+2AA]) -
Following Method F, the crude was then purified by flash chromatography
(cyclohexane/ethyl acetate 90/10 to 70/30, v/v) to afford c[2PG+2AA] as a mixture of
diastereoisomers with 73% yield as a yellowish oil. *H NMR (CDCls, 400 MHz): 5.14-5.27
(m, 2H), 4.21-4.37 (m, 2H), 3.86-4.04 (m, 2H), 2.26-2.38 (m, 8H), 1.58-1.75 (m, 8H), 1.17-
1.28 (m, 6H). **C NMR (CDCls, 100 MHz): 173.0, 173.0, 172.9, 172.8, 172.7, 172.7, 68.3,
68.2,68.1,66.3,66.2,66.2,66.1,34.3,34.2,34.1,34.1,33.9,33.9,33.7,33.7, 24.5, 24.4,
24.3, 24.3, 24.3, 24.2, 24.1, 16.5, 16.5. ASAP(+)-TOF-HRMS m/z for C1gH20s [M+H]" :
theoretical 373.1862, found 373.1877.
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Figure A100- *H NMR (400 MHz, CDCI3) spectrum obtained for compound c[2PG+2AA].
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Figure A101- 3C NMR (100 MHz, CDCl3) spectrum obtained for compound
c[2PG+2AA].

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min =-10.0, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

28 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:

C:0-100 H:0-200 ©:8-13

DRC79 (SOLIDE) XEVO G2-XS QTOF 23-Nov-2023
20231123 KK_DRC79_01 17 (0.197) Cm (14:18) 1: TOF MS ASAP+
6.770+007

1Q 370.1803 373.1877 3757082

03 966.3503 3670076 368.3942 369.1253369.3667 5 01803 711689 721771 | 3741892 3751919 375 376.8600 3780804 3791440 iz

T T T T T T T T T T T T T T T T T T T T

366.0 367.0 368.0 369.0 3700 371.0 372.0 373.0 3740 375.0 376.0 377.0 378.0 379.0 380.0
Minimum: -10.0
Maximum: 30.0 5.0  1000.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf (%) Formula
373.1877 373.1862 1.5 4.0 4.5  2313.3 n/a  n/a c18 H29 08

Figure A102- ASAP(+)-TOF-HRMS elemental composition report obtained for
compound c[2PG+2AA].

251



2,12,22,32-tetramethyl-1,4,11,14,21,24,31,34-octaoxacyclotetracontan-
5,10,15,20,25,30,35,40-octaone (c[4PG+4AA]) - Following Method E, the crude was
then purified by flash chromatography (cyclohexane/ethyl acetate 90/10 to 70/30, v/v)
to afford c[4PG+4AA] as a mixture of diastereoisomers with 15% vyield as a colorless oil.
'H NMR (CDCls, 400 MHz): 5.09-5.18 (m, 4H), 4.15-4.23 (m, 4H), 3.96-4.06 (m, 4H), 2.23-
2.39 (m, 16H), 1.56-1.73 (m, 16H), 1.15-1.28 (m, 12H). 3C NMR (CDCls, 100 MHz): 173.0,
173.0, 173.0, 173.0, 172.7,172.7, 172.7, 172.7, 68.2, 68.2, 68.2, 68.2, 66.1, 66.1, 66.1,
66.1,34.1,34.1,34.1,34.1,33.8,33.8,33.8, 33.8,24.4,24.4,24.4,24.4,24.4,24.4, 24 4,
24.4, 16.6, 16.6, 16.6, 16.6. ASAP(+)-TOF-HRMS m/z for C3gHssO16 [M+H]* : theoretical
745.3647, found 745.3671. Aspect: Colourless oil.
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Figure A103- 'H NMR (400 MHz, CDCI3) spectrum obtained for compound c[4PG+4AA].
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Figure A104- 1°C NMR (100 MHz, CDCls) spectrum obtained for compound
c[APG+4AA].
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -10.0, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
8 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:
C:0-100 H:0-200 O:16-16
DRC79F3 (SOLIDE) XEVO G2-XS QTOF 23-Nov-2023
20231123_KK_DRC79F3_01 153 (1.558) Cm (145:153) 1: TOF MS ASAP+
9.28e+007
745.3671  746.3686
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Figure A105- ASAP(+)-TOF-HRMS elemental composition report obtained for
compound c[4PG+4AA].
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MSMS identification of oligoesters in migration extracts of
samples1,2or3
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Figure A106- Comparison of the MS/HRMS spectra of m/z 241.1046 ion
. + . N . . 1 e
[lin(BD+AA) + Na]* in a S3 migration extract in simulant B (top), a 10 ng kg™ lin(BD+AA)
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Figure A107- Comparison of the MS/HRMS spectra of m/z 313.1622 ion

[lin(2BD+AA) + Na]+ in a S1 migration extract in simulant B (top), a 10 ng kg-1
lin(2BD+AA) solution (middle) and a methanol blank (bottom). [M + Na]* ion was too
intense and was not fit into the range for ease of visualization.
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Figure A108- Comparison of the MS/HRMS spectra of m/z 441.2095 ion

[lin(2BD+2AA) + Na]+ in a S1 migration extract in simulant B (top), a 10 ng kg-1
lin(2BD+2AA) solution (middle) and a methanol blank (bottom). [M + Na]* ion was too
intense and was not fit into the range for ease of visualization.
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Figure A109- Comparison of the MS/HRMS spectra of m/z 401.2170 ion
[c(2BD+2AA)+H]* in a S1 migration extract in simulant B (top), a 10 ng kg™ c¢(2BD+2AA)
solution (middle) and a methanol blank (bottom).
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Figure A110- Comparison of the MS/HRMS spectra of m/z 513.2670 ion
. . . . . .
[lin(3BD+2AA)+Na]+ in a S3 migration extract in simulant B (top), a 10 ng kg-1
. . . 4
lin(3BD+2AA) solution (middle) and a methanol blank (bottom). [M + Na]* ion was too
intense and was not fit into the range for ease of visualization.
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Figure A111- Comparison of the MS/HRMS spectra of m/z 619.3324 ion
[lin(3BD+3AA)+H]+ in a S3 migration extract in simulant B (top), a 10 ng kg-1
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lin(3BD+3AA) solution (middle) and a methanol blank (bottom). [M + H]* ion was too
intense and was not fit into the range for ease of visualization.
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Figure A112- Comparison of the MS/HRMS spectra of m/z 601.3219 ion

[c(3BD+3AA)+H]+ in a S1 migration extract in simulant B (top), a 10 ng kg-1
¢(3BD+3AA) solution (middle) and a methanol blank (bottom). [M + H]* ion was too
intense and was not fit into the range for ease of visualization.
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Figure A113- Comparison of the MS/HRMS spectra of m/z 421.1857 ion
[c(2BD+AA+iPA)+H]* in a S1 migration extract in simulant B (top), a 10 ng kg™
¢(2BD+AA+iPA) solution (middle) and a methanol blank (bottom).
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Figure A114- Comparison of the MS/HRMS spectra of m/z 413.1782 ion
[lin(2PG+2AA)+Na]* in a S2 migration extract in simulant B (top), a 10 ng kg
lin(2PG+2AA) solution (middle) and a methanol blank (bottom).
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Figure A115- Comparison of the MS/HRMS spectra of m/z 373.1857 ion

[c(2PG+2AA)+H]* in a S2 migration extract in simulant B (top), a 10 ng kg* ¢(2PG+2AA)

solution (middle) and a methanol blank (bottom).
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Figure A116- Comparison of the MS/HRMS spectra of m/z 745.3641 ion
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