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Preface to the Series

Methods and Protocols in Food Science series is devoted to the publication of research
protocols and methodologies in all fields of food science. The series is unique as it includes
protocols developed, validated, and used by food and related scientists as well as theoretical
basis are provided for each protocol. Aspects related to improvements in the protocols,
adaptations, and further developments in the protocols may also be approached.

Methods and Protocols in Food Science series aims to bring the most recent develop-
ments in research protocols in the field as well as very well-established methods. As such, the
series targets undergraduate, graduate, and researchers in the field of food science and
correlated areas. The protocols documented in the series will be highly useful for scientific
inquiries in the field of food sciences, presented in such way that the readers will be able to
reproduce the experiments in a step-by-step style.

Each protocol will be characterized by a brief introductory section, followed by a short
aims section, in which the precise purpose of the protocol is clarified. Then, an in-depth list
of materials and reagents required for employing the protocol is presented, followed by a
comprehensive and step-by-step procedures on how to perform that experiment. The next
section brings the dos and don’ts when carrying out the protocol, followed by the main
pitfalls faced and how to troubleshoot them. Finally, template results will be presented and
their meaning/conclusions addressed.

The Methods and Protocols in Food Science series will fill an important gap, addressing
a common complain of food scientists, regarding the difficulties in repeating experiments
detailed in scientific papers. With this, the series has a potential to become a reference
material in food science laboratories of research centers and universities throughout the
world.

Campinas, Brazil Anderson S. Sant’Ana



Preface

Once, I heard that the future of packaging is having “no packaging at all.” This is a ground-
breaking approach that might solve some concerns related to the boundaries of the linear life
cycle of materials: from the cradle, as far as the depletion of critical raw materials from
nature; to the grave, in whatever concerns the environmental fate of such an often consid-
ered “useless piece of matter,” mainly when one deals with single-use packaging that is
persistent and ends up being treated unsuitably once it has played its protective role.

Although revolutionary, this approach may be limited to short-range businesses, mean-
ing that I consider it idealistic in our industrialized and globalized society, in which
packaging actually plays vital roles as far as logistics, marketing, and quality assurance, to
mention a few. The role of packaging gets even more pivotal when dealing with food
systems, known to be prone to a range of spoilage mechanisms. Food Packaging is the
core topic of this contribution, wherein I merge both disciplines in which I have been
trained—namely, Food Engineering and Materials Engineering—to gather what I believe to
be the most relevant nontraditional analytic techniques, detailed by a team of leading experts
with the ultimate goal of supporting contemporary packagers in industry and academia
during their journey toward consistency and innovations in the field.

This text is also devoted to encouraging sustainability, multifunctionality, safety, and
performance through, respectively, linear-to-circular, passive-to-active, threatening-to-
harmless, and disposable-to-durable paradigm shifts. In my opinion, these transitions will
continue to be the main drivers of the packaging revolution that is already ongoing.

Herein, circularity is put forward when protocols are proposed to (i) track potentially
hazardous compounds arising from mechanical recycling, (ii) monitor biodegradation from
a biological recycling angle, and (iii) characterize the performance of packaging materials in
terms of additives and defects, so these can be improved toward extended longevity within
the economic cycle.

The different roles that packaging can play in an active fashion are addressed when
methods are described to (i) predict microbial development in modified atmosphere pack-
aging, evaluate the efficiency in actively preventing the growth of (ii) fungi and (iii) bacteria
or the occurrence of (iv) oxidative reactions, (v) prospect the potential of edible packaging
to carry and deliver probiotics and prebiotics, (vi) outlook the use of phase-change packag-
ing for thermal control, and (vii) assess the interaction between packaging and consumers in
terms of sensory perception and acceptance.

The safe use of packaging in food systems is well characterized by assays of (i) migration
and release of potentially harmful molecules or particles, (ii) manifestations of toxicity in
different biological contexts, and (iii) environmental and food contaminations with micro-
plastics arising from the mismanagement of long-lasting packaging materials.

Finally, packaging performance is comprehensively pictured in terms of barrier against
the permeation of (i) moisture, (ii) gases, and (iii) microorganisms, besides molecular-level
(iv) microstructural investigation of defects and (v) spatiospectral distribution of additives,
both via nondestructive techniques.

Vii



Viii Preface

While this text almost omits well-established protocols—e.g., those already common-
place in the literature—I do hope it catalyzes ongoing and future endeavors toward next-
generation food packaging, soundly designed based on reliable, comparable, and reproduc-
ible characterizations. Enjoy the pack, wherein every layer unfolds a narrative of possibilities!

Sao Carlos, Brazil Caio Otoni



Contents

Preface to the Series . ... ..o

Preface

COnEVIDULOrS. . . .. .o

ParT I ENVIRONMENTAL AND TOXICOLOGICAL ASPECTS OF FOOD PACKAGING
MATERIALS

1 Biodegradability of Biodegradable Plastics in Compost, Marine,
and Anaerobic Environments Assessed by Automated Respirometry...........
Joseph P. Greene, Willinm Hart-Cooper, Lennavd F. Torves, Julia Cunniffe,
Avrtur Klamcezynski, Gregory M. Glenn, and William J. Orts

2 Biodegradability of Polymers by Relatively Low-Cost and Readily Available
Nonautomated Respirometry. .. ...ttt e
Alex S. Babetto, Lais T. Possari, Baltus C. Bonse, and Silvia H. P. Bettini

3 Detection and Identification of Microplastics in Food and the Environment . ..

Walter R. Waldman, Cristiane Vidal, Maviana A. Dias, Victor Z. Resende,
and Cassiana C. Montagner

4 Identification of Intentionally and Non-intentionally Added Substances
in Recycled Plastic Packaging Materials . ............. ... ...
Magdalena Wrona, Davinson Pezo, Robert Paiva, and Sandra A. Cruz

5 DPoly- and Perfluorinated Alkyl Substances in Food Packaging Materials. . ... ...
Rachel C. Scholes, William Hart-Cooper, Gregory M. Glenn,
and William J. Orts

6 Migration of Building Blocks, Additives, and Contaminants
from Food Packaging Materials.............. ... ... .. i
Victor G. L. Souza, Regiane Ribeivo-Santos, Patricia F. Rodvigues,
Carolina Rodvigues, Jodo R. A. Pives, Ana T. Sanches-Silva,
Isabel Coelhoso, Fatima Pocas, and Ana L. Fernando

7 In Vitro Cytotoxicity Testing of Food Packaging ...........................
Avwthur B. Ribeirvo, Juliana G. F. Silva, Lucas N. F. Trevizan,
Hernane S. Barud, Flavia A. Resende, and Denise C. Tavares

8 In Vitro Genotoxicity/Mutagenicity Testing of Food Packaging..............
Flavia A. Resende, Juliana G. F. Silva, Arthur B. Ribeiro,
Lucas N. F. Trevizan, Hernane S. Barud, and Denise C. Tavares

PArRT II  MICROSTRUCTURAL AND BARRIER FEATURES OF FOOD PACKAGING
MATERIALS

9 Microstructural and Defect Analysis of Food Packaging Materials
Through X-Ray Microtomography . ....... ...,
Marcos V. Lovevice, Pedvo 1. C. Claro, Diego M. Nascimento,
and Rubia F. Gouvein

ix

Vii
X1



X Contents

10 Mapping the Distribution of Additives Within Polymer Films
Through Near-Infrared Spectroscopy and Hyperspectral Imaging. ............
Jussara V. Roque, Cicero C. Pola, Lavissa R. Terva, Taila V. Oliveira,
Reinaldo F. Teofilo, Carmen L. Gomes, and Nilda F. F. Soaves

11 Water Vapor Permeability of Hydrophilic Films......................... ...,
Roberto . Avena-Bustillos, Noah M. Klausner, and Tara H. McHugh

12 Permeation of Oxygen and Carbon Dioxide Through Food Packaging
Materials. . . ..o
Victor G. L. Souza, Carolina Rodvigues, Jodo R. A. Pives, Ana L. Fernando,
Vitor Alves, and Isabel Coelboso

13 Microbial Permeation Through Food Packaging Materials...................
Julia V. Evnesto, Patricia Severino, Anna C. Venturvini,
Cristiana M. P. Yoshida, Classius F. da Silva, and Patrvicia S. Lopes

PART III NONTRADITIONAL ROLES PLAYED BY FOOD PACKAGING MATERIALS

14 Do Not “Pack and Pray”: Use Predictive Models to Assess the Microbial
Safety and Shelf-Life of Modified Atmosphere Packaged Foods...............
Avricia Possas, Fernando Pérez-Rodvigues, and Antonio Valero

15 Antifungal Activity of Edible Films and Coatings for Packaging of Fresh
Horticultural Produce. . ...
Liuis Palow and Maria B. Pérez-Gago

16 Antibacterial Activity of Active Food Packaging Materials....................
Paula ]. P. Espitia and Rejane A. Batista

17 Antioxidant Activity Assays for Food Packaging Materials....................
Fabiana H. Santos, Danielle C. M. Fevveiva, Julia R. V. Matheus,
Ana E. C. Fai, and Franciele M. Pelissari

18 Release of Active Agents from Food Packaging Materials ....................
Muvilo S. Pacheco, Mariana A. de Moraes, Maviana A. da Silva,
and Andréa C. K. Bierbalz

19  Bioactive Properties of Probiotic and Prebiotic Edible Films .................
Jackson A. Medeivos, Carolina M. Niro, Mateus K. Salgaco, Katia Sivieri,
and Henviette M. C. Azeredo

20 Sensory Acceptance Test of Edible Packaging Using Hedonic Scale . ..........
Suzana Maria Della Lucia and Tavcisio Lima Filho

21 Consumer Choice Probabilities for Food Packaging.........................
Tarcisio Lima Filho, Suzana Mavia Della Lucia,
and Valévia Paula Rodvigues Minim

22 Thermal Performance of Food Packaging Containing Phase Change
Materials. . ...
Bianca C. N. Fernandes and Ana S. Prata



Contributors

VITOR ALVES o Linking Landscape, Environment, Agriculturve and Food (LEAF), Instituto
Superior de Agronomin, Universidade de Lisbon, Lisbon, Portugal

ROBERTO J. AVENA-BUSTILLOS « Western Regional Research Center, Agriculture Reseavch
Service (ARS), United States Deparvtment of Agricultuve (USDA), Albany, CA, USA

HEeNRIETTE M. C. AZEREDO « Embrapa Tropical Agroindustry, Fortaleza, CE, Brazil,
Embrapa Instrumentation, Sio Carlos, SP, Brazil

ALEX S. BABETTO o Graduate Program in Mechanical Engineering, Centro Universitario
FEI, Sio Bernavdo do Campo, SP, Brazil

HERNANE S. BARUD o University of Avaragquara (UNIARA), Araraquara, SP, Brazil

REJANE A. BATiSTA o Inmstitute of Technology and Research of Sevgipe, Avacaju, SE, Brazil

Sitvia H. P. BETTIN o Graduate Program in Materials Science and Engineering
(PPGCEM), Federal University of Sdo Carlos (UFSCar), Sao Carlos, SP, Brazil

ANDREA C. K. BierHALZ o Center of Technology, Exact Sciences and Education, Federal
University of Santa Catarvina (UFSC), Blumenau, SC, Brazil

Bartus C. BoNSE « Graduate Program in Mechanical Engineering, Centro Universitario
FEI, Sao Bernardo do Campo, SP, Brazil

Pepro L. C. Craro « Brazilian Nanotechnology National Laboratory (LN Nano), Brazilian
Center of Reseavch in Energy and Materials (CNPEM), Campinas, SP, Brazil

IsaBEL COELHOSO « LAQV-REQUIMTE, Department of Chemistry, NOVA School of Science
and Technology, Universidade NOVA de Lisboa, Lisbon, Portugal

SANDRA A. CRUZ « Department of Chemistry, Federal University of Sdo Carlos, Sio Carlos,
Sao Paulo, Brazil

JuLia CUNNIFFE « Western Regional Researvch Center, Agriculture Research Service (ARS),
United States Department of Agriculture (USDA), Albany, CA, USA

Crassius F. pa S1iva o Institute for Envivonmental, Chemical, and Pharmacentical Sciences
(ICAQF), Federal University of Sdo Paulo (UNIFESP), Diadema, SP, Brazil

MariaNA A. DA SivA o Center of Agricultural Sciences, Federal University of Sdo Carlos
(UFSCar), Aravas, SP, Brazil

MARIANA A. DE MORAES o Department of Chemical Engineering, Federal University of Sao
Paunlo (UNIFESP), Diademan, SP, Brazil; School of Chemical Engineerving, Universidade
Estadual de Campinas (UNICAMP), Campinas, SP, Brazil

Suzana Maria DevLra Lucia « Federal University of Espirito Santo (UFES), Alegre, ES,
Brazil

MariaNa A. D1as « Institute of Chemistry, University of Campinas (UNICAMP),
Campinas, SP, Brazil

JuLia V. ERNESTO o Institute for Environmental, Chemical, and Pharmaceutical Sciences
(ICAQF), Federal University of Sdo Paulo (UNIFESP), Diadema, SP, Brazil

Paura J. P. Eseitia o Nutrition and Dietetics School, Universidad del Atlantico, Puerto
Colombia, Colombin

ANa E. C. Fat « Food and Nutvition Graduate Program (PPGAN), Fedeval University of
the State of Rio de Janeiro (UNIRIO), Rio de Janeiro, R], Brazil; Department of Basic
and Experimental Nutrition, Institute of Nutrition, Rio de Janeiro State University
(UER]), Rio de Janeiro, R], Brazil

Xi



Xii Contributors

Bianca C. N. FERNANDES « Department of Food Engineering, School of Food Engineering,
University of Campinas (UNICAMP), Campinas, SP, Brazil

ANA L. FERNANDO o MEtRICs/CubicB, Departamen of Chemistry, NOVA School of Science
and Technology, Universidade NOVA de Lisboa, Lisbon, Portugal

DaNIELLE C. M. FERREIRA « Institute of Science and Technology, Federal University of
Jequitinhonha and Mucuri Valleys (UFVIM), Diamantina, MG, Brazil; Department of
Food Technology, Federal University of Vigosa (UFV), Vicosa, MG, Brazil

GREGORY M. GLENN « Western Regional Research Center, Agriculture Research Service
(ARS), United States Department of Agriculture (USDA), Albany, CA, USA

CARMEN L. GOMES « Nanoscale Biological Engineeving Laboratory, lowa State University,
Ames, IA, USA

Rusia F. GouvEIA « Brazilian Nanotechnology National Laboratory (LNNano), Brazilian
Center of Research in Energy and Materials (CNPEM), Campinas, SP, Brazil; Center of
Natural and Human Sciences, Federal University of ABC (UFABC), Santo Andre, SP,
Brazil

JoserH P. GREENE o Department of Mechanical Engineerving, Mechatronic Engineerving, and
Manufacturing Technology, California State University, Chico, CA, USA

Wirriam HART-CoOPER o Western Regional Research Center, Agriculture Research Service
(ARS), United States Department of Agriculture (USDA), Albany, CA, USA

ARTUR KLAMCzZYNSKI o« Western Regional Research Center, Agviculture Research Service
(ARS), United States Department of Agriculture (USDA), Albany, CA, USA

NoaH M. KLAUSNER « Environmental Engineeving, College of Agriculture and Life Sciences,
Cornell University, Ithaca, NY, USA

Tarcisio Lima FiLHO « Federal University of Espivito Santo (UFES), Alegre, ES, Brazil

Patricia S. Loves « Institute for Envivonmental, Chemical, and Pharmacentical Sciences
(ICAQF), Federal University of Sdo Paulo (UNIFESP), Diadema, SP, Brazil

Marcos V. LOREVICE « Brazilian Nanotechnology National Laboratory (LN Nano),
Brazilian Center of Research in Energy and Materials (CNPEM), Campinas, SP, Brazil

Juria R. V. MATHEUS « Food and Nutrition Graduate Program (PPGAN), Federal
University of the State of Rio de Janeiro (UNIRIO), Rio de Janeirvo, R], Brazil

Tara H. McHUGH « Western Regional Research Center, Agriculture Research Service
(ARS), United States Department of Agriculture (USDA), Albany, CA, USA

JacksoN A. MEDEIROS « Postgraduate Program in Food and Nutrition, School of
Pharmacentical Sciences, Sdo Paulo State University (Unesp), Araraquara, SP, Brazil

VALERIA PAULA RODRIGUES MINIM o Federal University of Vicosa (UFV), Vicosa, MG, Brazil

CassiaNA C. MONTAGNER o Institute of Chemistry, University of Campinas (UNICAMP),
Campinas, SP, Brazil

DiEGo M. NASCIMENTO « Brazilian Nanotechnology National Laboratory (LN Nano),
Brazilian Center of Research in Energy and Materials (CNPEM), Campinas, SP, Brazil

CAROLINA M. NIRO « Postgradunte Program in Biotechnology, Federal University of Sio
Carlos (UFSCar), Sdo Carlos, SP, Brazil

Tafra V. OLIVEIRA « Food Packaging Laboratory, Universidade Federal de Vigosa (UFV),
Vicosa, MG, Brazil

Wiiriam J. Orts « Western Regional Research Center, Agriculturve Reseavch Service (ARS),
United States Department of Agriculture (USDA), Albany, CA, USA

MUuRILO S. PACHECO « Department of Chemical Engineering, Federal University of Sio
Paulo (UNIFESP), Diadema, SP, Brazil



Contributors xiii

ROBERT PAIVA o Department of Chemistry, Federal University of Sdo Carlos, Sdo Carlos,
Sdo Paulo, Brazil

Lruis Parou « Centre de Tecnologin Postcollita (CTP), Institut Valencin d’Investigacions
Agraries (IVIA), Valencia, Spain

FRANCIELE M. PELISSARI « Institute of Science and Technology, Fedeval University of
Jequitinhonha and Mucuri Valleys (UFVIM), Diamantina, MG, Brazil

Maria B. PEREZ-GAGO « Centre de Tecnologin Postcollita (CTP), Institut Valencin
A’ Investigacions Agravies (IVIA), Valencia, Spain

FERNANDO PEREZ-RODRIGUEZ o Department of Food Science and Technology, UIC Zoonosis y
Enfermedades Emergentes (ENZOEM), CeiA3, Universidad de Cordoba, Campus
Rabanales, Cordoba, Spain

DAVINSON PEZO o Faculty of Health Sciences, San Jorge University, Villanueva de Gallego,
Spain

Jodo R. A. P1res « MEtRICs, CubicB, Departamento de Quimica, NOVA School of Science
and Technology, Universidade NOVA de Lisbon, Lisbon, Portugal; Bio4Plas— Biopolimeros,
Lda, Cantanbede, Portugal

FAtiva Pocgas « Centro de Biotecnologin e Quimica Fina (CBQF), Universidade Catolica
Portuguesa, Lisbon, Portugal

Cicero C. Pora « Nanoscale Biological Engineering Laboratory, lowa State University,
Ames, 1A, USA

Lais T. Possarl « Graduate Program in Materials Science and Engineering (PPGCEM),
Federal University of Sao Carlos (UFSCar), Sao Carlos, SP, Brazil

ARIcIA Possas « Department of Food Science and Technology, UIC Zoonosis v Enfermedades
Emergentes (ENZOEM), CeiA3, Universidad de Cordoba, Campus Rabanales, Cordoba,
Spain

ANA S. PrATA o Department of Food Engineering, School of Food Engineering, University of
Campinas (UNICAMP), Campinas, SP, Brazil

FrAvia A. RESENDE « University of Araraquara (UNIARA), Araraquara, SP, Brazil

VICTOR Z. RESENDE « Institute of Chemistry, University of Campinas (UNICAMP),
Campinas, SP, Brazil

ARTHUR B. RIBEIRO « University of Franca, Franca, SP, Brazil

REGIANE RIBEIRO-SANTOS o Inmstituto de Quimica, Laboratorio de Bioquimica Nutricional
¢ de Alimentos, Federal University of Rio de Janeiro , Rio de Janeiro, Brazil

CAROLINA RODRIGUES o MEtRICs/CubicB, Departament of Chemistry, NOVA School of
Science and Technology, Universidade NOVA de Lisboa, Lisbon, Portugal

Patricia F. RODRIGUES « Centre for Mechanical Engineering Materials and Process,
CEMMPRE, Department of Mechanical Engineering, University of Coimbra, Coimbra,
Portugal

Jussara V. ROQUE « Multivariate Chemical Data Analysis Laboratory, Universidade
Federal de Vigosa (UFV), Vicosa, MG, Brazil; Chemistry Institute, Universidade Federal
de Goins, Goiania, GO, Brazil

MaTEUS K. SALGACO « Postgraduate Program in Food and Nutrition, School of
Pharmacentical Sciences, Sdo Paulo State University (Unesp), Araraquara, SP, Brazil

ANA T. SANCHES-STLVA o National Institute for Agricultural and Veterinary Research ,
INIAV, Vila do Conde, Portugal; Faculty of Pharmacy, University of Coimbra, Polo I11,
Coimbra, Portugal; Center for Study in Animal Science (CECA), ICETA, University of
Porto, Porto, Portugal; Associate Laboratory for Animal and Veterinary Sciences
(AL4AnimalS), University of Lisbon, Lisbon, Portugal



Xiv Contributors

FaBiaNA H. SANTOS o Institute of Science and Technology, Federal University of
Jequitinhonba and Mucuri Valleys (UFVIM), Diamantina, MG, Brazil; Department of
Food Technology, School of Food Engineering, University of Campinas (UNICAMP),
Campinas, SP, Brazil

RacHEL C. SCHOLES « Western Regional Research Center, Agriculture Research Service
(ARS), United States Department of Agriculture (USDA), Albany, CA, USA;,
Department of Civil Engineering, University of British Columbia, Vancouver, Canada

PatriciA SEVERINO o Tiradentes University (UNIT), Avacaju, SE, Brazil

Juriana G. F. Siva o University of Araraquara (UNIARA), Araraquara, SP, Brazil

KAt1a SIVIERT o Postgraduate Program in Food and Nutrition, School of Pharmaceutical
Sciences, Sao Paulo State University (Unesp), Araraquara, SP, Brazil; Postgraduate
Program in Biotechnology and Health Innovation, Anbanguera University (UNIAN),
Sdo Paulo, SP, Brazil

NiLDA F. F. SOARES « Food Packaging Laboratory, Universidade Federal de Vigosa (UFV),
Vicosa, MG, Brazil

Victor G. L. Souza « MEtRICs, CubicB, Departamento de Quimica, NOVA School of
Science and Technology, Universidade NOVA de Lisbon, Lisbon, Portugal; International
Iberian Nanotechnology Laboratory (INL), Braga, Portugal

DenNisE C. Tavares « University of Franca, Franca, SP, Brazil

RemNALDO F. TEOFILO o Multivariate Chemical Data Analysis Laboratory, Universidade
Federal de Vigosa (UFV), Vicosa, MG, Brazil

Larissa R. TERRA o Laboratory for Theovetical and Applied Chemometrics, Institute of
Chemistry, Universidade de Campinas (UNICAMP), Campinas, SP, Brazil

LENNARD F. TORRES o Western Regional Research Center, Agriculture Research Service
(ARS), United States Department of Agriculture (USDA), Albany, CA, USA

Lucas N. F. TRevizaN « University of Araraquara (UNIARA), Araraquara, SP, Brazil

ANTONIO VALERO o Department of Food Science and Technology, UIC Zoonosis y
Enfermedades Emergentes (ENZOEM), CeiA3, Universidad de Cordoba, Campus
Rabanales, Cordoba, Spain

ANNA C. VENTURINI « Institute for Envivonmental, Chemical, and Phavmaceutical Sciences
(ICAQF), Federal University of Sdo Panlo (UNIFESP), Diadema, SP, Brazil

CRISTIANE VIDAL « Institute of Chemistry, University of Campinas (UNICAMP),
Campinas, SP, Brazil

WALTER R. WALDMAN o Science and Technology Center for Sustainability, Federal University
of Sao Carlos (UFSCar), Sorocaba, SP, Brazil

MAGDALENA WRONA o Department of Analytical Chemistry, Aragon Institute of
Engineering Research I3A, University of Zavagoza, Zaragoza, Spain

CrisTIANA M. P. YOsHIDA « Iustitute for Environmental, Chemical, and Pharmaceutical
Sciences (ICAQF), Federal University of Sdo Paulo (UNIFESP), Diadema, SP, Brazil



Part |

Environmental and Toxicological Aspects of Food Packaging
Materials



Check for
updates

Biodegradabhility of Biodegradable Plastics in Compost,
Marine, and Anaerobic Environments Assessed by
Automated Respirometry

Joseph P. Greene, William Hart-Cooper, Lennard F. Torres, Julia Cunniffe,
Artur Klamczynski, Gregory M. Glenn, and William J. Orts

Abstract

Biodegradability is an increasingly beneficial property of sustainable materials, particularly for single-use
packaging. Biodegradation rates can vary dramatically depending on the conditions, whether aerobic or
anaerobic, aqueous or nonaqueous (e.g., compost). We describe protocols of several standard biodegrada-
tion test methods, spanning marine, compost, and anaerobic environments. Simple methods to analyze
biodegradation rates are also described.

Key words Biodegradability, Biodegradation, Industrial composting, Marine environment, Standard
test methods, ASTM D5338-15, ISO 14855-2, ASTM D6691, ISO 14851, ISO 14852

1 Introduction

1.1 Background Biodegradable plastics are available throughout the world. These
materials provide an opportunity to meet market needs for materi-
als with increased biobased and biodegradable content, while miti-
gating environmental and human health concerns. Food packagers
are adopting more of these materials into their supplies and utiliz-
ing them for everything from cups to coffee pods. One of the
advantages of using biodegradable plastics, especially the ones
made from sustainable resources, is the significant reduction in
carbon emissions and energy requirements during the
manufacturing process. The commercial appeal of biodegradable
plastics hinges on their good processability and mechanical proper-
ties. For example, polylactic acid (PLA) is a biodegradable polymer
derived from renewable resources, such as starch or sugar, through
fermentation. It has good durability and can be processed using
existing manufacturing equipment typically designed and originally

Caio Otoni (ed.), Food Packaging Materials: Current Protocols, Methods and Protocols in Food Science,
https://doi.org/10.1007/978-1-0716-3613-8_1,
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1.2 Biobased and
Biodegradable
Definitions

1.3 Biodegradation
Mechanism for
Biodegradable and
Compostable Plastics

used for petroleum-based plastics. PLA has been widely used for
food packaging and other single-use products, such as injection
molded cups and cutlery. Of course, the most important feature
of biodegradable plastics is the breakdown of these products by
microorganisms, such as bacteria and fungi, in industrial compost-
ing facilities and marine environments. Crucially, biodegradable
plastics can be made with reduced carbon emissions, waste, and
toxic pollution compared to traditional plastics.

Biobased and biodegradable polymers have two different mean-
ings. Biobased products are materials made from some amount of
biomass, such as plants, trees, animals, and marine materials
[1]. Biobased products have been defined in the 2002 Farm Bill
as commercial or industrial products that are composed in whole,
or in significant part, of biological products, renewable agricultural
materials, or forestry materials. The definition has been expanded
with the 2008 Farm Bill that incorporated biobased intermediate
ingredients or feedstock [2]. The USDA has established minimum
biobased content standards for many product categories. Products
must meet or exceed the minimum biobased content in its category
to be certified as biobased products.

Biodegradable polymers are converted to biomass, CO,, and
water through a thermochemical process in a specified time frame
and in a specified disposal environment. Biodegradable polymers
meet ASTM or ISO standards for biodegradation in a specific
surrounding, for example, industrial compost or marine environ-
ments. Many biobased polymers are biodegradable, but not all
biodegradable polymers are biobased. While some biobased poly-
mers do not biodegrade, some biodegradable or compostable poly-
mers are petroleum-based synthetics. Compostable polymers are
those that meet the ASTM requirements for biodegradation under
industrial composting conditions. Replacing fossil carbon with
renewable carbon can reduce the carbon footprint of the plastic
material based on life cycle assessment (LCA) [3].

Biodegradation is an important feature of biodegradable plastics.
Two essential components of the biodegradation process are that
the material must be a food source for the bacteria in the disposal
environment and that the biodegradation must take place within a
six-month period of time. Therefore, biodegradation can occur in
an industrial compost environment for biodegradable plastics if
they are used as food source for the bacteria in the compost and
that they are generally consumed within 4-12 weeks at 40-60 °C.
Likewise, biodegradation can occur in the marine environment if
the bacteria in the sea water generally consume a major portion of
the plastic within 4-12 weeks at a minimum of 30 °C.

The biodegradation of plastics into carbon dioxide, methane,
water, and biomass is achieved through interaction with
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microorganisms and enzymes. The bacteria that degrade the poly-
mers are widely distributed in various environments. The common
biodegradation environments may be categorized as either hot or
cool. The hot biodegradation environment includes industrial
composting where the operating temperatures can range from
50 to 65 °C. The cool biodegradation environments include
home composting, soil, anaerobic digestion, landfill, and marine
waters. The mechanisms are similar in these environments, but the
activity rates of the bacteria and enzymes are different. The pro-
cesses involved in biodegrading a macromolecule to an oligomer
and an oligomer to a monomer or small molecule can involve the
following:

1. Wetting of the polymer
. Abiotic hydrolysis
. Chain scission

. Transformation to simple chemicals

[S20NN NG I \§)

. Conversion of carbon to humus and /or volatile carbon (e.g.,
carbon dioxide, methane)

The two key components of biodegradation are (i) the rate of
biodegradation by microorganisms and (ii) the life span of the
product in the disposal environment [4]. The rate of biodegrada-
tion is influenced by environmental factors, which can have a crucial
effect on the microbial population and activity. Biodegradation
typically occurs through a two-step process: (i) scission of the
main and side chains of the macromolecules through hydrolysis
induced by thermal activation, resulting in a decrease in molecular
weight, followed by (ii) conversion of short polymer chains into a
biogas through respiration by microorganisms. Environmental
parameters such as humidity, temperature, pH, absence/presence
of oxygen, and nutrients can dictate whether microorganisms con-
sider the plastic as a viable food source. Aside from environmental
factors, the biodegradation rate can also be dependent upon the
chemical and physical characteristics of the plastic. Some of these
characteristics include porosity, chemical reactivity, thermal prop-
erty, and morphology. Finally, all these conditions must be consid-
ered when testing the biodegradability of plastics, which must
occur within a relatively short time span.

Certification is needed for biodegradable plastics to ensure that
they meet the performance specification requirements in the bio-
degradation standards. In the United States, Biodegradable Pro-
ducts Institute (BPI) and the US Composting Council (USCC)
established the Compostable Plastics certification program in the
United States that meet the American Standards for Testing Mate-
rials (ASTM) compostability standards as specified in ASTM
D6400 or ASTM D6868 [5, 6].
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Fig. 1 Overview of standard specifications and test methods for determining biodegradability in various

disposal environments

1.5 Biodegradation
Standards

Biodegradation can occur under a variety of conditions: anaerobic,
aerobic, compost, landfills, and marine environments (Fig. 1). For
example, biodegradable plastic products are degraded by microor-
ganisms in landfill facilities in the absence of oxygen through anaer-
obic digestion. Alternatively, acrobic biodegradation refers to the
conversion of plastic material into carbon dioxide and water with
the consumption of oxygen. To place specific parameters on bio-
degradation, worldwide organizations developed acceptable stan-
dards for biodegradable products. These standards have an
important role in the information infrastructure that guides design
and manufacturing in the biodegradable plastics market.

Biodegradation standards for plastic materials are established in
two necessary categories for biodegradation, one for biodegrada-
tion performance specifications and one for a biodegradation test-
ing method (Fig. 1). Both types of standards are necessary and
sufficient to adequately establish the biodegradation performance
of plastic materials. The performance specification standard assigns
a minimum value to establish biodegradation. Performance specifi-
cation establishes the biodegradation requirement for a plastic
product. ISO 17088 and EN13432 refer to the international and
European specification standards, respectively, for plastics in indus-
trial composting facilities. ASTM has developed specification stan-
dards for both industrial composting (ASTM D6400 and D6868)
and marine (D7081) environments [7]. Currently, there are no
international or European performance specification standards for
plastics in a marine environment. Furthermore, neither one of the
organizations has specification standards for plastic articles in land-
fills and anaerobic digestors, possibly due to extensive variabilities
in those disposal environments.
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Summary of performance specification requirements

Performance
Disposal specification Level of Environmental
environment standard biodegradation® Rate of biodegradation® effect”
Compost EN 13432 <10% original wt. >90% carbon converted to CO, None
after 84 d after 6 months
Compost ISO 17088  <10% original wt. >90% carbon converted to CO, None
after 3 months after 6 months
Compost ASTM >90% original >90% carbon converted to CO, None
D6400 wt. disintegration after 180 d
after 12 weeks
Compost ASTM <10% original wt. >90% carbon converted to CO, None
D6868 after 12 weeks after 180 d
Marine ASTM <30% original wt. >70% carbon converted to CO, None
D7081 after 12 weeks after 180 d
Landfill X X X X
Digestor X X X X

*At >58 °C, 50% humidity for industrial composting facilities. For marine environment, temperature requirement is

30 °C

This effect refers to phytotoxicity and /or presence of heavy metals

Despite the different nomenclatures, all performance specifica-
tion standards require the plastic products (e.g., packaging, coat-
ings) and demonstrate three criteria [5-9]. Table 1 summarizes the
specifications for each of the standards.

1. Sufficient disintegration of the plastic products.
2. Specified rate of biodegradation.

3. No adverse effects on the disposal environment.

The standards require the plastic products demonstrate ca. 90%
loss of their original weight after 34 months. Furthermore,
ca. 90% of the original carbon content must be converted to CO,
by microorganisms after 6 months. Lastly, the end products must
have low phytotoxicity and contain low levels of heavy metals or
other toxic substances.

The biodegradation testing method accurately simulates the
intended environment and specifies a method for measuring bio-
degradation. Table 2 summarizes the test methods associated with
the specification standards.

The ISO 16929 and 20200 disintegration test methods involve
gravimetric analysis of plastic products in industrial composting
facilities or marine environment. The test duration is generally
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Table 2

Summary of test methods for biodegradation of plastic materials

Disposal Specification Disintegration Respirometry Biogas
environment standard test method test method measured
Compost EN 13432 ISO 16929 ISO 14855 CO,
ISO 17088 ISO 20200
Compost ASTM D6400 ISO 16929 ASTM D5338 CO,
ASTM D6868
Marine X X 1ISO 14851 CO,
ISO 14852
Marine ASTM D7081 ISO 16929 ASTM D6691 CO,
Landfill X X ASTM D5526 CHy, CO,
ASTM D7575
Digestor X X ISO 14853 CHy, CO,
ASTM D5511

12 weeks [10, 11]. The test method for determining the rate of
biodegradation typically involves respirometric testing as specified
by organizations such as ISO or ASTM. Respirometry techniques
are an effective tool to measure the respiration of microorganisms
and are associated with readily biodegradable plastics. Modern
respirometers can automate data collection and are thus considered
simple and effective instruments to measure carbon dioxide during
respiration over a specified length of time. Because numerous
readers may not have access to modern respirometers, they are
invited to refer to Chapter 2 for nonautomated biodegradability
assessments.

Currently, there are several testing methods used for evaluating
biodegradable plastic products depending on the disposal environ-
ment (Table 2). ASTM D5338 and ISO 14855 are widely recognized
by various municipalities and regulatory agencies as the test methods
for biodegradability of products or materials in industrial composting
facilities [12, 13]. These tests involve introducing a material to a
mixed bacterial and fungal inoculum and use respirometry to measure
biodegradation. ISO 14851, 14852, and ASTM D6691 are used for
marine disposal environment, which typically involve similar proce-
dures as their terrestrial counterparts but only in an aqueous medium
and lower temperatures (ca. 30 °C).

While several test methods for measuring biodegradability have
been developed, several issues can limit their applicability (and
ultimately, their reliability) when attempting to predict rates of
biodegradation. These issues originate from uncertainties pertain-
ing to (1) inoculum, (ii) test sample morphology, and (iii) a suitable
mathematical model wused to predict product half-lives.
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Recommendations for the type of inoculum used for the test
methods are vague, and, given its rich diversity, it is difficult to
obtain a standardized inoculum with constant characteristics for
biodegradability tests. Moreover, the type of inoculum can signifi-
cantly affect the rate of biodegradation [14-17]. Secondly, the
available test methods recommend test samples to be ground and
sieved through a specific mesh size to ensure a homogenous particle
size and high surface area-to-volume ratio. Unfortunately, none of
the published procedures provide guidelines for testing the biode-
gradability of samples with varying morphologies, such as semi-
liquid resins or foamed plastic films, where grinding may not be
applicable. Finally, the test methods do not provide simple mathe-
matical models that would predict ultimate material half-life, a
valuable parameter to end-users when designing and
manufacturing their products.

This chapter describes the US biodegradation standards for
biodegradable plastic food packaging, including starch-based pack-
aging, in common disposal environments, including compost,
marine, and anaerobic digestion. Compost environments include
aerobic conditions within hot aerobic industrial compost environ-
ments and cool aerobic home composting environments. Marine
environments include cold aerobic conditions. Landfill disposal
environments include aerobic and anaerobic conditions. Anaerobic
digestion environments include mesophilic anaerobic conditions.

2 Materials

2.1 Biodegradation
in a Composting
Environment

+ Compost soil
» Plastic samples: films, powders, pellets, pieces, or fibers

» Positive control reference: biodegradable material (e.g., cellu-
lose powder)

* Negative control reference: nonbiodegradable material (e.g.,
polyethylene film)

* Personal computer with software (e.g., Micro-Oxymax Respi-
rometer proprietary software, Columbus Instruments)

* Respirometer (e.g., Micro-Oxymax Respirometer, Columbus
Instruments):

— Tank of compressed air (CO,-free and H,O-saturated)
— Composting vessels (typically 125 mL to 1 L)

— Humidified chamber

— Flexible tubing nonpermeable to CO,

— Stopper equipped with ports for the flexible tubing
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2.2 Biodegradation
in a Marine
Environment

2.3 Biodegradation
in Anaerobic Digestion
or Active Landfill

* Aqueous medium (e.g., sea water or surface fresh water as
indicated in the method; typically used within 3 days)

* Micronutrient supplementation (N, P, S) as indicated in the
specified test method

 Plastic samples: films, powders, pellets, pieces, and fibers

» Positive control reference: biodegradable material (e.g., cellu-
lose powder)

* Negative control reference: nonbiodegradable material (e.g.,
polyethylene film)

* Respirometer:
— Tank of compressed air (CO,-free and H,O-saturated)
— Composting vessels (typically 125 mL to 1 L)
— Humidity controlled chamber
— Flexible tubing nonpermeable to CO,
— Stopper equipped with ports for the flexible tubing

* Blank anaerobic digester inoculum
 Plastic samples: films, powders, pellets, pieces, and fibers

» Positive control reference: biodegradable material (e.g., cellu-
lose powder)

* Negative control reference: nonbiodegradable material (e.g.,
polyethylene film)

» Test vessels (typically 125 mL to 1 L)

» Low pH fluid bath or other temperature control device
» Flexible tubing nonpermeable to CHy, CO,, and O,

» Stoppers equipped with sampling ports

* Graduated cylinder or plastic tube

* Analytical balance (+0.1 mg)

* pH meter

* Gas chromatograph

3 Methods

3.1 ASTM D6400-04.
Standard Specification
for Compostable
Plastics

3.1.1  Summary

This specification standard establishes the performance require-
ments for biodegradation of compostable plastic materials that are
designed to biodegrade into CO,, water, and biomass in an indus-
trial compost environment at a temperature maintained above 40 °©
C. It requires that the product must demonstrate each of the three
characteristics as follows:
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1. Disintegration: Sufficient disintegration during composting.

2. Biodegradation  rate:  Adequate level of inherent
biodegradation.

3. Nontoxic to plants: No adverse impacts on the ability of com-
post to support plant growth.

Three test procedures for the ASTM D6400-04 standard specify
that three types of tests are performed on the plastic samples:

Disintegration
The first test measures the percentage of disintegration of the
plastic samples while under hot and moist compost conditions.

1. The plastic samples are weighed prior to exposure to test
conditions.

2. The samples are placed in compost soil (se¢ Note 1) with the
use of a sack, bag, or screened container. The composting
conditions needs to be maintained at least 50 °C and 50%
relative humidity.

3. The mass of the plastic sample (se¢ Note 2) is measured after
12 weeks by passing the plastic sample and compost through a
2-mm sieve.

Biodegradation Rate

The second test procedure for D6400-04 standard specifies a bio-
degradation rate, which converts 90% of the carbon in the original
plastic samples under composting conditions at least 50 °C and 50%
moisture for 180 d into CO, as measured by a CO, respirometer.
The details of the test procedure are listed in ASTM D53317-11
test method (see Subheading 3.2).

Phytotoxicity

The third test procedure for ASTM D6400-04 standard specifies
the ability of the compost soil at the end of the biodegradation
testing to support plant growth through phytotoxicity testing and
very low regulated heavy metal concentrations.

1. Phytotoxicity testing is achieved through planting of tomato,
cucumber, radish, rye, barley, or cress grass seeds in the tested
compost soil.

2. Plant growth after 10 d indicates positive soil conditions. Plant
biomass tests can reveal quality differences between composts
and can indicate potential plant stress induced by the compost
at the given level used in the test.
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3.2 ASTM D5338-11.
Standard Test Method
for Determining
Aerobic
Biodegradation of
Plastic Materials
Under Controlled
Gomposting
Conditions

3.2.1 Summary

3.2.2 Procedure

3.3 ASTM D-7081-
05. Nonfloating
Biodegradable Plastic
in the Marine
Environment

3.3.1 Summary

3. The level of regulated heavy metals (see Note 3) can be
measured with flame atomic absorption spectrophotometer
using an air-acetylene flame and equipped with a Pb hollow-
cathode lamp.

This test method standard measures the degree and rate of biodeg-
radation of plastic materials under controlled composting condi-
tions, simulating industrial composting conditions. The plastic test
samples are exposed to an inoculum that is derived from industrial
compost.

1. Sieve the compost through a 1.4-mm screen and analyze it for
moisture content (see Note 4).

2. Place 40 g of compost in the vessel.

3. Cut the plastic samples into small pieces, ca. 0.5 g total weight,
and then place in a vessel with warm and moist compost soil,
making sure plastic sample is in good contact with the compost
(see Note 5).

4. Adjust the moisture content to 58.5% (see Note 6).

5. Connect the composting vessels to the respirometer, equipped
with the CO; sensor ranging from 0% to 3%.

6. Maintain the test containers at (58 + 2) °C for 180 d, as
indicated by the test method. The biogas from the container
is measured for CO, and O, over the testing period. Analyze
the headspace of the composting vessels for development of
CO,. Sampling period can be 2 h (see Note 7).

7. Run samples in triplicates. Compost baseline controls lacking
test sample are run in triplicate or quadruplicate.

This specification standard establishes the performance require-
ments for biodegradation of plastic materials and products, includ-
ing packaging, films, and coatings in a marine environment, which
includes conditions of aerobic marine waters or anaerobic marine
sediments, or both. It establishes the requirements for biodegrada-
tion of plastic materials that have rates that are similar to known
compostable materials. The standard requires the product must
demonstrate each of the three characteristics as follows:

1. Disintegration: Sufficient disintegration during marine
biodegradation.
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2. Biodegradation rate: Adequate level of inherent biodegrada-
tion of the plastic material.

3. Nontoxic to plants. Minimal adverse effect on the marine
environment.

Three test procedures for the ASTM D-7081-05 standard specify
that three types of tests are performed on the plastic samples.

Disintegration
The first test measures the percentage of disintegration of the
plastic samples while under 30 °C marine conditions.

Biodegradation of biodegradable plastics in marine environ-
ment is based upon two sets of standards, the first for a test method
standard and the second for a performance specification standard.
The marine biodegradation standard covers nonfloating products
made from plastics that are designed to biodegrade in the aerobic
marine environment. It applies to deep sea water, shallow sea water,
and brackish inland waters. Plastic materials must demonstrate
disintegration and inherent biodegradation during marine water
exposure and not exhibit adverse environmental impacts on the
survival of marine organisms while in the marine environment.

Biodegradation Rate

The second test procedure for ASTM D-7081-05 standard specifies
a biodegradation rate, which converts 90% of the carbon in the
original plastic samples under marine conditions at least 30 °C and
50% moisture for 180 d into CO, as measured by a CO, respirom-
eter. The details of the test procedure are listed in ASTM D53317-
11 test method (see Subheading 3.4).

Phytotoxicity

The plastic sample also must pass several marine toxicity tests,
including Polytox (microbial oxygen absorption), Microtox
(microbial bioluminescence) test, Fish Acute Toxicity (static con-
ditions) OPPTS 1750.1075, Daphnia Acute Toxicity (static con-
ditions) OPPTS 1750.1010, or Static Algal Toxicity Test OPPTS
1750.5400. The plastic samples must also have less than 25% of
maximum allowable concentrations of regulated heavy metals.

Marine biodegradation standards require that the plastic sam-
ples also pass the ASTM D-6400 standard for biodegradation
under industrial aerobic compost conditions. The ASTM D-6400
standard requires plastic samples to convert 90% of the carbon in
the plastic sample to CO; after 180 d while at 58 °C.
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3.4 ASTM D6691-09.
Standard Test Method
for Determining
Aerobic
Biodegradation of
Plastic Materials in the
Marine Environment by
a Defined Microbial
Consortium or Natural
Sea Water Inoculum

3.4.1 Summary

3.4.2 Procedure

3.5 ASTM D5511-02.
Standard Test Method
for Determining
Anaerobic
Biodegradation of
Plastic Materials
Under High-Solids
Anaerobic-Digestion
Conditions

3.5.1 Summary

This test method is used to determine the aerobic biodegradation
rate of plastic materials exposed to sea water or synthesized sea
water with pre-grown population of at least ten aerobic marine
microorganisms of known genera. It consists of preparing a
uniform inoculum of marine water, exposing the plastic samples
to the marine water, measuring biodegradation with a carbon
dioxide respirometer or equivalent measurement method, and
assessing the percentage of carbon conversion in the plastic to
carbon dioxide.

1. Filter water (see Note 9) through 0.5-mm screen to remove
sand and other impurities.

2. Add NH,4CIl and KH,(POy) salts as per ASTM 6691D.

3. Cut the plastic samples into small pieces, typically 20 mg to
several grams, depending on the detection limits of the instru-
ment in use.

4. Place the plastic sample with 75 mL of marine stock solution in
125-mL bottles.

5. Provide containers also for the following samples: blank
(marine water only), positive control (e.g., cellulose or starch),
and if needed, negative control (e.g., polyethylene).

6. Run experiments in triplicates. Use test water (e.g., ocean
water) as a baseline in quadruplicates.

7. Connect the chambers to the respirometer and keep at (30 +2)
°C with continuous agitation for 180 d.

8. Analyze the headspace for development of CO,. Take head-
space samples in 2-h intervals and replace 50% of gas with

atmospheric air to provide adequate oxygenation (see Note
10).

This test method measures the biodegradation rate of plastic mate-
rials under anaerobic thermophilic conditions in an aqueous envi-
ronment. The plastic test samples are exposed to an inoculum that
is derived from an aerobic digester or wastewater treatment opera-
tion. The plastic samples can be in the form of films, powders,
pellets, or molded pieces and are placed in a vessel with warm
inoculum with proper anaerobic bacteria.
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1. Place 1 kg of inoculum derived from properly operating anaer-
obic digester that is made from pretreated household waste.
The inoculum should be derived from a digester operating
under greater than 20% total solids conditions.

2. Add the plastic samples to each test container in quantities up
to 100 g.

3. The test apparatus includes a graduated cylinder or plastic
column [16]. The graduated cylinder or plastic column is
inverted in a low-pH fluid to avoid CO, loss through the
dissolution in the fluid. The biogas is calculated through a
pressure measurement of the inverted tubes. Through ideal
gas law, the pressure can be converted to grams of biogas.
The concentration of biogas can be converted to concentra-
tions of CO, and CHy. The conversion of carbon from the
plastic sample to CO, and CHy can be determined. This will
result in the carbon biodegradation percentage over 30 d in a
high-solids anaerobic digester.

4. A minimum of 12 test vessels are required for the test.
5. Maintain the test containers at (50 + 2) °C for 30 d.

6. Provide containers for the following samples: blank, positive
control, and negative control, as described previously. The
positive control must obtain greater than 70% biodegradation

in 30 d.
7. Complete the testing in triplicate.
8. Test the inoculum for pH.

9. Measure the biogas from the container for CHy, CO,, and O,
over the testing period.

Landfills in the United States are typically built with the EPA
guidelines with the use of clay linings and a landfill cap (Criteria
for Solid Waste Disposal Facilities 2013). The most common mate-
rial for landfill caps is made from asphalt or concrete (Remediation
Technologies Screening Matrix and Reference Guide 2013). Land-
fills can operate with the creation of biogas that is composed of
methane, carbon dioxide, and other trace gases. Methane gas can
be vented and burned or can be captured and stored for energy
purposes. The carbon dioxide and other gases must be scrubbed to
provide a clean methane gas without carbon dioxide or other gases.
Some landfills are considered active and provide clean methane gas
for energy consumption. Biodegradable plastics can hold the waste
as trash bags for disposal and provide food source for the aerobic
and anaerobic bacteria that are in the landfill. Standards are needed
to evaluate the biodegradation of biodegradable plastics in landfills.
Biodegradation of plastics in active landfill can use the ASTM
standards in ASTM 5511 conditions to measure biodegradation
under anaerobic conditions.
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3.7 Analysis of
Respirometry Results:
Garbon Content and
Mineralization Kinetics

The total amount of carbon in a plastic sample is generally deter-
mined by elemental analysis (see Note 11). In each round of experi-
ments, a baseline must be established, which represents control
media (e.g., compost, marine water, wastewater, ctc.) lacking a
test material (see Note 12). Subtracting the accumulated CO; of
the baseline experiments from the test cases, which contain media
and test material, gives the quantity of CO, that can be attributed
to the mineralization of the test material. In both the baseline and
test material conditions, mineralized gases measured through res-
pirometry can be converted to moles carbon using the ideal gas law.
The observed and theoretical moles carbon can be used to calculate
percent mineralization and % theoretical carbon remaining in the
test sample. Percent carbon mineralization can be converted to %
theoretical carbon remaining and kinetic models can be applied to
obtain rate constants.

The most practical interpretation of biodegradability rates can
be obtained using linear fits which represent average biodegrada-
tion rates (Eq. 1), which represent the average percent degradation
of a test material divided by the duration of the experiment. This
approach is useful when measuring initial rates of degradation,
which, like many other chemical processes, are often linear. How-
ever, biodegradation kinetics often deviate from linearity after the
first ca. 30% of the starting material is consumed. This effect implies
that, typically, linear approximations (Eq. 1) can accurately describe
initial rate kinetics but are less accurate when describing kinetics
curves where higher levels of degradation are observed. In Eq. 1,
A% degradation represents the percent of material that was
degraded over a given time span (Atime). Linear fits can also be
useful in determining induction periods, which describe kinetics
where a period of slow degradation precedes a rapid increase in
mineralization. Rates often vary by orders of magnitude, relative
rates (relative rate constant = k., Eq. 2) provide an intuitive
ranking of biodegradation kinetics (Fig. 2). In Eq. 2, /g, represents
the most rapidly degraded rate constant, compared to kg, that
represents the slower rate constant:

_ A%degradation
Average rate = T Atme (1)
_ kfast
krcl N kslow (2)

Average biodegradation rates for various materials are listed in
Table 3 [18-33].

These materials represent three groups: bioplastics, natural
materials, and synthetic materials. In bioplastics, PLA degrades
rapidly under industrial compost conditions, but degradation
does not appreciably proceed in fresh water, marine water, soil, or



Biodegradability Assessed by Automated Respirometry 17

45 K

Relative rates
40 || cellulose: 1.0 °

T PHA: 0.20% per day °.

35 PHA: 1.1 y = 0.2048x + 0.925 ._.o
40 || HDPE:0.039 R2=0.9946 o200

PLA: 0.18 -'9".8@'0
25 L OCellulose

Cellulose: 0.19% per day
o y=0.1874x + 1.2289 @ PHA
o 2_
#_,ﬂ.- R2=0.9906 & HDPE

8;.8‘3PLA: 0.0074% per day HDPE: 0.0034% per day OPLA

20
15
10

Percentage biodegradation

[ y = 0.0074x - 0.169 y = 0.0034x - 0.0768

5 58-5’ R2=0.9284 R2=0.9284

0 63 00 0COCCCCeeeecoeot06e:000E080

5 0 50 100 150 200
Days

Fig. 2 Linear fits and average rates of marine biodegradation data (ASTM D6691)

home compositing conditions. Polycaprolactone (PCL) and poly-
hydroxybutyrate (PHB) degrade much quicker than PLA in all
conditions. Polyhydroxyoctanoate (PHO) underwent rapid degra-
dation in fresh water, marine water, and industrial compost,
whereas it barely degraded in soil. Poly(1,4-butylene succinate)
(PBS) degraded similarly in both soil and compost conditions,
presenting a large degradation range based on the condition
temperature.

Of the literature data surveyed, most of the natural materials
degraded in 2 months or less in soil or compost, except for beeswax
which was 34 months in oil-contaminated soil. Of these natural
materials, guar gum degraded the most rapidly. On the other hand,
the synthetic materials had a larger range of degradation rates from
months to years. Poly(vinyl alcohol) (PVA) degraded slowly under
wastewater, soil, and compost environments. Carboxymethylcellu-
lose (CMC) in wastewater showed that the higher the degree of
substitution (DS), the longer the degradation rate. Low-density
polyethylene (LDPE) showed similar results to PLA in soil with no
significant degradation.

Pseudo first-order fits have been widely used to describe the
nonlinear kinetics often observed in biodegradation tests. A pseudo
first-order fit (Eq. 3) is applied to mineralization data (Fig. 3),
affording rate constants that can be used to calculate half-lives
(Eq. 4):

[A4] = [A]ge ™" (3)

1= % (4)

In Eq. 3, [ A] represents the concentration of a material at a
given time, [ A]p is the starting concentration of the same material,
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Marine
120.00 y = 9.99E+01 22
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Fig. 3 Pseudo first-order fits and half-lives of cellulose in marine, aerobic wastewater, and compost
environments

kobs 18 the observed pseudo first-order rate constant, and
t represents time. In Eq. 4, #; , signifies the material’s half-life
under the given test conditions and % is the first-order rate constant
(e.g., kops from Eq. 1). Residence times, defined as the time needed
to obtain 90% biodegradation, can be estimated using linear fits of
average rates, as shown in Table 3, or pseudo first-order kinetics.
Due to the nonlinearity of typical kinetics, linear fits of initial rates
tend to underestimate material residence times. In the absence of an
induction period, which is typically modeled with additional para-
meters, a residence time is more accurately determined by ca. 3.3
half-lives obtained from a pseudo first-order fit.

Conclusions

Biodegradation rates are a product of many factors, including test
medium (e.g., compost, marine, active landfill), inoculum selection
(e.g., organisms are acclimated or nonacclimated to the test mate-
rial), and temperature. Standard conditions exist for many of these
environments. Rates can be evaluated using kinetics to estimate
material residence times under a given set of conditions. The rigor-
ous evaluation of material biodegradability has the potential to
mainstream the use of nonpersistent materials as part of a more
circular economy that generates waste as a feedstock.
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4 Notes

1.

2.

Compost needs to be either newly purchased or no more than
2 months old.

Sample selection process is of utmost importance for making
proper comparisons. As the contact of compost with plastic
within the respirometer chamber is critical, the plastic samples
need to be uniformly selected for similar surface area. For this
reason, grinding the samples can be performed. However,
some would argue that the results obtained from ground plas-
tic are unrealistic. On one hand, grinding of the plastic enlarges
the specific surface area and provides better contact with the
degradation media thus enhancing the overall degradation rate.
While using films, the samples have to be selected for a uniform
thickness and cut to the same size. This is especially difficult
when plastic blends are analyzed. Foams and fiber mats that
have smaller density than the media tend to float on the surface,
thus only one surface is exposed for the degradation. This is a
challenge that the experimenter must address individually.

. The level of regulated heavy metals can be measured with flame

atomic absorption spectrophotometer using an air-acetylene
flame and equipped with a Pb hollow-cathode lamp. The com-
post samples must have regulated metals concentrations less
than 50% of the acceptable levels of regulated heavy metals as
prescribed in 40 CFR Part 503.13, that is, lead (75 mg-kg '),
cadmium (17.5 mg-kg '), chromium (not specified), copper
(375 mgkg '), nickel (105 mg-kg™ '), zinc (700 mg-kg '),
and mercury (4.25 mg-kg ™ ').

. The sieving process removes all large particles like stones, glass,

metal, and pieces of wood. It is critical to minimizing experi-
mental variations in the mineralization rate. After the screen-
ing, the compost is thoroughly mixed and is allowed to
equilibrate for moisture.

. To ensure there is good contact of the compost with the

sample, first place half of the necessary amount of compost in
the chamber. This is followed by the addition of the sample and
finally by the rest of the compost.

. The moisture of the compost, which usually falls within a

35—40% range, is determined in triplicates that have to agree
within 0.25%. As the wet compost does not mix well with the
sample, the final moisture is adjusted after the sample and
appropriate amount of “dry” compost are placed in the respi-
rometer chamber.



10.

11.

12.
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. With every sampling time, 50% of the headspace gas is replaced

with atmospheric air, providing adequate oxygenation of the
compost.

. It is important to have a positive control, either cellulose or

starch, to observe total carbon released and the rate of the
reaction. The positive control would show almost an instant
response. Starch, either as film or as powder, degrades within
the first week. Cellulose is used completely within 2—4 weeks.

. The water is either collected from the open sea area or other

surface water sources, and used within 3 days of collection.

The chambers were situated away from the sunlight to mini-
mize the effect of ultraviolet degradation.

The amount of carbon can also be determined experimentally
via calorimetry or found in the literature.

Biodegradation of bioplastic is calculated on the basis of carbon
dioxide emitted from the samples with respect to CO, emitted
from the positive control samples.
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Biodegradability of Polymers by Relatively Low-Cost
and Readily Available Nonautomated Respirometry

Alex S. Babetto, Lais T. Possari, Baltus C. Bonse, and Silvia H. P. Bettini

Abstract

Humanity is currently consuming natural resources 1.75 times faster than the planet can regenerate in a
year, so the regeneration of these natural resources has become an issue of pressing concern. New drivers
have pointed to actions that minimize future impacts, which include reducing plastic waste in the environ-
ment, recycling, and the use of biodegradable polymers. The definition and determination of biodegrad-
ability of polymers has been a topic of discussion in the scientific community, mainly related to the criteria
used to define biodegradability. Academic studies have shown excellent results on polymer biodegradation
tests with automated respirometry methods; however, these tests are relatively expensive and may not be
readily available. This protocol presents an alternative to automated respirometry (procedure and monitor-
ing), detailing the procedure of a polymer biodegradation test with nonautomated respirometry and
monitored by titrimetry. The protocol is based on the international standards ASTM D5338-15, ASTM
D5988-18, ASTM D6400-19, ISO 14855-1:2012, and ISO 17556:2019. Proper execution of the proto-
col will guarantee the correct performance of respirometric polymer biodegradation tests, providing
reproducible and accurate results.

Key words Biodegradation, Nonautomated respirometry, Titrimetry, Simplified Bartha, Standards

1 Introduction

Biodegradable polymers have shown to be a promising alternative
to conventional nonbiodegradable polymers, which accumulate in
landfills and ecosystems, contributing to serious environmental
problems [1]. Briefly, biodegradable polymers can be described as
those capable of undergoing degradation due to biotic action pro-
moted by microorganisms, such as fungi, algae, and bacteria [2]. In
this process, the polymer molecules are converted into an energy
source for the microorganisms, as well as biomass and simple
molecules, such as water (H,O), carbon dioxide (CO,), and meth-
ane (CHy) [3].

It should be mentioned that not all biodegradable polymers
derive from renewable resources. Biodegradable polymers can be

Caio Otoni (ed.), Food Packaging Materials: Current Protocols, Methods and Protocols in Food Science,
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obtained both from renewable (biobased) and fossil (fossil-based)
resources [2]. The origin of the polymer is not directly related to its
biodegradability [4].

The biotic degradation process is complex and can be divided
into three important stages, namely: (i) biodeterioration
(or bioerosion), (ii) biofragmentation, and (iii) assimilation. Biode-
terioration occurs due to the adhesion and growth of microbial
colonies onto the surface of the material. The biofilm formed
penetrates the pores of the substrate changing their size and distri-
bution, resulting in brittleness and cracks. The material starts dis-
integrating into smaller pieces and suffers significant loss in physical
and mechanical properties. The growth of the biofilm may be either
intensified or restricted by environmental conditions (such as pH,
temperature, and moisture) as well as by the roughness and polarity
of the material. In addition, microorganisms secrete enzymes that
may catalyze the scission of specific bonds in the polymer chains,
such as lipases and esterases that catalyze hydrolysis reactions, pro-
moting surface erosion of the substrate [3, 5].

In the biofragmentation stage the biotic action causes polymer
chain scission by degradation reactions catalyzed by the excretion of
enzymes and byproducts (such as organic acids and peroxides),
resulting in progressive reduction in molar mass and release of
monomers and /or oligomers [ 3, 6]. For this to happen, the bond
that will be attacked should be accessible to the active site of the
enzyme. Therefore, amorphous regions and flexible linear chains
are more susceptible to microbiological attack [7].

The final stage of biodegradation is assimilation, in which
molecules of sufficiently low molar masses are diffused into cells
and metabolized to produce adenosine triphosphate (ATP) and
compose cellular structures (biomass). In this process, small mole-
cules (e.g., H,O, CO,, CHy, and salts) are released, a phenomenon
called mineralization [3]. Equations 1 and 2 represent, respectively,
the chemical conversion involved in the aerobic and anaerobic
biodegradation of any polymer composed only of carbon, hydro-
gen, and oxygen atoms [6]:

Cpol_vmcr source T 02 - COZ + HZO + Cbi()mass (1)
Cpolymcr source ~ CH4 + COZ + Cbiomass (2)

Biodegradation is a complex process, and its occurrence and
rate are conditioned by several factors, from the chemical and
physical characteristics of the material to the environmental condi-
tions in which the material is used and disposed of. Therefore,
assessing a polymer’s biodegradability is not trivial, and several
experimental methods can be used in the laboratory to monitor
biodegradation at different stages [ 3, 8].

Some studies employ methods that use enzymes and cell cul-
ture; however, these tests provide situations that strongly deviate
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from reality. Natural environments, into which plastic waste is often
discarded, have a great diversity of microbiota and other carbon
sources that may be preferable to microorganisms, in addition to
the polymer. Therefore, for more reliable results, most of the
methods standardized by the American Society for Testing and
Materials (ASTM) and by the Organization for Economic Cooper-
ation and Development (OECD) determine the use of simulated or
real environments [8]. The incubation media for assessing biodeg-
radation can be soil, compost, marine waters, activated sludge, or
wastewater effluents [9].

Monitoring the level of disintegration and the percentage mass
loss of the degraded material in different media are frequently used
in scientific studies. These tests provide information on biodeterio-
ration rather than on the biodegradation process as a whole
[3]. Sample disintegration does not necessarily reflect mineraliza-
tion and may result only from its fragmentation into
microplastics—readers are invited to refer to Chap. 3 for more
information on microplastics. This may even render the technique
susceptible to high margins of error due to the difficulty of
recovering the sample fragments as biodeterioration advances.
Other methods are often used to complement this type of analysis,
such as observing surface erosion with microscopic techniques and
changes in physicochemical properties [10, 11].

Other techniques enable the identification of low-molar mass
fragments, changes in the chemical structure of the polymer itself,
and the presence of degradation products resulting from biofrag-
mentation, such as size-exclusion chromatography (SEC), nuclear
magnetic resonance (NMR), and Fourier-transform infrared spec-
trometry (FTIR). In this case, it is possible to access information
about sample biofragmentation [3, 11].

The aforementioned analyses certainly provide important per-
spectives for understanding biodegradation; however, they are not
sufficient to support claims on the biodegradability of a polymer
[1]. The occurrence of mineralization and, therefore, of the biotic
degradation process is only effectively assessed by monitoring O,
consumption and/or CO, production under aerobic conditions
and, in the case of anaerobic degradation, the release of CHy.
These methods are called respirometric methods [3]. To avoid
erroneous conclusions and guarantee some real progress in the
field of biodegradable polymers, it is essential to carry out respi-
rometry. Note that biodegradation is not an intrinsic characteristic
of the material but depends on the conditions at which it occurs.
Thus, rigorous discussion is needed [ 1]. In addition to the different
possible media (soil, compost, seawater, etc.), the standards specify
parameters such as presence or absence of oxygen (aerobic or
anaerobic condition), pH range, relative humidity, and incubation
temperature (thermophilic condition, typically 58 °C; or
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mesophilic, up to 30 °C). Thermophilic temperatures are normally
used in industrial composting plants or anaerobic digesters
[12,13].

Respirometric methods are specified by international (ISO,
OECD) or regional (ASTM, CEN, etc.) regulatory agencies cover-
ing a wide range of time intervals, apparatuses, media, and condi-
tions [ 14]. Some examples are shown in Table 1. More information
on biodegradation standards can be found elsewhere [15, 16].

These standards also define the criteria (time and rate of min-
eralization) to certify a polymer as biodegradable in each culture
medium and environmental conditions. ASTM 6400-19, 1SO
17088:2012, and EN 13432:2012 standards, for example, state
that for a polymer to be certified as biodegradable, at least 90% of
its carbon must be converted into CO, within 6 months of biodeg-
radation, compared to the positive reference polymer or in absolute
terms, when in a simulated industrial composting medium. In
addition, disintegration and ecotoxicity criteria are also established.
In the case of biodegradation in soil, the European standard EN
17033:2018 for mulching films states that mineralization must
reach 90% within 2 years.

In most of the published studies, respirometry is conducted
under simulated industrial composting conditions [17]. Some
polymers are considered biodegradable only under thermophilic
conditions, as is the case with one of the most well-known polymers
in this class—poly(lactic acid), PLA [13]. However, installing indus-
trial composting plants is still not a reality in many locations, and
the waste collection and separation systems are often ineffective.
Annually, 400 Mt of plastic waste are produced worldwide and of
this amount, 58% ends up in landfills and in the environment
[11]. Therefore, the destination of most of the waste is common
soil, where the temperature does not normally exceed 30 °C (meso-
philic condition). In this context, respirometry systems in meso-
philic and aerobic conditions (common soil or domestic compost)
can be considered more realistic, although still scarce in the
literature [17].

Quantification of mineralization over time is often performed
by monitoring the evolution of CO,, using either continuous or
discrete measurements. To this end, different methods can be used:
(1) automated systems with direct analysis of evolved gases by means
of gas chromatography or infrared spectroscopy (direct measure-
ment respirometry, DMR)—readers can refer to Chapter 1 for
details on automated respirometry; (ii) by capturing CO, in alka-
line solutions (such as Ba(OH),, KOH, or NaOH) and quantifying
by titration (cumulative measurement respirometry, CMR); and
(iii) CO;, capture can also be carried out in absorption columns
with NaOH pellets and is measured by gravimetric measurement
respirometry (GMR), but the use of this technique is less frequent
in the literature [12].
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Biodegradability standards and certifications of polymer materials in different types of environments

Simulated
environment

Standard Certification organizations

Industrial
composting

Domestic
composting

Soil

Seawater

Landfills

Anaerobic
Digestion

Aqueous
medium

EM 13432, ASTM D5338 and ISO 14855 TUV Austria (Austria), DIN CERTCO
for packaging; EN 14995 and ISO (Germany), Vingotte (Belgium),
17088 for polymer materials in general; Biodegradable Products Institute
ASTM 6868 materials containing (BPI—USA), Japan BioPlastics
polymer components Association (JBPA—TJapan), Finnish

Solid Waste Association (Finland)

prEN 17427, AS 5810 (Australia), NET TUV Austria (Austria), DIN CERTCO
51800 (France) (Germany), Vingotte (Belgium)

ASTM D5988, ISO DIN CERTCO (Germany), Vingotte

17556, EN 17033 (Belgium)

OECD 306, ISO Vingotte (Belgium), TUV Austria
16221, ASTM D6691 (Austria)

ASTM D5526

ISO 15985, ISO 14853, ASTM D5511

ISO 14851, ISO 14852, and ISO 14853  Japan BioPlastics Association (JBPA—

Japan)

Kale et al. [18] assessed the biodegradation of PLA bottles
under composting conditions using CMR and GMR systems. In
the former case, the experiment was developed by the researchers to
comply with ASTM D5338-15 and ISO 14855-1:2012 standards.
The GMR apparatus was purchased, and its construction was based
on the ISO 14855-2:2012 standard. The results showed consider-
able differences between the biodegradation curves obtained with
the different systems, which the authors attributed to the different
compost/sample ratios and sample sizes. In addition, it should be
mentioned that due to the configuration of the GMR device, the
adequate number of samples required, according to the ISO
14855-2 standard, could not be met.

In the study of Cadar et al. [19], two methods were used to
assess the biodegradation of PLA and its copolymers. In both cases,
CO, was absorbed by alkaline solutions, one method with quanti-
fication by titrimetry and the other by elemental analysis of the
solution, in a partially automated way. The same compost was used
in both analyses, but the solutions were different: 0.125 M BaOH
and 0.05 M NaOH, respectively. The curves obtained showed
similar biodegradation behavior of the positive control and of the
polymers; however, the total absolute values at the end of the
period showed significant differences.
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Table 2

Comparing respirometry results of samples that do not belong
to the same set of tests is hampered by the many variables affecting
the biodegradation process [12]. Some of these cannot be strictly
controlled, such as the characteristics of the culture medium and
microorganisms present in this medium. As shown in the study by
Castro-Aguirre et al. [12], even with the use of the same system
(apparatus) and methodology, the activity of the pure compost
(evolution of CO,) varied with its physicochemical properties
and, consequently, from where and when it was taken.

This can be seen in Table 2, which presents the results of the
biodegradation of microcrystalline cellulose (MCC) in the form of
powder under the conditions set by ISO 14855-1:2012 and ASTM
D5338-15, that is, compounded at a mass proportion of 6:1 in
relation to the sample and temperature of (58 + 2) °C. In the same
way, procedures in accordance with the standards used in studies
with PLA films are listed in Table 3. In this case, additional variables
are included, such as characteristics of the PLA, film thickness, and
the compost/sample ratio, which in most of the studies diverged
from the value specified by the standards.

Biodegradation data of cellulose in an industrial composting environment reported in the literature,
using different respirometry methods

Biodegradation Time

[%] [dl Method References Standard Origin of the compost
72.4-82.5 45 DMR [14] ISO 14855- 3-month-old industrial
1 plant compost
78 85 DMR [20] ISO 14855- 2- to 3-month-old industrial
1 plant compost
83 110 DMR [21] ISO 14855- 2-month-old municipal
1 organic waste compost
76 110 CMR [19] ISO 14855- 3-month-old organic
1 domestic waste compost
83 110 CMR with [19] ISO 14855- 3-month-old organic
automated 1 domestic waste compost
measuring
70 46 CMR [22] ASTM 3-month-old municipal
D5338 organic waste compost
90 100 CMR [23] ASTM Not mentioned
D5338
74 56 CMR [24] ISO 14855- Industrial plant compost
1
94.34 120 CMR [25] ASTM Agriculture waste compost

D5338
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Results from laboratory aerobic biodegradation tests using
conventional (nonautomated) respirometry allow one to estimate
the biodegradability of polymer materials using soil or compost as a
culture medium and, thus, simulate the material’s aerobic biodeg-
radation behavior when discarded in a terrestrial environment or
discarded and destined to a composting plant (municipal, indus-
trial, or domestic). For soil biodegradation, the test temperature
may vary between 20 and 28 °C, simulating a condition that can be
easily found worldwide. On the other hand, biodegradation in
compost must be carried out at (58 + 2) °C, which is the standard
temperature in the composting plants, as the microorganisms in
these environments are thermophilic. The validation of the tests
will depend mainly on the microbial activity of the culture medium.
Therefore, the choice of culture medium is important for the
success of the test, primarily in relation to the choice of the soil if
the option is biodegradation in soil. If the test is conducted in
compost, this concern is less significant, as this substrate is normally
supplied with significant microbial activity. Comparatively, the bio-
degradation tests in compost are significantly more intense than in
soil, even if the selected soil is extremely active (fertile), due to the
amount and thermophilic characteristics of the microorganisms
that compose the compost [29-35].

The Materials and Methods addressed in this chapter are based
on the international standards ASTM D5338-15, ASTM D5988-
18, ASTM D6400-19,1SO 14855-1: 2012, and ISO 17556:2019.

2 Materials

2.1 System for the
Development of
Biodegradation in
Large Volumes

2.2 System for the
Assessment of
Biodegradation in
Small Volumes

Glass vessel with internal volume between 2 and 4 L, glass lid with
sealing ring (elastomer), and lock that guarantees the system is
airtight. Inside this vessel, a 250-mL Erlenmeyer flask, a 100-mL
beaker, and a perforated plate (glass or porcelain) will be fitted. The
dimension of the perforated plate must be such to fit in the con-
tainer and to hold the Erlenmeyer flask and the beaker. The culture
medium is deposited on the bottom of the vessel and the perforated
plate must be held by supports (glass or porcelain) at a minimum
free height (i.e., above the culture medium) of 1 cm. A representa-
tive image of this system is shown in Fig. 1. See the required
amounts in Subheading 3.1 of this protocol.

Simplified Bartha Respirometer consisting of'a 250-mL Erlenmeyer
flask and a 125-mL test tube (40 mm in diameter and 100 mm in
height) connected to one another by a tube soldered on the side of
both constituents, forming, together with two rubber stoppers, an
airtight system. An illustrative image of this system is shown in
Fig. 1. See the required amounts in Subheading 3.2 of this
protocol.
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RESPIROMETRIC BIODEGRADATION ANALYSIS BY TITRIMETRY

1. Materials needed

Large volumes Biodegradation Small volumes
(item 2.1) vessels (item 2.2)

Equipment, glassware and
//Q\ materials (items 2.3-2.10)

& Reagents (item 2.11)

Biodegradation systems
(items 3.1-3.2)

5
IC

Soil Culture medium Compost
(item 3.3.1) (item 3.3) (item 3.3.2)

Test specimens
(item 3.4)

3. Procedure

Experiment setting and
controls (items 3.5.1-3.5.8)

CO2 analysis by
titrimetry (item 3.5.9)

Calculation, interpretation
and report (items 3.6-3.8)

Fig. 1 Flowchart for the assessment of polymer biodegradability via titrimetry in both large- and small-volume
samples
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2.3 Biodegradation
Test Chamber

2.4 Apparatus for
Analysis of the Sample
and Culture Medium

2.5 Culture Medium

2.6 Positive
Reference Polymer

2.7 Negative
Reference Polymer

2.8 Test Polymer

2.9 Materials for
Determining the
Residual Moisture
Content and the Field
Capacity

Note (1): this system can be purchased ready-made. Compared to
the previous system, it presents two drawbacks: low amount of
culture medium (50 g) and sample for the test (between 0.4 and
2 mg per gram of culture medium) and increased possibility of
errors in the analysis by titrimetry due to the need to transfer the
analytical solution.

Darkened temperature-controlled chamber (between 20 and 28 °C
for soil and 58 °C for compost, maintaining the selected tempera-
ture at £2 °C).

Note (2): The volume of the chamber must be sufficient to hold
all the systems (highlighted in Subheadings 2.1 or 2.2) of the same
test, as it is not recommended to separate the systems of the same
test in different chambers. Test temperature and darkness condi-
tions should be equal.

See ASTM D5988-18.

See Subheadings 3.3.1 (soil) and 3.3.2 (compost) of this protocol.

MCC with average particle size less than 20 pm should be used as a
positive reference for biodegradation. Thermoplastic starch can also
be used as positive reference.

Low-density polyethylene (LDPE) can be used as a negative refer-
ence. Other polyethylenes, such as high-density polyethylene
(HDPE), can also be used as negative reference.

Characteristics described in Subheading 3.4 of this protocol.

2.9.1 Conical polypropylene funnel (250 mL in volume, top
diameter of 120 mm, stem diameter of 19 mm, stem length
of 81 mm, and cone height of 89 mm): three units.

2.9.2 Ring stand: one unit.
2.9.3 Iron ring (diameter of 7 cm) with clamp: one unit.

2.9.4 Narrow-mouth Erlenmeyer flask (250 mL in volume): three
units.

2.9.5 Pharmaceutical grade cotton ball: ca. 100 g.
2.9.6 Glass Petri dish 100,/15 mm: three units.

2.9.7 Large rectangular stainless-steel tray (ca. 40 cm long, 30 cm
wide, and 4 cm deep or greater): two units.



2.10 Materials for
Biodegradation
Monitoring (Titrimetry)

2.11 Reagents for
Biodegradation
Testing and
Monitoring
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2.9.8 Plastic bucket (polyethylene or polypropylene) of at least
5 L, with lid: one unit.

2.9.9 Oven for drying at 105 °C: one unit.
2.9.10 Desiccator (minimum size of 5 L): one unit.

2.9.11 Semi-analytical balance (minimum accuracy: 0.01 g):
one unit.

2.9.12 Beaker (500 mL in volume): one unit.
2.9.13 Beaker (150 mL in volume): one unit.

2.9.14 Common laboratory utensils (spatulas, glass rods, etc.).

2.10.1 Glass Erlenmeyer flask (250 mL in volume): one unit per
system under test.

2.10.2 Graduated glass burette (100 mL, for the system
described in Subheading 2.1 of this protocol) or automatic
titrator: two units.

2.10.3 Graduated glass burette (50 mL, for the system described
in Subheading 2.2 of this protocol) or automatic titrator:
two units.

2.10.4 Volumetric glass pipette (100 mL, for the system
described in Subheading 2.1 of this protocol): one unit.

2.10.5 Volumetric glass pipette (10 mL, for the system described
in Subheading 2.2 of this protocol): one unit.

2.10.6 Polypropylene syringe (10 mL): one unit.
2.10.7 Urinary catheter size 6 Fr (outer diameter of 2 mm):
one unit.
2.10.8 Pipette filler bulb with a three-way valve system: two units.
2.10.9 Ring stand: two units.
2.10.10 Burette clamps: four units.
2.10.11 Glass beaker (1 L): one unit.

2.10.12 Stopwatch (analog or digital): one unit.

2.11.1 CO,-free distilled water.

Note (3): To remove CO, from distilled water, boil the water for
30 min and place the warm water in a glass vessel (Erlenmeyer flask,
e.g.) equipped with an ascarite valve /filter (CO, absorber) to cool.
After cooling, close the valve, keeping it closed when not in use.
CO,-free water that is not used should be discarded at the end of
the reagent preparation procedures. Whenever CO,-free water is
needed, it should be prepared on the day of use.
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2.11.2 Potassium hydroxide (KOH) or sodium hydroxide
(NaOH) as 0.5 N solution in CO,-free distilled water.
Prepare 1-2 L of solution at a time.

Note (4): Alternatively, a 0.25 N barium hydroxide [Ba(OH),]
solution may be used; however, this solution may promote forma-
tion of a barium carbonate (BaCO3) film, preventing diffusion of
CO,, in the alkaline solution. Therefore, KOH is more suitable. Yet,
the use of KOH involves the preparation of a 1 N barium chloride
(BaCl,) solution, which is used to precipitate the CO, from the test
in the form of the stable BaCOj salt (see reactions in Subheading
3.6 of this protocol).

Note (5): Standardize the alkaline solution (KOH or NaOH or Ba
(OH),) against a 0.5 N solution of potassium acid phthalate (item
2.11.3 of this protocol) using methyl red (two drops) as an indica-
tor; standardization should be carried out before cach CO, deter-
mination. Note that 0.5 N is the nominal concentration of the
alkaline solution, which must be confirmed or corrected by finding
the correction factor ( f3,), using a standard acid solution (in this
protocol: potassium acid phthalate).

2.11.3 Standard solution of 0.5 N potassium acid phthalate in
CO,-free distilled water. Prepare 1 L of solution at a time.

2.11.4 Methyl red indicator solution.

2.11.5 Hydrochloric acid (HCI) solution at 0.25 N in CO,-free
distilled water. Standardize this solution against a 0.25 N
sodium carbonate solution using methyl red (two drops)
as indicator. Prepare 1-2 L at a time.

Note (6): 0.5 N is the nominal concentration of the acid solution,
which must be confirmed or corrected by finding the correction
factor ( fior), using a standard alkaline solution (in this protocol:
sodium carbonate).

2.11.6 Sodium carbonate (Na,CO3) 0.25 N standard solution in
CO,-free distilled water. Prepare 1 L at a time.

2.11.7 Barium chloride (BaCl,) solution in COs-free distilled
water at 1 N. Prepare 200-500 mL at a time.

2.11.8 Phenolphthalein indicator solution.

Note (7): All reagents used must meet purity standards in accor-
dance with ASTM D5988-18 (item 7.1). The reagents must be
kept in airtight packaging and stored away from light and under
controlled temperature (between 20 and 25 °C).
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3 Methods

3.1 System for the 3.1.1 The tests should be carried out in triplicate and, therefore,
Assessment of three systems will be required for the control (containing
Biodegradation in only culture medium, also called “blank™), three systems for
Large Volumes the positive reference (culture medium and sample of a

biodegradable polymer, such as MCC), three systems for

each sample to be tested, and three systems for the negative

reference.
Note (8): The ASTM D5988-18 standard does not describe the
use of a system with a negative reference polymer; however, it is
important to prepare a triplicate of this system to compare the
biodegradation of the test polymer both with a positive reference
polymer (e.g., MCC) and with a negative reference polymer (e.g.,
LDPE) and, thus, to determine the relative biodegradability, posi-
tive or negative, of the test polymer. The control has the function of
discounting both the production of CO, from the organic matter
present in the culture medium and the CO, introduced in the
system during aeration after each titration.

Note (9): The ASTM D5988-18 standard calls for a triplicate set
called “technical control,” which serves to check the airtightness of
the system and to subtract the CO, introduced during aeration.
However, from our point of view, this “technical control” is not
necessary, as the CO, introduced during aeration has already been
subtracted with the triplicate “control” and the airtightness of the
vessels must be tested before the beginning of the experiments, as
during the experiment this test is not possible. If any of the systems
shows suspicious CO, determination, the experiment must be
restarted, as there may have been a leak in the system.

Note (10): instead of the “technical control” system, prepare
three systems (blank monitoring) equal to the blank for monitoring
the loss of moisture in the biodegradation systems (by determining
the mass of the systems at each titration). In the titration, these
systems must be subjected to the same procedures of the other
systems with two differences: first, these systems should not be
titrated and, thus, the alkaline solution does not need to be
changed and, second, the mass of the system must be determined
at each titration step (monitoring) to check for moisture loss in the
system. If moisture is not within the range determined by this
protocol (Subheading 3.5.4 of this protocol), this should be cor-
rected by adding CO,-free distilled water.

Note (11): this system may present relative difficulty in its con-
struction, but it has two advantages: the system can be used in tests
with relatively larger amount of culture medium (between 100 and
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3.2 System for the
Assessment of
Biodegradation in
Small Volumes

3.3 Culture Medium
3.3.1 Soil

500 g) and test sample (between 0.4 and 2 mg per gram of culture
medium) and eliminates possible errors due to analytical solution
transfers in the titrimetric analysis.

Note (12): For the glass vessel (internal volume between 2 and
4 L) with glass lid and airtight sealing system, the parts that cannot
be made of glass (sealing, e.g.) must be made of material that
neither adsorbs nor absorbs and is impermeable to CO,. The
container must have an opening that allows manipulation within.
Note that desiccator containers are not recommended, as the bio-
degradation process, despite oxygen consumption, may generate
positive pressure inside the system and the desiccator is not
designed to operate with positive pressure. Desiccators may be
used if changes are made (adaptation of an elastomeric sealing
ring and fastening clips on the cover, ¢.g.) to guarantee airtightness
under conditions of positive pressure.

Note (13): The ASTM D5988-18 standard indicates the use of a
150-mL beaker (to contain 100-mL of alkaline solution) and a
100-mL beaker (to contain 50 mL of distilled water) for each
biodegradation system. However, we recommend replacing the
150-mL beaker with a 250-mL Erlenmeyer flask (Subheading 2.1
of this protocol), because 100 mL of alkaline solution is a relatively
high volume to be contained in a 150-mL beaker that will after-
ward be used as the titration flask. Even with great care, spillage of
solution may occur (due to agitation in the titration procedure),
causing errors in the results.

Alternatively, the use of a biodegradation system that involves
reduced amounts of culture medium and sample may be used.
The tests should also be carried out in triplicate and, therefore,
the number of systems is the same as described in Subheading 3.1
of this protocol. In this system, the culture medium is deposited on
the bottom of the Erlenmeyer flask and the reagent (alkaline solu-
tion) is deposited in the side tube. This system is described in
Subheading 2.2 of this protocol.

The procedures for selecting, collecting, and determining soil prop-
erties for use as culture medium can be performed in accordance
with ASTM D5988-18, item 9.

Note (14): Note that the definition and procedures for determin-
ing the moisture-holding capacity (MHC), also called field capacity
(FC), may introduce errors in soil moisture during the biodegrada-
tion test and adversely affect the tests. If soil moisture content
during the biodegradation test is lower than the amount
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recommended by the standards, the microbial activity of the soil
will be reduced, and biodegradation will be compromised. On the
other hand, if the soil moisture during the biodegradation test is
higher than the indicated amount, the microbial activity will also be
reduced and, depending on the amount of excess water, acrobic
biodegradation may change to anaerobic biodegradation (flooded
soil), simulating a swamp. Therefore, the correct determination and
interpretation of FC is important for the proper execution of the
aerobic biodegradation tests.

Note (15): As an alternative to the FC determination methods
presented in ASTM D5988-18, this protocol presents a more
accessible and practical method for determining residual moisture
(RM) and FC, as described next.

3.3.1.1 Preparation of the Soil for RM and FC Testing

After executing items 9.1 and 9.3 of the ASTM D5988-18 stan-
dard, separate approximately 1 kg of soil, divide into approximately
equal parts, deposit in the stainless-steel trays, and allow to dry for
24 h in a temperature-controlled environment (between 20 and
25 °C) and without direct incidence of sunlight. After drying,
perform intense tumble-mixing of the soil in a plastic bucket with
lid. The resulting product is the test soil. If soil remains after the
determinations, save it for use, together with additional soil
obtained from ASTM D5988-18 (items 9.1 and 9.3), in the bio-
degradation tests.

3.3.1.2 Determination of RM

Add ca. 10 g of the test soil () in a previously weighed and dried
Petri dish and store in a drying oven at 105 °C for 24 h. Then,
remove the Petri dish with dry soil from the oven and store in the
desiccator to cool down to room temperature. After cooling, deter-
mine the mass of the set and determine (subtracting the mass from
the Petri dish) the mass of dry soil (#24). RM is the original moisture
of the soil (after drying for 24 h at room temperature) and is
expressed in grams of water (which the soil originally has) per
100 g of dry soil, according to Eq. 3. It is important to know
RM, as it is necessary to know how much water the test soil already
has, to be able to adjust the biodegradation test moisture. This
procedure should be performed in triplicate:

RM = [(m; — myq).100]/my (3)
3.3.1.3 Determination of FC
Start the procedure by blocking the exit of the conical part of the

polypropylene funnel (250 mL) with cotton to prevent flow of soil
(use minimum necessary cotton to avoid occupying too much free
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3.3.2 Compost

3.4 Test Specimen

space of the conical part of the funnel). Then, fill approximately
70% of the free height left in the conical part of the funnel with the
test soil (Subheading 3.3.1.1), compacting it after every 2 cm of soil
layer, using the “repeating impact” technique, which consists of
releasing the funnel, containing the first layer of soil, in vertical
position against the iron ring (fixed on the ring stand) from a height
of approximately 10 cm between the iron ring and the exit of the
cone (opening blocked by cotton). Repeat this procedure ten times
for every 2 cm layer of added soil (CAUTION: perform the proce-
dure with the funnel always in vertical position and centered with
the iron ring to avoid accidental falls and loss of the procedure).
After filling and packing the soil in the funnel, place the funnel with
the soil in the Erlenmeyer flask and carefully add distilled water at
will, to soak the soil. After soaking the soil, wait for the water to
drain into the Erlenmeyer and, when draining stops (no dripping),
extract a sample of ca. 10 g of the soaked soil () from the central
part of the funnel and add in a previously weighed Petri dish. Place
the Petri dish with the soaked soil in an oven for drying at 105 °C
for 24 h and then place the Petri dish and the dry soil in a desiccator
to cool down to room temperature. After cooling, determine the
mass of the set (subtracting the mass of the Petri dish) to obtain the
mass of dry soil (m4). This procedure should be performed in
triplicate from the beginning, that is, a funnel for each determina-
tion. FC is defined as the amount of water that the soil can hold per
100 g dry soil, according to Eq. 4:

FC (water/100 g dry soil) =100 - (ms, — mq)/mq (4)

However, FC can also be expressed as the amount of water that
the soil can hold per gram of dry soil (Eq. 5):

FC (water/g dry soil) = (ms, — mq)/mq (5)

If compost is chosen as culture medium, see ASTM D5338-15
(item 9) for selection, characterization, and care related to the
culture medium.

Note (16): an adaptation related to the ASTM D5338-15 stan-
dard (item 9) must be performed. This adaptation is related to the
average particle size of the compost, which must be less than 2 mm,
requiring grinding of the compost in a rotary knife mill to reduce
particle size.

The characteristics that the test specimen (TS) must present are
specified by ASTM D5988-18, item 10 (if the culture medium is
soil) or by ASTM D5338-15, items 10 and 11.1, item 11.1.3
excluded (if the culture medium is compost).



Assessing Polymer Biodegradability via Nonautomated Respirometry 43

Note (17): When the TS consists of pure polymer, or polymer
with a known composition of additives, the amount of carbon can
be determined depending on the chemical structure of the polymer.
As an example, we demonstrate the calculation (Eq. 6) of the
amount of carbon suitable for biodegradation for MCC (normally
used as a positive reference in polymer biodegradation tests).

Cellulose: (C13H20010)n, molar mass of the repeating unit
324 g-mol .
Hence: X. = fraction of carbon in the cellulose molecule

XCarb

(molar mass of Carbon) x (amount of Carbon in the molecule)
(molar mass of polymer repeating unit)

12.12
324

Consequently, the amount of carbon in the MCC TS is the
mass of the TS multiplied by the carbon fraction in the cellulose
molecule (X ,). Use the same procedure to calculate the amount
of carbon in the polymer molecule (or other organic material),
either pure or having other constituents (known quantity), which
will be subjected to the biodegradation test.

Xcab= =0.444 carbon in cellulose molecule  (6)

3.5 Biodegradation Comply with ASTM D5988-18, item 11.1.
Procedure

3.5.1  Number of Systems
per Sample

Note (18): It is important to guarantee the biodegradation sys-
tems are airtight (Subheadings 2.1 or 2.2 of this protocol) before
the start of the test. One should not expect the technical control to
perform this task, because if there is a “leak” during the test, the
test must be discarded. It should also be mentioned that the CO,
present in the aeration air of the systems holding the samples
(positive, negative, and test) is discounted (calculations) by the
system containing only culture medium (blank soil or compost).

3.5.2 Amount of Culture Note (19)-soil: For systems with a large internal volume (Sub-

Medium heading 2.1 of this protocol), comply with ASTM D5988-18, item
11.2. For systems with a small internal volume (Subheading 2.2 of
this protocol), use (50.0 £ 0.1) g.

Note (20)—compost: For systems with a large internal volume
(Subheading 2.1 of this protocol), comply with ASTM D5338-15,
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3.5.3 Carbon/Nitrogen
Ratio of the Culture
Medium

3.5.4 Adjusting Moisture
Content of the Culture
Medium

item 11.1.3. For systems with a small internal volume (Subheading
2.2 of this protocol), use (50.0 + 0.1) g at the same mixing condi-
tions described in item 11.1.3 of ASTM D5338-15. Adjust the
carbon/nitrogen ratio according to item 11.1.3 of ASTM D5338-
15 for the two system sizes (Subheadings 2.1 and 2.2 of this
protocol).

Note (21): The samples (positive, negative, and test) that will be
subjected to the biodegradation test must have similar mass (preci-
sion of 0.1 g), whether for large or small internal volume.

Note (22): The culture medium that will be used in the biodegra-
dation tests of the samples (positive, negative, and test) must be
extracted from the same batch of culture medium that has been
subjected to the tests on determination of properties (Subheading
3.3 of this protocol, item 9 of ASTM D5988-18, and item 9 of
ASTM D5338-15).

Perform in accordance with ASTM D5988-18, item 11.3.

Note (23): Alternatively, the use of the “as collected” culture
medium is allowed (Subheadings 3.3.1 and 3.3.2 of this protocol)
and, thus, the biodegradation test will provide results closer to the
environmental reality.

Note (24): For compost, sce ASTM D5338-15 (items 10.2 and
11.1.3).

3.5.4.1 If the culture medium is soil, perform in accordance with
ASTM D5988-18, item 11 .4.

Note (25): The procedures for determining RM and FC described
in this protocol (Subheadings 3.3.1.2 and 3.3.1.3) are equivalent
to those of the ASTM D2980-17 standard and, therefore, adjust
the soil moisture content between 50% and 70% of the determined
FC (or MHC).

3.5.4.2 If the culture medium is compost, adjust the moisture
content of the system so that the total mass of the culture
medium consists of 50 wt% dry solids (compost plus test
sample) and 50 wt% distilled water.
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3.5.5 Recording the Record the mass of each biodegradation system (Subheading 2.1 or
Mass of Each 2.2 of this protocol) containing the culture medium with the
Biodegradation System adjusted moisture for monitoring soil moisture loss.

3.5.6  Incubation 3.5.6.1 If the culture medium is soil, perform in accordance with

ASTM D5988-18, item 11.6.
Note (26): The ASTM D5988-18 standard recommends between
0.4 and 2.0 mg of sample per gram of culture medium. We suggest
using the mean value of this interval, that is, 1.2 mg of sample per
gram of culture medium.

3.5.6.2 If the culture medium is compost, prepare a homoge-
neous mixture of dry compost and dry sample using a
compost:sample mass ratio of 6:1, considering the
amount of culture medium for each biodegradation sys-
tem size (Subheading 3.5.2 of this protocol).
3.5.7 Selection of the 3.5.7.1 If the culture medium is soil, select the chamber temper-
Test Temperature ature between 20 and 28 °C, maintaining the selected
temperature at +2 °C.

3.5.7.2 If the culture medium is compost, select the temperature
of 58 °C, maintaining this temperature at +2 °C.

3.5.8 Closing of the 3.5.8.1 Definitions
Systems and Initiating At the beginning of the biodegradation (time zero), the alkaline
Biodegradation solution is the last component added to each of the systems before

closing. The systems must be closed one at a time, appreciating a
time interval defined as the aeration time (%,,). The aeration time
depends on the titration manipulation time (#y,,,)- It is, therefore,
important to define each of the following times:

*  fman: time interval related to titration manipulations (opening
the system, removing the alkaline solution, titration, recording
the result, and restoring the total volume in the titration
burette). If the system is that addressed in Subheading 2.2 of
this protocol, consider the time for the triple washing.

*  te time interval during which the systems must remain open
and exposed to the environment for oxygen renewal within the
systems. This time should range between 15 and 60 min (ASTM
D5988-18).

Note (27): During the first z,,, which takes place at time zero of
the biodegradation (onset of biodegradation), no titration manip-
ulation occurs, only aeration and closing sequence of the systems
and the closing sequence at the start of biodegradation should be
observed in each titration procedure throughout the
biodegradation test.
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3.5.8.2 Determination of t,,,, and t,,

To define all time intervals (i.¢e., #y., and #,.,), a titrimetric manipu-
lation test is performed using a set with at least three systems
containing only the alkaline solution. The test consists of simulat-
ing the titration procedure that occurs throughout the biodegrada-
tion process. The titrimetric manipulation test aims to determine
the appropriate #,,, for the titration operation and to allow the
operator to become familiar with good laboratory practices, titra-
tion techniques, and manipulation of the titration instruments.
Having determined #,,,, then #,,. can be determined. It is recom-
mended that #,., be 5 min longer than #.,,, as long as the result of

the sum of #,,,,, plus 5 min lies within the interval between 15 and
60 min.

3.5.8.3 To close and start biodegradation for a system with a large
internal volume (Subheading 2.1 of this protocol), comply with
ASTM D5988-18 item 11.7.

Note (28): Itis reccommended that the 150-mL beaker (for hold-
ing 100 mL of alkaline solution) be replaced by a 250-mL Erlen-
meyer flask in the large volume system (Subheading 3.1 of this
protocol), as 100 mL of solution is a relatively high volume for a
150-mL beaker that will afterward be used as titration flask. Even
with great care, spillage of solution may occur, due to agitation in
the titration procedure, introducing errors in the titration result.

3.5.8.4 To close and start biodegradation for a small internal
volume system (Subheading 2.2 of this protocol), add 10 mL of
0.5 N KOH solution (item 2.11.2 of this protocol) in the side test
tube of the system (simplified Bartha). For this system, there is no
need to add distilled water. After adding the alkaline solution, seal
the system and store in a dark, temperature-controlled chamber.

Note (29): Regardless of system size (Subheading 2.1 or 2.2 of
this protocol), the alkaline solution should be the last component
incorporated into the system (one system at a time), following a
procedure that consists of (i) identifying and organizing the sys-
tems; (ii) selecting the first system and starting the timer in count-
down mode for a time interval equal to #,; (iii) at the end of %,
add the alkaline solution and close the system; and (iv) repeat steps
(i) and (iii) for the next system, and so on up to the last system. Use

the organizational sequence in the titrimetric procedure
(Subheading 3.5.9.3).
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3.5.9.1 Caution with BaCO3 Film Formation
Comply with ASTM D5988-18, item 11.9.1.

Note (30): If the alkaline solution of choice is KOH 0.5 N, there
are no concerns about the formation of a BaCOj; film in the
150-mL beaker (system with large internal volume) or in the side
test tube of the simplified Bartha (system with small internal vol-
ume). However, BaCl, should be used in the titration.

3.5.9.2 Interval Between Titrations

3.5.9.2.1 Soil: When the culture medium is soil, it is recom-
mended to carry out the first titration approximately
12 h after the beginning of the biodegradation test,
because at the beginning of the test the organic material
present in the soil is activated (oxygenated and
hydrated) due to its handling during the preparation
procedures (sieving, homogenization, and moisture
adjustment). When the period between titrations
reaches 3 d, comply with ASTM D5988-18, item
11.9.2.
Note (31): Itisimportant to know the maximum volume of HCI
solution (Vy,,y) required to neutralize the original alkaline solution
(KOH, or other) (Subheading 3.2 of this protocol), that is, the
alkaline solution that has not been subjected to the biodegradation
test or any other form of contact with CO,. If, after a certain
biodegradation interval (BI), the volume of HCI titrating solution
equals V., this means that no CO, was produced during this
BI. On the other hand, if this volume equals zero (the turning point
occurs when adding the indicator to the alkaline solution present in
the biodegradation system), this means that during this BI the
amount of CO, produced has saturated the alkaline solution. If
this happens, the biodegradation test must be discarded and a new
test must be prepared.

Note (32): In the titration procedures, carried out after each BI, it
is recommended that the amount of HCI solution required to
neutralize the alkaline solution that remained after the respective
BI be in the range of 30-70% of V .. In the initial titration (first
BI, i.e., 12 h), the volume of HCI solution may not comprise this
range, but it should not equal zero. The titration of the first BI
(12 h) will be the reference for the second BI and this, in turn, will
be the reference for the third BI and so on, so that the volume of
HCl solution required to neutralize the alkaline solution remains in
the range between 30% and 70% of V.. If the volume of HCI
titration solution is greater than 70% of V., BI should be
increased, and if less than 30%, BI should be reduced.
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3.5.9.2.2 Compost: When the culture medium is compost, it is

also recommended to perform the first titration after
12 h from the start of the biodegradation test due to the
reasons mentioned in step 3.5.9.2.1. However, com-
posts have a significantly higher microbial activity than
soils and, therefore, the 12-h intervals between titra-
tions may be repeated for a longer period when com-
pared to soil. When the period between titrations
reaches 3 d, comply with ASTM D5988-18, item
11.9.2.

Note (33): Regardless of the biodegradation system (large or
small internal volume), titration of the alkaline solution (after an
incubation period) will be against the 0.25 N HCl solution using a

burette.

3.5.9.3 Titrimetric Procedure

3.5.9.3.1 At the end of each incubation period, perform titrime-

try of the alkaline solution that absorbed (pre-existing
and generated) CO, in the systems (large or small
internal volume).

3.5.9.3.2 For large internal volume systems (Subheading 2.1 of

this protocol) and 0.5 N KOH solution, before titration
add, via burette, 20 mL of 1 N BaCl, solution in the
250-mL Erlenmeyer flask containing the alkaline solu-
tion to cause precipitation, in the form of stable BaCO3,
ofall the CO, absorbed by the KOH solution, avoiding
displacement of CO, during titration. Hence, only the
KOH that did not absorb CO, will be titrated against
the 0.25 N HCI solution.

3.5.9.3.3 For systems with a small internal volume (Subheading

2.2 of this protocol) and 0.5 N KOH solution, before
titration add, via burette, 2 mL of 1 N BaCl, solution in
the 250-mL Erlenmeyer flask that will receive the alka-
line solution stored in the side test tube of the simplified
Bartha. As previously mentioned, BaCl, will cause pre-
cipitation, in the form of stable BaCO3, of all the CO,
absorbed by the KOH solution, avoiding displacement
of CO, during titration and, hence, only the KOH that
has not absorbed CO, will be titrated against the
0.25 N HCI solution.

3.5.9.3.4 Add phenolphthalein indicator to the titration flasks:

four drops in the flask for the large internal volume
system (Subheading 2.1 of this protocol) and two
drops in the flask for the small internal volume system
(Subheading 2.2 of this protocol).
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3.5.9.3.5 For large internal volume systems (Subheading 2.1 of
this protocol), perform the titration directly in the
250-mL Erlenmeyer flask containing the alkaline solu-
tion, to which 20 mL of the 1 N BaCl, solution and the
phenolphthalein indicator have already been added.

3.5.9.3.6 For small internal volume systems (Subheading 2.2 of
this protocol), transfer (using the urinary catheter
attached to the 10-mL polypropylene syringe) the alka-
line solution (which is in the simplified Bartha side test
tube) to the titration flask (250-mL Erlenmeyer flask),
which should already contain 2 mL of 1 N BaCl, solu-

tion and phenolphthalein.
Note (34): Regardless of the system used (Subheadings 2.1 or 2.2
of this protocol), titration must follow a standard procedure, which
consists of (i) starting the timer in the countdown mode with the
Lier, Opening the first system of the organizational sequence (see
Note 28), and removing the alkaline solution to be titrated;
(ii) during the aeration time countdown, perform titration, prepare
the insertion of the new alkaline solution (250-mL Erlenmeyer flask
containing 100 mL of alkaline solution for large volume system or
10-mL polypropylene syringe containing alkaline solution to be
added to the side tube of the small volume system) and prepare
the next system for titration; (iii) after the aeration time, insert the
alkaline solution into the titrated system and close it; and (iv) repeat

items (i) to (iii) for the next system in the organizational sequence
(see Note 28).

Note (35): Regardless of the biodegradation system used (Sub-
headings 2.1 or 2.2 of this protocol), titration must be performed
quickly to prevent CO, absorption by the alkaline solution from the
environment wherein the procedure will be performed. To guaran-
tee the success of the test, before starting the biodegradation, the
operator should be knowledgeable about the titration procedures
and precautions.

3.5.9.4 Total Incubation Period
Comply with ASTM D5988-18, item 11.10.

The calculations for determining the amount of CO, produced by
the test polymer and the polymers used as positive and negative
reference are based on the stoichiometry of the reactions involved
in the process and on the titration outcome. Firstly, it is necessary to
know the biodegradability potential of the polymer, which means
the maximum amount of CO, the material can generate. This
amount is defined as the theoretical amount of CO, (Thcos)
produced [mg]. Thco; is calculated based on the amount of carbon
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in the polymer. To simplify this protocol, we describe the calcula-
tions using cellulose as an example. In the biodegradation process:

Cprcscnt in cellulose + 02 - COZ + HZO + Cbiomass (7)

Therefore, one mole of carbon produces one mole of CO,, that
is, 12 g of carbon produces 44 g of CO,. If ¥ mg of carbon, from
the polymer, is added to the biodegradation system, this amount
T can produce, at most, the following amount of CO5:

Theoa [mg] =71 - (44/12) (8)

As demonstrated in Subheading 3.4 of this protocol (Eq. 6),
the molar fraction of carbon in the cellulose molecule (X.,p) is
0.444.

If one adopts, as an example, system 2.2 of this protocol
(simplified Bartha), the amount of culture medium is
(50.0 £ 0.1) g. Adopting the sample/culture medium ratio of
1.2 mg sample per gram culture medium, 60 mg MCC will be
incubated and the amount of carbon (7) in 60 mg MCC is:

Y = Xcup - mass of sample =0.444 - 60=26.64 mg (9)
Hence:
Theos = T - (44/12) =26.64 - (44/12) =97.68 mg  (10)

Therefore, 97.68 mg is the maximum amount of CO, that
60 mg MCC (26.64 mg of carbon) can produce in the biodegrada-
tion system throughout the test. Therefore, 97.68 mg is the bio-
degradability reference of cellulose in the biodegradation test.

Note (36): If the 60 mg MCC produces 97.68 mg CO,, the
biodegradation of MCC will be 100% in relation to the production
of CO,; however, this is a utopian result, because, in addition to
CO,, microorganisms also produce biomass (cell reproduction
process) from carbon. The individual determination of CO, and
biomass in the same aerobic biodegradation system is complex due
to biomass, which is intermixed with the culture medium, making
quantification difficult. Therefore, this protocol considers the bio-
degradability of MCC (or another positive reference polymer, e.g.,
thermoplastic starch) as the biodegradation reference for the test
polymers, considering only the data obtained with the quantifica-
tion of CO; in the biodegradability calculation of the test polymer
and positive reference polymer. Hence, the biodegradability of the
test polymer will be relative to the biodegradability of the positive
reference polymer.

To proceed with the example of calculating biodegradation, it
is important to know the reactions involved in the titration process,
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which start with absorption, by the alkaline solution (we will adopt
KOH), of the CO, generated in the biodegradation system:

CO;,; + H,O—>H,CO3 (11)
H,CO3; + 2 KOH — K,COg3 (12)

Therefore, one mole of KOH is consumed by half a mole of
CO..

Because potassium carbonate, just like sodium carbonate, is not
a stable salt, BaCl, is added before titration to shift the equilibrium
toward the formation of barium carbonate:

BaCl, + K,CO3 —2 KCl + BaCO3 | (13)

So, the KOH that has not been consumed by CO, in each of
the biodegradation systems (blank, positive reference polymer,
negative reference polymer, and test polymer) is titrated using the
HCl solution. It is at this moment that we highlight the importance
of' biodegradation systems containing only culture medium (blank),
since the difference between the titration volume of the HCI solu-
tion of the blank system and the system containing the test sample
(test polymer, positive reference polymer, and negative reference
polymer) is exactly the volume of the HCI solution equivalent to
the KOH that was consumed by the CO, produced by biodegrada-
tion of the test sample only.

Note (37): Note that in the blank system the culture medium
produces CO, and the aeration air within the system also contains
CO,, whereas in the test systems CO, is produced by the culture
medium and by the test sample and is also present in the aeration
medium, that is, the difference is the test sample (Eq. 14):

Vbio = Vblanl( - Vtcst sample (14)

where:

Vio = volume of the HCI solution related to the amount of CO,
produced by the test sample.

Volank = volume of HCI solution to titrate the blank system.

Viest sample = Volume of the HCI solution to titrate the system
containing the test sample (test polymer, positive reference
polymer, and negative reference polymer).

We already know that one mole of CO, consumes two moles of
KOH. Regarding the neutralization reaction of KOH and HCl, one
mole of HCI neutralizes one mole of KOH:

KOH + HCl — KCl + H,O (15)
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From Egs. 12, 13, and 15, the stoichiometry involving KOH,
HCI, and CO, is 1:1:1/2, respectively. As the titration data yield
the volume of the HCI solution and we want to calculate the
amount of CO; produced, from this point on we are only interested
in the relationship between HCl and CO,. Hence:

1 HCl— § COs,i.c.,36.5 g HCl—>22 g CO, (16)

We already have the correlation between mass HCI and our
unknown (CO,) and hence we can calculate the mass of CO, using
normality (N):

N=(m.=)/(mol.V 1)) > m=(N.mol.V,)// (17)
where:

* = for acids, it is the number of ionizable hydrogens (for HCl, e.g.,
*=1).

mol = molar mass of the molecule (for HCI, mol = 36.5 amu).

V(1) = volume of solution [L] and, in our case, V1) = Viio [L].
Therefore:
m=N-36.5- Vbio[L] (18)

Note that the HCI solution used is 0.25 N, but 0.25 N is the
nominal concentration ( Non, ). To know the final concentration of
the HCI solution, this solution should be standardized against a
standard Na,COj; solution (Subheading 2.11.5 of this protocol)
and this standardization will generate a correction factor that may
be different from one. Therefore, the final concentration of the
solution of HCI will be:

Nt = Nuom * feor (19)

Hence:
m=36.5" Nnom * feor * Vbio (L) (20)

From stoichiometry:

36.5 gHClI—22 g CO, (21)
36.5 Nuom * feor * Viio (1) =7 8 CO2 (22)

Hence:
y[8l=22" Nuom  feor  Viio (1) (23)

or:

v [mg] =22 - Nuom - feor * Vbio(mi) (24)

Thus, from Eq. 24, one can calculate the mass of CO,
[mg] produced by a sample in a biodegradation test, whether it is
the test, the positive reference, or the negative reference polymer.
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The titration is periodic, and each determination of CO, must be
accumulated throughout the biodegradation test and the sum at
the end of the six-month test will determine the amount of CO,
(X [mg]) produced by the biodegradation of the different polymers
tested (test, X; positive reference, X,; and negative reference, X,,).
The data can be presented in the form of tables and/or figures
according to Subheading 3.8 of this protocol. Note that the tests
are performed in triplicate and, therefore, all statistical procedures
of reliability (95%) must be performed using the results of the three
tests of each test and blank sample.

3.7 Interpretation of  The standards (ASTM D5338-15, ASTM D5988-18, ASTM

the Results D6400-19, ISO 14855-1:2012, and ISO 17556:2019) that sup-
ported this protocol do not consider which amount of carbon from
the tested samples (test, positive, and negative) is used to produce
biomass (Eq. 1) and, therefore, it is not possible to determine the
absolute biodegradability without knowing the amount of biomass
produced. This protocol, therefore, proposes the term “relative
biodegradability” of the test sample (Bio,), which consists of
determining the biodegradability of the test sample relative to the
biodegradability of the positive reference sample (e.g., MCC) over
6 months. The mathematical result of Bio,. should be determined
from the amount of CO, (X, [mg]) accumulated during the test by
the sample relative to the amount of CO, (X, [mg]) accumulated
during the test by the positive reference. Hence:

Bioy = X/ X, (25)
%Biog = (X./X,) - 100 (26)

In accordance with ASTM D6400-19, the polymer under test
will be considered biodegradable if Bio,, or %Bio, is equal to or
greater than 0.90 or 90%, respectively.

3.8 Report Comply with ASTM D5988-18, item 14.
3.8.1 Soil
3.8.2 Compost Comply with ASTM D5338-15, item 14.

4 Final Considerations

Respirometric polymer biodegradation tests are, in general, time-
consuming and laborious procedures. The use of automatic systems
significantly eases these obstacles (see Chapter 1 for details); how-
ever, access to automated biodegradation respirometric systems is
restricted due to the relatively high cost of the system. On the other
hand, correct execution of polymer biodegradation tests using
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hand-operated respirometry reported in this protocol enables
reproducible and accurate results at relatively low costs, using sim-
ple laboratory systems and routines. The accuracy and, mainly, the
reproducibility of the results, associated with the low cost, are
essential ingredients to globalize the biodegradation tests by
means of nonautomated respirometry.
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Detection and Identification of Microplastics in Food
and the Environment

Walter R. Waldman, Cristiane Vidal, Mariana A. Dias,
Victor Z. Resende, and Cassiana C. Montagner

Abstract

Microplastic contamination is a relevant topic in Food and Environmental Sciences. Microplastic analyses in
matrices such as food, soil, sediment, water, and air require a specific method approach according to their
respective aims and scope. This chapter presents a comprehensive discussion about standard practices
currently applied to ensure representative sampling, adequate sample preparation, and unequivocal identi-
fication and characterization of microplastic particles.

Key words Microplastic contamination, Quality assurance, Quality control, Representative
sampling, Density separation, Digestion, Chemical composition, Visual inspection, Microscopy,

Spectroscopy.

1 Introduction

Plastic is an extensively used material in daily life and an obvious
primary source of microplastics called by range size of 1 pm to
5 mm. Almost a hundred years ago, the industry discovered the
advantages of plastics, and the sector was heavily influenced by it
ever since. Transportation and storage of food and beverages are
safer and cheaper using plastics rather than glass or metal. Nowa-
days, research is primarily focused on environmentally friendly
alternatives to replace or minimize plastic use, especially single-
use plastics that have been demonstrated to negatively impact the
environment because of inadequate waste disposal over the years.
Biodegradable materials in composting conditions or in other
environments—soil, sea water, among others (see Chapters 1 and
2 on biodegradability)—have been studied as compelling alterna-
tives. However, conventional plastics are low-cost, and their physi-
cochemical and mechanical properties, especially the low weight
and easy processability, are exceptional for the packaging industry.
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Over the last years, toxicologists have aimed to understand the
human risk associated with plastic and microplastic exposure, such
as inhalation and ingestion routes of exposure [1]. In general,
polymers are nontoxic for humans, but the additives and plasticizers
can be toxic depending on exposure level. Readers are invited to
check Chapters 7 and 8 on toxicity assessment of food packaging
materials. Chemicals migrating from polymer bulk to the surface
and then to the food were the main concern for food contamina-
tion from the packaging so far [2, 3]—see Chapter 6 on migration
of constituents of food contact materials. In addition, despite plas-
tic resistance, mechanical stimuli such as shearing, folding, and
fatigue can wear surfaces and produce fragments that might go
into the food [4].

Scientific research has consistently shown the presence of
microplastics in different types of food such as salt, honey, mineral
water, etc. [5-10], their leaching from take-out containers [11], or
microplastic generation by simple tasks such as opening food pack-
aging (plastic containers, bags, tapes, caps) using scissors, tearing
with hands, cutting with knives, or twisting manually [4]. Thus,
primary, secondary, or tertiary packaging can be sources of micro-
plastics depending on the contact with the food and the type of
food (dry solid foods, pasty food, beverages, etc.). Finally, regard-
ing in natural foods, contamination with microplastic is minimal
and, if existent, it may be due to environmental contamination (air,
soil, and water) during the cultivation [12-14].

Once disposed in the environment, the packaging can be a
source of microplastics. Secondary microplastics are formed by
the breakdown/degradation of macroplastics or primary micro-
plastics in the environment (weathering exposure). Such small
particles can be transported to long distances, carrying chemical
contaminants or microorganisms. Today, microplastics are consid-
ered ubiquitous contaminants in the environment. Poor solid waste
management causes soil and water contamination, both important
compartments for food production [12, 13].

This chapter introduces an analytical protocol to extract, iso-
late, characterize, and chemically identify microplastics. Many pro-
cedure steps are common for both food and environmental
matrices. However, food and environmental samples are intrinsi-
cally complex (see Note 1). The sample particularities (aqueous,
viscous, solid, oleaginous, powder, etc.) will justify whether a step is
necessary or not. There are no official methods yet, and accurate
quantification is still challenging. Further details on the differences
and similarities in analytical protocols for food and environmental
samples are highlighted in the Notes section.

Figure 1 shows a didactic analytical workflow that synthesizes
the topics discussed herein regarding contamination control, sam-
pling, sample preparation, and characterization.
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Fig. 1 Analytical workflow presented in this chapter. SEM: scanning electron microscopy; EDS: energy-
dispersive X-ray spectroscopy; IR: infrared; py-GC-MS: pyrolysis-gas chromatography mass spectrometry;
TED-GC-MS: thermal extraction-desorption gas chromatography mass spectrometry

2 Materials

We consider as a minimal set of resources for assembling a general
microplastic detection laboratory or setup:

* A laminar flow hood, to keep contamination out of the separa-
tion systems.

* A centrifugation system to separate better and faster by density.

» A separating funnel to separate the denser and lighter fractions.

* A vacuum filtration system to accelerate filtration when the filter
might clog by the size of the dispersed phase.

* An analytical balance to weigh the samples accurately (precise to
0.1 mg [15]) and the filters to keep track of the mass balance.

» Specific chemicals and apparatuses depending on the method of
choice, as detailed in the following sections.

3 Methods

3.1 Microplastic First, this analytical protocol will address an important step to
Background guarantee the quality of results that will be generated. To avoid
Contamination microplastic contamination in sampling, sample preparation, and

analysis, the analyst should pay attention to three main topics: air
contamination (i.e., exposure to airborne microplastic contamina-
tion), cross-contamination (i.e., lab material contaminated during
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sampling, sample preparation or analysis), and contamination con-
trol (i.e., measures to promote quality assurance and quality
control) [16].

* Reducing air contamination:

Avoid personal protective equipment (PPE) manufactured of
synthetic fibers (e.g., polyester); use preferably natural fibers
(e.g., cotton). Cellulosic fibers can be digested if needed (see
Note 2).

Always record the color and material of the clothes used
during lab assays. This practice can facilitate the identification
of possible contamination sources.

If possible, perform all lab activities in clean rooms with
controlled air circulation and limited staft access.

Use laminar flow hood or similar during all lab work.
Maintain scheduled cleaning of the lab, at least once a week.

Whenever possible, cover all working solutions, samples, fil-
ters, and other related materials with precleaned aluminum
foils. In the case of flasks, cap whenever not in use.

Provide proper storage to all lab materials.

* Reducing cross-contamination:

Use preferably lab materials made of glass and metals.

Wash lab materials with ultrapure or filtered distilled water
before use.

Record sample information, sampling and sample prepara-
tion order, and adopted protocols to identify possible sources
of cross-contamination.

All inner surfaces of the laminar flow hood or bench surfaces
must be cleaned with residue-free detergent or ethanol fol-
lowed by ultrapure or filtered distilled water before use.

Perform proper washing of lab materials between samples as
stated above.

Filter all working solutions. Purity reagents p.a. must also be
filtered (see filter and conditions in Subheading 3.3.2).

Filters composed of stainless steel or glass materials can
undergo heat treatment (e.g., 450 °C for 3 h) to cleanse
possible microplastic cross-contamination. On the other
hand, materials such as natural or synthetic fibers (e.g., cellu-
losic or polyamide) may not be thermally treated. In this case,
compressed air can be used for decontamination, and the
removal efficacy can be performed using optical microscopy.
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* Performing contamination control:
— Collect field controls during sampling.
— Prepare blanks during sample preparation (e.g., filtration).

— Collect open-air background to identify possible air contami-
nation. Procedures for possible airborne microplastic con-
tamination can be found at Zhang et al. [17] and Chen
et al. [18] (see Note 2).

The sampling protocol is dependent on the type of samples. Thus,
several procedures may be found in the literature [ 19, 20]. However,
the lack of standard procedures leads to relevant differences in
sampling and sample processing steps. Therefore, microplastic
abundance may be expressed in several different ways (e.g., fibers
per cubic meter, microplastics per liter, microplastic mass per sam-
ple mass, pellets per square meter, etc.) (see Note 3). It is vital to
keep the representative sampling in accordance with the analysis,
methodology, and amount of collected material [19, 21]. This
chapter addresses microplastic detection in food (solid or liquid)
and environmental matrices (water and soil /sediment).

Lower-viscous (e.g., bottled water, wine, beer, refreshments, and
milk) and higher-viscous (e.g., honey, syrup, and ketchup) liquid
samples can be collected from different batches, brands, or places.
Viscous samples are usually diluted after sampling and before treat-
ment. In general, a volume of 350-750 mL has been used for wine
sampling [22]. About 500 mL to 2 L of the sample have been used
for microplastics analysis for bottled water [5, 23, 24]. One liter of
warm milk samples can be filtered in a dried precleaned glass
vacuum system [25]. Liquid honey has been diluted in warm
water and passed through a steel sieve [7, 26, 27].

For the sampling of solid matrices in food, defining the sample
size is essential to obtain representative samples since they may not
be homogeneous. Often, samples can be collected from different
batches in several places to enhance representativeness.

Microplastics can contaminate animals destined for human
consumption (e.g., fish, crustaceans, and mussels). Such particles
may come from habitat surroundings (environment sample) or
food processing (food sample). Samples can be stored until analysis
under refrigeration in chemical preservatives (e.g., formaldehyde
and ethanol). Generally, the digestive tract of these animals has
been investigated for microplastics [28]. More information about
biota sampling and sample preparation can be found in Hermsen
et al. [29] and Lusher et al. [28].
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3.2.2 Environmental
Matrices

3.3 Sample
Preparation

3.3.1 Digestion

A wide range of equipment (trawl nets, pumps, Niskin bottles, etc.)
has been used to collect microplastics in aquatic environmental
samples (freshwater, seawater, drinking water, and groundwater
from rivers, lakes, estuaries, and oceans). This sampling may be
performed in the surface or depth water according to the aim of
the study. The examples of equipment and sampling details can be
found in the works of Prata et al. [19] and Silva et al. [30].

Similar to water, soil/sediment sampling requires specific
equipment to collect microplastics in the environment. Surface
sampling from marine sediment, river sediment, soil, and sandy
beaches has been conducted using steel materials (spatula, twee-
zers, or spoon). Conversely, depth samples have been collected
using grabs, augers, or corers. More detailed information can be
found in Moller et al. [31] and in Yang et al. [32]. For detection of
microplastics in atmospheric air (indoor and outdoor), we direct
the reader to Zhang et al. [17] and Chen et al. [18].

Sample preparation is the process of extracting microplastics from
their respective matrices. A single step, like a filtration, shall be
enough for clear samples like drinking and bottled water. However,
as the matrix complexity increases, it is necessary to combine differ-
ent sample preparation steps, such as dissolving or digesting the
matrix, using separation methods to isolate the microplastics from
the matrix constituents. The protocol order is matrix-dependent.
In cases where microplastic is trapped in samples (e.g., biota, pro-
cessed food), digestion may be the first step to promote the release
of the microplastic (for more comments on sample disassembling,
see Note 4). Alternatively, in samples from water, salt, sugar, etc.,
this step usually occurs after density separation [28]. Commercial
salt samples, for instance, can be directly dissolved in water and
submitted to sample processing (density separation and digestion,
if necessary). Warm water can be used to facilitate dissolution [8—
10, 33-35]. Such a step has also been applied to commercial sugar
and solid honey [7].

Several sample processing by digestion can be performed to elimi-
nate or minimize the presence of organic matter. Among the
options, the most used are acid/alkaline reagents (e.g., HNO3,
HCI, NaOH, and KOH) and oxidizing agents (e.g., Fenton’s
reagent and hydrogen peroxide (H,O5) solution). Peroxide oxidiz-
ing digestion has been considered more effective to degrade natural
organic matter than acidic or alkaline due to less damage being
caused to the polymer. Enzymatic digestions are also adopted,
leading to a reduction in polymer degradation compared to acid/
alkaline processing. On the other hand, enzymes are costly and
differences between biological matrices promote irregularly enzy-
matic activities [21].

Solid matrices composed of carbohydrates (e.g., honey and
sugar), inorganic salts (e.g., sea salt), and proteins (e.g., fish,
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mussel, shrimp, and bivalve) are usually pretreated using oxidizing
agents as H,O, or Fenton’s reagent and inorganic acids or bases
[28]. The following procedure is based on the NOAA guidelines
and literature specialized in microplastic extraction for these matri-
ces [15, 28, 36, 37]. If necessary, literature shows that filtration
steps combined with digestion steps would enable correct micro-
plastic extraction [21].

Liquid matrices are mainly beverages, including soft drinks,
beers, wines, and bottled and tap water. Beverage samples usually
have low organic content and particulate matter. Thus, filtration as
pretreatment can be adopted without digestion steps. However,
some matrices with high organic content (e.g., milk or liquid
honey) may require digestion steps to eliminate fats, carbohydrates,
and larger proteins [21].

*  H,0; and Fenton’s Reagent Oxidizing Digestion/Acid or Alka-
line Digestion
CAUTION: Hydrogen peroxide solutions and respective
mixtures are highly reactive. Safety precautions are necessary to
avoid accidents in the laboratory. Please follow and review labo-
ratory safety measures to comply with this reagent use.

— Use a dried precleaned glass flask to determine the mass of
dried solids after the filtration steps. Always use an analytical
balance to the nearest 0.1 mg. Liquid matrices or biological
soft tissues, in some cases, cannot undergo dried solids deter-
mination. Whenever the case, proceed directly to digestion
and use defined metrics in volume, mass, or size to identify
the samples. The correct identification will allow microplastic
counting by measure.

— Aqueous Fe(II) and H,0O, solutions, used separately or
jointly, acid or alkaline solutions can be added to remove
organic matter in sequence. Strong acid or alkaline digestion
might damage the microplastic structure. Thus, possible
destruction of microplastics or incorrect results should be
considered [28] (see Notes 5 and 6).

— Accurate reaction conditions will vary according to the matrix
under analysis or microplastic intended to obtain:

— Usual concentrations:
Oxidizing digestion agents: 15-35 wt% H,O, solutions;
0.05 M Fe(II) aqueous solution.

Acidic or alkaline digestion agents: 10 wt% KOH solutions,
22.5 M or 65-100 wt% HNOj; solutions, 68 wt% HCIO,
solution.

— Usual reaction time: 30 min up to 72 h. Longer reaction
periods of 7 to 10 d may be used to eliminate all biological
soft tissue [28].



64 Walter R. Waldman et al.

3.3.2 Density Separation

— Magnetic agitation: 80-120 rpm. Orbital shakers may
be used.

— Reaction temperatures:
Oxidizing digestion agents: 40-85 °C.
Acidic or alkaline digestion agents: 20—-100 °C.
Room temperature and incubators may be used.

— After aqueous Fe (II) solution and/or H,O, solution, or
acid/alkaline solutions addition, let the mixture stand on
the lab bench at room temperature for some time before
proceeding to the next step.

— Cover the flask with a watch glass or cap, add the magnetic
stir bar, and heat up to the defined temperature.

— If the reaction exhibits excessive gas bubbles at the surface,
remove the beaker from the hotplate and place it in the
laminar flow hood until boiling decreases. In case of overflow,
ultrapure or distilled filtered water can be added to slow
down the reaction.

— Magnetic agitation or shaking is necessary during the
reaction.

— If natural organic matter is still visible at the end of the
reaction, add more digestion agent solution and repeat the
procedure above.

— After oxidizing or acid/alkaline digestion, ultrapure or dis-
tilled filtered water and salts may be added for re-dissolution,
filtration, and density separation steps (Subheading 3.3.2). In
some cases, a manual pick-up can be used in glass Petri dish
substrates.

Density separation is a simple step for isolating microplastics from
other sample compounds, generally inorganic materials (e.g., sand)
through salt solutions with known densities. Microplastics are
separated by density from heavier fractions like minerals and undis-
solved impurities, organic matter, and even other microplastics (see
Note 7). High-density salt solutions (1.2-1.8 g cm™?; e.g., NaBr,
NaCl, Nal, ZnBr;, and ZnCl,) are added to the samples to separate
the denser fraction of the media from the microplastics. The sepa-
ration of the two fractions (low- and high-density fractions) can be
performed by gravity or centrifugation systems.

NaCl is beneficial because it is inexpensive, nontoxic, and
highly soluble in water. However, the density of NaCl solution is
about 1.2 g cm ™2 (Table 1) which is lower than the densities of
some polymers like poly(ethylene terephthalate) (PET), poly(vinyl
chloride) (PVC), and poly(lactic acid) (PLA). Thus, such polymers
cannot be separated using a NaCl solution, and other solutions
must be used to solve this limitation. Nal, ZnCl,, and ZnBr,
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Table 1
Densities and costs of salt solutions used in density separation for
microplastics [19, 20, 38] (see Note 9)

High-density salt solution  Density [g cm 3]  Cost per 100 g [US$]*

NaBr 1.37 46.10
NaCl 1.2 6.79
Nal 1.6-1.8 88.70
ZnBr, 1.7 51.40
ZnCl, 1.5-1.8 27.40

*Quotes for the United States dated from March 26, 2021 [39]

solutions have higher densities, expanding the range of polymers
that can be separated. However, these salts have a higher cost, and
they are environmentally unfriendly due to their toxicity [19, 20,
38] (see Note 8). It is worthy of highlighting that the densities on
Table 1 are not all related to saturated solutions because there is a
tradeoft between the density and the viscosity so, if needed, higher
densities can be achieved but at the expenses of longer times for
decantation and filtration.

Density separation presents some limitations, such as the inter-
ference of organic matter in samples, leading to overestimated or
underestimated results in density separation. For instance, an
organic film (biofilm) can adhere to a microplastic surface and
change the particle density.

Microplastic particles have different degradation degrees, mod-
ifying some polymer physical properties as wettability and crystalli-
zation [40]. Additive concentrations and adsorbed substances can
also change the processed polymer density [19].

* Add high-density salt solutions to the samples in a dried
pre-cleaned glass separating funnel. Samples may be previously
digested to reduce or eliminate the organic matter.

CAUTION: Use personal protective equipment when
handling NaBr, Nal, ZnB,, and ZnCl, salts.

»  Water-soluble samples, such as commercial salt, can be directly
dissolved in water.

* The sample may be manually shaken using a separating funnel.
However, the separation step can take several hours (ca. 24 h).

» Alternatively, the sample may be centrifuged using dried pre-
cleaned glass centrifuge tubes. In this case, the centrifugation

step lasts for a few minutes according to the rotation speed
(200-500 rpm).
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3.4 Characterization

3.4.1 Objective: Sorting
of Suspected Microplastics
or Morphological/Origin
Characterization

+ Darticles with density higher than the salt solution will remain in
the precipitate, whereas particles with lower density will remain
in the supernatant (low-density fraction).

» After separation, the supernatant is filtered in a dried precleaned
glass vacuum system covered with precleaned aluminum foil in a
laminar flow hood (se¢e Notes 10 and 11).

— Filter diameter: 47 mm.
— Filter porosity: 0.2-149 pm.

— Filter: cellulose nitrate, cellulose acetate, glass fiber, alumi-
num oxide, nylon, polycarbonate, or polytetrafluoroethylene.

» The filter is placed and sealed in dried precleaned Petri dishes
and dried at room temperature or in an oven (40-50 °C) for
5-12 h. Afterward, it may be directly submitted to the next step
of the sample preparation.

* The procedure of density separation may be repeated according
to the matrix complexity.

Microplastics are usually characterized by morphology (color, size,
shape, and surface texture), origin (primary or secondary), and by
chemical composition (polymer identification). Many techniques
are presented below, and their choice will depend on the objective
of the analysis, deeply influenced by the size of the microplastic. If
the microplastics have been extracted and are isolated, the techni-
ques can be chosen regardless of the original matrix they were
extracted from.

Visual inspection can be used to sort suspected microplastics
[41,42]. However, this is a subjective technique for environmental
samples. The decision depends on the analyst skills to observe the
particle features (texture, physical behavior, overall appearance) and
recognize them as plastic (see Note 12). When not instrument-
assisted, it is not suitable for small microplastics. For smaller parti-
cles, a visual inspection must be combined with optical microscopy.
To enhance the detection, microplastics can be stained with dyes
prior to visual inspection [43]. The dying process facilitates locat-
ing suspected microplastics via optical or fluorescence microscopy
(see Note 13).

During sorting with visual inspection, assisted or not with a
microscope, morphology is classified as size and shape. Shape clas-
sification includes pellets, sphere, hemisphere, grain, nurdle, fiber
(singular fiber, fiber bundle), and fragment (foam, film, angular/
sub-angular, rounded /sub-rounded).

Scanning electron microscopy (SEM) is used for surface analy-
sis and to evaluate signs of degradation [44] (sec Note 14).
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To perform microplastic confirmation and polymer identification,
use vibrational spectroscopy (infrared or Raman), or thermal analy-
sis (pyrolysis, -py, or thermal desorption, TED) combined with gas

chromatography coupled to mass spectrometry (py-GC-MS or
TED-GC-MS) [43].

Spectroscopic Techniques

For spectroscopic techniques [45 ], microplastic identity confirma-
tion is done by spectral signatures related to each polymer by using
libraries or multivariate analysis (chemometric classification mod-
els). Quantification is performed by items (number of particles).

» Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy is the most used technique, and there is
plenty of instrumentation described below [46].

* ATR-FTIR: More suitable for a size range of 0.5-5 mm, which is
not likely to occur in food, but it is likely that food packaging
breaks down to that size range in the environment. No substrate
is required as the microplastic is individually pressed against the
crystal for analysis.

* FTIR microscopy: Usually referred as pFTIR, which is a micro-
scope coupled to the spectrometer. More suitable for microplas-
tics smaller than 0.5 mm until ca. 20 pm. Acquisition mode
(transmittance, reflectance, or ATR) will depend on the particle
size as well. Transmittance is the most used and compatible
substrates are metallic filters (e.g., aluminum oxide) or CaF,
plates. For microplastics displayed on Petri dishes, analysis can
be performed by reflectance or by the ATR objective (lens) as
well, but not in transmittance.

* Imaging FTTR microscopy: The technique is usually reported as
p-EPA-FTIR. The spatial dimension added to the spectroscopic
analysis allows shape and size analyses, despite the chemical
composition. Instruments with focal plane array detector
(FPA) are faster than point scan FTIR microscopy made by
single element detectors [47].

» Raman spectroscopy

Suitable for size ranges from 10 pm to 5 mm, depending on
instrumentation and particle characteristics [48-50].

Main optimization may include laser wavelength, laser power,
and integration time to achieve proper signal-to-ratio spectra and
to avoid fluorescence or other interference from polymer constitu-
ents. Raman microscopy is suitable for small microplastics down to
ca. 3 pm, covering a size range not possible with FTIR
(<10-20 pm). Raman imaging is also possible, but it is a slow
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analysis. Compatible substrates are metallic filters, but not
restricted to them, depending on the microplastic size.

Thermal Degradation-Based Techniques

The techniques py-GC-MS and TED-GC-MS are destructive, as
the samples are thermally degraded. The identity of microplastics is
confirmed through the evaluation of their degradation products.
These techniques are suitable for the detection of additives or
organic contaminants in the microplastics, as well as for the simul-
taneous analysis of different polymers, reaching detection and
quantification levels in the nanogram range. Quantification is per-
formed in mass-based concentration, upon construction of analyti-
cal curves of target microplastics [51-53].

.« py-GC/MS

Suitable for microplastics down to 100 pm, if the particle is
previously isolated.

+ TED-GC-MS

Suitable for bulk sample analysis and considered promising for
the analysis of nanoplastics. However, for bulk analysis, it is not
possible to directly assess microplastic size. Size can be known
indirectly by analyzing previously size-fractionated samples
(by sieving, e.g.) during sample preparation.

4 Notes

1. Plastic physical properties differ according to the two main
contexts outlined in this chapter: (i) plastics collected in the
environment exposed for a while to the weather will be more
brittle, crystalline, with a lower molar mass or crosslinked,
while (ii) plastics handled during the production process will
be more inert, amorphous, and closer to the raw resin proper-
ties. It might influence the output of some assessments, for
instance, the size of the microplastics after the separation pro-
cess because more brittle materials are also more likely to
fragment during the handling and the digestion step.

2. Cellulosic fibers are a common contamination for monitoring
microfibers, and some environments may have more than 80%
of the fibers as cellulosic ones [54]. In cases like that, an
additional step of selective cellulosic digestion might be tried
to reduce the burden of the characterization step if it is signifi-
cantly time-consuming, like the spectroscopic
identification [55].
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3. When comparing your results with the literature, one topic is
always present: the microplastics abundance. Because the need
for quantification always answers a specific demand of knowl-
edge, sometimes the determination of the microplastics con-
centration is made as a function of the area (relevant, for
instance, for terrestrial epigeic species or the aquatic buoyant
positive microplastics) or as a function of the volume (relevant,
for instance, for terrestrial endogenic species or the aquatic
buoyant neutral microplastics). The numerator of the concen-
tration is a matter of dissent, with the number of particles and
weight as the predominant units. The microplastics amount
might be described by number, weight, or volume. Not so
often, volume can also be found describing the quantity of
microplastics. However, as there are no official or standardized
methods yet, quantification accuracy is low as important figures
of merit (recovery, repeatability, and reproducibility) are not
yet established for microplastics. Concentration results are
often estimative and not yet comparable.

4. The density separation step might change substantially accord-
ing to the complexity of the system to be treated. Drinking
products and samples from the aquatic bodies with a low
amount of organic matter can be filtered and then passed
through a digestion to clean the surface from, for instance,
biofilms. More complex samples, such as soil or some multi-
component solid food, might have microplastics heavily
entangled inside microstructures, like soil aggregates or pro-
cessed industrial food preparations. In that case, more aggres-
sive treatments as continued stirring or ultrasound might help
to disassemble organized soil structures to release the micro-
plastics to be separated by density. In the case of complex food,
where microplastics might come from the ingredients or the
process and be heterogeneously spread through the sample,
aggressive homogenization, like stirring, may be necessary. It
comes, obviously, at the expense of information such as size,
shape, and format since microplastic fragmentation can occur.

5. Nitric acid (HNO3;) is the most effective digestion agent com-
pared to the others in terms of removing organic content.
However, high temperatures or concentrations could dissolve
or degrade polymers sensible to acid hydrolysis—for example,
polyamides, polyesters such as PET, and polycarbonates [28].

6. Potassium hydroxide (KOH) is proven to promote the dissolu-
tion of animal digestive tracts due to basic hydrolysis of chemi-
cal bonds presented in soft biological tissues, such as larger
proteins and fat [56].

7. The separation of suspected collected microplastics is one of
the main challenges for environmental researchers. Because the
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origin and diversity of the plastics are unknown but likely to be
broad regarding type and weathering time, the protocols must
also follow broad criteria to separate the plastics from the media
where they are. Concerning density, just for the most used
plastics, there is a range from 0.9 to 1.4 g-cm ™3, therefore the
need for a general-purpose separation method. Regarding a
controlled environment, like the development or optimization
of new packaging, process, or even a quality control protocol, it
is possible to develop a process to monitor a specific micro-
plastic. A cost-effective way of doing that is fine-tuning the
density separation, using solutions right below and above the
range density of the chosen microplastic to perform the sepa-
ration before the digestion and the identification of
microplastics.

. Regarding the separation by density, salts like ZnBr,, CaCl,,

sodium polytungstate, lithium metatungstate, among others,
one can optimize the process to have a faster or a better
separation according to the system where the microplastic is
[15, 57]. To choose the best salt for the separation step, one
must consider several features, namely: (i) the microplastic
density under analysis, usually unknown for environmental
samples but likely to be known for packaging analysis. Exam-
ples of especially denser plastics are PTFE (ca. 2.2 g mL ™),
polyvinylidene chloride (PVDC; ca. 1.6 g mL™'), or formula-
tions with inorganic materials like TiO,, glass fibers, or colored
pigments; (ii) the density of the media from which it is needed
to separate the microplastic; (iii) the chemical affinity between
the media where the microplastic is and the salt. One example
worthy of highlighting is the ZnCl,, which forms a hydro
soluble complex between the zinc and humid substances
[58, 59], increasing the density of the liquid media, and dark-
ening and contaminating the aqueous phase; (iv) salt hygro-
scopicity might lead to difficult handling if it is needed to
fabricate several solutions at a time; (v) mixing heat might be
intense, so the preparation must be a sensitive step regarding
safety if the salt has an exothermic dissolution. It is recom-
mended the analyst always test which salt offers the best
benefit-to-cost ratio, checking the separation with positive
controls of a known amount of the microplastic of interest in
the media chosen to quantify the microplastics.

. High-density salt solutions can be filtered and reused more

than once. A dried precleaned pycnometer may be used to
determine the density of these solutions.

Filtration might be a time-consuming step if the system con-
tains small domains, like fine particles or unstable emulsions
and colloids, which may clog the filter pores, demanding vac-
uum filtration or even several filtration repetitions. Some
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strategies to prevent clogging are shifting the heterogeneous
equilibrium of inorganic particulates using chelating agents
[6], using oxidants to decompose globules of fatty acid in
milk [60], or heat to decrease milk viscosity [60].

11. Chemical composition of the filter influences polymer charac-
terization. Choose the filter according to its compatibility with
the instrumental analysis performed in the next step (see

Subheading 3.4).

12. When monitoring a well-controlled environment, the com-
plexity of the unknown polymer types, which is the usual
environmental monitoring condition, can be avoided. In a
well-controlled environment with excellent contamination
control, the identification step can be simplified considering
that all microplastics come from specific process equipment or
packaging. In that case, it might be considered that the optical
microscopy or even visual inspection for larger microplastics
could be enough identification if there is enough color
contrast.

13. When the characterization step is optical microscopy, the risk of
confusing plastic fragments with organic matter must be
reduced using dyes with a remarkable interaction with nonpo-
lar structures rather than polar ones. The most used dye is the
Nile red [19, 61], which has a solvatochromic property, shift-
ing the color as a function of the amount of hydrophobicity on
the microplastics surface. Other dyes might also stain organic
particles, misleading the identification.

14. Energy-dispersive X-ray spectroscopy (EDS) [44 ], usually cou-
pled to microscopy SEM-EDS, is used for elementary analysis,
and it is not a polymer identification method, but it is a tech-
nique that can eliminate if a suspected particle is not a plastic
based on the elements ratio present. In other words, EDS may
not confirm if the particle is a microplastic, but it can confirm if
it is not, for example, if other elements are more abundant than
carbon content.
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Identification of Intentionally and Non-intentionally Added
Substances in Recycled Plastic Packaging Materials

Magdalena Wrona, Davinson Pezo, Robert Paiva, and Sandra A. Cruz

Abstract

Intentionally added substances (IAS) and non-intentionally added substances (NIAS) play an important
role in food contact materials. Even though food packaging is being used to ensure the quality and safety of
food, chemicals may be transferred to food. This aspect is more critical for recycled polymers destined to
contact with food. The presence of contaminants associated with the high shear rates and temperatures
characteristics of the recycling process results in new molecules with low molar mass. These have a greater
migration potential contaminating the food and constitute a risk to consumers. Despite the importance of
NIAS and IAS, there are significant difficulties in their identification and quantification due to the confi-
dential composition of the polymers, the complexity of the chemical structure, and unequivocal confirma-
tion analytes. Therefore, this chapter addresses an overview of the challenge of NIAS and IAS
determination, as well as the most modern analytical methods for determination and quantification in
complex polymeric matrix. Moreover, the usage of analytical techniques has been shown in the context of
direct analysis of recycled polymer surface, the importance of odorous research, and samples from migration
assays (volatile and non-volatile IAS and NIAS). Therefore, techniques such as SERS, ASAP, HS-SPME-
GC-O-MS, DI-GC-MS, SPME-GC-MS, GC-FID, APGC-Q-TOF-MS®, UPLC-Q-TOF-MS*®, UPLC-
QqQ-MS, LTQ-Orbitrap, and UPLC-IM-Q-TOF have been discussed, and examples of analysis of real
IAS and NIAS in the complex matrix have been added. Finally, the application of European legislation and
risk assessment have also been discussed.

Key words NIAS, TAS, Recycled packaging, Analytical methods, Migration, Food contamination,
Legislation, Risk assessment, Food safety

1 Introduction

Food contact materials (FCMs) are defined as all materials that
come into contact with food during processing, production, stor-
age, packaging, transportation, preparation, and serving. Different
types of materials, such as polymers, paper, glass, metal, as well as
inks, adhesives, and /or even a combination of them, may be used as
FCMs [ 1, 2]. In the last few years, studies and regulations on FCMs
have increased significantly due to the presence of diverse chemicals
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that may present potential adverse health effects to humans or the
environment [ 1, 3, 4]. This is more critical for food contact articles
based on polymers due to their greater diffusivity, and the potential
migration of contaminants when compared to other materials such
as metal or glass. The migration of a substance from a polymer to
food depends on the mass transfer phenomenon, especially the
diffusion process [5]. Readers can refer to Chap. 6 for further
information on migration of constituents of FCMs. Additionally,
the time, temperature, physicochemical properties of the sub-
stances, and characteristics of the molecular structure of the poly-
mer impact these processes. Consequently, this is a complex system,
and the migration depends on intrinsic and extrinsic factors and
their relationship to the physicochemical properties of each poly-
mer and substance [6, 7].

Although food contact articles, especially food packaging, are
used to ensure the quality and safety of food, chemicals may still
migrate and endanger the health of consumers [8]. The list of
possible chemical migrants is very broad and includes substances
that are named intentionally added substances (IAS). IAS can be
defined as (i) residual compounds from the polymerization process,
such as monomers, catalysts, initiators, and (ii) additives inserted
deliberately to improve the properties or processability of polymers,
for example, plasticizers, antioxidants, flow aids, and others
[4, 9]. Recently, a new class of substances has been highlighted in
the field of food safety: non-intentionally added substances (NIAS).
NIAS may originate from degradation products, additives, and
impurities, as well as the reactions between them. On the other
hand, oligomers have recently been classified as NIAS once they
form due to incomplete reactions during polymerization, according
to the European Union Requirements [ 10]. IAS and NIAS can also
be classified as volatile, semi-volatile, and non-volatile based on
their molar masses. Therefore, highly sensitive analytical methods
and digital libraries are required for their identification and quanti-
fication [11-13].

Most studies on chemicals present in plastics have focused on
the identification of monomers [14, 15] and additives, especially
antioxidants [16] and those used at higher concentrations as plas-
ticizers [ 17, 18]. Ibarra and co-workers [17] studied the extraction
of seven compounds, most of them phthalates, from real food
matrices, such as snacks, cookies, and cakes. All compounds were
previously identified in 34 packaged foodstuffs and the quantifica-
tion was performed by gas chromatography coupled with mass
spectrometry (GC-MS). The plasticizer acetyl tributyl citrate was
detected in 94% of the samples, followed by different types of
phthalates, and dibutyl phthalate at levels exceeding the specific
migration limits established by Regulation 10,2011 [10].

Moreover, NIAS formation occurs most frequently due to
degradative processes of polymers, additives, and/or impurities.
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As a result, new molecules with low molar mass and high diffusion
coefficients are formed, resulting in compounds with greater migra-
tion potential. Several studies have reported the formation
of NIAS, mainly related to poly(ethylene terephthalate) (PET)
[19-21], where the most relevant and well-known compounds
are formaldehyde and acetaldehyde.

Subsequently, an additional aspect when using recycled materi-
als in direct contact with food is the presence of contaminants and
degradation products that can migrate into food. Despite its rele-
vance, this is an issue that is rarely addressed in the literature
[22, 23]. In this industry, the most used recycling process is
mechanical due to its relative low-cost, large-scale, and solvent-
free features, besides being applicable to most thermoplastics.
However, the high shear rates and temperatures employed in the
recycling result in an increase in the degradation process, which
leads to chain scission, chain crosslinking, and branching forma-
tion, as well as the oxidation of polymer molecules. Additionally,
the presence of contaminants, such as lids and labels, printing inks,
pigments, foreign compounds due to misuse by consumers, and
polymer cross-contamination may accelerate the degradation reac-
tions during the recycling process. Moreover, the presence of con-
taminants from previously packaged foods associated with incorrect
disposal has caused a more critical degradation [24, 25].

The packaging sector has always had the highest consumption
in the global plastic market, with the largest amount destined for
single-use applications. Around 36.5% of the world’s plastic pro-
duction in 2019 was attributed to this sector [26]. As a conse-
quence, these products contribute significantly to environmental
pollution and waste generation. The use of recycled plastic for the
same application is one of the strategies to valorize it and close the
loop for these materials. Notwithstanding this fact, the potentially
hazardous compounds (e.g., NIAS, present in recycled packaging)
may contaminate food and pose a risk to the consumers. Therefore,
several works are being carried out to create a database, identify and
develop methodologies for precise identification of NIAS using
analytical techniques. Most studies on recycled polymers and
NIAS are focused on PET [27], low- (LDPE) and high-density
polyethylene (HDPE) [28, 29], expanded polystyrene (EPS) [30],
and polypropylene [31].

As previously described, the greatest difficulty for the imple-
mentation of the use of recycled packaging for food contact is
related to the migration of NIAS and IAS. Health authorities
have clearly defined the criteria for the use of recycled FCM [32-
35]. These recycled plastics must be submitted to a decontamina-
tion technology that is effective in reducing the level of contami-
nants to those allowed by regulatory agencies [36]. The regulations
and directives follow the recommendations of the Codex Alimen-
tarius Commission (CAC) and the Joint FAO/WHO Expert
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1.1 Difficulties of
NIAS and IAS
Determination

Committee on Food Additives (JECFA) concerning the safety
assessment of these substances [37, 38]. Although the use of IAS
for the production of FCMs is allowed, these substances must meet
the food safety profile established in the standards and directives of
each country. In general, IAS must be registered and cataloged in a
database, and they must not represent a health risk to the popula-
tion. Another requirement is that the concentration of these sub-
stances in food must not exceed the specific migration limit
established by the legislation [32, 39—42]. Regulatory agencies,
however, encounter difficulties regarding registering NIAS. The
European Commission and the US Food and Drug Administration
recommend that these NIAS should not exceed the analytical
migration tolerance of a maximum of 0.01 mg kg ' in food
[10, 43, 44]. In addition, if the substance has a potential mutage-
nicity (see Chap. 8 for the determination of genotoxicity and muta-
genicity of food packaging materials), carcinogenicity, or toxicity
(see Chap. 7 for the assessment of the cytotoxicity of food packag-
ing) risk, it should not be used in FCMs.

Recycled materials have a complex chemical composition, especially
when compared to their pristine counterparts. The degradative
processes of a polymer its additives, and impurities results in the
formation of molecules denoted as NIAS. Due to the lack of
information regarding the composition of plastic products by the
manufacture associated with new molecules formed due to the
degradative process, the identification of NIAS via qualitative anal-
ysis is a very challenging task [12]. Establishing the structure of
detected NIAS is also not easy to work on due to the lack of suitable
references and low concentrations of those substances.

Figure 1 shows an example of isomers of nonylphenols (NPs)
and nonylphenol ethoxylated (NPEO). NPs are formed as a result
of hydrolysis of the antioxidant tris(nonylphenyl) phosphite
(TNPP), which is used as a stabilizer for polymeric FCMs. NPs
are endocrine disruptors and xenoestrogens, while NPEOs are

2-nonylphenol 4-nonylphenol

e O

-(4-nonylphenoxy) ethan-1-ol

Fig. 1 The structural formula of the example of nonylphenols and nonylphenol
ethoxylated isomers considered as NIAS and are registered with different CAS
numbers
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nonionic surfactants that can be found as potential migrants from
food packaging adhesives. NPEOs degrade into NPs in the envi-
ronment and both families of compounds are considered NIAS
[45—47]. NPs can be analyzed by direct injection GC-MS
(DI-GC-MS), and NPEOs can be analyzed by ultra-high-perfor-
mance liquid chromatography coupled to quadrupole time-of-
flight with MS* technology (UPLC-Q-TOE-MSF) [48].

The non-target analysis is the most suitable analytical approach
for the determination of NIAS. It is based on the screening of all
chemical compounds detectable by the specific analytical method in
one sample injection. By using non-target analysis, it is possible to
determine new compounds that have not been yet studied, which is
highly desirable in NIAS analysis [51, 52]. The reported findings of
new NIAS [30, 51-53] prove that non-target analysis is an indis-
pensable tool for the qualitative analysis of recycled polymers for
food packaging applications.

On the other hand, the analysis of IAS is easier when compared
to NIAS. For this reason, the target analysis can be used success-
fully. In this case, the target analysis is based on the detection and
quantification of the list of known compounds. It would be conve-
nient to use an internal standard containing a similar compound to
IAS that is currently investigated. Furthermore, it would be perfect
if the quantitative analysis of the detected IAS in recycled polymers
tfor food packaging applications contained internal standards at
similar concentrations to the analyte [33, 54, 55] (Fig. 2).

When analytical standards of chemical compounds are not
available in the market, the quantitative analysis of IAS and NIAS
is more complex [41, 56]. Another case is when the analyte is a
complex mixture of different compounds giving a single signal, and
its origin cannot be determined to match the best standards (e.g.,
mineral oils, as shown in Fig. 3) [43, 57]. Therefore, the concen-
trations of analytes are estimated by semi-quantification. Calibra-
tion is based on a standard that has a similar chemical structure to
the analyzed NIAS, or on a standard of a known compound that is
eluted in the center of the chromatogram [58]. In exceptional
cases, small-scale synthesis of missing standards can be per-
formed on a laboratory scale.

Finally, highly sensitive analytical techniques capable of separ-
ating and detecting IAS and NIAS need to be used. A wide range
of analytical methods with well-establish protocols of identification
and quantification are required. Successful analysis of IAS and
NIAS demonstrates the effectiveness of applying practical guidance
on performance criteria and validation procedures for analytical
methods used in the control of FCMs [59], the performance of
migration assays [29], and the risk assessment [60].

Nowadays, new analytical methods are developed with lower
limits of detection and quantification. Also, the future develop-
ments in the field of highly sensitive analytical methods will lead
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Fig. 3 Chromatograms of (a) olive oil sample with a concentration of 157.42 pg g~ of mineral oil; (b) pure
olive oil sample with a concentration of 57.42 pg g~ compared with the standard of alkanes C7—C40 with
a concentration at 10 ug g . (Reproduced from Ref. [18] with permission from Elsevier, Copyright 2013)

to determining new IAS and NIAS that are present at the ultra-
traces (ppb and sub-ppb) level. Those compounds will probably not
cause health hazards due to a very low concentration. Although it
should be highlighted that the toxicity of migrants depends not
only on the dose but also on the exposure time.

Nevertheless, qualitative and quantitative analyses of migrating
compounds from FCMs must comply with European legislation
and all its amendments [61] in order to be available on the market.
Therefore, proper characterization of recycled food packaging is
critical.

Moreover, there is a strong tendency toward applying compu-
tation in the building of chemical libraries [62] that will allow the
identification of chemical structures and named NIAS that are
currently referred to as “unknown.” Modern libraries of screening
compounds are already at the forefront of innovative chemical
fingerprint matching design supporting the needs of scientists in
their pursuit of novel molecules and NIAS identification.

2 Methods

2.1 Determination of
IAS and NIAS

The assurance of quality and safety in the application of recycled
polymers for food contact involves performing complex analyses
utilizing a wide range of analytical methods. Only a broad spectrum
of studies will give enough information on the plastic risk of con-
taining toxic chemicals dangerous to human health. Both qualita-
tive and quantitative research is crucial in the study of IAS and
NIAS. The selection of the appropriate techniques depends on
the type of sample being analyzed, whether it is a direct analysis of
the polymer or a migration study to ensure polymer safety.
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2.2 Direct Analysis of
Polymer Surface

Moreover, target or non-target analysis can be performed depend-
ing on the information about the recycled polymer
composition [33].

During the investigation of IAS and NIAS from recycled poly-
mers, the application of modern analytical methods for determining
and quantifying different analytes in the complex matrix is required.
A dependency diagram describing the relationships between NIAS,
IAS, risk assessment, recycled polymer development and safety, and
analytical methods is shown in Fig. 2. The following analytical
techniques are abbreviated: surface-enhanced Raman spectroscopy
(SERS), atmospheric solids analysis probe (ASAP), headspace-solid
phase microextraction gas chromatography-olfactometry-mass
spectrometry  (HS-SPME-GC-O-MS), direct injection gas
chromatography-mass spectrometry (DI-GC-MS), solid-phase
microextraction gas chromatography-mass spectrometry (SPME-
GC-MS), atmospheric pressure gas chromatography coupled to
quadrupole time-of-flight with high energy mass spectrometry
(APGC-Q-TOF-MS"), ultra-high-performance liquid chromatog-
raphy coupled to quadrupole time-of-flight with high energy mass
spectrometry (UPLC-Q-TOE-MS®), ultra-high-performance lig-
uid chromatography coupled to triple quadrupole with mass spec-
trometry (UPLC-QqQ-MS), hybrid linear ion trap-high-
resolution mass spectrometry (LTQ-orbitrap), and ultra-high-per-
formance liquid chromatography coupled to ion-mobility quadru-
pole time-of-flight mass spectrometry (UPLC-IM-Q-TOF-MS).

Analysis of IAS and NIAS can be performed by (i) direct analy-
sis of the polymer surface, (2) odors analysis, and (3) migration
study. As a result, volatile, semi-volatile, and /or non-volatile com-
pounds can be detected depending on the analytical technique
applied. In the sequence, the possibility of identifying NIAS and
IAS will be discussed by (i) direct analysis of polymer surface,
especially using ASAP and SERS, (ii) migration assays, and the
analyses of (iii) volatile and (iv) non-volatile compounds.

Regarding the ASAP, the sample is taken with a glass rod
(immersed, rubbed) and then is entered into the ionization cham-
ber, where it is evaporated and ionized under atmospheric pressure.
The produced ions are analyzed by the MS detector. The advantage
of ASAP analysis is that the analyte concentration in the sample
analyzed directly is much higher than, for example, in samples after
migration assays. This allows better identification of TAS and NIAS.
It is a screening technique that directs the researcher to the appro-
priate choice for further analysis [63]. Still, ASAP has no necessity
tor treatment and manipulation of the sample and there is a lack of a
precleaning step. Those additional tasks are very often time-
consuming, expensive, and environmentally unfriendly due to the
usage of a high number of solvents. It should be highlighted that
there is no separation of the analytes on the chromatographic
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column. This results in the simultaneous determination of all ana-
lyses from the recycled polymer matrix. Therefore, ASAP is com-
monly used for target analysis, because it is a rapid tool for
screening purposes [12, 64].

A novel application of ASAP for the analysis of NIAS and IAS is
the determination of characteristic markers of mineral oils hydro-
carbons (MOH) [65]. MOH is a mixture of hydrocarbons contain-
ing thousands of chemical compounds of different structures and
sizes derived from petroleum. Therefore, their presence in recycled
packaging can come from polyolefins, paper, board, traces of adhe-
sives, and industrial contamination [61, 66].

It was confirmed that the influence of mineral oils on human
health is negative, and their migration to food should be avoided
[67—69]. As qualitative and quantitative analysis is complicated,
MOHs have been divided into two groups to facilitate the analysis,
namely: mineral oil saturated hydrocarbons (MOSH) and mineral
oil aromatic hydrocarbons (MOAH). The signal of both, com-
monly reported by gas chromatography with flame ionization
detector (GC-FID), has the shape of a characteristic hump
[18, 30], as can be seen in Fig. 3a. Injection of #-alkanes [70]
under the same chromatographic conditions as samples of MOH
can help the identification of individual fractions of mineral oils, as
can be seen in Fig. 3b. Guidance on sampling, analysis, and data
reporting for the monitoring of MOHs in food and FCMs can be
helpful in MOH analysis [54]. Chemical markers are very useful
tools to verity the origin of MOAH. They also avoid misinterpreta-
tion of the analysis by providing detailed and reliable chemical
evidence of MOAH contamination. Samples of recycled PET,
recycled paperboard, and packaging of couscous and semolina
were analyzed in search for MOAH markers by ASAP coupled to
Q-TOF-MSE, and APGC-Q-TOF-MS* [35].

Another technique that allows the direct analysis is surface-
enhanced Raman spectroscopy or surface-enhanced Raman scatter-
ing (SERS). It is a surface-sensitive technique that results in the
enhancement of Raman scattering by nanoparticles such as silver,
gold, and copper or a mixture of them adsorbed on the rough
support surface. Near a rough metal surface, the Raman cross-
section can be dramatically enhanced by a factor of up to 1014.
This allows very sensitive measurements of the analyte adsorbed on
the surface [45, 71]. The enhancement mechanisms are brooadly
divided into chemical and electrochemical enhancement. The
chemical theory claims that, when molecules are adsorbed on the
surface, their electronic states can interact with the states in the
metal and produce new transitions. The true nature of this theory is
still not fully understood. The electrochemical theory is based on
the enhancement of the local electromagnetic field on the surtace of
a metal. If the wavelength of the incident electromagnetic field is
close to the plasma wavelength of the metal, electrons can be
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2.3 Migration Assays

excited into an extended surface electronic state (surface plasmon
resonance). This leads to extensive local fields. On the other hand,
there is the formation of charge-transfer complexes between the
analyte and the surface (resonance enhancement) [58]. SERS mea-
surement is carried out using a confocal microscope. The Raman
microscope is by far one of the best instrumentation enhancements
one can make. The new generation of Raman microscopes can offer
a powerful nondestructive and noncontact method of sample anal-
ysis. One of the most incredible benefits is the use of the confocal
Raman microscope design. This enables a very small sample area or
volume to be analyzed down to the micron scale. Combine this
micro Raman analysis with automatic focusing XYZ motion, and it
becomes possible to produce “chemical” images of a sample
[59]. It is worth mentioning that mapping of the sample can also
be performed by applying NIR hyperspectral imaging (see
Chap. 10).

An example of a rapid Raman approach for the detection of
NIAS can be the determination of titanium dioxide, calcium car-
bonate, and calcium sulfate as contaminants in polymer pellets and
food packaging [29]. This technique allows the verification of the
distribution of analytes in the analyzed sample. In this case, it was
found that calcium carbonate and calcium sulfate were environ-
mental contaminants. At the same time, titanium dioxide was a
contaminant from the origin of the production process since it
was also found in the bulk material. Nevertheless, some of those
additives (e.g., titanium dioxide) can also be IAS as they are com-
monly used as polymer additives (fillers and white pigments). Fig-
ure 4 shows the Raman spectrum of oxo-biodegradable
polyethylene for food applications with marked shifts at 609 and
449 cm ! that are characteristic of titanium dioxide [72].

Additionally, the distribution of NIAS and its clustering can be
better understood by Raman imaging. Moreover, image analysis
can be used as a semi-quantitative analysis of NIAS on the sample
surface [29]. Figure 5 shows a 2-D map and a 3-D representation of
an oxo-biodegradable polyethylene sample for food packaging
applications imaged with a shift of titanium dioxide (609 cm ™).
Different colors indicate different intensities of Raman shifts.

Although food packaging is designed to contain food products and
protect them from the environment during transport and storage,
it can also be a very significant chemical contamination source
[73]. Therefore, mass transfer between the packaging material
and packaged food under certain conditions is called migration.
This process is essential from an analytical point of view because
migration assays based on different types of simulants determine
the analytical methods applied in the analysis of migrants [15, 12,
40, 74].
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Fig. 5 Raman (a) 2-D map and (b) 3-D representation (collected at 609 cm~") of an oxo-biodegradable
polyethylene sample for food packaging applications

NIAS as migrants are compounds of low molar mass (consid-
ered to be less than 1000 Da) that are present in the recycled
polymer. Food quality and safety can be compromised, and there-
fore, the health of consumers when these compounds reach a
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2.4 Analysis of
Volatile Gompounds

specific limit. Consequently, research on the migration of chemical
compounds from packaging to food is fundamental [47-50, 53,
75].

The European Union (EU) controls food-grade materials and
articles distributed in the EU market. It is unacceptable that food
packaging materials release substances in amounts hazardous to the
consumers’ health and change the composition of the food prod-
uct. This is why strict formal requirements are imposed on plastics.

The European Commission Regulation EU 10,2011 [10] on
plastic materials and articles intended to come into contact with
food indicates in detail conditions for migration testing. There is no
specific legislation for recycled polymers for food packaging appli-
cations. Standardized time-temperature conditions representing
the particular food application and covering the maximum shelf-
life of the packaged food are applied to the migration study. While it
would be best to perform migration tests using real food, migration
is usually tested using simulants. This is because food is a very
complex matrix that is challenging to analyze. Simultaneously,
food simulants imitate the behavior of food in contact with a
sample of recycled plastic and are easier to analyze [12, 51,
66]. Table 1 shows types of food simulants, the proposition of
analytical technique for analysis of migrants in each matrix, indica-
tion if its pretreatment is necessary, and what type of pretreatment
may be successfully used.

The migration tests on NIAS delectation depend on whether
the measurable material is mono or multilayer. Total immersion of
the sample in food simulants is used for monolayer materials.
Simultaneously, a special migration cell is needed for multilayer
materials where only one side of the material is analyzed. Another
option for multilayer packaging is migration assay performed by
filling. In this case, a bag is made from the analyzed polymer and
filled with food simulant. Only polymers with the property of
thermosealing can be analyzed in this way.

When migrants are determined in food simulants, both volatile and
non-volatile compounds need to be analyzed. The group of volatile
organic compounds (VOCs) includes organic compounds with
boiling points less than or equal to 250 °C at a pressure of
101.3 kPa [86].

The method most frequently used to determine NIAS as VOCs
in recycled polymer migration research is gas chromatography. It
enables the separation of a mixture of compounds and, in combi-
nation with an appropriate detection system, gives information
about the type and concentration of determined compounds after
the calibration that precedes it. The essence of the chromatographic
separation is the multiple division of the mixture components
between two immiscible phases: the stationary phase and the
mobile phase, the latter being a gas called a carrier gas. Together
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with the carrier gas, the analyzed substances move in the chro-
matographic column; those with higher affinity for the stationary
phase move more slowly along the column and later reach the
detector [87, 88].

Liquid simulants such as 95% ethanol is commonly analyzed by
GC-MS. This method analyzes small molecules after electron-
impact ionization (EI) to obtain mass spectra. Subsequent compo-
nent identification is made by comparing the obtained spectrum,
characteristic for each NIAS, with spectra in volatile compound
libraries (e.g., NIST). The coefficient determining the agreement
between the analyzed NIAS with recycled polymers for food appli-
cations and the standard is the match percentage. The greater the
match percentage, the greater the agreement between the spectra.
Confirmation (100%) of the qualitative analysis can be done by
injecting pure standards of NIAS [66].

El is a type of hard ionization using high energy and completely
breaks down the molecules. Therefore, if the molecular ion charac-
teristic of NIAS cannot be identified, it is reccommended to try to
analyze it with a complementary analytical method based on chem-
ical ionization (CI) or atmospheric pressure ionization (APGC)
using quadrupole and time-of-flight coupled to high-resolution
MS. This technique allows direct analysis of all liquid simulants
(Table 1). An example of such research can determine volatile
NIAS from a starch-based polymer with a new formula for food
packaging applications [89].

For the analysis of food simulants with high water content,
SPME-GC-MS can be used. It is a high-speed technique that does
not require the use of a solvent and therefore allows the analysis of
volatile NIAS in aqueous solutions. Solid-phase microextraction
(SPME) is based on adsorption of analytes in a hot fiber coated
with different polymers or sorbents and their thermal desorption in
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Fig. 6 Representative total ion chromatograms (TIC) of (a) virgin and (b) recycled EPS containers with
determined NIAS compounds. (Reproduced from Ref. [30] with permission from Elsevier, Copyright 2019)
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the injection port of the chromatograph, where they are detected
by MS. Figure 6 shows an example of the SPME-GC-MS spectra of
volatile NIAS identified in recycled expanded polystyrene contain-
ers and their migration into food simulants such as 3% acetic acid
and 10% ethanol. Chromatograms have market-detected NIAS
with numbers with lists that can be seen in the literature [30].

Furthermore, a technique used to identify odor-active com-
pounds that can result in NIAS [32] in a complex matrix such as
recycled plastics is the headspace-solid phase microextraction-gas
chromatography-olfactometry-mass spectrometry (HS-SPME-
GC-O-MS). This technique contributed to the revolution in the
analysis of the odors by the specific correlation with the chro-
matographic peaks of analytes and their aroma [40, 90]. Paiva
et al. [31] analyzed the presence of volatiles and odoriferous com-
pounds in samples of recycled polypropylene. Forty-five com-
pounds were extracted by headspace solid-phase microextraction
(HS-SPME) and detected by GC-MS and a sniffing port (GC-MS-
O). Nine of these compounds interfere with the quality of food and
had odoriferous characteristics, such as apple, vinegar, heavy-
scented smell, hot oil, vinegar vapor, and burnt synthetics. There-
fore, this work amplifies the importance of the detected odorous
compounds for food applications and, concurrent with other liter-
ature [40, 78, 85], highlights the development of processes ade-
quate to separate and decontaminate recycled polymers for food
contact.

Hyphenated techniques use the resolution capability of the analyti-
cal method and the capability of MS to identify the separated
components. Liquid chromatography coupled to mass spectrome-
try (LC-MS) is such an analytical technique. The most important
advantage of this technique is the ability to determine polar and
macromolecular compounds; therefore, it is widely used in NIAS
analysis. Unlike gas chromatography, liquid chromatography allows
the analysis of non-volatile compounds.

As a result of the soft ionization of the analytes, a molecular ion
is obtained. For liquid chromatography, there is no standard spec-
tral library as the acquisition of samples can be performed using
different experimental conditions (different energies of ionization).

UPLC-Q-TOF-MS® is the sensitive, fast, and effective tech-
nique used successfully for IAS and NIAS identification. Qualitative
analysis is based on the simultaneous application of low and high
collision energy for spectral acquisition. This mode provides accu-
rate precursor and fragment ion mass information simultaneously.
Therefore, this is a possible identification and pattern recognition
of compounds such as aromatic amines [40], oligomers from
starch-based polymer [89], and migrants from adhesives for food
packaging applications [91]. Additionally, target analysis in single
ion recording (SIR) mode, using even more sensitive equipment
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UPLC-QqQ-MS, can be applied to make a quantitative analysis
of the determined IAS and NIAS [15].

High-resolution ion trap hybrid linear mass spectrometry
(LTQ-Orbitrap) compared to UPLC-Q-TOF-MS¥ can perform a
multi-level NIAS fragmentation. This device is comprised of an MS
linear ion trap and an Orbitrap mass analyzer. It has already been
applied for the qualitative analysis of FCM non-volatile
migrants [15].

Ion-mobility quadrupole time-of-flight mass spectrometry,
coupled to the ultra-high-performance liquid chromatography
(UPLC-IM-Q-TOEFE-MS), allows obtaining a very clean spectrum
of the analyzed NIAS, because retention time together with
the drift time is used to determine ions. Therefore, a novel collision
cross-section (CCS) value connected directly with the shape and
size of the analyzed NIAS is determined. Thus, the application of
this analytical technique for analysis of migrants from recycled food
packaging confirms much better-determined compounds. An
example of its application can be the determination of polyamide
6 and polyamide 66 oligomers from kitchenware utensils to food.
Oligomers are part of the polymer structure and are currently not
legislated by the EU. They became NIAS in case of migration into
food products from packaging [47].

3 Risk Assessment

Risk assessment of the negative impact of chemicals from recycled
polymers on human health is based on the threshold of toxicologi-
cal effects obtained from tests on animals. The threshold of toxico-
logical concern (TTC) is defined as the level of the chemicals
analyzed below which there would be no significant hazard to
human health [92].

A positive list of migrants that can be detected in samples of
migration assays has been presented in the European Regulation
No 10,2011 on plastic materials and articles intended to contact
foodstuffs. Therefore, these chemical substances can be used in
recycled polymers for food packaging applications. Migration limits
are a theoretical mathematical value that must not exceed the
concentration of a given compound. Migration limits keep recycled
plastics safe. Substances on the positive list of EU 10,/2011 have
assigned a specific migration limit (SML). These values were estab-
lished based on the toxicity data of each chemical studied by the
European Food and Safety Authority (EFSA). It should be empha-
sized that the term of global migration with the migration process
is also connected. In this case, the total concentration of all sub-
stances migrating to the food (detected in the food simulant) must
not exceed the overall migration limit (OML) of 60 mg kg ™' of
food or 10 mg dm 2 of recycled material [66].
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Toxic Hazard

Low (Class I)

Intermediate (Class Il)

High (Class III)

Verbose explanation

Cramer rules

&8 Q1.Normal constituent of the body No Bisphenol A diglycidyl ether
&8 Q2.Contains functional groups associated with enhanced toxicity No Bisphenol A diglycidyl
ether

i Q3.Contains elements other than C,H,O,N divalent S No Bisphenol A diglycidyl ether

& Q5.Simply branched aliphatic hydrocarbon or a common carbohydrate No Bisphenol A
diglycidyl ether

8 Q6.Benzene derivative with certain substituents No Bisphenol A diglycidyl ether

i Q7.Heterocyclic Yes Bisphenol A diglycidyl ether

8 Q8.Lactone or cyclic diester No Bisphenol A diglycidyl ether

#8 10.3-membered heterocycle Yes Class High (Class 111) Bisphenol A diglycidyl ether

Fig. 7 Decision tree from Toxtree software for NIAS bisphenol A diglycidyl ether

Nevertheless, NIAS are very often new substances boasting
toxicities with no prior study. The toxicity of chemicals not
included in the positive list is estimated using Cramer’s rules and
the open-source application Toxtree in the TTC approach. Toxtree
can assess toxic hazards by applying a decision tree approach.
Cramer’s classification assigns chemicals to one of three toxicity
classes and proposes a maximum daily intake. Theoretical maxi-
mum migration amounts of 1.80, 0.54, and 0.09 mg kg ' are
applied to classes 1, II, and III, respectively [89]. Figure 7 presents
a decision tree from Toxtree software for bisphenol A diglycidyl
ether (BADGE). This toxic NIAS is an endocrine-disrupting sub-
stance and has been classified as class 111 [78, 89, 93].

Equation 1 is used to calculate the theoretical maximum migra-
tion amounts (mg kg~ ') of NIAS coming from recycled polymer
and not present in the positive list of EU 10,/2011:

EDI = migration - food intake - CF (1)
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where EDI is the estimated daily intake (maximum daily intake for
cach substance per person, considered 1 kg person ' d ' in Eur-
ope); CF = consumption factor [94].

In the case of BADGE, the endocrine-disrupting NIAS that has
been assigned by Toxtree to Cramer class III EDI would be
0.09 mg kg . This is because the maximum daily intake for each
substance per person in Europe is considered 1 kg person ' d™*,
and the consumption factor is not applied in Europe. CF is fraction
of the daily diet for a specific material that is part of the food contact
materials. It is used for the analysis of recycled polymers in the USA.
Therefore, obtained values of migrating BADGE concentration
from recycled food packaging cannot exceed the calculated EDI
value.

4 Final Considerations

Difficulties and challenges found in the analysis of IAS and NIAS in
recycled food packaging have been present. The main challenges
are summarized into the following: (i) the lack of information on
the actual composition of the different ingredients and materials
used for packaging production; (ii) extensive use of additives as
stabilizers, antioxidants, plasticizers, among others, depending on
the application; (iii) the need for high-sensitivity and precision
analytical techniques; and (iv) the high shear rates and temperatures
employed in recycling process that results in the formation of new
molecules. Therefore, the identification and unequivocal confirma-
tion of IAS and NIAS can be puzzling. In most cases, the
non-target analysis is the most suitable analytical approach for the
determination of NIAS, while the analysis of IAS is much easier,
and the target analysis can be used favorably.

Successful analysis of IAS and NIAS is based on applying highly
sensitive analytical techniques capable of their separation and detec-
tion. Migration assays, international legislation, and appropriate
application of risk assessment are crucial for ensuring the quality
and safety of recycled polymers to food contact. The use of analyti-
cal techniques has been shown for the direct analysis of surface.
They are commonly used for target analysis and being a rapid tool
for screening purpose. However, they present a lower limit of
detection. Additionally, the importance of odorous research and
samples from migration assays (volatile and non-volatile IAS and
NIAS) are addressed in this chapter. Therefore, techniques such as
SERS, ASAP, HS-SPME-GC-O-MS, DI-GC-MS, SPME-GC-MS,
GC-FID, APGC-Q-TOF-MS®, UPLC-Q-TOE-MSE, UPLC-
QqQ-MS, LTQ-orbitrap, and UPLC-IM-Q-TOF have been dis-
cussed, and examples of the analysis of real IAS and NIAS in the
complex matrix have been added. Future developments in the field
of super sensitive analytical techniques will probably lead to new
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IAS and NIAS. Simultaneously, quick identification of those com-
pounds will be possible due to the development of modern chemi-

cal libraries.
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Poly- and Perfluorinated Alkyl Substances in Food
Packaging Materials
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Abstract

Poly- and perfluorinated alkyl substances (PFAS) are commonly used additives in food packaging materials
that impart water and grease resistance. However, this class of compounds is coming under increased
scrutiny due to human health and environmental concerns. As a result, regulatory agencies are developing
limits on PFAS in food packaging. The development and enforcement of such limits highlights the need for
robust PFAS detection methods. Unfortunately, targeted methods that detect specific PFAS compounds
can measure only a small subset of PFAS. Thus, total fluorine methods are preferred for food packaging
applications. Commercially available total fluorine methods include combustion followed by ion chroma-
tography or fluoride ion-selective electrodes. Surface measurement techniques are also under development,
which may be particularly useful for nondestructive, rapid screening of food packaging materials. This
chapter provides a discussion of the various methods available, and under development, for quantifying
PFAS in food packaging materials. Alternative strategies to impart water and grease resistance to food
packaging are also discussed.

Key words PFAS, Perfluorinated compounds, Total fluorine, Detection methods, Food packaging,
PFAS alternatives

1 Introduction

Food packaging materials rely on additives to improve gas and
moisture barriers, oil resistance, and other properties. Among the
most common, and recently scrutinized, classes of additives are
poly- and perfluorinated alkyl substances (PFAS), which impart
water- and oil-repellency to paper and molded fiber products
[1]. PEAS contain multiple carbon-fluorine bonds, which are
incorporated into alkyl chains to produce hydrophobic and oleo-
phobic compounds [2]. In food packaging, the unique ability of
these compounds to impart low surface tension has led to their
widespread use in food contact materials that come in contact with
oil and grease [3]. For instance, PFAS compounds are commonly
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used in microwave popcorn bags [4] and fast-food packaging [1]
including pizza boxes and French fry wraps.

However, PFAS have recently been linked to a wide range of
toxic effects, raising questions about the safety of these additives
[5, 6]. Studies conducted with one PFAS compound, perfluorooc-
tanoic acid (PFOA), indicate likely links between exposure and
several adverse outcomes, including high cholesterol, thyroid dis-
ease, reproductive and developmental toxicity, and cancer
[6]. PFOA has been classified as a possible human carcinogen by
the International Agency for Research on Cancer due to studies
linking the compound to kidney and testicular cancers. Immuno-
toxicity has also been observed in children with elevated serum
levels of three PFAS compounds. Most toxicity studies thus far
focus on a handful of compounds, particularly PFOA and perfluor-
ooctane sulfonic acid (PFOS), which were among the first PFAS to
be widely detected in consumer products and the environment.
The toxicity of other PFAS, including those used as replacements
for PFOS and PFOA in industry applications, requires further study
and the development of robust methodologies for read-across from
structurally similar PFAS compounds [7]. In addition, although
PFAS are often present as mixtures, the toxicity of PEAS mixtures is
complex and poorly understood [8]. As a result of the growing
evidence for PFAS toxicity, an increasing array of environmental
experts recommend that PEAS should be treated as a hazardous
chemical class and avoided wherever possible [9].

Food packaging can contribute to human exposure to PFAS
through multiple routes. PFAS can leach from packaging into food
during typical use of items such as microwave popcorn bags
[10, 11]. PEAS have been detected in food items such as packaged
meats [12], popcorn [13], and fast-food items [13, 14 ], which has
raised concerns about dietary exposure to these compounds result-
ing from their use in food packaging. In addition, PFAS can con-
taminate the food supply through indirect pathways because the
strong carbon-fluorine bonds in PFAS make these compounds
recalcitrant to degradation, resulting in their introduction into
the environment at the end-of-life of food packaging products
[6]. For instance, PFAS can be introduced to food crops when
food packaging-derived compost is applied to agricultural lands
[15]. Indirect PFAS contamination also occurs due to the uptake
of PFAS from contaminated irrigation water and from land-applied
biosolids, which can result in exposures that exceed EPA health
guidelines [16, 17]. The widespread use and recalcitrance of PFAS
have resulted in these compounds becoming ubiquitous environ-
mental contaminants that have now been detected on all continents
[2, 18] including in arctic ice cores [19], in widespread aquatic
environments [20], and in the atmosphere [21]. The full implica-
tions of PFAS contamination to our food chain is still unknown.
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Regulatory agencies are now taking notice and beginning to
restrict the use of PFAS in food packaging. For instance, in 2015,
the Danish Ministry for Environment and Food issued a guideline
level for organic fluorine in food contact materials in order to
reduce consumer exposure. The limit was revised in 2018 to its
current level, 20 pg g~ *. In the USA, several states have passed or
are considering legislation to ban PFAS-containing food packaging
[22]. In 2018, San Francisco became the first USA city to ban the
addition of fluorinated chemicals to all single-use compostable food
packaging, effective in 2020 [23].

Regulatory action has also been taken to reduce the input of
PFAS into compost. The EU Directive on Packaging and Packag-
ing Waste, which provides a standard for compostable and biode-
gradable packaging, now includes a limit of 100 mg kg™~ fluorine
[24]. The Biodegradable Products Institute, which provides com-
postability certification in the USA, has adopted this limit as of
2019 [25]. These actions effectively designate PFAS-containing
packaging as non-compostable, further motivating the move away
from PFAS in food packaging.

Enacting regulations that limit PFAS in food packaging is
challenging, in part because PFAS can contaminate food contact
materials (FCMs) even when not intentionally added. Regulations
often limit the intentional addition of PFAS but allow for the
possibility that PFAS may be present in the final product due to
unintentional sources [26]. Readers are invited to refer to Chap. 4
for further details on intentionally and non-intentionally added
substances. In addition to the use of PFAS in base materials or
linings, PFAS are introduced to food packaging materials inciden-
tally when used as release agents and lubricants during the
manufacturing of FCMs [27]. PFAS can also be present in recycled
fiber used in the manufacture of new food packaging products
[26]. PFAS from these sources cannot be readily distinguished
from “intentionally added” PFAS based on chemical structure
and are instead determined based on the concentration of PFAS
in the final product, following the assumption that high PFAS
concentrations correspond to intentional use. However, the levels
of PFAS imparted during manufacturing are not well characterized.
For example, the US Food and Drug Administration allows for
levels up to 2000 mg kg ' of some PFAS compounds used as
manufacturing aids for food packaging products [28], but the
actual concentrations imparted during manufacturing are unknown
and may vary widely. These challenges highlight the need for robust
quantitative methods to measure PFAS in food packaging materi-
als, in order to better constrain potential health effects and to
inform and enforce future regulations.
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2 Methods

2.1 Background

Reliably quantifying PFAS in food packaging requires particular
attention to inclusivity, selectivity, and ease-of-use. The first chal-
lenge is inclusivity: while analytical methods for food contaminants
typically quantify single compounds, PFAS comprises a broad class
of thousands of individual chemicals, which cannot all be included
in existing food safety workflows. Methods that measure total
fluorine have been identified as a strategy to address this particular
challenge. However, the possible presence of inorganic fluoride
interferes with PFAS determination by total fluorine methods,
resulting in a tradeoff between selectivity and inclusivity [29]. Fur-
thermore, extensive sample preparation requirements, for instance,
multi-step extractions from solid materials, limit the usefulness of
some methods for regulatory, product screening purposes or online
process monitoring. These considerations provide important con-
text for considering the breadth of methods under development,
and the promise of new innovations in solids analyses and rapid
screening.

Initial methods for measuring PFAS in the environment used
liquid chromatography and mass spectrometry to quantify specific
PFAS compounds using targeted methods. Standard targeted
methods exist for subsets of PEAS compounds found in water and
soil (e.g., USEPA Method 537.vl; ISO Method 251010; ASTM
D7979; ASTM D7968), but these methods detect only approxi-
mately 20 of the thousands of existing PFAS compounds, and do
not target some of the compounds most commonly found in food
packaging, such as the dialkyl and trialkyl phosphate esters (diPAPs
and triPAPs, respectively). When compared side-by-side, targeted
PFAS methods detect a small portion of total organofluorine com-
pounds, indicating that existing targeted methods poorly represent
total potential PFAS exposure [3, 30]. Importantly, compounds
that are not detected in targeted analyses likely still pose health risks
and, in some cases, are known precursors to contaminants with
well-characterized toxicity. For instance, diPAPs found in food
packaging materials act as endocrine disruptors [31] and are also
metabolized to toxic perfluorinated carboxylic acids [13].

The total oxidizable precursor (TOP) assay was developed to
address a broader suite of PFAS compounds compared to targeted
methods. The TOP assay involves oxidizing a PFAS-containing
sample to form PFAS oxidation end-products, specifically perfluori-
nated carboxylic acids (PFCAs), which are then analyzed with a
targeted LC-MS/MS method. In this way, the TOP assay provides
a total concentration of PFCAs and their precursors. This method
was developed for aqueous samples where the source of PFAS was
fire-fighting foams [32], and it has not been tested on polymers
used in food packaging or newer ether-linked PFAS. The TOP assay
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PFAS Methods for Food Packaging
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Fig. 2 Portable poly- and perfluorinated alkyl substances (PFAS) sensor device. (Reproduced from Ref. [50]
with permission from Elsevier)

also cannot detect short-chain compounds (e.g., C, and C3 com-
pounds) that are not retained by HPLC columns, although short-
chain PFCAs could be quantified by pairing the TOP assay with ion
chromatography [33]. The diPAPs commonly used in food contact
materials were effectively converted to PFCAs detectable by the
TOP assay in spiked soil samples [33], indicating that this tech-
nique could provide evidence for the presence of PFAS in food
packaging [ 34]. However, further development of extraction meth-
ods for polymer-bound PFAS, along with verification that food
packaging-relevant PFAS are effectively converted to PFCAs,
would be required in order to implement the TOP assay for food
packaging materials. With these uncertainties it is not clear that the
TOP assay can be used to enforce regulations on PFAS in food
packaging applications.

The accuracy, case of use, and, thus, usefulness of mass
spectrometry-based techniques depend on the pretreatment of
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the samples, which necessarily includes an extraction protocol
[35]. PFOA and PFAS from liquid matrices are typically extracted
using solid-phase extraction [36], but other methods are also
reported (Fig. 1). These methods include solid-phase [37] or
liquid-phase microextraction [38] and ion-pair extraction
[39]. Online solid phase extraction processes [40,41] are appealing
because they reduce sample preparation time, although extraction
from solid products to liquid solutions would still be necessary in
order to use this technique within the food packaging process
chain.

In contrast to the above techniques, total F methods quantify
the sum of all fluorine-containing compounds without identifying
specific chemicals and can measure fluorine directly in a solid sam-
ple rather than relying on extraction. These techniques can be used
for quantifying total PFAS if no inorganic fluoride is present or if
inorganic fluoride can be separately measured and subtracted from
total F. Combustion ion chromatography (CIC) is a relatively
common, sensitive, and automated technique for total fluorine
analysis. CIC is reportedly able to measure fluorine with detection
limits as low as 0.8 pg g~ [3] or 16 nmol ecm™2 [1]. Further
analytical details of CIC detection methods are provided below.
Extraction techniques—for example, extractable organofluorine
(EOF) or adsorbable organofluorine (AOF)—have also been paired
with CIC to determine the organic fraction of total F, in cases
where inorganic F is significant. However, further development
of these techniques for solid samples is needed, since the current
methods have limited ability to extract fluoropolymers from solids,
and therefore may underestimate PFAS concentrations. For
instance, EOF extracted <5% of total F from food contact materials
in a recent methods assessment where the contribution of inorganic
F was unknown [3]. The EOF procedure also has low recovery for
some nonpolymer compounds, such as fluorosulfonamides [42],
and increases the total CIC method time from approximately
20 min to over 8 h. The regulatory agency for food packaging
materials in Denmark is developing a method for CIC with inor-
ganic F subtraction to be used for compliance testing of paper
and board matrices [43], which may set a precedent for the use
of a CIC method in regulatory screening processes. Combustion
can alternatively be combined with detection using a fluoride
ion-selective electrode (ISE). This method relies on readily avail-
able laboratory equipment [44, 45] and is currently conducted by
commercial labs in the USA [46].

Surface characterization techniques provide an alternative to
combustion-based methods for total fluorine. Multiple surface
techniques have been used for food packaging, such as particle-
induced y-ray emission (PIGE) and instrumental neutron activa-
tion analysis (INAA) [3]. PIGE in particular has recently emerged
as a promising analysis technique for total F on solid surfaces
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[47]. However, to date, no adaptation exists to subtract inorganic F
from the total F measured using PIGE, so this technique relies on
the assumption that inorganic F is negligible. As a surface charac-
terization technique, PIGE could be used to rapidly and nonde-
structively screen for PFAS-containing surface coatings. This
technique may, however, overestimate bulk PFAS content because
it measures F concentrations only within approximately 200 pm of
the surface, where PFAS concentrations may be higher [3]. Efforts
are currently underway to miniaturize PIGE analysis so that it can
be more easily conducted in the field. If these efforts are successful,
PIGE may become a convenient technique for food packaging
product screening.

Additional surface techniques that could be used for rapid
testing are also under development but require significant further
research. Spectroscopic techniques, including Fourier-transform
infrared (FTIR) and Raman spectroscopies, are promising because
they may require minimal sample preparation. However, most
other spectroscopic techniques do not have the sensitivity to
match mass spectrometry. Surface-enhanced Raman spectroscopy
(SERS) has been proposed as a method with high sensitivity
[48, 49] whereby Raman scattering is measured from molecules
adsorbed onto nanostructured surfaces, such as gold or silver
nanoparticles or activated carbon, thus enhancing the scattering
through surface concentration of the target molecule. This
surface-sensitive technique can theoretically provide increases in
sensitivity of 10'° to 10'* compared to standard Raman spectros-
copy, resulting in the ability to detect compounds at parts per
billion (ppb) levels. For instance, Fang et al. detected PFAS via
SERS using silver nanoparticles deposited onto a graphene surface,
in conjunction with cationic Raman dyes (ethyl violet or methylene
blue) that formed ion pairs with PFAS compounds. They detected
PFOA, PFOS, and 1H,1H,2H,2H-perfluorooctanesulfonic acid
(6:2FTS), with a detection limit of approximately 50 ppb for
PFOA [49]. It should be noted that the Raman signal intensity
was boosted by the dye, rather than the target PFOA molecule,
making this an indirect method of detection. In addition, the
applicability of this technique to solid samples has not been
investigated.

Finally, there is a desire for robust, portable sensing systems
that can be used for testing potentially contaminated materials in
the field or to be used in industrial facilities for ensuring online
compliance. Recently, Faiz et al. developed optical fiber sensors
capped with poly(vinylidene fluoride) (PVDF) that rely on changes
in optical interference to detect the presence of PFOA (Fig. 2)
[50]. The PVDF interacts specifically with PFAS molecules via
hydrophobic and dipole—dipole interactions, resulting in an offset
interference pattern corresponding to the concentration of PFOA
in an aqueous test solution. Work is underway to correlate
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2.2 Selection and
Implementation

interference patterns that could differentiate other PFAS com-
pounds, and further consideration of sensitivity is needed.

The advantage of sensors based on optical fibers is their com-
patibility with monitoring devices. Fiber optic monitoring devices
can be coupled with standard smartphone apps, which could allow
for real-time information from field tests or process
monitoring [51].

A handful of other phone app-compatible sensors and kits for
PFAS detection have been introduced [52]. These include optical
test kits based on methylene blue active substances (MBAS) [53],
surface-enhanced Raman scattering [49], and the use of molecular
imprinted polymer-based ISE [54]. These systems usually require a
color change in response to specific interactions between PFAS and
indicator molecules.

Many PFAS surfactants are anionic and will interact with cat-
ionic dyes such as methylene blue or ethyl violet to form an ion-pair
that results in color changes detectable by calibrated optical systems
or even the naked eye. These surfactant-dye ion-pairs are often
hydrophobic (since their hydrophilic ends have been blocked via
their electrostatic interaction) which means they can be concen-
trated in a nonaqueous phase, which increases method sensitivity.
However, color detection from these systems can vary with pH,
temperature, and weather conditions, indicating a need for further
development of these methods to ensure they are robust enough
tor field implementation. Additionally, ion-pair methods have pri-
marily been developed to test for PFAS in water, not in solid
matrices. Accordingly, assaying food packaging papers or plastic
wraps with such methods would require standardizing extraction
methods to achieve reproducible concentrations of fluorinated
compounds over varying packaging samples.

Overall, each of the methods discussed above has unique advan-
tages for different applications. Table 1 indicates the analytes
detected, sensitivity, and sample preparation requirements of the
relatively established methods. Targeted methods are useful for
identifying the presence of specific PEAS compounds and quantify-
ing concentrations at low levels. In contrast, total fluorine methods
such as CIC, C-ISE, and PIGE can provide sensitive detection of
fluorine with low sample preparation requirements, but do not
provide information on the specific fluorinated compounds
present.

In a regulatory context where PFAS are treated as a chemical
class, the use of nontargeted methods is likely acceptable for food
packaging products at the screening stage. For instance, total fluo-
rine methods can be used for product screening, and can be fol-
lowed by requests for material data sheets, additive lists, and
information about manufacturing processing aids when fluorine is
detected [46]. The use of total fluorine methods could also be
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Method Analyte(s) Sensitivity Sample preparation
LC-MS/MS  Specific PFAS compounds ng L' in extract  Solvent extraction

included in targeted method
TOP assay PECAs and PFCA precursors ng L' in extract  Solvent extraction and oxidation
CIC Total F, total organic F ng g Total F: None

TOF: Extraction of organic F

C-ISE Total F ngg ! None—Uses solid material
PIGE Total F g g None— Uses solid material

Table 2

Commercial labs for PFAS in food packaging products

Lab Analytical technique Location
Galbraith C-ISE USA

Eurofins LC-MS/MS, TOP, CIC USA

SGS Total F Hong Kong
ALS LC-MS USA

Intertek CIC or C-ISE USA, Belgium

supported by commercial laboratories that are beginning to offer
total fluorine screening in food packaging products. A noncompre-
hensive list of commercial labs that advertise their services in offer-
ing PFAS measurements in food packaging products is provided in
Table 2. These analyses are likely to become more widely available
as demand for PFAS screening increases. As rapid detection meth-
ods and sensors are further developed, these techniques may also be
incorporated into routine monitoring or screening processes.

3 Combustion lon Chromatography (CIC)

3.1 Materials

» Furnace with water supply (e.g., Auto Quick Furnace AQF-100,
Dia Instruments Co. Ltd.)

» High purity Ar, O,.
* Ion chromatograph (e.g., 1CS-3000, Dionex Co. Ltd. with
conductivity detector).
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3.2 Setup

3.3 Procedure

» TonPac AS20 column (77.5 peg/column; 2 mm i.d. x 250 mm
length, 7.5 pm).

. NaOH, KOH, NaF.

+ Silica boats for solid samples.

The ion chromatography (IC) system must be set up specifically to
run total fluorine samples because sources of fluorine contamina-
tion exist within typical IC systems. Sources of contamination must
be removed or replaced, including substituting certain components
in the flow path of the IC (i.e., polytetrafluoroethylene-containing
tubing, gaskets, gas lines, valves, regulator) with non-fluorinated
materials (e.g., stainless steel, polyetheretherketone, polyethylene
tubing). A gas purifier with activated carbon should be used to
remove trace fluorine from gases. After modification, background
levels of fluorine <1 ng-F can be achieved [42]. For additional
details on minimizing background contamination, see [55].

1. Prepare quantification standards using sodium fluoride.

2. Set food packaging sample on a silica boat and place into a
furnace with water supply at 900-1000 °C for 5 min. Prefera-
bly, use a solids autosampler to automate analyses of multiple
samples.

3. Online IC should be set to analyze liberated fluoride from the
combustion chamber.

(a) IC software (e.g., Chromeleon if using Dionex IC) can be
used to integrate peak areas and provide report of sample
concentrations.

4. It is reccommended to analyze samples in duplicate [56].

4 Alternatives to PFAS

4.1 External Sizing
Agents (Laminated
Films, Coatings)

The health and environmental hazards of PFAS, combined with
their ability to migrate into food, have led to a surge in interest in
developing alternatives for fiber and paper-based packaging. Alter-
native strategies include applying non-PFAS substances as sizing
agents or replacing fiber products with compostable plastics or
bamboo-based materials with inherent grease resistance. The appli-
cation of non-PFAS substances can be achieved either as (1) external
sizing agents (e.g., laminated films, coatings), which are added after
molding, or (2) internal sizing agents, which, like small molecule
PFAS additives, are added to the wet pulp before molding.

Laminated films have been widely used to provide paper and paper-
board with oil and water barriers suitable for food packaging. A
disadvantage of laminated films is that they increase material and
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processing costs to production, do not homogenously confer oil
and water resistance to the entire paper/paperboard, and may crack
or form pinholes, leading to leaks. Traditional petroleum-derived
films include polymers and waxes, such as polyolefins, polystyrene,
and hydrophobic acrylates [57, 58]. These films are inexpensive,
widely available, provide good water, grease, and gas barriers, and
remain stable at relatively high temperatures. A major disadvantage
of most polymers is their end-of-life outcomes because paper-based
multilayer materials containing recalcitrant plastic films are usually
impossible to recycle economically, particularly when soiled with
food residue. Furthermore, some polymer coatings contribute to
human health concerns because they can leach endocrine disrupt-
ing compounds such as plasticizers and unpolymerized
monomers [59].

Biodegradable thermoplastic materials, such as polylactide
(PLA), polyhydroxyalkanoates (PHA; including polyhydroxybutry-
rate, PHB), polybutylenesuccinate (PBS), polycaprolactone (PCL),
and thermoplastic starch (‘'TPS) are less recalcitrant to environmen-
tal degradation than other polymers and can provide sufficient
barrier properties for food. PBS and PLA degrade readily under
industrial composting conditions, but effectively do not degrade
under conditions representative of natural environments, such as
ambient soil and aquatic conditions [60]. Despite its synthetic
nature, PCL degrades under both industrial and home composting
and soil conditions. PHB and TPS are biodegradable even when
subjected to home composting, marine, fresh water, and soil envir-
onments [60]. PLA is widely used due to its low cost but requires
additives in order to be stable in the presence of hot foods. PHAs
are more expensive than PLA but tend to be more thermally stable
and provide good moisture barriers, approaching those of polyole-
fins [61]. Although they are often sourced from sugar feedstocks,
PLA and PHA can be prepared from food and agricultural waste
streams [62, 63]. In addition to being used as sizing agents, both
traditional and biodegradable plastics can be used as substitutes for
the bulk packaging. However, polymer-based materials usually have
lower biodegradability rates than comparable fiber-based products
and may be more expensive. See Chaps. 1 and 2 for more on
biodegradation.

Film coatings made of polysaccharides are another PFAS alter-
native that can be sourced from renewable feedstocks and can be
readily biodegraded, although covalent modifications (e.g., the
introduction of functional groups) can decrease their biodegrad-
ability. The barrier properties of chitosan films and paper coatings
have been extensively investigated. Chitosan alone provided mod-
est water repellency (contact angles: 55-85°), and excellent grease
resistance when a heavy coating was applied [64]. Higher water
contact angles, that is, greater hydrophobicity, were observed with
chitosan that was functionalized with polydimethylsiloxane
(PDMS) and zein (up to 110° for water and 40-70° for castor
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4.2 Internal Sizing
Agents

oil) [65]. Moderate water absorbency was achieved in both exam-
ples, accompanied by a modest reduction in water vapor transmis-
sion rates. Optimized compositions of chitosan-PDMS-zein films
achieved strong grease repellency. However, the addition of silox-
anes to the polysaccharide-based films diminishes their environ-
mental and health advantages. Although they exhibit excellent
water repellency, siloxanes are persistent in the environment, poten-
tially bioaccumulative, and may confer hazards such as endocrine
disruption [66]. Another alternative combines high-molecular
weight cationic and anionic starches, which slightly improved the
water resistance of paper while retaining oil resistance comparable
to polyethylene film [67]. Other high-molecular weight starch
treatments increased water absorption but improved oil absorption.
Commercial versions of alternatives with external sizing agents are
already in use and include natural waxes, PLA, and clay coatings
(e.g., tradenames: Practiv’s Earthchoice, Ecotainer®, Eco-Pro-
ducts®, PrimeWare®, Bare®, Solo®, Eco-Forward®, Ecowax”™, and
World Centric®) [46].

Internal sizing agents are advantageous in their ability to provide
water and oil resistance throughout the packaging, as opposed to
just the coated surface. These additives provide aesthetic advan-
tages by enabling a more natural look to the paper. Internal sizing
agents can also be directly substituted for PFAS in the
manufacturing process and are therefore a simpler solution than
laminated films or external sizing agents, which may introduce
additional steps to production. Alkyl succinic anhydride, styrene
acrylic emulsion, alkyl ketene dimer, and rosin function as liquid
water barriers but may not impart similar enhancements to water
vapor permeability [68]. The micro- and nanostructures of nano-
materials may also provide grease and water barriers, obviating the
use of hazardous, persistent PFAS. Nanocellulose incorporated
during the wet end of paper manufacture was shown to afford an
excellent grease barrier [69].

5 Conclusions

Several alternatives have been developed that can improve the
grease and oil resistance of paper adequately to substitute for
PFAS in food packaging. Laminated films and other external sizing
agents span traditional petroleum-derived plastics, biodegradable
bioplastics, and polysaccharides. Alternative internal sizing agents
have also been identified, although fewer options have been
reported in the literature to date. While the development of
PFEAS-free food packaging is an active area of research and more
development is needed, adequate solutions exist that can achieve
effective grease and water barriers without the significant human
and environmental hazards of PFAS.
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Abstract

Packaging plays an important role in the maintenance of the quality and safety of food products. It is also
the link between the industry and the consumer, through which information is provided concerning
nutritional composition, shelf-life, and storage conditions, in addition to playing the role of product
advertising. Despite all these important functions of food packaging, it can pose a risk to consumers’ health
due to the possible migration of building blocks, additives, degradation products, and contaminants to the
packaged food. In this regard, migration assays are designed to assess the safety of food packaging materials.
This chapter provides a guideline of these assays, as well as some case studies on this topic and an insight on
the safety of food contact materials and additives.

Key words Diftusion, Food simulants, Nanoparticles, Nanoforms, Analytical techniques, Migration,
Food contact materials

1 Introduction

The main goal of food packaging is to protect the food from
tampering or (re)contamination from chemical, physical, and/or
biological sources [1]. Glass, metal, paper and paperboard, and
plastics are the most important groups of materials used in the
food packaging industry [2]. Traditionally, conventional packaging
materials should be completely inert, that is, should not interact
with the packaged food. Thus, it is important to assess if any
additives, building blocks, or other contaminants migrate from
the food contact materials (FCMs) to the food contained in it and
at which levels. It is recognized that chemicals from packaging and
other FCMs can migrate into the food itself and thus be ingested by
the consumer. Monitoring this migration has become an integral
part of ensuring food safety [3]. Some of the major recent chemical
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hazards related to migrants from packaging are plasticizers, sub-
stances used in printing inks, hydrocarbons from mineral oils, and
non-intentionally added substances—see Chap. 4 for details on the
latter [4].

According to Regulation (EC) No 1935,/2004 [5], a proper
food packaging should be “the container that protects the food
from dirt or dust, oxygen, light, pathogenic microorganisms, mois-
ture and a variety of other destructive or harmful substances. Pack-
aging must also be safe under its intended conditions of use, inert,
cheap to be produced, lightweight, easy to dispose of or to reuse,
able to withstand extreme conditions during processing or filling,
impervious to a host of environmental storage and transport con-
ditions and resistant to physical abuse.”

However, with the developments in this sector, novel functions
have been attributed to the food packaging further than those
traditional ones (i.e., to contain, inform, transport, sell, and pro-
tect). For instance, modified atmosphere packaging (MAP) and
active /intelligent packaging are technologies recently created that
beyond those basic functions are capable to increase the product
quality and safety, by extending the food shelf-life [6]. Nanotech-
nology has also been increasingly used in the packaging field to
improve physical properties and as a support to active and intelli-
gent systems, nanosensors, and smart labels [7].

Concerning those new packaging technologies, as any FCM,
they must also comply with the current FCM legal framework and
guarantee that any substances migrating from the material into the
food could endanger human health, change negatively the compo-
sition of food, or damage its organoleptic characteristics [8]. In the
case of active packaging, where the active compound may be
intended to migrate to the packaged food, such compounds must
also be listed as generally recognized as safe (GRAS) by the United
States Food and Drug Administration (FDA), being labelled as a
food ingredient [9].

The partial replacement of oil-based and /or nonbiodegradable
polymers by those from renewable resources and/or
biodegradable—for some specific applications, for example,
single-use plastics—represents a major trend in the packaging
industry to address sustainability and circularity [10]. Thus, biopo-
lymers emerge as alternative substitutes to petrochemical polymers;
however, their use is often limited by their frequently poorer
mechanical and barrier properties [6]. To overcome such hurdles,
nanostructures are incorporated into these biopolymers for rein-
forcement purposes, which arouses another concern in terms of
their safety to the consumers [11]. Yet, the implications of the use
of engineered nanomaterials (ENMs) in FCM are not well estab-
lished, and further research is demanded [12].

In this chapter, a guideline to evaluate the safety of food
packaging materials is summarized, focusing on the migration of
contaminants such as building blocks and additives. It presents a
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description of the testing conditions, diffusion processes, and quan-
tification techniques, followed by some recent studies in this field,
and finishes with a short insight regarding the safety of nanomater-
ials intended for food contact (se¢ Note 1).

2 Methods to Study the Migration of Contaminants from FCMs and Associated
Analytical Techniques

Migration is defined as the mass transfer process (Fig. 1) from any
constituent initially present in the packaging material to the pack-
aged food product (food or beverages) [ 13]. The main mechanism
ruling this phenomenon is the diffusion, which can be defined as
the mass transfer resulting from the movement of molecules with-
out the action of external forces (e.g., agitation), due to the differ-
ences in the chemical potential (i.e., from high concentration to the
lower concentration) until the equilibrium is reached [14]. The
migration is, therefore, often a diffusion process of undesirable
compounds (in major cases, not intended) that may impact the
food in two ways, namely (i) safety, due to the migration of harm-
ful /toxic compounds, and (ii) quality, owing to the migration of
substances that impart taint or flavor and odor.

There are also other phenomena related to the migration of
substances from FCMS, such as set-oft or leaching [15]; however,
the most common is through diffusion, thus these two concepts are
used interchangeably despite not being completely the same.

Single-Layer Packaging Multiplayer Packaging

A a L]
Migration °

®  Migration

@ . )
o ink o
. AN : ) N Food or
Packaging F I:joo_d 01 t Packag "9 Packaging Food simulant
material 00d simutan material 1\ material 2
Adhesive

Fig. 1 Migration process of contaminants, additives, nanostructures, and building blocks from food packaging
material. Arrows indicate the direction of diffusion due to the concentration gradient. Color objects represent
the migrants/contaminants, which can be additives, building blocks, or nanostructures. Food simulant to be
assigned according to the regulation applied. Scheme can be used for both single- and multilayer packaging
materials
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In general, the diffusion process is governed by models based
on Fick’s second law, which can be simplified in Eq. 1 [6, 16-18]:

Mg, 2 (Dt) 0.5

Mpo " T\ 7 1)

where, Mg, is the amount of migrant in the food (simulant) at time
t, Mpy is the initial amount of migrant in the packaging, D [cm® s~
! is the diffusion coefficient of the migrant in the packaging, and
Lp[cm] is the thickness of the packaging [18].

Overall, migration, specific migration, and diffusion and parti-
tion coeflicients are important parameters to be determined, and
are defined as follows:

(a) Overall migration (also known as total migration): is the sum
of all substances that can migrate from the FCM to the food
(or food simulant) [19].

(b) Specific migration: is the total of an individual and identified
substance that can migrate from the FCM to the food (or food
simulant); it is generally associated with toxicological
studies [19].

(c) Diftusion coefficient (D): is the parameter that represents the
speed of diffusion of substances/compounds from the pack-
aging into the food or food simulant [20].

(d) Partition coefficient (K): describes the relation between the
concentration in the packaging material and the food, at equi-

librium, or the amount of migrant that is transferred to the
food [21].

Each country or group of countries (e.g., European Union)
defines their implemented legal procedures of the migration limits,
in terms of overall migration limit (OML) and specific migration
limit (SML) [22]—see Note 2.

The investigation of migration is important and should be
carried out case by case, once the level of migration depends on
several intrinsic and extrinsic factors, such as the physical-chemical
nature of migrants (substances that tend to migrate) and foods, the
type of packaged food, the exposure temperature and time of
contact, the interfacial area between food and FCM packaging,
and the characteristics of the packaging material itself [4, 18, 19].

Migration tests can be performed in vitro using food simulants
or in situ (quantified in the food after its direct contact with the
packaging material). The assay can be divided into two steps:
(1) migration process; and (ii) identification /quantification of the
migrant [22].

The identification /quantification of the diffused compounds is
done using analytical techniques, chromatography and spectros-
copy being the most widespread. Preferably, this quantification
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should be done directly in the food (in situ assay), after contact with
the packaging. However, this procedure can be difficult due to the
complexity of food matrices that pose analytical difficulties
[6, 22]. Different approaches ranging from estimation based on
the assumption of total transfer to measurements in real food may
be proposed [4]. In vitro methods have been standardized by
regulatory agencies in rules/protocols such as the Regulation
(EC) no. 10/2011 from European Union [19], which establishes
the authorized food simulants and the assay conditions (time and
temperature) to be followed—see Note 3.

The conditions of the migration tests are also defined in Regu-
lation (EU) no. 10/2011 and its amendments [19] and take into
consideration the contact time and temperature in the worst fore-
seeable use of the material (see Note 4).

In the case of paper and cardboard, one of the main concerns is
regarding the possible migration of mineral oil hydrocarbons
(MOH). MOH are mixtures of nonidentified substances that may
have carcinogenic potential and can migrate from this class of
packaging material [23]. For this purpose, Tenax® (commercial
name for Simulant E), a porous polymer absorbent, is used as a
food simulant for examining the migration of volatile and semi-
volatile substances from paper and cardboard into dry, nonfatty
foods [19, 23].

The safety of food products contained in metal packaging is
generally assessed by in situ studies, which means that the quantifi-
cation/identification of the migrants is done directly in the food
after the contact time. Studies on long-term migration from metal
packaging, corresponding to long storage times characteristic of
the normal shelf-life of the packaged food have been reported,
aiming at the search for bisphenol (present in the varnishes) and
metal ions [24, 25].

When the test is done using food instead of food simulants, an
extra step is required to extract/separate the migrant compounds
from the food matrix, enabling its ideal characterization
[25,26]. The same is needed for some simulants, such as vegetable
oil.

The path to a specific migration assay is summarized in the
scheme illustrated in Fig. 2.

Once the goal of this test is the identification and quantification
of the compounds diffused from the FCM toward the food, the
application of analytical techniques with low detection limits is
mandatory, and the choice of the technique and protocols to be
followed will depend on the type of the compound searched, as
summarized in Fig. 3 (see Notes 5-7).

Some studies based on the migration of contaminants are
described in the following section.
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Migration from food packaging
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Extraction of target migrants
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* In accordance to the legal procedures implemented for each country or group of countries

Fig. 2 Scheme of the steps/protocols to be followed in a migration assay of contaminants, building blocks,
nanostructures, and additives from food contact material

2.1 Migration of Contaminants are substances that have not been intentionally
Contaminants, added to the food, originating from different sources, which
Building Blocks, and includes the packaging material. However, they can be intentionally
Additives added substances (IAS) to food packaging, such as building blocks

and additives or non-intentionally added substances (NIAS), such
as those obtained from degradation or collateral reactions or impu-
rities. Readers can refer to Chap. 4 for further information on
(N)IAS in food packaging. The transfer of these contaminants
from the packaging into the food can occur at levels that can pose
human health in danger, besides the negative impact on the quality
of food [27]. Therefore, to minimize contaminants in foodstuffs
and protect the population, European Union legislation establishes
maximum limits for certain contaminants in food that are safe for
consumption as well as a list of substances authorized to be used in
the manufacture of FCM (positive list) [5, 19, 28].

With this regard, a variety of foods needs to be inspected and
measured for the presence of contaminants to ensure that the food
placed on the market is safe for the consumer. Examples of poten-
tially migrating substances are: monomers, oligomers, alkanes,
phthalates and other plasticizers, processing aids, photoinitiators
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Headspace, purge/trap GC, Liquid extraction, gas
solid phase microextraction chromatography

Liquid extraction, HPLC

Detection by MS, NMR\
spectroscopy, UV/VIS
spectroscopy, semi
quantification by FID and
electron ionization-mass
spectroscopy

Detection by HPLC-MS, NMR
spectroscopy, ICP-MS,
UV/VIS spectroscopy, DLS

Detection by MS, semi
quantification by FID, electron
ionization-mass spectroscopy

Fig. 3 Analytical techniques used in the characterization of migrants: gas chromatography (GC), mass spectros-
copy (MS), flame ionization detection (FID), nuclear magnetic resonance (NMR), inductively coupled plasma mass
spectrometry (ICP-MS), high-performance liquid chromatography (HPLC), and dynamic light scattering (DLS)

(PIs), antioxidants, slipping agents, antimicrobial agents, flame-
retardants, and others found in food depending on the type of
food and FMC, such as PFAS (per- and polyfluoroalkyl
substances)—see Chap. 5 for further details on PFAS [29-
34]. These compounds may be originated from printing inks,
adhesives, and materials used to manufacture glass, plastic, paper,
cardboard, and metal-based food packaging. Several studies have
indicated the potential of migration for certain substances from
packaging materials, as depicted in Table 1. In this table, it is also
possible to check which test conditions (protocols) were applied
and also the analytical techniques used to identify the substances
that migrated from food contact materials.

An overview done by He and Bayen [ 35] highlights the chemi-
cal contaminants in alcoholic beverages. Monomer, oligomer,
phthalates, PIs such as isopropyl-thioxanthone (ITX) and benzo-
phenone, bisphenol A, and other bisphenols have been detected in
alcoholic beverages after their migration from the FCM—poly(eth-
ylene terephthalate) (PET) and polyethylene (PE) [35]. Parabens



Victor G. L. Souza et al.

122

pasn

9q pP[nod paisal sferalew Juigeyded
IAemnur () Jo INO ‘A[oA1nd9dsar ‘g
pUe 9 ‘VSAH PUe VAA

01 Surp1odoe ‘snyT, ‘DI 92 03
Surpaodoe A1101x01 Y31 SB PayIssed
9IE SI91S9 JIPAD Ylog "SIduRISqNS
pasii-10u 10§ [61] 1102/01/0NA
4q paysiqesss (;_8 Su o)

W] UONEISTU 911 PIPIIIXD SINSD
124 1) JO UoNeISIW ‘S[eLIaleur
1oAe[mnu 3sow 104 ‘sojduues

[Te ut sonfeA HHA-VII-DIA-VV
o1 ue IYSIY 1M SIN[eA
uoneISIu HF-YV PaIenjead
d10M dATSIYpE dueaInAjod oyl ur
Ju9sa1d ‘YT pue ‘OF(J dUIAYIDIP

urw /£ ur 001/0

01 paguey ‘q aseyd /y aseyd

01/86 3& pairels AydeiSorewrory))

"proe druiog 917 Y (g dseyd)

[oueyzow pue (y aseyd) 193epp
:saseyd aniqoy (OPD) 11 ¢ pue (sordures Tesr3o[o1q 103 UOBIPUOD)

(0LO) T 0T :ownjoa uondfuy - P € 10J Do 0F pue ‘(s[eriew

_UIW W () :MO[J Uwinjo)) ‘D, 0  pozumaised I0j SUODIPUOD) UIW ()&

:arngeradway uwnjo)) *(wr £ pue I0} Do TTT P € 195 Do 0F P OT
wuw (0] x WW ['g 661) BWnjod 10J D, 09 I8 paurIo}1ad 210Mm S1897, (a1soype se
1D HAT DTdN SIdTea e yam "0,G6 [OUBYID PUE ‘()T [OULYID pasn sueyaimijod)

[0F] vV 4q pasodwod ‘519389 124> om T, AyderSorewory) "JOIO -SIN-OTIdN ‘193em orndeny :syuemuis poog  Suideyoed oAemnpy
"pooy 4qeq
JOJ S[OAQ] ONPISIT WNIXEUT
A Surpaddxd < 3y Sw 0100
9A0QE SUOHEIUIIUOD L urw i 00¢
e pagnuenb o1om s19WOSIO oM, :mofg T g :awnjoa uonsafuy
"poojJ Aqeq pue sjue[nWIs pOoJ 10q Do §¢ :2amerodwal uwnjo)
UT J[IWUIS 9I9M S[EDTWIYD PIIIAIIP “JUSIpLID) [UONN[F ‘PIOe dIULIO)
I T, ~a3edeqRs ([Ayasxoyow -7)siq %JOA T°() PUEB 2IBULIOJ WNIUOWIUE
pue ‘ouagnadxorpow ‘areeraydost W G paureuod saseyd
(oprurelooe( Axo(jAozusqAxoyIowLn Jnqowr Y1oq ‘(A/A ‘7:86) Ioem
-6‘%7))-7)-S 1Aysatp ‘areerpydoim dmdenn/[oueylaw g JUIA[OS
(JAa2Ax0IpAY-7)SIq :se P1231ap ‘(A/A ‘7:86) [oUBYIW /197eM 21nd
JIoM F pue (SIOWOSIO Tedur] 9 enjn Y 3udAJog :9seyd o[Iqoyy *(9z1s POL/D
pue 124> g7) stowoFro 1a3sakjod  opnred wrd g 1 ‘ww g x WW 7)o 0F I8 pouniog1ad o1om syudwradxs
d10m spunodwod a1 JO G¢ Aqa19ym uwnjod g0 snjd asdid9 JusnSy uoneISIy ‘%(0¢ [OUeyId pue 9¢ (Ad/TV/14Ad)
[0s] ‘Pa10939p 219M spunodwiod g¢ [e303 U] XeqI07Z ‘SN HOLO-IST-DTIHN POt N0y :Sjue[nuwls pooj ‘pooj Aqeq  SurSeyped 1ofe[mmpy
E:B]IEIETE ] sbuipuiy uiepy anbiuyaa} jeanfjeuy uonIpuod 1s9| 9nd/Buibeyoed

sjuenuis pooj 1o pooj ojul sjerajew Guibexoed pooy woly pajesbiu SJUBUILIEBILOD UO S3IPN)S JUaJaY

I s|qelL



123

Migration from Food Packaging Materials

(ponunuod)

SYUT WO} JWED WY JO SWOS
‘seLIlewW 1HJ woxy 96T pue ‘roded
UO WOJj UONEISIW Ul PUNOJ 2IdM

[ss] spunoduwod a[me[oA ¢FT JO [e101

21eISTW 01 PAJRTISI

SI [er1orews pajutid 9y3 ur Amdiow

o3 Jey3 SunsoS3ns sem 11 ‘Ordures

parutrdun o1 Jo 1ey) uey) 1ogIe]

st ordures pajunid oy3 ur Amdrow

JO Junowre Jey pue AIdIou

JO uoneISw 913 Iopury Aewr

Wy wnurwnye Jo 95uasaxd o1 1eyd

PaMOYS SINSIT YT, "[OUBYID %()S

01 TOTIRISTUT 1SOMO] PUE ‘[OULTID

%0T ‘TOUCYId %01 03 PIMO[[0} proe

5120 95¢ 01 3SIYSIY 2ToM ToNRIFTU

JO $IeI YT, SIUL[NUWITS POOJ

pue ‘somyerddwal ‘9dA Judajos

£q Pa129)e dr1e sajes uoneISIN

“POPUIIXD ST WM IDEIUOD I UIYM

sormjeroduroy ure1 o0 Je osedrour
Amoiow Jo uoneidru pue AIIqOA

[¥S]

[61] 21serd ur pasn 9q 01 pamoj[e
2Ie JB() SOANIPPE PUE SIdWOUOW
Jo 1511 9anisod oy3 ur papnpdul Jou
are sojdures onserd ur spunodurod
P910919p JO 1SOW “I9A0IOTA
"SUEID0O0ST UT UL}  XBUIT, UL JUAIXD
1981 ® 01 IN250 IRl SIUdWLIAdXD
uoneIgIw a1 ul (12130
pue ‘soueye ‘arereyayd ‘quepxonue
‘s1ozpnserd ‘quage dig :se yons)
[1¢] po12939p 210M spunodwod /7 [e303 U]

(z/w 00F—0F) 2pow NVOS
ur IN0 paLIred sem uonismboy
U G 10§ Py D, 00¢ 03 dn

(_UI D, ()T & 9501 UdY ‘Ul G JOj

PI2Y O, §¢ enmu] :dures usaQ “Iri 1

:ownjoa uonddluy (gg:1) Ids
Spow uondd(uy * | uru T T MO[{
wrl §7°0 x PruwW G7°0 x W 09

uwmnjod AR IWINIBY 'SN-OD

(U T 006

“MO[} e pap[arys Ui Tur 009
:MO[J seS J9LIIRD) TW G ()

:OWN[OA UONII(Ur 's T:owWn Ae[op

'S 0T :owmn Surpedy] "YW (T :3UdLmd
dwreT ‘D, 007 2ImIerodw
SOy “A Q1¢ :anssaid y3iy
2AneSoN ‘W ()T YTy 1oy
wu 96T (PSudPALM (018~ SAV)

1910W0n29ds 90UI$IION[J JIWOIY  d1IIE 9 ¢ TOUBYID %) :IUB[NWIS POO]

urw ¢ I0j p[oy pue
(U D, § 38 D, 00¢ 03 padurer
urw ¢ 10y D, S :durer uoaQ

‘i T :ownjoa uondofuy

*ss9] 311dg :9powr uond3(uy ‘D, 00E
:omjeradwa) 1033(Uy RS (U |
MO "WNIH :sed IoLre))

(Wil 6770 x ww 677 x W Og)
uwnjod

SING-d7Z XPUdWoudYJ ‘SIN—D) "IUEID00SI PUE  XEUI], :JUE[NILUIS POO,]

JUB[OWIS POOJ dUEBID00SI 01 P ¢
10J D, (0T I& pUE © XeUIT, PUL ‘%G6

[OUBYId ‘9% (G [OURYIF JUBNWIS
Ppooj 01 p (T 10} D, 0F 18 pauriojiod

21oM sIUDWILINAXD UOnRISTA

909

Pue ‘g% ‘$T 81 ‘T1 6 9 ‘€ 104 O
0097 P ITPUEOT ‘8L SF T T
10} Do 0F 2 Do 0T 3 paurioyrod
d1oM SITOWILIdAXD TOnRISTIA

"[OUTIA 9,0 [OUEID %0T ‘POE

Apandadsar p 7/D. 0T

1 pue p 01/Do 09 I8 pauwriojrad
o1oM SIUIWILINAXD HOnRISTIA

1Ad pue deg

dd
/IV/4d/avd/ad
pue 44/dvd/dd
:9pISUT 01 IPISINO
woiy dnserd-1odeg

(sprure£jod

VAL ‘dd 1Hd
‘qd) SuiSeyoed onseyg



sanpeA JrwI uoneISru oymnads It
IOA0 PUNOJ 2IoM I9pmod Y[Tur ojur
AUO-G-UIIULXOIYI-H 6-[AYId1IP-FT
pue ‘Quouaydozuaqiiuayd-§
‘uousydolooejfuoyd-¢
-Axoowtp - gz ‘Quousydozuog
:s103en1UIol0yd 213 JO suoneIdiw
o) SEITIYAA Pa1sal dfdures

PooJ 93 Jo Aue 01 J1eISIur 10U pIp
1BOZUQOUTWEAYIIWIP-F-[AYID
pue duoudydozudq(ourueAyIarp)
sI9- %

U039y S I[YDIA s1o3enuroloyd
O[T, 'SAIATeure o[IE[OA

3sow 913 10§ 3dodxd “ormyerodwan
Surseadur UIYM UODRISIU

JO JUDUIIOUT UB PIDUIPIAD

‘Do 0ST PUT OST 3 XeudT,

03 1oded Suneq e woyy spunodwod
‘IoADMOY] “siuenuurs pibriy jo ases
9} UT ‘TUONERISTUI UO $1D9JJ9 JOUTW
pamoys samnjerodua) o1 searaypq
‘syueagrur oy Jo sionourered
TesrwaypodIsAyd o3 pue odAy
[eLIaJeW I UO ‘urewr ‘papuadop
01 PIAIISQO SeM I pue
‘ureyoejoided ‘ayenmo [AnqunjAaoe
‘oedipe(1AxoyAyIs -7)

s1q ‘sarerepyd ¥ ‘stojenrurozoyd 1

Do §¢ Jo armerddura uwnjod

BIE | UIW TW g°() 03 39S DIBI MO
B [IM ‘UTW G JOJ STOTIIPUOD [enTur
01 PaUINIAI JUDIPRIS O3 Y %G e
UI G 1YY Y %0105 U 0€-0T
H(urw g1 proy) %0$-0£ ‘U g
'V %0£—G8 ‘UL F—() :SMO[[O}

se poridde sem potowr Judrpessd )|
YT, ‘A[0A1I29dsa1 ‘sopowr aaneSou
pue aanisod a3 U dOYOFHN INW §
put HOOOH %10 Surureiuod (g
JUDAJOS) NDV PUe (7 JUIA[OS) I9Tem
O-MITN :aseyd SIqOTy dynudDs
Tysy-owny, woy (wit 7°0 ‘A1
ww 1) 1Iyaad e yam (wr g
‘ww ()0 x Ww [°g) uwnjod
AxoHAusygrodng il ¢ :ownjoa

smieradwd) wool e sypuow 9
10J 19%3U0) Joye pauriojtod

219M $1591 UONIRISI]A “Iopmod
Y[IW pue ‘S[ea1ad 9oy :SJINISpoog

“unw T SuLmp 0, 0ST PUt O, 0ST

Je poun1oj1od 210M $359) uonERIZTW
‘XeUaT, :SIURINUWIS POOT ‘Do 09

1€ 10 drniesddwal Wool Je uri ()9
10 Q¢ ‘GT e powroyrad o1om
syuowiLradxo uonerSiu ‘oueyId

Victor G. L. Souza et al.

124

[9g] Jo uoneidiu ‘rerouds ug uonda(uy ‘deniqiOb-D 111N %S6 PUL 9%()G :siue[nuwis pooj  pieoqpied pue rodeg
ER]IEIETE ] sbuipuiy ulep anbiuyoa) [eanhjeuy uonIpuod 13| 9n4/6uibeyoed
(panunuo?)

I 9lqel



125

Migration from Food Packaging Materials

(panunuod)

eised JeoyM 03

PaAI2SqO sem uoneISI MO *(INO[)
90U pue “mopy Jeaym ‘eised eoym
paseq-839) spooy arenonaed pue
Aydrels Aq pamoyoj (a1ejod0yd pue
SIMOSIq) SPOOJ AIIB] YIIM 1D8IUOD UL
paeoqraded jo 9seds o3 Ur PIIIMII0
uonerdru 1soyS1y oy ], ‘uonerdru
UO dUINJJUI UB PEY [DIels

JO UONRULIOJUOD I pUE JUIIUOD
e "sJuRISIW 3$IY3I JO DNSLIAIDBIRYD
jueltodwr 3sow 9y3 Se PIYHRUIPI
sem Aaroelop “(rererpyd [Adoxd
-U-I( ‘QUESODId-U ‘QUBIIPEID0-U
‘Quedopeidoy-u ‘Quedopexay-u
‘Quaderyiue [AIng-1 ‘Quareyiydeu
[Adoadosup-9‘z ‘Quazuaqhiing-iuy,
-G‘¢1) preoqiaded woiy eigu
03 UMOWY 218 S[edTwatd Jusuodurod

[£¢] Jo sassep Sunuasaxdor 1Sy

Jue[nUIS Ie1s-qI0s 10J I9Jsues)
aseyd-se3 oy3 jo asoys ueyy 1Yy
ApySys a1om s1UdWILINGXD 108IU0D
Suryonol 9yl Jo sonjes UoneISIN
"AJ[edTISI[EAT SIOW SUOQIEdOIPAY
STRWOTE 10 Terour Juasaidor
SONEWOIE PAIRIAY[Y "SIdURISqNS I
Jo Arejod pue QySrom Iendsow
‘ad£3 3oe3U00 ‘Owm ‘ornjerodwa)

Jo uonounj e sem UOneISIN

sadoUBISqNS
[opou oYI] pasn d1om (spunodwod
SOPWOIE G pUe soueye-u)
sooueIsqns d[3urs 91 ‘syonpoid
pooj oaur SurSeyded pooj parAdar
WOo1j SUOQILIOIPAY [I0 [eISUTW

[¢z] Jo uoneiSiw oy 10§ Juswade[dal e sy

urw $ 10§ pjoy pue | _urw 5

0 0T 38 D, 0Te 01 duwer Ajreury
‘urw T J0j pjoy pue | umw 5

o 0T 38 Do 00T 03 dwrer ‘vt |

10J pIoYy D, OST :durer usaQ ‘onel
1ds 0%/ T pue D, (ST e 398 397U
ss91 31[ds /311dS :opowr uonsafuy

" UIW W €T L) 2O Wi
:sed 1oure) “uwnjodsa1d

BII[IS PIsN) PIJBADILIP W ¢

e (W 670 x Ww 670 x W Og)

uwmnjos SN 1-JA "dId-O9

T G :ownjoa

uond2fuy ‘s [oqrered om,

(wil 67°0 x QT Ww 7O x W §T)
suwnjod uoneredas YH ST pue
(qruww ¢6:0 x w () suwnjod-s1d

MALSHY (I Www g x ww 0§7)
uwnod aseyd [ewIoN

XouswowdyJ "dId-09-0'TdH

98e101S JO SYooM QT pue ‘0T ‘¥ ‘¢
‘HYI %0409 ‘Do TT Y€ pawioyiad
1M SIUdWILINdXD UoneISIA
*912[0201]D Y[IW PUE ‘9IB[0207]D
YIep ‘BUI[OWDS IJLI ‘BUI[OWS
JBIUM Q[eM 191Inq NdsIq ‘eased

335 ‘eased punoid ‘eiseJ :pooq
oprxo sudjduaydLjod

PAYIPON :IUR[NWIIS POO]

pasn os[e a1om (D

o 0T 3¢ 4 TT pue ) dwn-1ioys pue

(Do 0F PUE O, 0T e sfep $1) swn

uonerdru 13U0[ Y P ¢I-T 10} D

o 09 PUt ‘D¢ 0F ‘Do 0T :pouwriogsad

J1oM SJUIWLIDAXD wOneISIA
"Te1G-QIOg PUL Xeud], :JUBNWIS POOJ

1oded popAooy



1D pue
‘PO ‘SY :sIUBUIUIRIUOD JrueSiour
10J PIAIISQO 219M SUONRMSIT
ANSOOYHW pue uerizerq £q
POMO[E SITWI] WNTWIXEW ] JA0qE
S[OAYT "SUED ) UI UOISOLIOD Y}

Jo JuowdoaAdp a3 pazIwruru pue
SuiSeyded jo od£ siys Jo ssadoad
uon>npoid 01 DUEISISAIT [BLIdIEW
d1[[eIow o) uroaluerens ‘s1ofe]
SUneOd 0M] PIAIIIII SUBD IS

Jo Apoq oy, “A1010eJsTyes Aenb
pamoys SurSeyded wo s199ys
[933s 19Ul U IPIXO WNIWOIYD

pue (aansopd) dol pue won0q Woy

UOISIA
Jo spow [exy ([ _urw T Q°g) del
Aof uogre urepy *(;_ur T 00’T)
J1e1 MO[J UoSIe ATRIIXny

(p_umw T 09°0) 9ZINqau o

woy Mojy uosre ‘(,_uru T 05°0)
arer moyy ddwres (M 00ZT)
J03e10U98 Aduanbogjorper oy

JO 1m0 "19zInqau Aeids eas © pue
eIowed uonezingau dais-sjqnop

[sz] Suneod eurslur wNIWOIYD SN & Yam paddmbo juswdmbs sq0 JDI

(UZ “IN ‘U 9 ‘0D ‘nD

‘eqd ‘1D ‘PD ‘qd) PazATeUE S[eIOW
[[e JOJ SITWI[ paMO[[e Wwnuuixeuwr uet
IOMO] 91 PIIBIFIW SoN[eA o3 Je()
PIMOYS SINSAT A) ‘T9AIMOY “0))
J10J PaUTEIQO 1M SINJBA ISIMO] )
J[IYM ‘U7z pue 9 10J PAUTLIqO dIom
sonyeA 31s9USIY 9y ‘S[eLIdIBW 108IU0D
POOJ Wo1j UoNeISIW U “S[eIdw
JO 921N0s ® d1e YPIYM SIAP pue
syyut Sunuid jJo sduanpyur 913 anp
sInd20 sIy T, -dnse[d 1oy ueyy 1oySiy

[izeag
ur UUN:NmUHDEEOU Au>hwwﬁou dones

(SurSeyoed

[991s pa1e0od
IPIXO WNIWOIYD
/wuniuoIyd

OJeWO] PUE [I0) SIUIPIES PAUUR)) OINA[OIIID UI) JI[[EIdN

PIdO® d190E %F JURINUITS
pooj se Gursn ‘ornjerddwal wWool

Je [ $ :5e[3 10] %G9 FONH YIM

pazifiqels sem ydIYM (drnieroduwol

WwoO1 18 ] ) PAUeIqo Sem 10enXd

snoanbe pjod e—pieoqpired pue

Victor G. L. Souza et al.

126

a1e preoq pue 1oded oiur punoy 1oded 107 "D, 0F 03 p QT 10§ ‘poe sse[3 pue
[8s] JUDIUOD S[EIIW AABIY] JO SINJBA YT, SIN-dDI PUE SYy-ID dnade yc—onseld 10 :3uenuwis poog  ‘preoq/roded Onselg
ER]IEIETE ] sbuipuiy ulep anbiuyoa) [eanhjeuy uonIpuod 13| 9n4/6uibeyoed
(panunuo?)

I 9lqel



127

Migration from Food Packaging Materials

(Syv) Anowondads uondiosqe druole
(SIN-dDT) Io30wondads ssew ewse[d papdnod Apanonpur (Syy-g0) 2oeurny snyders yam 1o1owondads uondiosqe osrwole () proe dreaydost (D) (0248 dudAyparp
(vy) pre sidipe {(ysqq) Amoqiny £95es poog uesdomy (V) UONEASIUTWPY ST Put poog (D,1,) t129U0)) [eIB0[0IXOT,JO PIOYsAIY], (O HZ-ADAVE) 12 APDASIp
v [ouaydsiq (vag) v [ousydsiq ((SHO dD1) Anowomndads uorsstund [edondo ewseld pajdnos Ajpansonpur (WD) [euelew 1deIU0d poo ‘(deniqiQb-pTdHN) 103owomndads
ssewr deniqiQ-sjodnipenb sndog 9A1eXT O K PYRULIDS owIdY T, & 01 pa[dnod (D TqHN) ydeiSorewoay> pmbriy souewrrojrod-ySrqenyn ‘(yq) sprwredjod () 2usjddoadijod
‘(WAT) 2183908 [AUIA dud[AI0 (H) duddpadiod ‘(Iy) wnurwnye ‘(1HJ) (9ereyaydorol sudjdyan)djod (HIVMS) Anowomndads ssew [e513010911 [[e Jo uonisiboe pamopuim
renuanbas ‘(SW A0LO-IST-DTIHN) T239womndads ssewr 1yS1g-jo-awn sjodnipenb e 01 pajdnoos AydeiSoreworyd pmbiy soueurtoyrad-ySg «(SW-101.b-0D) Anoswonosads ssewr
1481y Jo swmdjodnipenb yim pajdnod AydeiSoreworyd seS ((QrI-DO-DTIH) 1039939p uoneziuol swrey yPim AyderSorewonyd seS—AydeiSoreworyd pmbrip souewroyrod-ysiy

%06-98 Aq padueyud
Sem 9Sed[I 94 YT, “Sunuop

Se ued 911 01 dFewrep Ued UT NS
uoI150110d 01 anp Ajqeqoid ‘pooy
PIo® UI UTRW PIAIISQO dI9M S[eIdW
pue joudydsiq Jo ased[a1 Juedyrusig
‘pueiq ued pue ad4) pooy

Aq posuanpyur A[Te[rus 919m Ny pue
‘IN ‘PO “oamierodwal o8eI01s pue
‘pueiq ‘(3uauod 1a1em ‘[d) adKy
pooj uo dduspuadop yIIM ‘spudmn
UONRISIW JR[IUIS PIMOYS (JUNXI
19sS9] B 01 qJ pU®) UZ pue yJq ‘Uz
PUE 9 J0J PIAIISQO 2IIM S[IAJ]
159US1Y 213 ‘s[eow 2den Juowry
(%8°¢6) 3U21U0d 19EM YSIY pue
(£°¢) Hd mof s11 onp uonezumnolsed
Suump pooj ur 3u21u0d

91 pue gV IsoyS1y JoAej

Jey) SUONIPUOD SINYJO B[O PIUUE))
-98e103s Aq ‘urewr ‘padudnpur

SEA ISBI[OI [EIDW “TOAIMOF]
"UOneISIW S[eIoW 5B} Ueyd
uoneisiu jousaydsiq 210W SI0AL]
(uonezILINS UTRW ) JUIWIILII)

189 ‘sojdures ur pa3oalopun sem
US ‘O HT-ADAVI 03 PIATSqo
Sem [9A9] 3SoyS1Y 913 “pOOJ poauued
Ul punoy a1om OHg-40Aavd

[¥2] pue yag Afuo ‘sjousaydsiq Suoury

poasn
SEM QY ‘S[eI9W 90e1 JO SISATeUe J0,]
(urw o1
uonemp [e101) UNW [ U g %€eF
01 Ydeq pue ‘(Uru g 10J paurelurew)
€ %001 03 dwer urw T “(urw g
JI0y paurelutewr) q 909 o1 durex
urw g ‘(ura § Ioj paurejurewr) g
%0§ 03 dwrer utw [ ‘g 9ef—urw
:audrpeIsd Areurq Suimor[oy a3
A U U g() 23l Mof (d)
NOV 1uarpess snid ) TJH pue (V)
Torem O-MIIA :dseyd 9[IO Do 0T
:oumyerodway uwnjo)) “(9z1s opnaed
wil 7 ‘qr ww g x 0§1) uwnjod
ddd-810D "1t 0T :dwnjoa papdofur
Do 0T :2amerodway 1opdures
-0INY "1012919P DUIISIION]
daem-nnw e ypm paddmbo
DTdHN :[ousydsiq jo sish[eue 104

Do 0F pue
‘Do TT Do § :oanerddway o8e101s

‘P 6%+ d3ep aseygoind 10 p 0g/—0

:own 98e101g ‘SpURIq JUAIIP
Jo enjo pauued ‘seadydryd pauued
‘SULdq PaI pauued ‘SUBd(q BARY

pauued Surpnduy :Spooj 9[qeIdgaA

sued a1e[dun pajeo))



128

Victor G. L. Souza et al.

(as ethylparaben and methylparaben), phenolic antioxidants
(as butylated hydroxytoluene), and plasticizer
(as N-butylbenzenesulfonamide) are also compounds that might
be expected to be found in alcoholic beverages as a result of the
migration from crown cap plastic seals in contact with the
tood [29].

In the study done by Wang et al. (2019) [36], the migration
behavior of chlorinated paraffins (CPs) presented in plastic (foil-
lined polypropylene) was related to their molecular weight and
chlorine content. In general, CPs were able to migrate into food
simulants (water, 3% acetic acid, 15% ethanol, and hexane) during
the migration experiment (performed at 40 °C/10 d), with the
highest migration concentration being found in hexane food simu-
lants. However, the study revelated that migration of CPs does not
pose immediate risks to human health. Another study with plastic
packaging, carried out by Garcia Ibarra et al. [31], showed that in a
total of 100 compounds detected in plastic materials, 27 were NIAS
migrating from FCM into food. The compounds found were: cap-
rolactam (which was present in an external layer of polyamide of
packaging material), 2,6-di-tert-butyl-1,4-benzoquinone, 2,4-di-
tert-butylphenol, phthalates (as diethyl phthalate, diisobutyl
phthalate and bis(2-ethylhexyl) phthalate), benzenesulfonamide,
n-ethyl-2-methyl, benzenesulfonamide, N-ethyl-4-methyl, alkanes
(tetradecane, hexadecane, heptadecane, octadecane, docosane),
isopropyl myristate, octadecanal, 7,9 di-tert-butyl-1-oxaspiro
(4,5)deca-6-9-diene-2,8-dione, tributyl acetyl citrate, slip agent
(as oleamide, hexadecanamide erucamide and octadecanamide),
plasticizers (as triphenyl phosphate and tributyl aconitate), squa-
lene, butylated hydroxytoluene (BHT), 1-hexadecanol, and bis
(2-ethylhexyl) adipate. However, some detected compounds are
not included in Regulation EU no. 10/2011 [19] on plastic
materials [31].

The migration of PIs from plastic baby bibs into Tenax® was
measured in bibs collected in the European market. Results indicate
that several no authorized PIs are in use to print bibs. The most
commonly detected PIs were benzophenone, detected in nearly
all samples, and isopropylthioxanthone, quantified in 12 out of
22 samples. Several non-evaluated PIs were detected: Triphenyl
phosphate, 2-ethylanthraquinone, 2,2-dimethoxy-2-phenylaceto-
phenone, 4-(4-methylphenyltio)benzophenone,
1-hydroxycyclohexyl phenyl ketone, and 4,4’-bis(diethylamino)-
benzophenone [37].

Xue et al. [38] reported that the migration percentage of
organic pollutants from Kraft paper-based packaging to packaged
dry powdered foods increased at a higher temperature and longer
contact time. Some organic substances introduced during the man-
ufacture of paper packaging materials such as phenol, alkylbenzene,
2,6-dissopropyl naphthalene and phthalates (dibutyl phthalate and
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Bis(2-ethylhexyl)phthalate (DEHP)) used as food packaging may
migrate into dry food [38]. Migration of printing inks, which are
printed on carton surface, may also occur. Compounds found in
printing inks, as acrylate monomers and binders in UV offset inks,
may migrate into carton food packaging [39].

Contaminants coming from the adhesive ingredients com-
monly used in multilayer films were detected by migration studies
in baby food samples. Some concentration levels were found
exceeding the maximum residue levels for baby food as revealed
in the study of Bauer et al. [30], which raises the concern for
potential adverse effects of these substances on health. Ubeda
et al. [40] reported that polyurethane adhesives, commonly found
in multilayer materials, may contain cyclic ester oligomers as poten-
tial migrants. The authors showed that the concentration of these
compounds in migration to food simulants exceeded the maximum
level for not-listed substances established by Regulation EU
no. 10/2011 [19] for most samples.

Several metal traces, often used in metal containers, but also in
pigments and catalyzers for polymerization, are prone to migrate
into food, among them lead, iron, cadmium, nickel, chromium, tin,
zinc, and copper are being considered as food contaminants. Thus,
the use of metal cans or packaging with metals has to be carefully
addressed since it occasionally develops integrity problems due to
corrosion, which can lead to the migration of metal ions
[24]. According to Rather et al. (2017) [27], metal ions from
corrosion in metallic cans may migrate to food. By-products from
the epoxy resins (varnish commonly used to coat the inner side of
cans), such as bisphenol A (BPA), or bisphenol A diglycidyl ether
(BADGE), as cyclo-di-BADGE can also migrate to food.

Fengler and Gruber [23] studied the migration of mineral oil
hydrocarbons (mixtures of non-identified substances) from
recycled food packaging into food products and concluded that
migration was a function of contact type and polarity of the sub-
stances. Migration values of the direct contact experiments were
slightly higher than those of the gas-phase transfer for Sorb-Star®
simulant. Additionally, according to these authors, alkanes showed
high migration to the lipophilic food simulants due to their low
polarity.

Migration performance of contaminants from packaging mate-
rials into foods are affected by various factors, namely: the extended
contact with final packaging materials during storage, the tempera-
ture (heating), contact type, characteristics of the migrating sub-
stances/migrants (molecular weight, volatility, and polarity) and
tood properties (composition—e.g., fat content—and properties),
which could certainly play a significant role in the migration process
[23, 38]. Therefore, it is important to evaluate how these factors
interfere in the contaminant’s migration in FCM, to minimize the
risk of migration and ensure food safety [41, 42].
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2.2 Migration of
Nanoparticles

Other recent research studies on the detection of contaminants
migrants from the food packaging material into food or food
simulants are summarized in Table 1.

The current experimental data shows that the research about the
migration of ENMs is at young stages, especially for food
packaging [43].

Once the food is a complex matrix, the characterization and
detection of nanoparticles after their migration from the FCM are a
complex task and require several procedures or combined detection
methodologies, which limits the fundamental knowledge on
how/it the ENM interacts with the food components, changing
their properties. Thus the difficulty to predict whether the nano-
particles would pose a risk to the consumers when used in the
reinforcement of FCM [6, 44].

These studies should consider the potential effect of nanopar-
ticles’ migration from FCM to the packaged food. Therefore, this
can minimize the application of these nanocomposites as an alter-
native to conventional packaging materials without exploiting their
possible harmful effects on the consumers [6, 43].

The studies are not conclusive, reporting different patterns, for
example, Simon, Chaudhry, and Bakos [45] evaluated the migra-
tion of engineered nanoparticles from different polymer proposing
to address polymers like highly viscous liquids and to derive diffu-
sion coefficients by the Stokes—FEinstein equation from viscosity and
particle radius, and they concluded that the reduction in particle
size and polymer dynamic viscosity leads to an increment in the
migration rate [22,45,46]. On the other hand, the research group
headed by Bott et al. [16] reported that when the nanoparticles are
immobilized in the polymer chains the migration does not occur, as
observed in low-density PE (LDPE) and polypropylene
(PS) reinforced with carbon nanotubes, which did not diffuse
toward the food simulant tested. They highlighted that the diffu-
sion will always be smaller than the detection limit of any current
sensitive method. This conclusion can be generalized to other FCM
in which black carbon nanotubes are completely embedded [16].

In addition to the complexity of this topic, another factor that
may also influence the migration of nanoparticles, for example, the
diffusion process of silver nanoparticles (AgNPs), known for their
antimicrobial properties [43, 47], is favorable in an acid environ-
ment (lower pH) [43, 47] and high temperature and time of
storage results [47]. Ultimately, the diffusion process also depends
on the type of polymer/nanoparticle and incorporation process
used, for example, in commercial LDPE packaging incorporated
with AgNPs in different formats presented distinct migration pro-
files [16, 43].

The research increasingly needs studies exclusively to under-
stand the migration behavior of nanocomposites when in contact
with foodstuffs. Moreover, it is also important to understand how
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the migration process modifies and influences the structure of the
material, in terms of size and morphology, considering the com-
plexity of the mechanisms involved, due to the relevance of these
factors to assess the risks to human health by exposure to increas-
ingly common ENMs [6, 48].

What is expected is that under normal conditions of use, these
packaging cannot transfer their constituents to food in quantities
that could result in depletion of the food’s organoleptic character-
istics or changes in its composition, neither to pose dangerous
consequences for human health [43].

More information about this topic is available in several reviews
and technical papers such as in Stormer et al. [44 ], Bott et al. [16],
Huang et al. [17], Souza et al. [49], and Souza et al. [22], to cite
a few.

3 Notes

1. Migration of contaminants from contact materials to food can
occur and may represent a risk to the consumers’ health. To
evaluate if it happens and how it happens is mandatory, thus the
importance of migration assays. Ideally, the study of the
migrants should be done directly in the food after its contact
with the packaging. However, due to the complexity of food
matrices, in vitro studies are done using simulants. It is impor-
tant when planning this type of analysis to fully understand the
type of food and packaging to decide the best method to use.
Moreover, once the migration has occurred, the characteriza-
tion of the migrants should be done using the most sensitive
technique to obtain reliable results to make a proper risk assess-
ment and conclude whether the packaging poses or not any
danger to the consumer.

2. In the case of the European Union, the OML required for
plastic material is 10 mg of substances per 1 dm? of the surface
area of the FCM, or 60 mg kg™ of food [5], while SML
[mg kg '] depends on the risk assessment of each specific
substance, and can also be found in the available regulation
[5, 19, 22]. Some of the substances of the positive list (i.e., list
of substances permitted in the manufacture of plastic materials
intended for food contact) of Reg. no. 10/2011 and its
amendments still do not have a defined SML.

3. Food simulants are the test media used to simulate /mimic the
transfer of substances from the packaging material into food;
thus, represent the major physical-chemical properties exhib-
ited by food [19, 50]. According to Regulation (EC) no.
10/2011 and its amendments [19], there are six assigned
food simulants, namely:
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(i) Ethanol 10 vol%—Simulant A: assigned for hydrophilic
foods.

(ii) Acetic acid 3% (w/v)—Simulant B: assigned for hydro-
philic and acidic (pH < 4.5) foods.

(iii) Ethanol 20 vol%—Simulant C: assigned for hydrophilic
and mildly alcoholic (alcohol content <20%) foods and
food comprising a relevant amount of organic ingredients
that render it a more lipophilic character.

(iv) Ethanol 50 vol%—Simulant D1: assigned to lipophilic and
alcoholic (alcohol content >20%) foods and for oil-in-
water emulsions.

(v) Vegetable oil or ethanol 95 vol%—Simulant D2: assigned
to lipophilic foods containing free fat at the surface.

(vi) Poly(2,6-diphenyl-p-phenylene oxide), particle size
60-80 mesh, pore size 200 nm—Simulant E: assigned
for specific migration into dry food.

. In general, migration assays are carried out for 10 d at 40 °C or

at 60 °C (which are the conditions to simulate any long-term
storage at room temperature or below, for products with shelf
lives longer than 6 months). More detailed information on the
choice of simulant and conditions of the assay can be found in
this Regulation, which also classifies the type of food and the
simulant(s) that are recommended for the migration tests.

. To study the migration of nanoparticles, the protocols can be

even more demanding, once it is important to determine if
after the diffusion process the migrant kept its nanometer
scale [51]. Thus, even more robust techniques are generally
required, such as microscopy techniques (scanning and trans-
mission electron microscopies), dynamic light scattering, X-ray
diffraction, and field-flow fractionation, to mention a few [22].

. It is important to highlight that the analytical methods used

need to be in accordance with the legal requirements, for
example, for the European countries/market with those set in
Article 11 of Regulation (EC) no. 882 /2004 [52], repealed by
Regulation (EU) 2017/625 of the European Parliament and
of the Council of March 15, 2017 [53], which defines the
proper methods of analysis and sampling. Also, the technique
quantification limit needs to be taken into consideration, as
more robust characterization methods should be applied
according to the level of migrants found.

. Depending on the migrant targeted, after the diffusion pro-

cess, the samples may also need some preparation prior to the
quantification. For example, to quantify the migration of inor-
ganic compounds, such as minerals, all organic matter needs to
be removed from the simulant or the food. This process can be
accomplished by incinerating the sample followed by acid
digestion with nitric acid solution (1:1).
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In Vitro Cytotoxicity Testing of Food Packaging

Arthur B. Ribeiro, Juliana G. F. Silva, Lucas N. F. Trevizan,
Hernane S. Barud, Flavia A. Resende, and Denise C. Tavares

Abstract

Colorimetric assays with tetrazolium salts allow rapid evaluation of cytotoxicity endpoints. These assays are
based on the ability of viable cells to convert tetrazolium salts into formazan products through the succinate
dehydrogenase system in the mitochondrial respiratory chain. In the presence of NADH/NADPH, these
salts are reduced to formazan products characterized by an intense and distinct color that depends on the
original tetrazolium salt used as the substrate for the reaction. Only viable cells, which contain intact plasma
and mitochondrial membranes, will have active dehydrogenase. Agents that break the membranes and
interfere with the respiratory chain will deactivate the enzyme and consequently the formation of formazan
products. Thus, the amount of formazan product can be correlated with the number of viable cells after
exposure to the tested substance. In this chapter, the most common colorimetric cell viability assays with
tetrazolium salts are present to assess the cytotoxicity of food packaging.

Key words Colorimetric assay, XTT, MTS, MTT, WST, Formazan, Respiratory chain, Dehydro-
genase system

1 Introduction

In vitro cytotoxicity assays are becoming increasingly recognized as
an extremely valuable tool to identify compounds that might pose
certain health risks to humans [1, 2]. The need for sensitive, reli-
able, and easy methods has led to the development of several
standard assays that allow rapid evaluation of chemically induced
damages in physiologically normal cells that lead to death or cell
proliferation disturbances [3-5]. Among the most basic types of
in vitro bioassays, colorimetric assays using tetrazolium salts have
been widely used to measure cellular metabolic activity as an indi-
cator of cell viability, proliferation, and cytotoxicity [3, 6, 7].

The most commonly used tetrazolium salts can be classified
into two basic categories: cationic and anionic salts. Cationic salts
(Fig. 1a) are positively charged and easily penetrate viable eukary-
otic cells through electrostatic interactions with the anionic plasma
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Fig. 1 Schematic model of cellular reduction of (a) cationic salts (MTT) and (b) anionic salts (XTT) in viable cells

membrane, serving as substrates for active cellular dehydrogenases
and reductase enzymes to be reduced to formazan products, as for
example the MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide)) tetrazolium salt, which gives name to the
MTT colorimetric assay [2, 8].

The MTT colorimetric assay has been widely used to measure
cytotoxicity or cytostatic activity of compounds. This methodology
is based on the ability of viable cells to convert MTT into purple
insoluble formazan crystals [8, 9]. Due to its lipophilic side groups
and positive charge, the MTT salt can quickly penetrate viable cell
membranes and be reduced by mitochondrial or cell plasma
enzymes like oxidoreductases, dehydrogenases, oxidases, and per-
oxidases [2, 10]. The MTT formazan product then accumulates as
insoluble needle-shaped crystals that precipitate inside cells and can
also be deposited near the cell surface [2, 11]. The produced
formazan is finally quantified by absorbance measurements using
a spectrophotometer. For this, an organic solvent such as dimethyl
sulfoxide (DMSO), acidified isopropanol, or sodium dodecyl sul-
fate (SDS) are required to solubilize the crystals [12—-14]. Viable
cells, with an active metabolism, convert MTT into a purple-
colored formazan product with a maximum wavelength near
570 nm [7, 9, 15].

Tests using anionic tetrazolium salts were developed later. The
anionic salts (Fig. 1b) are negatively charged and do not easily
penetrate cell membranes. These require therefore an electron
coupling reagent capable of penetrating viable cells and transferring
clectrons to the tetrazolium salt at the cell surface or at the plasma
membrane level, converting the salt into a formazan product.
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electron coupling reagent)

Anionic salts include MTS (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(Fig. 2a), XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide), and WST-1 4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate
(Fig. 2b) [2, 8, 15].

MTS, XTT, or WST tetrazolium salts are widely used in cell
viability and proliferation tests [2, 8, 15]. During the assays, the
tetrazolium salt (MTS, XTT or WST) is reduced to a highly water-
soluble formazan dye in cell culture medium through the succinate
dehydrogenase system of the mitochondrial respiratory chain in
metabolically active viable cells (Fig. 2) [10]. The reaction requires
the presence of an electron coupling reagent, usually phenazine
methosulfate (PMS) or phenazine ethyl sulfate (PES), capable of
penetrating viable cells [7, 16]. The amount of water-soluble prod-
uct generated from anionic salts reduction can be quantified mea-
suring the absorbance at a wavelength of 420-570 nm using a
spectrophotometer [7, 15]. The amount of formazan dye formed
can be correlated with the number of viable cells after exposure to
the tested substance.
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In this chapter, the most common colorimetric cell viability

assays with tetrazolium salts are presented. Methodologies are
available to assess the cytotoxicity of food contact materials
(of which potential cytotoxic components may be diffused into
food) or even edible packaging.

2 Materials

2.1 General
Equipment

2.2 Ghemicals

2.3 Assay Kits

2.3.1 MTT Assay

Laminar flow clean bench/cabinet
96-Well microtiter plate (flat-bottom)
Water bath

Inverse-phase contrast microscope

96-Well plate spectrophotometer (microplate reader) equipped
with 420-650 nm filter

Single channel pipette (10-100 pL)
Multi-channel pipette (20-200 pL)
Sterile pipette tips (10-200 pL)
Filters /filtration devices
Hemocytometer or cell counter
CO, incubator

Vortex mixer

Phosphate-buffered saline (PBS) without Ca®* and Mg**
Fetal bovine serum (FBS)

Ham’s F-10 Nutrient Mixture (HAM-F10) with l-glutamine
(preferably) and without phenol red

Hydrochloric acid (HCI)
Sodium dodecyl sulfate (SDS)

Commercial kits of tetrazolium salt colorimetric assays (MTT,
XTT, MTS, and WST-1) are available from several companies (see
Notes 1 to 3).

Cell Proliferation Kit I (MTT)—Roche—Cat. No. 11 465
007 001

MTT Assay Kit (Cell Proliferation)—AbCam—Cat.
No. ab211091

CyQUANT™ MTT Cell Viability Assay—Invitrogen—Cat.
No. V13154



2.3.2 XTT Assay

2.3.3 MTS Assay

2.34 WST-1 Assay
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» Cell Proliferation Kit II (XTT)—Roche—Cat. No. 11 465
015 001

* XTT Assay Kit—AbCam—Cat. No. ab232856

+ CyQUANT™ XTT Cell Viability Assay—Invitrogen—Cat.
No. X12223

« MTS Assay Kit (Cell Proliferation)—AbCam—Cat.
No. ab197010

» CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS)—Promega—Cat. No. G3580

* Cell Proliferation Reagent WST-1—Roche—Cat. No. 11 644
807 001

« WST-1 Cell Proliferation Assay  Kit—Abnova—Cat.
No. KA1384

* Ready-to-use Cell Proliferation Colorimetric  Reagent
(WST-1)—MyBioSource—Cat. No. MBS841449

3 Methods

3.1 Extraction

According to the “International Standard ISO1 10993-1; 5 and
12 (2020)” [17-19], the conditions for the extraction of sub-
stances present in food packaging systems must simulate those
found in clinical use, to determine the real toxicological potential
of the material used. Therefore, the vehicles and extraction condi-
tions used must be appropriate to the nature and use of the final
product and the purpose of the test.

First, to ensure that the extraction containers do not adulterate
the extract from the test sample, the extraction must be carried out
in clean, chemically inert, closed containers using aseptic techni-
ques. Then, the vehicle of choice should reflect the extraction
purpose. The use of polar and non-polar vehicles should be consid-
ered to extract all substances present in the packaging. For assays
with mammalian cells, the preferred extraction vehicle is the culture
medium supplemented with 5-10% FBS due to its ability to sup-
port cell growth and extract substances of both polarities. In addi-
tion to the serum culture medium, using serum-free medium
should be considered to specifically extract polar substances.

An extraction at 37 + 1 °C for 24 + 2 h in tissue culture is
acceptable for the cytotoxicity test, since extraction temperatures
higher than 37 + 1 °C can adversely impact the chemical character-
istics and /or stability of serum and other constituents in the culture
medium. Cultured primary human or rodent cell lines such as
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3.2 Preparing the
Working Solution of
Commercial Kits of
Tetrazolium Salt
Colorimetric Assays
(See Notes 4 and 5)

CHO, V79, CHL/IU, and L5178Y cells or human cell lines such
as TK6 can be used, according to the recommendations for in vitro
toxicity tests [20]. For materials that are inherently cytotoxic,
further testing using various dilutions of the tested solution may
be necessary to determine the level at which cytotoxicity no longer
occurs.

* Cell Proliferation Kit I (MTT)—Roche—Cat. No. 11 465
007 001:

1. MTT Labeling Reagent (Non-sterile, Ready-to-Use)
— 5x5mL MTTat 5 mg mL ' in PBS

1. Solubilization Solution (1x— Ready-to-Use)
— 3x90mL 10% SDS in 0.01 M HCI

Filter the solution through a 0.20-pm pore size membrane to
sterilize the MTT solution and to remove all solid particles like
nonspecifically formed formazan crystals. Store the solution in
small aliquots protected from light at —20 °C.

* Cell Proliferation Kit II (XTT)—Roche—Cat. No. 11 465
015 001:

1. XTT Labeling Reagent
— 5x25mL XTTat 1 mg mL ™" in RPMI 1640 medium
II.  Electron-Coupling Reagent

— 5 x 0.5 mL PMS (N-methyl dibenzopyrazine methyl
sulfate)

Thaw the XTT labeling reagent and electron-coupling reagent
in a water bath at 37 °C. Mix each vial thoroughly to obtain a clear
solution. For one microplate (96 wells), mix 5 mL XTT labeling
reagent with 0.1 mL electron coupling reagent. Store the solution
in small aliquots protected from light at —20 °C.

« MTS Assay Kit (Cell Proliferation)—AbCam—Cat.
No. ab197010

Thaw the solution and briefly centrifuge small vials at low speed
prior to opening. All kit components are supplied as ready to be
used. It is recommended to add 10 pL/well of the MTS Assay Kit
to the cells already cultured in 100 pL/well (1:10 final dilution).
Keep in ice while using. Store the solution in small aliquots pro-
tected from light at —20 °C (see Note 5).

* Cell Proliferation Reagent WST-1—Roche Cat. No. 11 644
807 001

Thaw the solution by heating at 37 °C for 2—10 min and vortex
to dissolve the precipitates. The WST-1 reagent can be used
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without any limitations after thawing. It is recommended to add
10 pL/well of the Cell Proliferation Reagent WST-1 to the cells
already cultured in 100 pL/well (1:10 final dilution). Store at 2—8 °©
C, protected from light, for up to 4 weeks, or in aliquots at —20 °C
for longer periods.

1.

Seed cells at a density of 1 x 10* cells /well in a 96-well flat-
bottom microtiter plate and allow cells to adhere for 24 h at
37 °Cin a CO; incubator (see Note 6).

. The culture medium must be replaced with fresh medium after

24 h of incubation.

. Add the food packaging extract to the cells and incubate for a

desired period (24, 48, or 96 h) at 37 °C in a CO, incubator.
The suggested total volume is 100 pL for a 96-well plate (see
Note 7).

. Include, in each plate, (i) negative control wells (3—6 wells that

contain the same number of cells as the experimental wells and
that are not exposed to the tested substance), (ii) blank control
wells (3—-6 wells are needed to measure the blanks, which only
contain the culture medium), and (iii) positive control wells
(3—-6 wells that contain the same number of cells as the experi-
mental wells and that are exposed to known cytotoxic
substances).

. After the treatment period, discard the culture medium and

wash cells with PBS, add 100 pL. of HAM-F10 culture medium
(see Note 8).

. Cell cytotoxicity measurements using the different test:

. Using the Cell Proliferation Kit I (MTT)—Roche—Cat.

No. 11 465 007 001:

7A. Subsequently, add 10 pL of the MTT Labeling Reagent
(0.5 mg mL ") per well and incubate for 4 h at 37 °Cin a
CO, incubator (see Note 9).

8A. Following, add 100 pL of the solubilization solution into
each well. Allow the plate to stand overnight at 37 °C in a
CO, incubator.

9A. Check for complete solubilization of the purple formazan
crystals (see Note 10).

10A. Measure the spectrophotometric absorbance of the sam-
ples using a microplate reader. The wavelength to measure
the absorbance of the formazan product is between
550 and 570 nm according to the filters available for the
microplate reader used. The reference wavelength should
be higher than 650 nm (se¢ Note 11).
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B.

3.4 CGell Viability A.
Galculation

Using the Cell Proliferation Kit II (XTT)—Roche—Cat.
No. 11 465 015 001:

7B. Subsequently, add 50 pL of the XTT Labeling Mixture
(0.3 mg mL ") per well and incubate for 4-17 h at 37 °C
in a CO; incubator (see Note 9).

8B. Measure the spectrophotometric absorbance of the sam-
ples using a microplate () reader. The wavelength to mea-
sure the absorbance of the formazan product is between
450 and 500 nm according to the filters available for the
microplate reader used. The reference wavelength should
be higher than 650 nm (se¢ Notes 10 and 11).

. Using the MTS Assay Kit (Cell Proliferation)—AbCam—Cat.

No. ab197010:

7C. Subsequently, add 10 pL of the MTS Labeling Reagent per
well and incubate for 0.5—4 h at 37 °C in a CO, incubator
(see Note 9).

8C. Shake the plate briefly on a shaker.

9C. Measure the spectrophotometric absorbance of the sam-
ples using a microplate reader. The wavelength to measure
the absorbance of the formazan product is between
490 and 500 nm according to the filters available for the
microplate reader used (se¢e Note 10).

. Using the Cell Proliferation Reagent WST-1—Roche Cat.

No. 11 644 807 001:

7D. Subsequently, add 10 pL of the Cell Proliferation Reagent
WST-1 per well and incubate for 4 h at 37 °C in a CO,
incubator (sec Note 11).

8D. Shake thoroughly for 1 min on a shaker.

9D. Measure the spectrophotometric absorbance of the sam-
ples using a microplate reader. The wavelength to measure
the absorbance of the formazan product is between
420 and 480 nm according to the filters available for the
microplate reader. The reference wavelength should be
higher than 600 nm (se¢ Notes 10 and 11).

Subtract the culture medium background (blank group—=See
Note 12) from all samples reading, as described in the formula:

Real Absorbance (R.Abs) = Absorbance Sample
— Absorbance Blank Group
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Fig. 3 The fictitious graph represents the cell viability profile of X-cells treated
with different concentrations of different food packaging extracts (FPE)
(10-320 pg mL~") in 24 h of incubation

B. The cell viability percentage is calculated using the following

equation (See Note 13):

Cell viability (%) = ( R Abs Sample ) %100

R.Abs Negative Control

. Plot the cell viability percentages against the tested food pack-

aging extract (FPE) concentration. The 50% inhibiting con-
centration (ICsp) can be determined graphically, as in the
example below (Fig. 3):

4 Notes

. All available tetrazolium salt kits are only for research; not for

human or veterinary diagnostic or therapeutic use.

. The reagents have good stability when stored at —15 to —25 °

C, protected from light, until the expiration date printed on the
label.

. Before use, it is necessary to review the complete Safety Data

Sheet, which is available directly on the website of the manu-
facturer or upon request.

. To obtain reliable results, thaw the working solutions immedi-

ately before use.

. The kits described in this topic were used to exemplify the

procedures to be performed, however, without the intention
of recommending.
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6.

10.

11.

12.

13.

Optimal sensitivity of a colorimetric assay is obtained with near-
confluent cells at the time of the assay. In general, cells seeded
at densities between 5 x 10® and 1 x 10* cells per well should
reach optimal population densities. However, since there are
cell types that have low metabolic activity, it is recommended to
increase the concentration of cells to obtain formazan color
development within the time suggested by the employed Kkit.

Colored compounds can have their own optical density
(OD) that can influence the measurement when diluted.
Thus, it is recommended to wash the cells with PBS before
adding the tetrazolium salts to remove any trace of the tested
substance that could give inaccurate results.

. The culture conditions used to grow the cells can affect the

results and must be taken into consideration when analyzing
the data. The presence of serum or phenol red in the culture
medium can generate background and seriously affect the sam-
ple absorption reading. It is recommended, if possible, to
culture cells in phenol red or serum-free medium during the
incubation period with the tetrazolium salt.

. Incubation time with the tetrazolium salt varies according to

the type and concentration of the cells. Incubation time can be
optimized by an initial test reading the absorbance at various
times (i.e., 4, 6, 8, and 12 h) after the addition of the tetrazo-
lium detection solution, using the same plate.

The plate should be gently shaken (Shake mode: Slow/
Shake time: 2 s) to evenly distribute the dye in the wells prior
to reading the absorbance with a spectrophotometer.

The tetrazolium-specific absorbance can be measured between
420 and 570 nm, depending on which kit is used. The refer-
ence wavelength absorbance reading is used to eliminate the
background signal resulting from cell debris or other
non-specific absorbance.

The use of the blank control (only the culture medium without
cells and without treatment) is necessary to exclude the influ-
ence of color of the culture medium in the experiment, sub-
tracting the blank readings from the sample readings.

Absorbance values that are lower than the control cells indicate
a cell viability reduction. Conversely, a higher absorbance rate
indicates a cell viability /proliferation increase, as in the exam-
ple in Fig. 4.
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Fig. 4 Schematic model of the 96-well plate representing the cell viability profile of X cells exposed to different
tetrazolium salts
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In Vitro Genotoxicity/Mutagenicity Testing of Food
Packaging
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Lucas N. F. Trevizan, Hernane S. Barud, and Denise C. Tavares

Abstract

To ensure the safe use of packaging materials and food contact materials, genotoxicity assessment is one of
the requirements of regulatory agencies around the globe. Thus, it is essential to carry out preliminary tests
to clarify this possible mechanism. The Salmonella/mammalian-microsome mutagenicity test, widely
known as the Ames test, is a rapid, relatively simple procedure for testing chemicals for mutagenicity as
well as for offering provision for the metabolism of otherwise nonmutagenic chemicals to their potentially
DNA-reactive forms. However, a single test is not sufficient to detect all relevant genotoxic mechanisms in
tumorigenesis. Thus, in order to complement the results in the Ames test and to contribute to the
clucidation of the effects, ensuring their use or not, mutagenicity at the chromosomal level must also be
evaluated. In the micronucleus (MN) assay, chromosomal damages induced by chemical products are
evaluated. The MN is expressed in dividing cultured cells because fragments from damaged chromosomes
or whole chromosomes that lag during anaphase become enveloped by nuclear membrane, independently
from the main nucleus during telophase, prior to cell division. Together, these tests detect the most relevant
events for the multistep process of malignancy, that is, gene mutations, clastogenicity, and aneugenicity.
Detailed descriptions of the protocols used for detection of point mutations and chromosomal damage
induced by food packaging in vitro are given in this chapter.

Key words Micronucleus test, Ames test, Salmonelln/microsome assay, Genetic toxicology

1 Introduction

The genotoxic/mutagenic potential tests reveal, at the first level of
evidence, the genotoxicological effect of edible and/or food con-
tact packaging materials, having their safe use in mind. So, these
tests are always required irrespective of the extent of migration (see
Chapter 4 on IAS and NIAS, Chapter 5 on PFAS, and Chapter 6 on
migration) and the resulting human exposure to these materials
[1], because even though human exposure levels may be quantita-
tively low, these substances are considered to be of high toxicologi-
cal concern if they act as DNA reactive mutagens [2].

Caio Otoni (ed.), Food Packaging Materials: Current Protocols, Methods and Protocols in Food Science,
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Commonly, the toxicological tests of food contact materials are
focused on single substances and their genotoxicity. However, most
of the time, the material is not available as a pure chemical and the
chemical identity is not known, causing people to be exposed to
mixtures of chemicals [3], that can or cannot interact with genetic
material. This interaction may result, under certain circumstances,
not only in cancer, but also in degenerative conditions such as
accelerated aging, immune dysfunction, cardiovascular and neuro-
degenerative diseases (in case of accumulation of DNA damage in
somatic cells) and in spontaneous abortions, infertility, or heritable
damage in the offspring and /or subsequent generations resulting
in genetic diseases (in case of DNA damage in germ cells) [4]. Thus,
sample preparation procedures need to be optimized and standar-
dized and approaches on the concept of safe level of food packaging
materials should be discussed. Regulatory agencies around the
globe have conducted research and developed both guidance and
regulations for safety assessments of materials intended to contact
food. Although the food packaging safety assessment structures
developed by these agencies have similar principles, they differ in
the application of these principles [5], which is necessary for new
approaches to meet this legal obligation for authorization applica-
tions of packaging materials.

DNA damage is a complex biological process involving several
modes of actions, determining the cellular fate and the severity of
the hazard. Currently, a wide variety of bioassays are available to
assess the genotoxic potential of chemicals and materials. These
assays have been evaluated for their ability to correctly predict the
adverse effects of matter and are often used as screening tools [6].

The Salmonelln/ Escherichia coli microsome assay (Ames test) is
required by regulatory authorities worldwide in order to identify
substances that can produce genetic damage that leads to gene
mutations (base substitution type mutations—S. Thyphimurium
strains TA1535, TA100, TA102, and TA104, and E. coli strains
WP2 uvrA or WP2 uvrA (pKM101), frameshift mutations—S.
Thyphimurium strains TA1537, TA1538, TA97a, and TA98)
[7]. The bacterial strains and mutagenicity test procedure, devel-
oped by Bruce Ames and published in 1973 [8, 9], still retain a
primary role in the testing of chemicals and materials for commer-
cial use [7].

The Ames test uses amino acid-dependent strains of S. Typhi-
murium and E. coli, each carrying different mutations in various
genes of either histidine operon, in S. Typhimurium bacteria, or
tryptophan operon in E. cols making them auxotrophic for the
corresponding amino acids. These mutations act as hot spots for
mutagens that cause DNA damage by different mechanisms. In
addition, some strains may have (i) rfa mutations, which cause
changes in the lipopolysaccharide barrier of the bacterial cell wall,
thus facilitating the entry of large molecules (all Salmonella strains);
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(ii) deficiency of the nucleotide excision repair system, preventing
the bacterium from repairing the damage that has been done to its
genetic material (uvrB detection in Salmonella strains, except
TA102, or uvrA mutation in E. coli strains); and (iii) the plasmid
R factor (plasmid pKMI101) that confers resistance to ampicillin
and induces an error-prone DNA repair pathway (strains TA97,
TA97a, TA98, TA100, TA102, and WP2 uvrA (pKM 101)).
Together, these mutations give the strains greater sensitivity in
detecting several mutagens [10, 11].

Due to the inability to synthesize histidine, these strains cannot
grow and form colonies in the absence of this essential amino acid
[12]. However, when they are exposed to agents that induce new
mutations in the gene, this function is restored and the auxotrophic
character is reversed, allowing bacteria to grow and form colonies
[11]. Thus, the assay detects the mutational reversion of
his-dependent bacteria to his-independent colonies (Salmonelln)
or trp-dependent bacteria to trp-independent colonies (E. coli).
The mutagenic potential of a compound can then be calculated
from the number of colonies that are formed on the plate by the
concentration of the compound used [12].

Another consideration about the test is the addition of the
so-called S9 fraction, obtained from rat liver, which contains xeno-
biotic metabolizing enzymes for the identification of mutagenic
agents of indirect action, which must be metabolized in order to
become active [13]. Therefore, in the absence (—S9) or presence
(+89) of metabolic activation, the monitoring of the direct and
indirect actions of a compound, respectively, is possible, guarantee-
ing the faithful identification of agents that cause gene mutations.

For the detection of chromosomal damage, the micronucleus
(MN) test is a widely used method that detects chromosomal loss
and breakage, being used as biomarker for the identification of
clastogenic and aneugenic agents [14]. The chromosomal changes
identified in the MN test are verified by counting circular structures
surrounded by nuclear membrane, called MN, which are formed by
chromosomal fragments or whole chromosomes that were delayed
during anaphase and were not incorporated into the nuclei of
daughter cells [15].

This test can be performed in vitro, using cultured primary
human or other mammalian peripheral blood lymphocytes and
several rodent cell lines such as CHO (Chinese hamster ovary
cells), V79 (Chinese hamster lung fibroblasts, male), CHL/TU
(Cricetulus griseus, Chinese hamster lung fibroblasts, female), and
L5178Y (mouse lymphoma) cells, or human cells, such as TK6
(human spleen lymphoblasts). Other cell lines such as HT29
(human colorectal adenocarcinoma), Caco-2 (Caucasian colon ade-
nocarcinoma), HepaRG (hepatic stem cell line), HepG2 cells (liver
hepatocellular carcinoma), A549 (adenocarcinomic human alveolar
basal epithelial cells), and primary Syrian Hamster Embryo cells
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have been used for MN testing, but have not been extensively
validated to date. Therefore, the choice of these cells should be
justified [16]. The MN test can still be performed in vivo using
hematopoietic rodent cells [17].

The OECD 487 Test Guideline [16] allows the use of proto-
cols with and without cytochalasin B (cytoB). CytoB inhibits actin
polymerization and blocks cytokinesis, and cells that have com-
pleted one cell cycle after treatment can be distinguished from
undivided cells by their binucleate appearance. The advantage of
using cytoB is that it allows the clear identification that treated and
control cells have divided in vitro, and also provides a simple
assessment of cell proliferation, allowing for the identification and
analysis of MN only in cells that have completed one mitosis. The
use of protocols without cytokinesis block can be accomplished,
provided there is evidence that the cell population analyzed has
undergone mitosis.

Thus, the bacterial reverse gene mutation test and the in vitro
MN assay detect two main genetic endpoints, that is, gene and
chromosome mutations, respectively. Therefore, these tests are
currently considered equally appropriate in a standard genetic toxi-
cology battery for predicting potential human risks [18].

2 Materials

1. General laboratory glassware (flasks, bottles, graduated cylin-
ders, etc.).

Petri dishes (100 x 15 mm?).

Sterile glass tubes (50 x 16 mm?) with caps.
Test tube racks.

Pipets (1,2, 5, and 10 mL).

Pipettors (adjustable volumes).

Sterile pipette tips.

® N gk

Cryogenic tubes for freezing down permanent and working
cultures.

9. Colony counter (manual or electronic).
10. 6-Well Microtiter Plate (flat-bottom).
11. Conical tubes (15 mL).

12. Microscope slides.
13. Cell culture flasks.

General Apparatuses

1. Autoclave.
2. Shaking incubator set at 120 rpm and 37 °C.
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3. Incubator for the GM agar plates.

4. Oven, heating, or water bath set at 43—48 °C to maintain
temperature of top agar.

. Boiling water bath or microwave oven for melting top agar.
. Magnetic stirrers.
. Analytical balances (up to 0.001 g).

. Water purification system to generate distilled water.

O 0 NN O Ul

. Ultrafreezer or liquid nitrogen tank.
10. Refrigerator/freezer.

11. Biological safety cabinet.

12. Inverted light microscope.

13. Incubator with humidified atmosphere of 5% carbon diox-
ide (CO3) and temperature of 37 °C for cell growth.

14. Cytocentrifuge.

15. Microscope with excellent optics for bright-field and fluo-
rescence examination of stained slides at x1000
magnification.

Chemicals

15.
16.

1. Agar.

2. Glucose.

3. D-biotin.

4. L-Histidine-HCI.
5.
6
7
8
9

Sodium chloride.

. Oxoid nutrient broth No. 2.

. Monobasic sodium phosphate.
. Dibasic sodium phosphate.

. Magnesium chloride.

10.
11.
12.
13.
14.

Potassium chloride.

D-glucose-6-phosphate disodium.

Nicotinamide adenine dinucleotide phosphate sodium salt.
Mammalian tissue homogenate (S9 fraction).

Dimethyl sulfoxide (DMSO) or other solvents that maximize
extraction of the substances present in the food packaging
materials.

Glycerol.

Positive control chemicals (see Note 1).
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2.2 Micronucleus
Test

1. Cell growth media: Eagle’s Minimal Essential Medium
(EMEM), Dulbecco’s Modified Eagle’s medium (DMEM),
RPMI, Ham’s F10, Ham’s F12 (check the most suitable one
for each test cell).

Phosphate-buffered saline (PBS) without Ca®* and Mg?*.
Fetal bovine serum (EBS).
Cytochalasin B.

ARl

Dyes: Giemsa, acridine orange or panoptic (check the most
suitable one for each test cell).

6. DMSO or other solvents that maximize extraction of the sub-
stances present in the food packaging materials.

7. Positive control chemicals (se¢ Note 1).

3 Methods

3.1 Salmonella/
Microsome Assay
(Salmonella Test;
Ames Test)

Extraction

Water and culture medium are the most commonly used solvents.
In case of water, it is advised not to exceed a maximum concentra-
tion of 10 vol% because of molarity changes on the medium and
dilution of nutrients.

If other than well-established solvents/vehicles are used, their
inclusion should be supported by data indicating their compatibil-
ity with the test system and their ability to maximize extraction of
the substances present in the food packaging materials. They must
not interfere with cell proliferation, metabolic activation, and must
not induce DNA changes.

The International Standard ISO 10993-12 [19] suggests that
the extraction of substances from films (thickness <0.5 mm) should
be carried out at 37 + 1 °C for 72 + 2 h. Other conditions for
extraction also are described, but care should be taken that this does
not alter the chemical characteristics of food packaging. The surface
area of the films must be of 6 cm” to the volume of 1 mL of
extraction vehicle. When surface area cannot be determined, a
mass/volume of extracting fluid shall be used [19].

Fresh preparations should be employed unless stability data
demonstrate the acceptability of storage.

Food packaging extract is added directly to the test systems
and/or diluted prior to treatment if it interferes with bacterial or
cellular growth and survival.

According to the OECD Guidelines [20], at least five strains of
bacteria should be used. The recommended combination of strains
is TA1535; TA1537, TA97a or TA97; TA98; TA100; and TA102
of §. Typhimurium, E. coli WP2 uvrA, or E. cols WP2 uvrA
(pPKM101).
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Preparation of Permanent Cultures

Receive strains on a small sterile filter disk embedded in nutrient
agar; first wipe the disk across the surface of a nutrient agar plate,
and then transfer the disk to 5 mL of nutrient broth. For lyophi-
lized culture, aseptically add 1 mL of nutrient broth to rehydrate
the culture (a process which should take up to 2 min), then transfer
the rehydrated culture to 4 mL of nutrient broth. Then, transfer a
drop of the culture to a nutrient agar plate and streak the inoculum
for individual colonies across the surface of the plate [11].

If single colonies are observed after overnight incubation at
37 °C, pick one healthy looking colony and restreak it for individual
colonies on minimal agar medium (GM agar) plate supplemented
with biotin and histidine for S. Typhimurium strains, and trypto-
phan for E. col strains for purification and verification of genotypic
characteristics [11, 20].

Other genotypic characteristics that should be similarly
checked: ampicillin resistance in strains TA98, TA100 and TA97a
or TA97, and WP2 uvrA (pKM101); ampicillin + tetracycline resis-
tance in strain TA102 to assess the presence or absence of R-factor
plasmids; rfa mutation in S. Typhimurium through sensitivity to
crystal violet, and uvrA mutation in E. col or uvrB mutation in S.
Typhimurium, through sensitivity to ultraviolet light [20]. The
strains should also yield spontaneous revertant colony plate counts
within the frequency ranges expected from the laboratory’s histori-
cal control data and preferably within the range reported in the
literature [11, 13].

The strains grown in nutrient broth at a density of 1 to 2 x 10?
colony-forming unit (CFU) mL ™" (Optical Densitysg nm between
0.1 and 0.2) are frozen with 0.5 mL of a sterile cryopreserver, such
as glycerol or DMSO for the culture (final concentration, 10 vol%);
mix well and dispense 1-mL aliquots in pre-marked sterile cryo-
genic tubes.

The tester strains should be kept frozen in ultrafreezer (—80 °C)
or liquid nitrogen.

Preparation of Solutions and Plates

1. Minimal agar medium (GM agar) plates: Add 15 g of agar to
900 mL distilled water. Autoclave it for 15 min at 121 °C
(1.5 atm; relative pressure). Add 20 mL of sterile Vogel-Bonner
E medium (VB salts), and mix thoroughly, then add 50 mL of a
sterile glucose (40 or 8 vol%) solution; again, swirl thoroughly.
Dispense the agar medium in 100 x 15 mm? Petri dishes
(approximately 25 mL per plate). After the solidification, the
plates must be stored in an oven at 37 °C for 48 h (see Note 2).

2. Histidine/biotin solution (0.5 mM): Add 124 mg of D-biotin
and 96 mg of L-Histidine-HCI to 1000 mL distilled water.
Autoclave it for 30 min at 121 °C (1.5 atm; relative pressure).
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3. Top agar supplemented with histidine/biotin: Add 6 g of agar
and 6 g of sodium chloride to 900 mL of distilled water.
Autoclave it for 30 min at 121 °C (1.5 atm; relative pressure).
For the test, melt the top agar in a microwave oven or in boiling
water, and then add 100 mL of limited histidine and biotin
solution (0.5 mM). The top agar is used to deliver the bacteria,
chemical, and buffer or S9 mix to the bottom agar and it is one
of the most critical medium components in the Ames test
because it contains the trace amount of histidine (0.05 mM)
for limited growth and biotin at a concentration of 0.05 mM,
which is in excess of what is needed for the growth of the
Salmonelln strains.

4. Nutrient broth: Add 0.75 g of nutrient broth (Oxoid nutrient
broth No. 2) to 30 mL water. Autoclave it for 15 min at 121 °C
(1.5 atm; relative pressure).

5. Sodium phosphate buffer, 0.1 mM, pH 7.4: After mixing 120 mL
monobasic sodium phosphate (0.1 M) and 880 mL of dibasic
sodium phosphate (0.1 M), adjust pH to 7.4 using 0.1 M
dibasic sodium phosphate solution. Autoclave it for 30 min at
121 °C (1.5 atmy; relative pressure). The buffer is used for
testing chemicals in the absence of metabolic activation (see
Note 3).

6. Co-factors for S9 mix: A number of commercial vendors provide
S9 preparations, as Molecular Toxicology, in the United States.
Once the S9 mix is prepared, it should be kept on ice for the
duration of the experiment. The metabolic activation system
consisted of 4% S9 fraction, 1% of magnesium chloride at
0.4 mol L', 1% of potassium chloride at 1.65 mol L™, 0.5%
of D-glucose-6-phosphate disodium at 1 mol L™, 4% of nico-
tinamide adenine dinucleotide phosphate sodium salt (NADD)
at 0.1 mol L ™" in 50% of phosphate buffer at 0.2 mol L, and
39.5% of sterile distilled water.

Inoculum

For each experiment, individual culture flasks are inoculated with
each strain. Inoculate 0.1 mL of the tester strain cultures in 30 mL
of Oxoid nutrient broth No. 2 and place on a shaker in the dark and
gently shake (100 rpm) for 11-14 h (overnight) at 37 °C. On the
next morning, remove the cultures from the incubator and keep at
room temperature away from direct fluorescent light. It is essential
that the cultures used in the experiment contain a high titer of
viable bacteria. The titer may be demonstrated either from histori-
cal control data on growth curves, or in each assay through the
determination of viable cell numbers by a plating experiment.
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Experimental Procedure
The procedure described here pertains to the preincubation
method.

1.

To the sterile glass tubes maintained at room temperature, add
the following components in this order, with mild mixing after
each addition:

* 0.5 mL of metabolic activation (S9) mix or sodium phos-
phate bufter.

+ Different volumes of the food packaging extract. Include
untreated, solvent/vehicle and strain-specific positive con-
trols, both with and without metabolic activation, in each
assay (see Notes 1 and 4).

* 0.1 mL overnight culture of the bacterial strain.

2. Incubate the mixture at 37 °C for 20 min.

. To each tube, add 2 mL of molten top agar supplemented with

histidine /biotin maintained at 43-48 °C. The content of the
test tubes is then mixed and poured onto the surface of GM
agar plates (see Note 5).

. When the top agar has solidified (2-3 min), the plates are

inverted and incubated at 37 °C for 48 h.

. The colonies are then counted, and the results are expressed as

the number of revertant colonies per plate. If colonies cannot
be counted immediately after the 48 h incubation, the plates
can be stored in a refrigerator for up to 2 days. All plates must
be removed from the incubator and counted at the same time

(Fig. 1).

Preliminary experiments are useful to determine toxicity and

insolubility of the food packaging samples. Cytotoxicity may be
detected in the final population on the GM agar plate after the
48-h incubation by a thinning of the background lawn, which may
be accompanied by a decrease in the number of revertant colonies,

Fig. 1 Petri dishes with revertant colonies of Salmonella Typhimurium (TA102
strain). (a) Untreated control; (b) Positive control (Mitomycin C)
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3.2 Micronucleus
Test

absence of background lawn (i.e., complete absence of growth), or
by presence of pinpoint non-revertant colonies (generally in con-
junction with an absence of background lawn).

Analysis of the Results

After the plates are removed from the incubator, the colonies are
counted, and the results are expressed as mean revertant colonies
per plate + standard deviation for each dose of the test sample and
the controls. A sample is considered a mutagen (it induces point
mutations by base substitutions or frameshifts in the genome of
either §. Typhimurium and/or E. col) if it produces a
concentration-related increase over the range tested and/or a
reproducible increase at one or more concentrations in the number
of revertant colonies per plate in at least one strain with or without
metabolic activation system. The determination of a positive vs. a
negative result is made through evaluation procedures for compar-
ing dosed plates with the concurrent solvent/vehicle control plates,
including a requirement for a specific fold increase (2- or 3-fold,
specific to the bacterial strain).

Experimental Procedure

1. In 6-well plates, seed 100,000 cell per well in 2 mL of cell
growth media (se¢e Note 6) with 10% of fetal bovine serum
(complete culture medium). Prepare an appropriate number
of wells for the experiment from a single pool of cells. These
cells should be in exponential growth phase at the time of
treatment.

2. Incubate the plates at 37 °C in a 5% CO, atmosphere for 24 h.
This time is necessary for the adhesion of cells to the plate, for
the formation of a semiconfluent cell monolayer, and for the
progression of cells to the exponential growth phase.

3. After incubation, the solutions for the treatment groups must
first be prepared in a culture medium in an amount sufficient
for the treatment of the test. For treatment, it is optional to
change the culture medium or not.

4. Three non-cytotoxic concentrations of the food packaging
extract should be evaluated. Include untreated, solvent/vehi-
cle, and positive controls in each treatment series (see Notes 1
and 7). Prepare duplicate cultures/wells at each experimental
test point.

5. Smoothly homogenize the cultures with cross movements,
avoiding bubble formation.

6. For the treatment, cells should be exposed to the food packag-
ing extract without metabolic activation for 3-6 h, and sampled
at a time equivalent to about 1.5-2.0 normal cell cycle lengths
after the beginning of treatment. To conclude a negative
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outcome, cells should be continuously exposed without meta-
bolic activation until sampling at a time equivalent to about
1.5-2.0 normal cell cycle lengths [19]. After treatment, all
plates are placed in a CO; incubator at 37 °C and 5% CO,.

. After the end of the exposure time, analyze the appearance of

the cultures under an inverted microscope, mainly regarding
the presence of precipitation, morphology, and cell death.

. After the incubation period, remove the culture medium con-

taining the test sample and wash the wells twice with 2 mL of
PBS suitable for cell cultures.

Add fresh medium (2 mL per well).

Then add 20 pL per well of the 3 pg mL ™' pre-prepared
cytochalasin B solution.

The plates must be placed in the CO, incubator for 1.5-2
normal cell cycle lengths.

Harvest

Itis

important to cast a water film on the slides, so that they can be

ready and cold (2-8 °C) for use. To do this, wash the slides with
neutral detergent, rinse them under running water, and then in
distilled water. Then, the slides should be immersed, one by one, in
distilled water and raised to check if a water film has formed on
them. If the film does not form, wash again. The vial containing the
slides must be kept and refrigerated until the moment of use. There
is also another possibility of cleaning the slides, this being cleaning
them in 70% ethanol and distilled water.

12

13.

14.

15.

. Collect the medium from each well into appropriately labelled

15-mL centrifuge tubes to avoid loss of detached mitotic
cells.

The cells must be washed twice with PBS (2 mL), the first
washing being reserved in the centrifuge tube and the second
washing must be discarded. Remove excess PBS from each
well with a pipette.

Add 0.3 mL of 0.1% trypsin to each well to bring cell mono-
layers into suspension. Time lapse (approximately 5 min) and
temperature of incubation (37 °C) are indicative and should
be standardized in each laboratory based on visual observa-
tions of cell detachment, as trypsin activity may vary among
different lots.

When monolayer cells are completely detached, inactivate
trypsin with 0.7 mL of complete culture medium (the
medium reserved in the centrifuge tubes can be used) to
block enzymatic digestion.
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16.

17.

18.

19.

20.

21.

22.

23.
24.
25.
26.

27.

28.

29.

Add these cell suspensions to their respective centrifuge tubes
and centrifuge them for 5 min at 1000 rpm.

Aspirate the supernatant carefully using a glass pipette, leaving
approximately 0.5-1.0 mL as the pellet protection margin.

With the aid of the pipette, resuspend the cells, gently homo-
genizing the pellet (20x) and keep the solution inside the
pipette so that all samples come into contact with the potas-
sium chloride (KCl; 0.075 M) at the same time.

Add 3 mL of KClI previously cooled to 2-8 °C and incubate
for approximately 7-10 min at room temperature. During
this period, gently resuspend the cells, mixing 40x with the
pipette.

After incubation with KCl, add 0.5 mL of the fixative (3:1 v/v
methanol-glacial acetic acid), prepared at the time of use and
kept at room temperature, and mix gently.

Centrifuge the cultures for 5 min at 1000 rpm. Remove the
supernatant, leaving approximately 0.5-1.0 mL.

Homogenize the pellet (20x) and keep the solution inside the
pipette.

Add 5 mL of fixative and mix immediately.
Centrifuge the cultures for 5 min. Remove the supernatant.
Add 5 mL fixative again and mix.

In this step, cultures should be kept in a refrigerator (2-8 °C)
for at least 1 h and /or until the slides are prepared.

At the time of making the slides, centrifuge the tubes, remove
the supernatant, and finally produce an appropriately concen-
trated cell suspension, maintaining approximately 0.5 mL of
fixative.

Approximately five drops cellular solution should be dripped
under the identified slide. Prepare at least three slides for each
experimental point, labeled with the identity of the culture.
Leave the slides to dry at room temperature prior to staining
for at least 1 day. After this period, stain the slides or store in
slide boxes.

The slides can be stained with 3 vol% Giemsa in tap water,
0.0125% (w/v) acridine orange in PBS, panoptic, among
others, depending on the most suitable one for each test cell
(Fig. 2).

Analysis of the Results (See Note 8)

The frequencies of cells with MN (with one, two, and more than

two

MN) are recorded. A total of 6000 binucleated cells are scored

per treatment, corresponding to 2000 cells per treatment per repe-
tition. Attention should be given to ensure that MN are scored only



CBPI=

Genotoxicity of Food Packaging 161

-,

A

.:g\

Fig. 2 Microphotograph (1000x magnification) of a micronucleated binucleated
HepG2 cell. Staining with Giemsa (3%)

in binucleated cells and not in multinucleated cells, because multi-
nucleated cells are not once-divided cells and tend to have greatly
elevated MN frequencies relative to binucleated cells, which would
result in inaccurate genome damage estimates [17].

A sample is considered a mutagen in this assay if statistically
significant increases in the proportion of micronucleated cells over
the negative/solvent controls (reference point for comparison in
the statistical evaluation of the results) are observed at one or more
concentrations.

Furthermore, the determination of the Cytokinesis-Block Pro-
liferation Index (CBPI) may be used to calculate cell proliferation.
CBPI indicates the average number of nuclei per cell. Cells with
well-preserved cytoplasm containing 14 nuclei are scored. Analyze
1500 cells per treatment for a total of 500 cells per repetition. CBPI
is calculated using the following formula [16]:

((No.mononucleate cells) + (2 x No.binucleate cells) + (3 x No.multinucleate cells))

(Total number of cells)

4 Notes

1. Examples of suitable positive controls for Salmonella/micro-
some assay (to confirm the reversion properties and specificity
of each tester strain, and the efficacy of the metabolic activation
system): 4-nitro-o-phenylenediamine (TA98 and TA97a, 10 pg
per plate); sodium azide (TA100, 1.25 pg per plate); mitomy-
cin C (TA102, 0.5 pg per plate), in the absence of S9 and
2-anthramine (TA98, TA100, TA 97a, 1.25 pg per plate),
2-aminofluorene (TA102, 10 pg per plate), in the presence
of §9.

For MN test, the most commonly used positive control
agents are: methyl methanesulfonate, mitomycin C, 4-nitro-
quinoline-N-oxide, cytosine arabinoside, benzo(a)pyrene,
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Table 1 Recipe for Vogel-Bonner medium E (50X)

Ingredients Quantity per liter
1. Warm distilled water (about 50 °C) 670 mL

2. Magnesium sulfate (MgSO4.H,0) 10 g

3. Citric acid monohydrate 100 g

4. Potassium phosphate, dibasic, anhydrous (K;HPOy) 500 g

5. Sodium ammonium phosphate (Na,NH,P04.4H,0) 175 g

cyclophosphamide, colchicine, or vinblastine. Concentrations
should be defined in preliminary tests.

. Vogel-Bonner (VB salts) medium E.

The ingredients must be added in the order indicated
below. Make sure that each salt is dissolved thoroughly by
stirring it on a magnetic stirrer before adding the next salt

(Table 1).

» The agar should never be autoclaved together with the VB
salts and glucose.

» The plates can be stored at 4 °C for several weeks when
placed in sealed plastic bags to prevent dehydration. Before
use, the plates should be warmed up to room temperature
and examined for excess moisture.

. Sodium phosphate, monobasic (0.1 M): To 1 L of water, add

13.8 g NaH2PO4.H20.
Sodium phosphate, dibasic (0.1 M): To 1 L of water, add
14.2 g NazHPO4.H20.

4. At least five different concentrations of the food packaging

extract should be selected for the test, and the interval between
each concentration should be approximately halflog (1/10). At
least three plates for each dose level and for the controls is
recommended.

Extracts obtained from aqueous solvents can be used at
levels up to approximately 1 mL per plate before they interfere
with the gelling of the top agar, while organic solvents are often
used at a maximal dose of 0.1 mL per plate [21].

Untreated control: also called spontaneous control, as it
aims to demonstrate the rate of spontancous reversion of each
strain and that no deleterious or mutagenic effects are induced
by the chosen solvent.

Solvent/vehicle control: solvent or vehicle alone, without
test substance, and treated in the used maximum volume in the
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treatment group. In the Ames test, the solvent/vehicle control
is also called negative control [20].
Positive control (see Note 1).

5. It is important to quickly swirl the plates after the addition of
the top agar to the surface of the GM agar plates to ensure an
even distribution of the top agar that contains the bacteria, test
sample, and S9 mix or buffer.

6. The most common culture media for the cell lines mentioned
in the Introduction section are Eagle’s Minimal Essential
Medium (EMEM), Dulbecco’s Modified Eagle’s medium
(DMEM), RPMI, Ham’s F10, Ham’s F12.

7. When cytochalasin B is used, the most appropriate method to
assess cytotoxicity is to calculate the cytokinesis-block prolifer-
ation index (CBPI). CBPI: the proportion of second-division
cells in the treated population relative to the untreated control.

Untreated control: also called negative control, only 2 mL
of complete culture medium.

Solvent/vehicle control: solvent or vehicle alone, without
test substance, and treated in the used maximum volume in the
treatment group.

Positive control (see Note 1).

8. MN are morphologically identical, but smaller than nuclei. The
diameter of MN usually varies between 1/16th and 1/3rd of
the mean diameter of the main nuclei, which correspond to
1/256th and 1/9th of the area of one of the main nuclei in a
binucleated cell, respectively. MN are non-refractile and they
are not linked or connected to the main nuclei. MN may touch
but not overlap the main nuclei and the micronuclear boundary
should be distinguishable from the nuclear boundary. More-
over, MN usually have the same staining intensity as the main
nuclei, but occasionally staining may be more intense.

For analysis of CBPI, mono-, bi, and multinucleated cells
are viable, with an intact cytoplasm and normal nucleus mor-
phology containing one, two, and three or more nuclei,
respectively.
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Microstructural and Defect Analysis of Food Packaging
Materials Through X-Ray Microtomography

Marcos V. Lorevice, Pedro I. C. Claro, Diego M. Nascimento,
and Rubia F. Gouveia

Abstract

Packaging is an important part of food products, preserving their main components and attracting
consumer’s interest. However, when damage or flaws are present, food stability can be compromised.
Several factors related to the design (composition and function), processing, and production of food
packaging materials may result in defects that, although unavoidable, must be traceable and monitored.
Few protocols have been proposed to effectively identify defects, most of which destructively or invasively,
preventing the in situ characterization of the internal microstructure. We herein propose a general, simple
protocol to detect and quantify defects, and analyze engineered microstructures in food packaging by X-ray
microtomography. The technique requirements, such as sample characteristics and preparation, equipment
setup, data acquisition and processing, as well as image segmentation, are elucidated by showcasing two
common food packaging materials: paper,/plastic/metal multilayers (Tetra Pak®) and polyethylene. X-ray is
comprehensively depicted as an easy, helpful, noninvasive, and nondestructive method to improve the
quality control of food packaging materials.

Key words X-ray tomography, Microstructure, Failures, Defects

1 Introduction

Since the beginning of human civilization, packaging influences the
way in which food is stored and consumed. The first record of
packaging used to store and transport food dates of around
200 years before the common era BCE [1]. The main functions
of food packaging are to protect and preserve the quality and safety
of food during transportation, distribution, storage, commerciali-
zation, and consumption. Moreover, packaging should reduce food
losses and contamination during storage and provide relevant infor-
mation (e.g., nutrition facts and shelf-life). Even today, the food
packaging sector plays a crucial role in the world economy [2, 3],

Caio Otoni (ed.), Food Packaging Materials: Current Protocols, Methods and Protocols in Food Science,
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accounting for USD 228 billion in 2018 globally, value that is
expected to reach USD 441 billion in 2025 [4].

Food products comprise a synergic sum of different harmo-
nized features: food typology, packaging materials, subliminal mes-
sages, and sensory (e.g., color, taste, texture, flavor, etc.)
impression [5]. From the materials science perspective, the right
selection of raw materials for a particular food packaging requires
the best mechanical, optical, thermal, and barrier properties in
order to preserve and prolong food shelf-life. Food packaging
materials are commonly based on metal, glass, paper and paper-
board, plastics, and even combinations among these into complex
and convenient containers, like Tetra Pak™ [6]. Depending on the
technical application, packaging materials can be classified as pri-
mary (direct contact with the food), secondary, and tertiary (the
latter being external to the former and providing physical
integrity) [7].

In spite of all technological efforts that have been made in the
past decades to improve food packaging properties or to add new
functions toward the so-called active and smart packaging [8-10],
the occurrence of flaws or defects always overcomes the technolog-
ical advances. The safety hazards or unhealthy appearance caused by
damaged food products (food/packaging) generally leads to unat-
tractive products to the consumers, and consequently, to an unde-
sirable reduction of their selling [11].

Defect and flaws in food packaging are frequently caused dur-
ing packaging and processing operations (structure/composition,
inferior compatibility among the raw materials), product storage
(temperature and relative humidity), or even by consumer handling
and disposal. According to their effect in packaging integrity and
effective applicability, flaws and /or damages have been categorized
in critical (e.g., collapse, rupture, holes, seal cracks, tears, or cracks),
major (e.g., poor mechanical resistance, misplaced lids or crimp
seals), and minor defects (streaky pigmentation from inadequate
pigment blending, scratches on the lamination, beads over surface
of foil, mold, drawing lines, improper identification on label) [6].

The vast and well-known materials characterization, particu-
larly of their morphological (optical and electron microscopies),
mechanical (compression and tensile tests), thermal (thermogravi-
metry analysis, differential scanning calorimetry, and dynamic
mechanical thermal analysis), barrier (oxygen, CO,, and water),
or even active (antimicrobial and sensory) properties, have been
applied to assess packaging performance and to identify possible
failures with considerable accuracy, besides exhibiting sample-
destructive or -invasive characteristics in most of the cases [12, 13].

Apart from defects easily identified by a rapid inspection
(in some cases visual or by analyzing changes in packaging content,
like oft-flavor or color), the smaller ruptures or holes, internal and
structural failures, imperfections, or poor phase compatibility in
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packaging are usually visual-untraceable, and they can interfere
substantially with the final packaging properties. Even for complex
food packaging systems, like Tetra Pak®™, which requires phase
compatibility and can otherwise exhibit defects in one or more of
the four layers, tracking imperfections is something difficult via
some of the current materials analyses. In addition, the incorpora-
tion of micro and nanostructures to enhance packaging properties
requires more accurate techniques in resolution, as well as in mor-
phological statistics to identify and to infer the origin of these
undesirable defects [14].

To overcome these drawbacks, nondestructive or noninvasive
techniques, like ultrasound or X-ray tomography [15, 16, 17], have
been widely applied as effective procedures to investigate internal
characteristics of packaging samples, and in most of the cases,
lacking any sample pretreatment or further preparation, allowing
the analyses to be carried out in situ and helpful correlations with
traditional materials characterizations to be established, as
described above [18]. X-ray micro-computed tomography
(Micro-CT) is a powerful, versatile, noninvasive, and nondestruc-
tive technique used for the three-dimensional (3D) structural char-
acterization of varying types of systems [ 19-37]. This tool enables
correlations between the microstructural and macroscopic charac-
teristics of different types of materials as aforementioned, including
food packaging [38—40], enabling quantifying and analyzing dis-
persions, second phases, and pores throughout the system [41]. To
elucidate the Micro-CT procedure, Fig. 1 shows a schematic illus-
tration of Tetra Pak® packaging projection acquisition, followed by
pre-processing and processing of Tetra Pak™ tomography imagens.

Concerning a brief overview of the X-ray microtomography
procedure, Micro-CT is based on the attenuation of X-rays accord-
ing to the Lambert—Beer law of exponential decay [42]. The X-rays
pass through the sample (Fig. 1a) and they are attenuated accord-
ing to the thickness, composition, and density of the analyzed
material [43]. In addition, the attenuated X-rays produce a
two-dimensional (2D) shadow of the material in the detector,
producing several 2D X-ray projections of the object at each rota-
tion step of the sample around its height Z-axis (Fig. 1b). The
detector (Fig. 1a) and the X-ray source are strategically positioned
in relation to the examined material. The source is located opposite
to the detector, considering the Z-axis of the sample as reference
[44]. The detector includes a charge-coupled device (CCD), a
photodetector camera that transforms the attenuated X-ray
photons into projections (Fig. la) [45, 46]. The projections
(Fig. 1b) are aligned in the formation of sinograms (Fig. 1c),
which are the origin of computational reconstruction signal of
tomographic images (Fig. 1d) [47]. In terms of materials differen-
tiation, from a high-quality reconstructed image, it is already possi-
ble to observe the layers that compose the Tetra Pak™ packaging.
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Fig. 1 Schematic illustration of the basic principles of the Micro-CT technique and data processing: (a)
Lambert—Beer’s law, X-ray source and opposite detector to collect the signal; (b) Images projections from 2
axis 360° rotation; (c) Sinograms; (d) Two-dimensional slice; (e) High-quality reconstructed images of Tetra
Pak® packaging and segmentation of packaging composition: paperboard, polyethylene (PE), and aluminum
(Al) layers; and (f) Tomographic resolution

The lower attenuation for the paperboard and the polyethylene
(PE) layers and the higher attenuation for the Al layer according
to the colors of the X-ray attenuation scale can be noted (Fig. 1d,
color-scale arrow). Considering the Tetra Pak™ packaging 3D ren-
dering (Fig. le), the compatibility of the interfaces among the
layers and to analyze each 3D segmented layer can be noticed,
assisting manufacturing engineers to minimize flaws/damage in
the packaging of food products.

In the food industry, Micro-CT has risen as a valuable tool to
correlate the common food characteristics (e.g., flavor, texture,
ripening) with processing and storage conditions [48-52]. A 3D
reconstruction of cream cheese from Micro-CT was applied to
comprehend the influence of fat content on microstructures of
cheese spreads [53]. Fat content was also correlated to the texture
(hardness) of pork lean fermented sausages by Micro-CT, and
geometric parameters obtained from this technique [54]. Cellular
structure and porosity profile obtained from Micro-CT showed
dependency of different baking conditions on bread [49], bread
crumbs and crust [55]. Recently, in situ Micro-CT has been devel-
oped, setting new approaches and giving the possibility to observe
the time-lapse collapse of micro-bubbles in the beer foams [18].
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However, to date, the studies on Micro-CT as a nondestructive
characterization tool for food packaging (macro and microstruc-
tures, defects, and failures) are scarce. Herein, we fully describe a
useful step-by-step protocol of extruded PE composite characteri-
zation by using Micro-CT, containing tips and examples to identify
interface regions, failures, defects, and imperfections in food pack-
aging from tomography images.

2 Materials

The follow materials, equipment, and software were used for
tomography images illustration on introduction and methods.

1. Commercial Tetra Pak® packaging and extruded low-density
PE (LDPE) (Braskem, MFI = 8.3 g/10 min at 190 °C/
2.160 kg) composite reinforced with cellulose fibers from sug-
arcane bagasse were used as materials models for Micro-CT
characterization.

2. Tetra Pak® and extruded PE composite packaging were ana-
lyzed on a high-resolution Micro-CT equipment (Bruker
1272, Kontich, Belgium).

3. The acquisition was carried out using the SkyScan 1272 soft-
ware provided by Bruker Micro-CT®.

4. The tomography images reconstruction was performed using
Feldkamp algorithm by NRecon software (version 1.6.9.8,
Bruker Micro-CT®).

5. The segmentation and extraction data from the reconstructed
tomographic image were performed on CT analyzer (CTAn®)
software (version 1.14.4.1, Bruker Micro-CT®).

6. The DataViewer software (version 1.5.1.2, Bruker Micro-
CT™) was used to view the 2D images slice by slice, including
the orthoslices of the reconstructed images and a linear X-ray
attenuation.

7. 3D tomographic images were designed, rotated, and cropped
on CTvox"™ software (version 2.7.0, Bruker Micro-CT®).

3 Methods

The Micro-CT protocol proposed here relies upon the real analysis
of extruded PE composite, but one may extend it to other samples.
The Micro-CT protocol was performed according to the following
steps:
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1. Place the sample symmetrically at the rotation stage, within the

detector’s field of view varying the sample rotation by 360° (see
Notes 1-5).

. Set up the Micro-CT according to the density of the material.

For tomographic images in low-density materials (e.g., paper
and polymers), low-energy and “unfiltered” or fine Al filters
can be used (Table 1). To transmit X-ray radiation through
denser materials (e.g., ceramics, metals, and glass), Al/Cu or
Cu filters with associated higher X-ray source energies should
be used.

. Obtain images using a Micro-CT; we performed these analyses

with a high-resolution Micro-CT equipment (se¢ Note 6).

. Pre-processing: Process the images using the NRecon software

to apply the artifact’s corrections, such as alignment, noise,
ring, etc. (Fig. 2). In the case of PE composite packaging
X-ray projections (Fig. 2a), it is reccommended that the gray-
scale range should be delimited on X-ray histogram to guaran-
tee a faithful reconstruction image of the object. The example
illustrated in Fig. 2b shows the following tomographic images
problems: x/y drift and/or misalignment, noises, and ringing
artifacts. Figure 2c illustrates the automatic alignment to cor-
rect the x/y drift and /or slight deviation due to misalignment
of the X-ray projections. Following the tomographic image
problem corrections, the noises are attenuated by the smooth-
ing tool, as shown in Fig. 2d. Finally, ringing artifacts are
corrected, extracting a reliable reconstruction image, as pre-
sented in Fig. 2e. The final image is generated by applying a
color-scale (left side presents lower X-ray attenuation), as
shown in Fig. 2f (see Note 7).

. Processing: Open the reconstructed image and select several

regions of interest (ROIs), previously preset, throughout the
object using the CT analyzer (CTAn) software. For a specific
ROI, establish the number of slices, thereby rendering a vol-
ume of interest (VOI), measuring in this case
1.5 x 1.5 x 1.5 mm? (Fig. 3a, right). Using the binary selection
command, a preset thresholding segmentation is applied on
X-ray histogram, partitioning the analyzed object image by
grayscale intensity [ 56 ], rendering different segmented images,
containing pores/defects, the main matrix and microstructures
agglomerations (Fig. 3b). It is important to delimit on the
X-ray histogram for a specific grayscale range for all samples,
as represented in Fig. 3¢, where VOIs must present compara-
tive X-ray attenuation and data extracted. Cleary, after this data
processing defects (pores or matrix imperfections like filler
agglomeration) can be identified in the analyzed packaging, as
shown in Fig. 3b. After application of the previous
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Table 1
Detailed information on the Micro-CT parameters for Tetra Pak® and
extruded polyethylene (PE) composite analyses
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Parameters Tetra Pak® PE composite
Source voltage (kV) 20 30

Source current (pA) 175 212

Detector resolution (pixels) 2452 x 1640 2016 x 1344
Nominal resolution (pm) 2 1.4

Exposure (ms) 5340 2300
Rotation step (deg) 0.3 0.15

Frame number 4 3

Random movement 30 10

Filter No No

segmentation, quantitative segmentation data can be obtained
as an outstanding and important morphometric analysis for a
great number of images, which is very laborious to obtain via
light-based microscopes. It can be done slice by slice
(2D object) or for the entire VOI (3D object). In this case,
the PE composite packaging presents a heterogeneous phase
distribution along the slices, as illustrated in Fig. 3d (see Notes

8 and 9).

. Post-processing: Use the DataViewer software to analyze the 2D
images on the 3D perspective, as shown in Fig. 4. In this case,
three different 2D-slice views are combined, such as 2D Z-X
(coronal), 2D Z-7 (sagittal), and 2D X-7 (transversal) on the
3D object. From this perspective, it is possible to observe in
detail the pores/defects (black phase), polymer matrix (red
phase), dispersed microstructures/fibers (orange phase), and
aggregates (white phase) contained in the PE composite for
each 2D image of XYZ axis. Each 2D slice can be analyzed
using a linear X-ray attenuation distribution, discriminating
from lower to higher attenuation, according to pores/defects,
matrix, dispersed microstructures /fibers, and aggregates incre-
ment, respectively (Fig. 4, bottom).

. Imaging and Analysis: Regarding the representation of Micro-
CT data in terms of 3D analysis of the reconstructed images
and generated VOlIs, different 3D geometries, colors and X1Z
rotations can be performed using the CTvox® software. Some
possible tomographic images are illustrated in Fig. 5. Consid-
ering a VOI of PE composite packaging reconstructed from
X-ray projections, this volume can be cut, rotated, colored, and



174 Marcos V. Lorevice et al.
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Fig. 2 (a) X-ray projection and attenuation histogram; (b) Reconstruction tomographic imaging; workflow with
the data correction: (¢) alignment; (d) noise, and (e) ring. (f) Corrected image for the PE composite packaging

segmented using the simple CTvox™ tools, as shown in Fig. 5.
These tools allow viewing the interior and exterior of the VOI
in different perspectives and color gradients. Furthermore, the
color-scale segmentation (Fig. 5b) shows the 3D dispersion of
the microstructures /fibers (green), of the agglomerates (light
blue) along the PE matrix (brown), permitting to map the 3D
microstructure. Note that those imperfections (agglomeration,
in this case) within the PE matrix observed in orthoslices
projection (Fig. 4) is trackable in most 3D maps (a white region
in 3D-VOI, Fig. 5a, ¢) (see Note 10).
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Fig. 3 The Micro-CT analyzer software functional tools to segmentate a tomographic image. (a) Region of
interest (ROI) selection (left) from the PE composite packaging reconstructed image to obtain a volume of
interest (VOI) rendering (right). (b) Thresholding segmentation of PE composite in pores/defects (green),
polymeric matrix (orange), and agglomerations (dark blue). (c) X-ray histogram partitioning the analyzed
object image by grayscale intensity. (d) Quantitative morphometric data extracted from thresholding segmen-
tation (from lower to higher attenuation) of a VOI: pores/defects, polymeric matrix and agglomerations content
(%) variation in relation to the number of 2D slices
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Fig. 4 The orthoslices of polyethylene (PE) composite and the linear X-ray attenuation (green line) varying
according to PE composite phases obtained and processed in the DataViewer® software
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Fig. 5 Polyethylene (PE) composite packaging VOI edited in the CTvox™ software by different functional tools:
(a) rotation, (b) segmentation, (c) coloration, and (d) cutting
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4 GConclusion

The food packaging industry has shown technological advances in
terms of renewable precursors, physical-mechanical performance,
and innovative functions (check Part III for details on nontradi-
tional functions of packaging materials). Nevertheless, this progress
is limited by the occurrence of flaws/damage in the packaging
material itself, decreasing or failing their purpose of ensuring food
shelf-life. In this chapter, an innovative and useful noninvasive
technique is proposed to investigate and point out 2D /3D damage
maps in packaging, correlating morphometric data to possible
causes (e.g., production, storage) and their influence on packaging
properties. Two different packaging compositions were analyzed by
Micro-CT, as showcases for the sake of didactics. Different types of
data treatment (data acquisition, image processing) were consid-
ered in our protocol. This procedure provides as a helpful and
nonconventional technique for predicting and manipulating
end-use properties of food packaging.

5 Notes

The protocol described here was developed for the Bruker system
available to users as an open facility at The Brazilian Nanotechnol-
ogy National Laboratory (LNNano)/Brazilian Center of Research
in Energy and Materials (CNPEM). It can be, however, extended
to other manufacturers, considering the specificities of each appa-
ratus. Should the reader have any query on calls for users, they are
invited to contact the corresponding author or edu@cnpem.br.

1. Samples usually do not require any preparation prior to Micro-
CT analysis.

2. The best shape for samples is a cylinder (symmetrical rotation),
improving the resolution due to the effective reduction in the
diameter and alignment problems.

3. Sample holder with tape or glue can be used to ensure that the
sample does not move during the data acquisition, keeping the
effectiveness of 3D reconstructions procedure. The projections
must be well aligned to ensure the high quality of the three-
dimensional image of the object. It is worth mentioning that,
in some cases, it is also necessary to minimize the noise and
artifacts generated in the characterization process, using certain
tools to not affect the quality of the reconstructed image
[47,57].

4. Small samples are preferred for enabling better resolution and
less beam-hardening artifact.
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5. The partial width option can be used for objects much smaller
than the camera field, providing shorter scan times due to
bigger rotation step and shorter reconstruction due to smaller
datasets. This option is recommended for 4k binning mode
(detector).

6. Other X-ray tomography approaches exist for other different
scales and purposes, such as the computed tomography
(CT) applied to the medical field for macroscale analysis [44]
and the nano-computed tomography (Nano-CT) coupled to
the synchrotron beamline to analyze sub-micrometer scale in
higher resolution (se¢ scale resolution on Fig. 1) [58].

7. The oversize scanning can be applied when the object is larger
than a scan area, making a scout view and appropriated selec-
tion of the area of interest. The NRecon®™ software recognizes
the object as a vertically connected dataset.

8. Some plug-ins can be applied in the CTAn® software to opti-
mize the quantitative data and time acquisition, such as custom
processing tool, enabling to create a task list for numerous
parameters and samples.

9. Regarding an advanced characterization it is possible to select
irregular surfaces in packaging (like the example of the Fig. 2)
using the ROI shrink-wrap tool at the custom processing
(CTAn" software), creating a VOI rendering.

10. The CTvox™ software allows producing movies/animations
using the flight recorder tools by adding different frames,
shapes, rotation, and movements, some animations from
CTvox®™ software are available on the Internet (https://
dentistry.llu.edu/micro-ct-imaging-gallery).
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Mapping the Distribution of Additives Within Polymer Films
Through Near-Infrared Spectroscopy and Hyperspectral
Imaging

Jussara V. Roque, Cicero C. Pola, Larissa R. Terra, Taila V. Oliveira,
Reinaldo F. Teofilo, Carmen L. Gomes, and Nilda F. F. Soares

Abstract

Near-infrared (NIR) spectroscopy and hyperspectral imaging allow the study of spectral and spatial
distribution of multiple chemical components in large sample areas. This technique is fast,
non-destructive, contactless, and does not require sample preparation. The NIR spectrum of each sample
pixel is acquired, resulting in a data cube that contains two spatial dimensions (x and y) and one spectral
dimension (z), providing the spectral profiles of every part of the sample. This technique, for example, can
provide significant information about the distribution of additives into polymer matrices with potential to
be used as a tool for real-time quality control. Herein, the stepwise application of this method is demon-
strated for determination of spatial and spectral distributions of film components, showcasing the plastici-
zation of a biodegradable packaging.

Key words NIR-HSI, MCR-ALS, Chemical distribution, Chemical mapping, Macropixel, Homoge-
neity index, Polymer characterization

1 Introduction

Pristine polymers often show poor processability, physicochemical
properties, and performance, limiting most of their applications in
packaging. Such limitations are even more prominent when biopo-
lymers are used. Additives, polymer blends, and composites are
some of the most common strategies to overcome these technolog-
ical hurdles [1-3]. The incorporation of additives, such as fillers,
plasticizers, antistatics, stabilizers, and colorants into polymeric
materials may improve their processability and tune their proper-
ties, making them suitable for packaging production [4-6].
Mechanical strength, gas barrier (check Part II for packaging as
barrier materials), and thermal resistance are some of the properties
that can be drastically affected by the incorporation of additives
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[3]. Moreover, active properties can be acquired by the material
with the incorporation of a specific class of additives, such as anti-
microbial and antioxidant compounds [7 ] (check Part I1I for details
on active roles played by food packaging). However, in all cases, the
distribution and dispersion of the additive within the polymer
matrix are critical for reaching the desired properties. Miscibility
and aggregation problems can compromise the distribution of
added compounds into the host polymer causing phase separation
over time, which leads to undesirable changes and diffusion of the
additive toward the material surface [8, 9]. Hence, knowing how
the additive is distributed throughout the material becomes as
important as its incorporation. Several high-sensitivity techniques
have become available to study additives in polymeric matrices [9—
13]. However, most of these techniques are costly, limited to small
sampling areas, and require long sampling times and laborious
sample preparations. Consequently, these are often unsuitable for
real-time analysis [9, 10].

One way to simultaneously obtain spectral and spatial informa-
tion is to use near-infrared spectroscopy (NIR) associated with
hyperspectral imaging (HSI). NIR-HSI is a fast, contactless, non-
destructive, and relatively low-cost technique (see Note 1) that does
not require sample preparation and does not generate chemical
waste [9, 14]. This technique provides chemical and spatial infor-
mation on multiple chemical components in large sampling areas,
even when in movement, making it suitable for real-time analysis
[15-18].

NIR-HSI divides the entire sample area into individual pixels.
For each pixel an NIR spectrum is acquired, which results in a data
cube, containing multiple spatially co-registered spectra, with two
spatial dimensions (x and y) and one spectral dimension (z),
providing the spectral profiles of every part of the sample [9, 14,
16, 18, 19]. Hence, each pixel spectrum can be used to predict a
map of the sample features (physical, chemical, or categorical) at the
corresponding spatial location [20, 21]. Chemometric tools using
multivariate data analysis play a fundamental role in extracting,
treating, and displaying NIR-HSI information from the acquired
data [16, 22]. Specifically, for NIR-HSI data, Multivariate Curve
Resolution—Alternating Least Square (MCR-ALS) is one of the
best choices for extracting chemical and spatial information. MCR
is a bilinear model suitable for solving compound mixtures, in
which the curve resolution method assumes that the observed
spectra are linear combinations of the pure component spectra
[22, 23]. The number of components in the mixture is determined
or given by previous knowledge, then an estimation of the concen-
tration and/or spectral profiles for each component is obtained.
The ALS algorithm finds the optimum convergence among the
components using different constraints (e.g., non-negativity,
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unimodality, closure, and local rank) to obtain the optimum reso-
lution and improve interpretation [22].

In this context, NIR-HSI techniques have been applied in
several areas, such as agriculture [13, 24-26], pharmaceutics [27—
291, forensics [30-32], and food science [33-37]. However, stud-
ies involving NIR-HSI applications for packaging are still limited.
Amigo et al. [ 10] demonstrated the potential of this technique and
the steps required for the real-time detection of plastic materials
containing flame-retardant additives. Recently, Terra et al. [9]
determined the spatial distribution of four different plasticizers
and sorbic acid within cellulose acetate-based biodegradable films.
Herein, the stepwise application and suitability of this method are
demonstrated for the determination of spatial and spectral distribu-
tions of additives into a polymeric matrix with the potential to be
used for food packaging applications. A biodegradable cellulose
acetate-based film incorporated with glycerol as a plasticizer is
used to illustrate the application of this method.

2 Materials

2.1 Film Components

2.2 Instrumentation

2.3 Software

NIR-HSI method can be applied to all sorts of polymeric films used
for food packaging applications [9]. Hence, the required materials
are solely dependent on the type of film that will be evaluated. The
use of high-quality grade chemicals is recommended. Each pristine
component of the film is also indicated to be measured as a standard
to provide the spectrum of the pure component required by the
MCR-ALS. In this protocol, cellulose acetate, glycerol, and acetone
are used for film production.

Several camera systems are available for HSI acquisition. Our pro-
tocol is relied on the Sisu CHEMA (Specim®, Oulu, Finland) chem-
ical imaging system. SisuCHEMA is a complete chemical imaging
workstation that combines NIR spectroscopy, optimized for short
wave infrared (SWIR) (1000-2500 nm wavelength region), with
high-resolution imaging, to provide detailed information on the
chemical components, their quantities, and distributions within the
sample [38] (see Note 2). The system consists of a line-scan imag-
ing spectrometer equipped with a two-dimensional HgCdTe detec-
tor, which has 320 space channels and 256 spectral channels
covering the 928-2524 nm wavelength range with a spectral reso-
lution of approximately 6.3 nm [38].

The chemical image workstation is controlled using ChemaDAQ™
data acquisition software (Specim, Oulu, Finland), which allows the
user to export the acquired NIR-HSI hypercubes directly as a
MATLAB Data Cube file (.mat). NIR-HSI processing can be car-
ried out in several ways, which depends on the operator
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preferences. Any programming language can be used for this pur-
pose and several algorithms and packages to perform this proces-
sing are available. Here, we propose the use of MATLAB (The
MathWorks, Co., Natick, MA, USA) as the software to process
the images and extract the chemical information. An algorithm
package for MATLAB (HSIAnalyzer) was developed to perform
NIR-HSI analysis. This package is available at https: //github.com/
jussararoque /HSIAnalyzer and from the authors upon request.

3 Methods

3.1 Film Production

3.2 Image
Acquisition

A cellulose acetate film is used here as an example of the NIR-HIS
application. This film is produced by mixing 2.5 g of cellulose
acetate with 25 mL of acetone and 1.2 mL g of glycerol for
24 h in a closed container at room temperature [9]. Then, this
film-forming formulation is poured and spread onto a glass plate
using a paint applicator and allowed to dry for 2 h at room temper-
ature (see Note 3). Finally, the films are peeled off the glass plates,
inspected for defects, and stored in vacuum-sealed polyethylene/
nylon bags until further use (se¢ Notes 4 and 5). Before NIR spectra
acquisition, films are placed onto a polytetrafluoroethylene (PTFE)
plate and securely attached using an adhesive tape (see Note 6).

A HSI system is usually composed of a sample holder, a light unit, a
light scattering device (spectrograph), a camera (detector), and a
computer equipped with the image acquisition software. Optical
radiation can interact with the sample through several mechanisms,
depending on the light source arrangement, the sample, and the
detector. The frequently observed mechanisms are transmittance,
transflectance, diffuse reflectance, interactance, and diffuse trans-
mittance [39—41], which are illustrated in Fig. 1.

Transmittance (Fig. 1) is usually possible in transparent sam-
ples, where the incident light is partially absorbed by the sample,
and the remaining light is detected without any scattering. In
transflectance (Fig. 1), the incident light goes through the sample,
reaches a reflective apparatus, and goes back through the sample,
increasing the optical path. For solid samples, the most common
mechanism is diffuse reflectance (Fig. 1). In this mechanism, the
radiation interacts with solid components of the sample, being
dispersed and absorbed by them, which changes the intensity of
the signal analyzed. In the interactance mechanism (Fig. 1), the
incident light presents a higher probability of strong interaction
with the sample, which leads to an emerging beam containing more
information about the actual sample composition. The diffuse
transmittance (Fig. 1) is the transmittance measurement applied
to the dense solid samples, in which the light is internally scattered
due to the sample’s long optical path [40].
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Fig. 1 Examples of the interaction mechanisms between optical radiation and sample: transmittance;
transflectance; diffuse reflectance; interactance, and diffuse transmittance
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In film analysis, reflectance is the primary mechanism involved;
however, transflectance can also occur since the films are usually
thin and have a certain level of transparency [9]. Depending on the
mechanism applied, the attenuation of light when interacting with
the sample can be reflectance (R) or transmittance (7)), which are
easily transformed into absorbance (log 1/R or log 1/T) for
chemometrics analysis. In NIR-HSI, a NIR spectrum is obtained
for each pixel in which the object is divided to obtain the hypercube
(%, % 2). There are four convenient methods to obtain an HSI,
based on the relative movement between the sample and the
detection unit: point-to-point scanning, line scanning, area scan-
ning, and single shot [17]. Figure 2 illustrates these acquisition
modes.

The line scanning (Fig. 2) is the most used in the literature. In
this case, spectra are obtained simultaneously from an entire line of
pixels in the sample, and a complete hypercube can be obtained by
moving the sample or the detector along the x-axis, similar to being
placed in conveyor belt systems, which is ideal for industrial
applications.
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3.3 Data
Pretreatment

In the next section, the focus will be on the step-by-step
analysis of film components’ spatial distribution using the
NIR-HSI obtained by using a SisuCHEMA (Specim®) chemical
imaging system. The system employs an OLEL5 lens with a
200 mm field of view resulting in a pixel size of 625 pm
(200 mm/320 spatial channels) in the x-direction (horizontal
direction) (see Note 7). Hence, if 100 frames per second are used,
the acquisition time of each frame is 0.01 s. Thus, to maintain the
pixel proportionality in the y-direction (vertical direction), the
distance of 625 pm must be traversed in 0.01 s. Therefore, the
scanning speed of 62.5 mm s ' must be chosen. Always ensure that
the edges of the pixels are proportional by choosing the correct
scanning velocity. Then, the hypercubes obtained by this system are
256 images (one image per wavelength) composed of
625 pm x 625 pm pixels. The total number of pixels per image
changes according to the image size. The instrument itself performs
the calibration of incident light, obtained using white and dark
references.

For the study of spatial distribution of films with known com-
position, wherein a standard sample of each component is available,
a NIR-HSI of each pure component standard must be acquired
separately for further analysis by curve resolution methods (see
Note 8).

Once the NIR-HSI images are acquired, the hypercubes may be
imported to MATLAB software. The raw NIR-HSI is a hypercube
(%, % 2z) composed of millions of data points (e.g., a film NIR-HSI
of 350 x 200 pixels operating at 256 wavelengths contains more
than 17 million data points). The xy plane is divided into regular
squares, called pixels, containing chemical information represented
by NIR spectra in the z dimension (Fig. 3). Such an amount of

Unfolded
2D array
z
3D array
(Hypercube) &
E
>
3
S
]
s e
D matrix

Fig. 3 NIR-HSI data as a three-dimensional array (hypercube), and an unfolded
two-dimensional array
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information requires significant storage space and may make the
data analysis more time-consuming. Thus, methods of data com-
pression are frequently applied to reduce the data amount. This
data reduction can be done both in the spectral or spatial
dimension [42].

The application of pretreatment techniques is important to
eliminate unwanted variations present in the raw data without
compromising the analytical information. Initially, a dark and
white correction is recommended and can be performed using a
dark reference image, obtained with the light source turned oft, and
a white reference image obtained from a surface with maximum
reflectance. The SisuCHEMA system performs the light calibration
automatically, acquiring both white and dark references (se¢ Note
9). After image collection, the image is usually reduced in the
spatial dimension (x, y) to require less storage space and reduce
data analysis time. In most cases, the use of the entire image is not
required, so regions of interest (ROIs) can be selected from the raw
image to be used in the data analysis. After acquiring the HSIAna-
Iyzer toolbox, the following steps can be performed.

» Add the HSIAnalyzer to MATLAB set path.

* Load the SampExample.mar (NIR-HSI of cellulose acetate film
incorporated with glycerol):

> load (‘'SampExample.mat’)

» Use plothsi and selroi functions to perform the ROIs selection.
First, the image must be visualized (Fig. 4a):
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Fig. 4 NIR-HIS image processing. (a) Original NIR-HSI image with selected ROI; (b) Selected region of NIR-HSI
image; and (c) Binned NIR-HSI image
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> plothsi (HSI)

where HSIis a NIR-HSI image (x, 3 2).
* In figure plot, the zoom tool can be used to select the ROI.
Then, the following command can be used:

> HSIsel = selroi (HSI);

where HSIsel is a NIR-HSI image (x, 5 z) with the ROI
selected (Fig. 4b).

Next, the removal of dead pixels, which are missing values in
some pixels caused, for instance, by a dysfunction of one of the
diodes in the detector array, is recommended since this is a common
issue in NIR-HSI images [42]. Dead pixels can be removed by
simple interpolation using the mean or median of the neighboring
pixels. The rmvdeadpxtunction can be used to perform the removal
of dead pixels.

e In the MATLAB environment
> HSIcorr = rmvdeadpx (HSIsel,type);

where HSIcorris a NIR-HSI image (x, 3 z) with dead pixels
removed and #ype can be the removal of dead pixels by “mean”
or “median” of the neighboring pixels.

Data binning is another technique frequently applied for spatial
dimension reduction. In this technique the original values or pixels
from a specific interval are replaced with a representative value of
the same interval. The original pixels are replaced by an average
value in our algorithm.

e In the MATLAB environment:
> HSIbin = binning (HSIcorr,bin);

where HSIbin is a NIR-HSI image (x, 3, z) binned by bin size
defined by bin input (Fig. 4c).

Because NIR spectra usually present overlapping bands, che-
mometric methods are required to extract the chemical information
in NIR-HSI, which is contained in the spectral dimension. How-
ever, before applying these chemometric methods, it is important
to consider the use of spectral pretreatments to remove data
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Fig. 5 Spectral pretreatments examples. (a) Spectra of all pixels without any
spectral pretreatment; (b) Spectra with spikes removed; (¢) Spectra with MSC
smoothing; and (d) Spectra Savitzky-Golay smoothing (win = 11)

anomalies, correct baseline and scattering to enhance the spectral
characteristics.

Spikes are one of the most common anomalies that can mask
real information and could lead to misleading interpretation. Spikes
can be defined as a sudden and abrupt rise followed by a sharp
decline in the spectrum. Spikes removal can be done by pixel
comparison in the hypercube arrangement, as follows:

e In the MATLAB environment:
> HSIspi = rmvspike(HSIbin,win);

where HSIspi is a NIR-HSI image (x, 3 2z) without spikes
(Fig. 5b) and win (5) is the pixel window to do spike search.

Because the chemical information is present in a spectral
dimension, bilinear chemometric methods are usually applied.
Thus, the three-dimensional array must be unfolded to a bilinear
matrix D (x*y, 2), according to Fig. 3. In this new arrangement, the
spectra from pixels are the rows and the wavelengths (z dimension)
are the columns. The unfolding can be performed by the following
command:
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3.4 Image Treatment

* In the MATLAB environment:
> D = unfoldhsi (HSIspi,samp);

where D is a matrix containing all pixels (x*y, 2), and samp is
the number of samples vertically concatenated.

Several spectral correction methods can be applied to enhance
spectral characteristics [43]. Standard normal variate (SNV) and
multiplicative scatter correction (MSC) are frequently used to cor-
rect NIR light scattering. Smoothing methods are commonly used
to reduce instrumental noise. Baseline and slope oftset are usually
corrected by using Savitzky-Golay derivatives, baseline corrections,
and detrend approaches. However, this process must be applied
carefully, without losing important chemical information. All the
spectral pretreatments must be applied in the two-dimensional
array. In the example presented here, MSC and Savitzky-Golay
smoothing are used on the D matrix through the commands pre-
sented below:

* In the MATLAB environment:

> Dmsc = msc (D, type);

where Dmscis the matrix corrected (Fig. 5¢) and type can be
the correction by “mean” or “median” of spectra. Here the
median spectrum is used as reference:

> Dsmoo = svtgl (Dmsc,win);

where Dsmoo is the corrected matrix (Fig. 5d) and win
(11) is the variables window to be smoothed. Once pretreatment
methods are performed, we can proceed to the image treatment.

After all the required pretreatment, the multivariate methods
must be applied to the D matrix to extract the main information
about the image components.

Multivariate calibration and curve resolution are the most common
methods used to quantify all the pixels’ constituents in hyperspec-
tral images. Partial least squares (PLS) are the most used method
from multivariate calibration. Initially, the calibration samples are
used to build a model, which is required to quantify the constitu-
ents of all pixels. MCR-ALS is a curve resolution method that can
directly quantity the constituents of all pixels in hyperspectral
images without calibration samples. These two methods are dis-
cussed in the next sections.



3.4.1 Partial Least
Squares (PLS)

3.4.2 Multivariate Curve
Resolution with Alternating
Least Squares (MCR-ALS)
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Initially, a calibration set needs to be created. At least ten calibration
samples with known bulk concentrations of all components of
interest must be prepared. Then, each mean spectra of pretreated
and unfolded image (D matrix) must be calculated. Next, the mean
spectra of the entire calibration set and the respective bulk concen-
tration of each component are used to build the PLS model. The
PLS model is based on equation y = Xb, where y can be either a
vector with the concentration of a component or a Y response
matrix with the concentration of several components simulta-
neously [44]. The X matrix is composed of the mean spectra of
cach calibration sample. The X and y variables can be mean-
centered to build a PLS model using leave-one-out cross-validation
to choose the number of latent variables. From the developed
models, a regression vector b is obtained and by multiplying an
unfold D matrix with spectra of all pixels by b (D*b), components’
concentration of all pixels can be predicted in new samples. The
concentration is a vector or matrix C (x*y, #), depending on the
number of components (7), which can be used to generate distri-
bution maps. This step will be further explained in
Subsection 3.4.2.

Additionally, a small validation set (e.g., five samples) can be
prepared for external validation of the PLS model. Moreover, vari-
able selection methods can be used to enhance the PLS model and
to reduce the spectral dimension (z). Genetic algorithm (GA) [45],
ordered predictors selection (OPS) [46, 47], interval partial least
squares (ZPLS) [48], and successive projection algorithm (SPA)
[49] are variable selection methods described in the literature to
improve PLS model predictions.

Notably, for the current example illustrating the use of
NIR-HSI it is not possible to perform PLS, since there is only
one sample. However, an algorithm package for MATLAB to
build PLS (PLSpack) is also available upon request, as mentioned
previously.

The MCR-ALS method is based on the bilinear equation
D = CS' + E, where D is the unfolded matrix (x*y, ), C is the
concentrations’ matrix, S is the pure components’ matrix, and E is
the error matrix. In order to find the C matrix and build distribu-
tion maps, MCR-ALS requires an initial estimation of S to itera-
tively solve the equations C = DS(S'S) ! and ' = (C*'C)"'C'D.
This process is performed until a convergence criterion is achieved,
which can be defined by the maximum number of interactions or
when the difference between results of consecutive iterations is
lower than a predefined value [50].

During the optimization of the MCR-ALS method, the appli-
cation of constraints is highly recommended due to its rotational
ambiguity, that is, more than one response can be found in a
resolution of the bilinear equation. The commonly applied
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constraints are non-negativity, unimodality, closure, and local rank
information [50].

MCR-ALS can be applied directly to the samples of interest,
without requiring a previous calibration. However, it is necessary to
know the pure spectra of each component of interest present in the
sample. Such information is critical to find the C matrix and to
build the distribution maps. The MCR-ALS 2.0 toolbox is available
at https: //mcrals.wordpress.com/download /mcr-als-2-0-tool
box/ [50].

The sample used as an example here is a thin film placed over a
PTFE support for NIR spectrum acquisition. The NIR radiation
crossed through the sample capturing information of the thin film
and the PTFE support. Therefore, PTFE spectra were also obtained
to be used as pure spectra in MCR-ALS resolution as it is consid-
ered a component of the film NIR image.

The pure spectra are used for initial estimation in MCR-ALS
(S matrix) and are also incorporated into the D matrix (vertically
concatenated).

In the MATLAB environment:

* Add the MCR-ALS 2.0 toolbox in MATLAB set path.

* Load the StandExample.mat (containing NIR-HSI images of all
known individual components, called standards):

> load( 'StandExample.mat’)

Sometimes, it is not possible to obtain the standard NIR-HSI
images. In this case, the pretreated D matrix can be used directly in
MCR-ALS and the initial estimation can be done using the
MCR-ALS 2.0 toolbox. Furthermore, the use of column-wise
augmented matrix—that is, multiple matrices obtained from films
with the same components in different proportions—helps to
obtain more accurate results since greater variability is included in
the data set.

When the standards are available, the following steps are
recommended in MATLAB:

» Unfold NIR-HSI images of each standard component.

> Dace = unfoldhsi (HSIace,1);

> Dgli = unfoldhsi (HSIgli,1);

> Dtef = unfoldhsi (HSItef,1);


https://mcrals.wordpress.com/download/mcr-als-2-0-toolbox/
https://mcrals.wordpress.com/download/mcr-als-2-0-toolbox/
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It is important to highlight the application of spectral pretreat-
ments on the standard spectra. The application of the same spectral
pretreatment in each standard spectra of D matrix is mandatory
only when the spectral profile is modified, for instance, when the
first or second derivative is applied. In this example, the application
of the same pretreatments on D matrix was evaluated. Better results
were obtained without pretreatments. Then, the application of the
spectral pretreatments must be evaluated for each dataset. Here,
better results were obtained without pretreatments. Hence, the
application of the spectral pretreatments must be evaluated for
each dataset:

» Calculate the average spectra to be used as initial estimation:

> pure_spectra = [mean (Dace);mean (Dgli); mean (Dtef)];

» Concatenate the film pretreated D matrix with the D matrices of
all standards:

> Dmcr = [Dsmoo;Dace;Dgli;Dtef];

Then, the mcr_main command can be used to initiate the
MCR-ALS 2.0 toolbox. The Dmcris the data matrix to be selected.
The number of components can be informed manually (three in
this example). The pure_spectra are used as the initial estimation.
The non-negativity concentration must be selected by implemen-
tation of fanls with all components presenting non-negativity pro-
file. The normalization with the spectra dived by Euclidean norm
must be used. The number of interactions must be set as 100 and
convergence criterion as 0.01. The outputs of MCR-ALS analysis
are the recovered spectra (sopt output or S matrix) and concentra-
tion (copt output or C matrix) of all components. More information
about the MCR-ALS 2.0 toolbox can be found in Jaumot
etal. [50].

The MCR-ALS results of the example presented here are avail-
able at ResultExample.mat.

e On MATLAB environment:

> load('ResultExample.mat’)

The recovered NIR spectra by MCR-ALS for all components
are presented in Fig. 6 (blue dashed line) in comparison with pure
NIR spectra of all constituents (red solid lines).
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Fig. 6 MCR-ALS recovered NIR spectra profile (blue dashed lines) compared to the standards’ profile of each
component (red solid lines) and the correspondent correlation coefficient (R) for cellulose acetate (a), glycerol

(b), and PTFE (c)

3.4.3 Distribution Maps
and Homogeneity Analysis
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Fig. 7 Reshape of G matrix and building of distribution maps

This comparison can be obtained by compspec function using
the following command in MATLAB:

> spec = compspec (sopt,pure _spectra, w);

where specis the normalized spectra, and w is the wavelength range.

Regardless of the method used to obtain the concentrations of the
components of interest, distribution maps can be obtained by
reshaping the relative intensity of the C matrix for each component
(Fig. 7).

The reshaping of C matrix into distribution maps can be
obtained by distmaps function using the following command in

MATLAB:
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Fig. 8 Distribution maps of cellulose acetate (a), glycerol (b), and PTFE (c)

* Reshaping the C matrix unfold NIR-HSI images of each
standard:

> Ximg = distmaps (copt,m,n);

where Ximyg is the cell output containing the distribution
maps of all components, m (rows) and # (columns) are the
spatial dimension of NIR-HSI image before unfolding ( HSIsp7).
Figure 8 shows the distribution maps of each component.

Next, the homogeneity of the image can be evaluated through
macropixel analysis. The homogeneity concept is related to the
random distribution of the components in the image. First, an
image must be split into non-overlapping square pixels. Then, the
macropixel is calculated by the intensity of the average of all pixels
and the homogeneity parameters can be calculated. These homo-
geneity parameters are obtained by comparing a real image with a
random version obtained from the same pixels, which allows the
calculation of a homogeneity index [9].

In the present example, the Ximy of each component was
divided into 10 x 10 pixels, which was then used to calculate the
macropixel:

> Macrol = macroindex (Ximg{l,1}, mpsize);
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Fig. 9 Macropixel analysis of cellulose acetate. (a) Distribution map of cellulose
acetate concentration; (b) Macropixel of distribution map of cellulose acetate; (c)
Random distribution map of cellulose acetate; and (d) Macropixel of random
distribution map of cellulose acetate

> Macro2 = macroindex (Ximg{2,1}, mpsize);

> Macro3 = macroindex (Ximg{3,1}, mpsize);

where Macrol, Macro2, and Macro3 are struct outputs with the
macropixel image and homogeneity indexes of each component.
Macropixel size is defined by mpsize input. Figure 9 shows an
example of the results generated by the macroindex tunction.

The obtained homogeneity index is the homogeneity ratio of
Poole (H%Poole). As this index gets closer to 100, the distribution
of the components in the image, or in this case in the film, becomes
more random (see Note 10). For the cellulose acetate, glycerol, and
PTFE example, the indexes obtained were 62%, 52%, and 82%,
respectively, emphasizing heterogeneous distribution of cellulose
acetate and glycerol, that is, in the film composition, since PTFE is
only the support.

4 Notes

1. The most significant cost associated with NIR-HIS analysis is
obviously related to the instrument acquisition, such as
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NIR-HIS chemical imaging system. High processing capabil-
ities computers might be required for large datasets.

. One of the main limitations of NIR-HSI is associated with its
sensitivity, which can make difficult to differentiate spectra of
highly homogeneous samples [14]. Hence, some degree of
heterogeneity is required, since the difference in each pixel
spectrum is used to identify and locate the chemical species
present in the polymeric matrix. The limit of detection asso-
ciated with this method depends mainly on the NIR capabil-
ities, and it is generally around 0.1 wt% [40].

. Film thickness plays an important role in the data acquisition
since it can affect the signal intensity. Polymeric films with
thickness ranging from 45 to 150 pm have been successtully
analyzed using NIR-HSI by our group.

. Conditioning of the films is recommended before the
NIR-HSI acquisition. Conditioning procedures are carried
out to bring the material to an equilibrium state with repro-
ducible conditions. The American Society for Testing and
Materials (ASTM) D618-13 standard [51] describes the prac-
tice for conditioning plastics for testing and it is recommended
before NIR-HSI data collection. Basically, the samples should
be kept at 23 £+ 2 °C and 50 + 2% of relative humidity for at
least 24 h before analysis.

. Image treatment requires a uniform film sample. The presence
of holes, bubbles, wrinkles, or other defects in the film sample
limits NIR-HSI analysis. For instance, the stacking sequence
and thickness of the structure can affect the detection and
representability of the method. Combinations of vibrational
modes are important information of NIR spectroscopy, which
are dependent on the compounds distribution and are directly
affected by the presence of defects, which might lead to band
overlapping, displacement, or disappearance [40]. Flat samples
still result in some light loss due to reflections at interfaces,
such as the air-sample interface; however, the magnitude of this
is usually rendered negligible compared to the absorbance of
light by the sample. When scattering occurs, the light that does
not reach the detector is still interpreted as absorbance even
though it was not absorbed by the sample [52]. This scattering
effect can be increased when the infrared light strikes the
defects.

. Before analysis, film samples can be accommodated in a sup-
port to avoid possible movement and to guarantee that the
sample is lying flat and to avoid any wrinkles or fold marks.
PTEFE can be successfully used as support and an adhesive tape
can be used to securely attach the sample onto the support.
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10.

Concomitantly, it is important to preserve the film integrity
and avoid excessive stretching tension to the sample.

. SisuCHEMA  system can analyze samples up to

200 x 300 mm?, which allows the evaluation samples with
variables sizes. This system can image samples from 10 mm at
30 microns pixel resolution up to 100 mm at 300 microns
resolution [38].

. The collection of the pure component spectra is crucial to

perform the NIR-HSI analysis. Film components are available
in the liquid, powder, or pellet form. In this case, blank film
sample (without any additive) could be used. When blank film
samples cannot be produced, the spectra of each component
could be acquired separately. If possible, the pure component
spectra should be collected following the same method as for
the film samples. For that, it is important to prepare this pure
component sample using a similar support on which the indi-
vidual component samples are uniformly placed.

. Some instruments might require manual acquisition of the dark

and white references. According to Amigo and Grassi [53], this
calibration could be performed by taking an image of a dark
and a white reference. The dark reference can be obtained by
turning off the light sources or covering the camera with a
non-reflective opaque black cap. The white reference can be
acquired by measuring a uniform, high-reflectance standard or
white ceramic. Then, the relative reflectance image can be
obtained by subtracting the raw spectral image from the dark
and dividing the result by the difference between the white and
dark references. Refer to Amigo and Grassi [53] for more
detail.

Despite being herein showcased with a biodegradable polymer,
the presented method can be applied to analyze any
polymeric film.
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Water Vapor Permeability of Hydrophilic Films

Roberto J. Avena-Bustillos, Noah M. Klausner, and Tara H. McHugh

Abstract

The modified procedure for water vapor permeability (WVP) is a modification to the established ASTM
E96 method for measuring the WVD of films. The E96 method works by putting water in cups and
measuring the mass transfer rate of water vapor through films that are secured as lids to the cups. The WV
is calculated from a formula including this mass transfer rate as well as estimated partial water vapor pressure
under the film lid at the testing constant temperature. Using the E96 method, the partial water vapor
pressure under the film lid is assumed to be the same as the saturated water vapor pressure at the surface of
the water. This assumption is only true for hydrophobic films, which is why the partial water vapor pressure
under the film lid must be calculated in this modified procedure when measuring the WVP of hydrophilic
films. Here, we provide a detailed account of the foundation for this correction and the procedure to
reliably use it to measure the permeability of water vapor through hydrophilic films.

Key words Water vapor permeability, Partial water vapor pressure, Hydrophilic, Hydrophobic, Water
vapor transmission rate, Permeance, Diffusion, Solubility, Barrier

1 Introduction

The water vapor permeability (WVP) of hydrophilic edible films is
used in determining the shelf-life of food products as well as
designing edible films to match specific food applications. The
accuracy of WVP determinations can influence food stability; there-
fore, it is important to use an accurate method to determine WVD.
The established method for determining the WVP of polymeric
films is the ASTM E96 method [1]. This method entails filling a
cup partially with deionized water and sealing the top of the cup
with the film being tested as a lid (Fig. 1).

1.1 Water Vapor In order to calculate WVDP, the transport of water vapor through
Permeability Formula the film is modeled under the following assumptions:

* Water vapor transports one-dimensionally in the positive
z direction.
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N (— film being tested

electric fan
air gap

water

Fig. 1 The cup and film are modeled as an ideal cylindrical system. The partial
vapor pressures of air and water vapor at position z are p,; and py,;
respectively. If the fan is circulating air fast enough to maintain 0% relative
humidity at z;, p,s will be negligible. The temperature is kept constant and
homogenous throughout the system

* The mode of transport is diffusion, which can be modeled by
Fick’s laws.

*  Water vapor transport reaches steady-state conditions through-
out the film.

* The solubility of water vapor on the film matrix can be modeled
with Henry’s law.
List of Symbols

C(z,t) = mass concentration of water vapor at position z, time
t[gm 2]

J(z,¢) = mass flux of water vapor at position z, time #[gm 2 s ']

A = area of the mouth of the cup [m?]

V = volume [m?]

D = diffusion coefficient of water vapor [m?* s ']

S = solubility of water vapor in the film [s?> m 2]

p = partial pressure of water vapor [kPa]

Q = mass of water vapor transferred [g]

The WVP derivation begins with a mass balance on a horizontal

differential slice of the film [3]:

E:(]in_]out)*A:_(s]*A:_(s] (1)
ot 1% oz A 0z

Invoking Fick’s first law:

B iac -s] _&C
J=-Dy =5 ~D%a @
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Substituting Eq. 2 into Eq. 1 gives the following partial differ-
ential equation:

5C 5 C
o Pz (3)

Because the water vapor concentration at any point will have
reached a steady state, ‘Zs—f =0 and Eq. 3 can be reduced to the
following boundary value problem:

i*C
W =0: C(Zz):CZ, C(Zg)=C3 (4)
Solving Eq. 4 yields the following formula for water vapor
concentration at position z:
C;—C
GG s gy (5)

C(Z) =C; +

Z3— 2
Taking the z derivative of Eq. 5 and substituting it back into
Fick’s Law provides the following expression for mass flux of water

vapor:

C,—C3
:Di

dC:C3—C2 ] Z3 — 22 (6)
dz 23— 2 _ DﬁlC
J=-D

Henry’s Law states that C = Sp, and ], the mass flux of water
vapor, is defined as % where ¢ is the time duration of mass transfer.
Substituting these two expressions into Eq. 6 gives the following

equation:

g - p w2 p w,3

At D 23— 2 (7)

Since the WVP of a film is the solubility of water vapor on the

matrix of the film multiplied by the diffusivity of water through the

film, the expression WVP = SD can be substituted, and Eq. 7 can
be rearranged to solve for WVD:

wyp— 2lEmm) 8)
At (pw,Z _pw,3>

Because p,,3 is controlled at 0 (Fig. 1) the following equation,
Eq. 