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Abstract

Cutin is the main component of plant cuticles constituting the framework that supports the rest of the cuticle com-
ponents. This biopolymer is composed of esterified bi- and trifunctional fatty acids. Despite its ubiquity in terrestrial 
plants, it has been underutilized as raw material due to its insolubility and lack of melting point. However, in recent 
years, a few technologies have been developed to obtain cutin monomers from several agro-wastes at an industrial 
scale. This review is focused on the description of cutin properties, biodegradability, chemical composition, process-
ability, abundance, and the state of art of the fabrication of cutin-based materials in order to evaluate whether this 
biopolymer can be considered a source for the production of renewable materials.
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Introduction

One of the most important challenges for agriculture in the 
coming future is to feed the growing world population (FAO, 
2017). Indeed, by 2050, the population is estimated to reach 
close to 10 billion people, almost 3 billion more than the cur-
rent population (UN, 2015). Hence, a significant increase in 
the productivity of farming systems will be required (McCalla, 
2001). Accordingly, the need for resources for pre- and post-
harvesting agriculture activities will also need to increase, as 
well as the production of specific materials for them. These 
products are mainly made of petroleum-based synthetic 

polymers due to their wide range of physical properties, 
facile processing, and low cost (Mülhaupt, 2013; Heredia-
Guerrero and Athanassiou, 2016). The use of plastic in agri-
culture can be divided in two sectors: cultivation (mulching, 
greenhouses, plastic reservoirs, and irrigation systems) and 
food packaging (silage, containers, protective films, etc.). The 
global demand for plastics in agriculture, mainly polyolefin, 
polyethylene (PE), polypropylene (PP), ethylene-vinyl acetate 
(EVA), poly(vinyl chloride) (PVC) and, less frequently, poly-
carbonate (PC) and poly(methyl methacrylate) (PMMA), 
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reached ∼11 million tons in 2015 (value calculated from data 
provided by PlasticsEurope, 2016). However, dwindling fossil 
resources, global warming, and littering problems after the 
plastics’ life cycle are encouraging the development of fully 
biodegradable bioplastics and green composites from renew-
able biomass sources (Klemm et  al., 2005; La Mantia and 
Morreale, 2011; Abba et al., 2013; Bayer et al., 2014; Vilela 
et al., 2014; Heredia-Guerrero and Athanassiou, 2016). Plant 
waste from agriculture, namely agro-waste, fits the objectives 
of a circular economy. Given that the volume of non-edible 
plant waste from crops, mainly cereals, starchy roots, fruits, 
and other vegetables, is ~250 million tons per year (value cal-
culated from data provided by FAO, 2013), they represent an 
obvious potential source of agro-waste. Such waste is rich in 
many useful substances such as lipids, polysaccharides, and 
aromatic compounds, which could be used for the fabrica-
tion of polymeric materials. Nevertheless, agro-waste needs 
to be chemically treated in order to extract or isolate specific 
macromolecules, such as cellulose, lignin, and suberin, or 
monomers, such as vegetable oils, tannins, and terpenes, from 
which bioplastics are produced (Gandini, 2008; Gandini, 
2011; Gandini and Lacerda, 2015; Gandini et al., 2016). An 
exhaustive review about polymers from renewable resources 
can be found elsewhere (Belgacem and Gandini, 2008).

Cellulose, the major component of plant cell walls 
(Cosgrove, 2005), is the most common natural polymer on 
Earth, with an estimated annual biomass production between 
1011 and 1012 tons (Klemm et al., 2005). Cellulose is mainly 
used in the fabrication of paper, cardboard, cellophane, and 
rayon. Lignin, another plant biopolymer, is a complex mixture 
of aromatic alcohols, namely coniferyl, sinapyl, and p-cou-
maryl alcohols (Grabber, 2005). With an estimated biomass 
production of 107 tons/year, lignin is the most abundant natu-
ral aromatic polymer (Thielemans et al., 2002). This biopol-
ymer is used in many applications such as a base-exchange 
material for water softening, an emulsifying agent, a compo-
nent of adhesives and phenolic resins, and as a precursor for 
the synthesis of dyes and plastics. (Bhat et al., 2015). Another 
well-studied natural polymer is suberin, a barrier polymer 
largely found in the periderm of plants (Schreiber, 2010). It is 
is an aromatic-aliphatic polyester (Bernards, 2002), which is 
particularly abundant in the outer bark of cork oak (Quercus 
suber L.; Graça, 2015). Aliphatic suberin monomers can be 
used to fabricate inks, paints, coatings, drying oils, plasticiz-
ers, wetting agents, and as precursors of polyurethanes, poly-
esters, and polyamides (Gandini et al., 2006).

Cutin, on the other hand, is an interesting plant biopoly-
mer that has gained less attention than the above-mentioned 
polymers. Its main features, such as its molecular structure, 
chemical composition, biodegradability, and mechanical, 
thermal, and hydrodynamic properties, are summarized in 
the following sections. Moreover, an evaluation of the poten-
tial use of cutin as a raw material for industrial applications 
is also carried out. Cutin is compared with common plastics, 
its annual biomass is estimated, and its main sources are 
reported. Finally, methods for the isolation and depolymeri-
zation of cutin as well as the fabrication of materials from 
cutin monomers are also reviewed.

Cutin as a source for packaging materials

The plant cuticle and cutin

The plant cuticle is the outermost membrane that covers and 
protects the epidermis of non-lignified aerial parts of plants 
such as leaves, fruits, stems, and flowers (Heredia, 2003). 
The thickness of the cuticle usually ranges between 0.02 
and 200 μm (Nawrath, 2006). Fig. 1 shows a TEM image of 
an epidermal cross-section of a tomato fruit (Segado et al., 
2016). The plant cuticle is a composite material that con-
sists of polysaccharides from the cell wall, the biopolyester 
cutin acting as a polymer matrix, waxes that can be located 
in the outer part, namely epicuticular waxes, or distributed 
inside, namely intracuticular waxes, the cuticle, and phenolic 
compounds such as cinnamic acids and flavonoids (España 
et  al., 2014; Heredia-Guerrero et  al., 2014). An alternative 
macromolecule to cutin, named cutan, can be found in cer-
tain species. Cutan is a refractive polymer of polyether nature 
(Villena et al., 1999). The chemical composition and distribu-
tion of the cuticle components can be different among plants, 
organs, and developmental stages (Fernández et al., 2016).

The main role attributed to plant cuticles is to avoid water 
loss from internal tissues (Riederer and Schreiber, 2001). 
However, it is also involved in other important physiological 
roles such as acting as a gas barrier and thermal regulator, 
for defense against pests and pathogens, reduction of nutri-
ent leaching, and protection from mechanical injuries and 
UV damage (Heredia, 2003; Martin and Rose, 2014). With all 
these features, the plant cuticle can be considered as an ideal 
food packaging material. In fact, there is increasing interest 
in the production of plant cuticle-like materials with similar 
properties to standard plastics for food packaging (Zhang 
and Uyama, 2016; Heredia-Guerrero et al., 2017).

Cutin is the polymeric network support of the plant cuticle. 
It represents 40–80% of the cuticle’s dry weight and consists 
of esterified bi- and trifunctional fatty acids (Heredia, 2003; 

Fig. 1. High magnification TEM picture of the epidermis of a ripe tomato fruit 
epicarp. Image from Segado et al. (2016). Ultrastructure of the epidermal cell 
wall and cuticle of tomato fruit (Solanum lycopersicum L.) during development. 
Plant Physiology 170, 935-946. (www.plantphysiol.org), ‘Copyright American 
Society of Plant Biologists.’ PCW, plant cell wall. Scale bar, 2 μm.
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Domínguez et al., 2015). This molecular architecture results in 
a branched, amorphous, and flexible 3-dimensional network 
that fosters interactions with waxes, phenolic compounds, 
and polysaccharides (Luque et al., 1995; Pollard et al., 2008; 
Chatterjee et al., 2016). The following subsections will describe 
the chemical composition and physical properties of cutin.

Chemical composition and depolymerization of cutin

Cutin is mainly composed of C16, C18, or a mixture of both 
fatty acids (Domínguez et al., 2011b). They are usually func-
tionalized in the ω position with hydroxyl groups and in the 
mid-chain with oxygen-containing functional groups, namely 
epoxy, oxo, hydroxy or vicinal diol, or double bonds (Pollard 
et al., 2008). Fig. 2 shows the chemical structure of the main 
cutin monomers. C16 cutins are rich in 9(10),16-dihydrox-
yhexadecanoic and 16-hydroxyhexadecanoic acids, whereas 
16-hydroxy-10-oxo-hexadecanoic and 16-oxo-9 or 10-hydrox-
yhexadecanoic acids are uncommon. On the other hand, C18 
cutins consist of 18-hydroxy-9,10-epoxyoctadecanoic and 
9,10,18-trihydroxyoctadecanoic acids together with their 
mono-unsaturated homologs. Glycerol and phenolic com-
pounds are also found in the cutin of some species (Graça 
et al., 2002; Pollard et al., 2008).

Table  1 shows general cutin composition (Pollard et  al., 
2008) together with the specific chemical description of the 
tomato (Solanum lycopersicum), pepper (Capsicum annuum), 
lime (Citrus aurantifolia), cherry (Prunus avium), and apple 
(Malus pumila) fruit cutins (Parsons et  al., 2013; Philippe 
et al., 2016), five agronomically important crops.

Cutin depolymerization is usually carried out after the cuti-
cle has been isolated. Enzymes such as pectinases, cellulases, 
and hemicellulases are usually employed for cuticle isolation, 
although harsh chemical extractions with ammonium oxalate/
oxalic acid or ZnCl2/HCl are also possible (Huelin and Gallop, 
1951; Orgell, 1955; Holloway and Baker, 1968; Pacchiano 
et  al., 1993). Isolated plant cuticles are dewaxed by immer-
sion in organic solvents and polysaccharides are removed by 
acid hydrolysis, usually using HCl. Cutin can then be depo-
lymerized by cleaving the ester bonds using alkaline hydroly-
sis, with NaOH or KOH in water, transesterification with 
methanol containing BF3 or NaOCH3, reductive cleavage by 
exhaustive treatment with LiAlH4 in tetrahydrofuran, or with 
trimethylsilyl iodide in organic solvents (Kolattukudy, 2001). 

These methodologies are not adequate for large-scale cutin 
extraction due to the number of steps involved, some of which 
are time consuming, and the cost of solvents and chemicals. 
Alternative approaches that involve cheaper chemical reagents 
and/or avoid cuticle isolation have therefore been investigated. 
In line with this, cutin monomers have been directly obtained 
from tomato peel waste via alkaline hydrolysis (Cigognini 
et al., 2015; Benítez et al., 2016), using either sodium carboxy-
late or sodium hydroxide/hydrogen peroxide (Cifarelli et  al., 
2016). Similarly, cutin monomers from the epidermis of leaves 
and stems of Malabar Spinach (Basella alba) were obtained 
by sequential hydrolysis in KOH and H2SO4 (Phu et al., 2017).

Cutin versus common plastics: a question of physical 
properties and biodegradability

The mechanical properties of isolated tomato fruit cutin have 
been exhaustively characterized (López-Casado et al., 2007; 
Domínguez et  al., 2011a). These properties change during 
organ growth and development as well as with humidity and 
temperature. For instance, Young’s modulus, stress at break, 
and elongation at break for the cutin of red ripe tomatoes 
at 23°C and 40% relative humidity are 45.0 MPa, 12.3 MPa, 
and 27%, respectively (López-Casado et al., 2007). These val-
ues are far from the standards for petroleum-based plastics 
with Young’s modulus in the order of GPa and elongations at 
break of several hundred percent. Fig. 3A compares the val-
ues of stress at break versus Young’s modulus of cutin with 
common plastics materials such as polyurethane (PU), poly-
dimethylsiloxane (PDMS), low- and high-density polyethyl-
ene (LDPE and HDPE, respectively), acrylonitrile-butadiene 
rubber (NBR), polypropylene (PP), and poly(ethylene tereph-
thalate) (PET) (Mark, 2007). Cutin is found in the low value 
range between NBR and LDPE. However, these polymers 
have elongations at break that are much higher, 350–800% for 
NBR and 200–900% for LDPE (Mark, 2007). The elongation 
at break of cutin is comparable with or even higher than that 
of rigid polymers such as polystyrene (PS) at 1–4%, styrene-
acrylonitrile (SAN) at 2–5%), nylon 66 at 20%, poly(methyl 
methacrylate) (PMMA) at 3–5%, melamine-formaldehyde 
resin (MF) at 0.5–15%, or epoxy resin at 1–2% (Mark, 2007).

Similarly, the thermal properties of tomato fruit cutin have 
also been investigated by differential scanning calorimetry 
(Matas et al., 2004). No melting point has been detected for 

Fig. 2. Chemical structure of the most common fatty acids found in cutin. Image adapted from Domínguez et al. (2011b).
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cutin, most probably due to its cross-linked nature, indicating 
that it is a thermoset polymer. On the other hand, its glass 
transition temperature, namely the temperature at which 
the segment motion of macromolecules becomes thermally 
activated, has been detected at ~22°C. Thermal degradation 
is also of interest for the characterization of polymers and 
is usually measured by thermogravimetric analysis. Fig.  3B 
shows the comparison between the onset of thermal decom-
position of watermelon cutin with various conventional 
plastics such as poly(vinyl alcohol) (PVA), poly(vinyl chlo-
ride) (PVC), PS, rubber, polyethylene (PE), PMMA, and PP. 
Interestingly, cutin showed a relative high initial temperature 
of degradation of 200°C similar to rubber and PE and higher 
than PVA, PVC, and PS (Chaudhari and Singhal, 2015).

In terms of hydrophobicity and hydrodynamic properties, 
the comparison of cutin with other polymers is more dif-
ficult because data for isolated cutin is very scarce or even 
non-existent. For example, there is no data about the water 
contact angle and surface energy of cutin. Nevertheless, some 
degree of hydrophobicity can be expected due to its chemi-
cal composition. In this sense, water adsorption of tomato 
fruit cutin is very low at 2.5 wt.%, indicating that the biopoly-
mer shows a low interaction with water molecules (Heredia-
Guerrero et al., 2009). The water vapor permeance (Pwv) of 
dewaxed plant cuticles has been compared with some petro-
leum-based plastics and cellulose derivatives such as PP, PE, 
PVA, PET, nylon, poly(ethyl methacrylate) (PEMA), cel-
lulose acetate (CA) and ethyl cellulose (EC) (Schreiber and 
Schonherr, 2009), as illustrated in Fig. 3C. Results show that 
the dewaxed cuticle of Ficus elastica leaves has a relatively 
low water permeance, between conventional plastics and cel-
lulose derivatives.

Another important aspect for polymeric materials is bio-
degradability. Cutin can be fully hydrolyzed by soil microor-
ganisms in a period of 3–8 months depending on the season, 
the characteristics of the soil, and the microbiota (De Vries 
et  al., 1967). Such degradation, namely cleavage of ester 
groups, is mainly catalyzed by cutinases secreted by micro-
organisms and some fungi (Kolattukudy, 2001). On the other 
hand, plastics such as LDPE, PS, polyvinyl chloride, and urea 
formaldehyde resin buried over thirty years showed insignifi-
cant degradation (Otake et al., 1995).

Is cutin abundant enough to be used as a 
raw material at an industrial scale?

Estimation of the volume of cutin biomass and main 
agronomic sources

The amount of plant cuticle material in both natural and 
agricultural plant communities has been reported to range 
between 180 and 1500  kg/ha (Heredia, 2003). Considering 
that 40–80 wt.% is cutin and that the total area of land for 
agricultural uses and forests is ~8.9  ⋅ 109 ha (FAO, 2017), 
the volume of total cutin biomass could reach 109–1010 tons. 
Despite this huge amount, not all this cutin is easily acces-
sible due to technical reasons, such as accessing forests and 

Fig. 3. Stress at break, initial deomposition temperature, and water 
vapor permanence of cutin and various common plastics A) Comparison 
of stress at break versus Young’s modulus of ripe tomato fruit cutin 
with different man-made polymeric materials. Data from López-Casado 
et al. (2007) and Mark (2007). B) Initial decomposition temperature 
of watermelon cutin compared with conventional plastics. Data from 
Chaudhari and Singhal (2015) and Mark (2007). C) Water vapor 
permeance values of dewaxed plant cuticles of Ficus elastica leaves and 
some industrial plastics and polymers. Data from Schreiber and Schonherr 
(2009).
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jungles, and/or due to ethical reasons, such as making use 
of edible plants, sustainability, and deforestation. In this 
sense, a better approach for the industrial exploitation of this 
biopolyester could be the use of cutin-rich waste from spe-
cies of high agronomic importance such as tomatoes. In fact, 
global tomato production reached 171 million tons in 2014, 
with leading producers being China at 53 million tons and 
Europe at 23 million tons, where Spain and Italy were the 
main tomato producers, followed by India, USA, and Turkey 
(FAOSTAT, 2017). The global tomato processing market 
reached a volume of 36 million tons in the same year. Tomato 
fruits are mainly processed for the preparation of peeled 
tomatoes, purées, juices, concentrates, and sauces (European 
Comission, 2015). Peeling is performed before the manufac-
ture of these products, resulting in a final residue of tomato 
peel rich in cutin (Rock et al., 2012). Considering the average 
amount of cutin, expressed as weight/area, and the area and 
weight of a typical tomato fruit, the volume of cutin from 
this agro-waste could reach 105–106 tons/year, which is com-
parable to lignin stock but considerably lower than annual 
cellulose biomass production. Nowadays, this inexpensive by-
product, at ∼0.04€/kg (as reported in Cifarelli et al., 2016), is 
wasted or, to a lesser extent, used for animal feed as tomato 
pomace.

Plant breeding strategies to increase the amount of 
cutin in plants

Natural variability present within a given species or among a 
cultivated crop and its related wild species can be used in plant 
breeding to modify cuticle deposition, mainly to improve the 
quality of fruits, but also to increase the amount cuticle com-
ponents and, hence, the productivity of plants as raw materi-
als. In this sense, significant differences have been observed 
for the amount of cuticle and waxes among different tomato 
and pepper genotypes (Domínguez et al., 2008; Domínguez 
et al., 2009; Parsons et al., 2012; Yeats et al., 2012; Parsons 
et  al., 2013) and for epicuticular waxes in apples (Belding 
et al., 1998). These differences can be used to uncover some 
of the genes involved in cuticle deposition.

The ability of plants to interact with the environment 
implies that they perceive environmental changes and modu-
late their growth accordingly. Cuticle deposition is strongly 
affected by the environment. Drought, radiation, relative 
humidity, and temperature, to name a few, have been shown 
to affect the amount of cuticle deposited, its thickness, or 
the relative amount of its components (Hull et  al., 1975). 
However, it is very difficult to isolate the effect of one envi-
ronmental trait from the rest of them. Arabidopsis thaliana 
plants subjected to water deficit or irrigated with saline water 
showed an increase in the amount of cutin and waxes (Kosma 
et al., 2009). Similarly, the radiation and temperature differ-
ences between spring and winter in Mediterranean condi-
tions promoted changes in the amount of cuticle deposited 
(Domínguez et al., 2012). Hormones play an important role 
in mediating plant adaptation to adverse environmental con-
ditions (Wolters and Jurgens, 2009). Yet, their regulation 
of cuticle synthesis is still poorly understood. Gibberellins 

have been shown to promote cuticle deposition during early 
stages of development in various species such as rice, pea, 
and tomato (Bowen and Walton, 1988; Hoffmann-Benning 
and Kende, 1994; Knoche and Peschel, 2007). Cytokinins 
have also been postulated to play a role in cutin deposition 
(Wu et al., 2015). Abscisic acid (ABA), a hormone related to 
abiotic stresses, has been reported to induce wax accumula-
tion but not cuticle deposition in A. thaliana (Kosma et al., 
2009). More recently, the use of ABA biosynthesis impaired 
mutants in tomato has shown a reduction of cutin in the 
leaves of some of these mutants, whereas an opposite effect 
was observed in fruits (Martin et al., 2017).

Materials inspired by plant cuticles

The protective properties of the plant cuticle against the 
environment, namely water loss and gas exchange, humidity, 
temperature oscillations, UV radiation, and pathogen attack, 
have always attracted the attention of researchers to create a 
synthetic replica for a variety of applications such as pack-
aging materials, membranes, and UV filters. Additionally, a 
manufactured material inspired by the plant cuticle would 
provide key characteristics, such as innocuousness and 
biodegradability, to become an attractive alternative to 
petroleum-based plastics and to alleviate the environmental 
implications connected with their production, use, and dis-
posal. As mentioned above, abundancy and ubiquity of this 
tissue in nature add potential economic viability to any indus-
trial process that values the plant cuticle. Furthermore, the 
fact that this biomaterial is mostly a by-product from other 
production activities, such as crop and fruit processing, is a 
very important and valuable aspect, particularly, in under-
developed countries, since no resources are retracted from 
human and/or animal feeding.

As it has already been mentioned, direct processing of 
cuticles is not straightforward because of its insolubility and 
infusibility and such drawbacks have seriously hampered 
advances in this field. Hence, efforts have been redirected 
to mimic the plant cuticle through a combination of cellu-
losic and long- or mid-chain polyester phases. For instance, 
bimodal hydrophilic-hydrophobic, UV-blocking transparent 
films using ricinoleic acid, which is the main component of 
castor oil, polyglycerol, and cellulose have been obtained, 
with potential uses as packaging and displaying materials 
(Zhang and Uyama, 2016). In a similar approach, a naturally 
occurring polyhydroxy fatty acid, aleuritic (9,10,16-trihydrox-
yhexadecanoic) acid, fibrous cellulose and carnauba wax have 
been combined (Heredia-Guerrero et al., 2017). Aleuritic acid 
is a renewable trihydroxy C16 carboxylic acid obtained from a 
natural lac resin. The molecular functionalization of aleuritic 
acid is very similar to that of cutin monomers and, there-
fore, the nominal similarity of this composite with the plant 
cuticle is evident. Polymerization was conducted through the 
well-implemented industrial procedure of hot pressing the 
cellulose support, previously impregnated with a mixture of 
the acid and the wax. The process uses no catalysts and the 
obtained films show slightly improved mechanical properties 
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with respect to cellulose and other common polysaccharide 
materials like cellulose acetate and ethyl and methyl cellulose. 
Meanwhile, water absorption and permeability values are 
reduced and become similar to commercial cellulose esters. 
Also, edible films from inexpensive and renewable resources 
such as tomato cutin and citrus pectin were blended via a low 
temperature casting method (Manrich et al., 2017). The com-
posite is intended for use as a short-term packaging material; 
it resembles and even improves upon the properties of tomato 
peels in terms of water resistance, hydrophobicity, and ther-
mal and mechanical behavior.

Attempts to mimic exclusively the cutin fraction of the 
plant cuticle are few in number. De Vries reported one of the 
earliest attempts in 1970, using acids extracted from ‘Golden 
Delicious’ apple skins and a direct polymerization proce-
dure at 100°C (De Vries, 1970). Final products took several 
days to be formed and were insoluble in common organic 
solvents. Unfortunately, the physical and chemical charac-
terization in this report is scarce and no further results were 
provided. Much later, the viability of the synthesis of a cutin 
mimetic polymer by a low temperature polycondensation 
using DBSA (4-dodecylbenzenesulfonic acid) as surfactant 
catalyst was demonstrated (Benı́tez et al., 2004). The prod-
uct, obtained from apple cutin monomers, was insoluble in 
common organic solvents and Fourier transform infrared 
spectroscopy and NMR data confirmed the formation of the 
polyester. This methodology was extended to the polycon-
densation of a reference fatty polyhydroxyacid, aleuritic acid 
(Heredia-Guerrero et  al., 2009). The rubbery product was 
characterized as an amorphous, insoluble, and hydrophobic 
polyhydroxyester, chemically and physically very similar to 
the one obtained from the tomato cutin monomeric mixture. 
The polycondensation of monomers extracted from tomato 
cutin monomers was addressed a few years later (Benítez 
et al., 2015). In this case, non-catalyzed self-esterification in a 
molten state route in air was selected. The study was extended 
to other similar fatty acids, namely hydroxyacids, with vari-
able degrees of hydroxylation to those present in plant cutin. 
In general, amorphous, insoluble, and infusible solids were 
obtained, as shown in Fig.  4. Their structure was mainly 
directed by the preferential esterification, when available, of 
the primary hydroxyl group, as observed in natural cutin. The 

novelty of this study was the use of non-metallic or aromatic 
catalysts, which upholds the non-toxic and environment 
friendly vision of these polymeric materials. More strictly, 
isolated 10,16-dihydroxyhexadecanoic acid from tomato fruit 
cutin has been used to conduct the esterification reaction. 
First, lipases were essayed as catalysts at low temperature 
and in organic media (Gómez-Patiño et al., 2013). In these 
conditions, linear oligomers were obtained and proposed as 
building units to design high molecular weight functional-
izable polyesters. In a second stage, an ionic liquid, namely 
choline chloride.2ZnCl2, was employed as a catalyst (Gómez-
Patiño et al., 2015). In these conditions, some esterification 
of the secondary hydroxyl was observed and materials from 
partially crystalline solids to viscous insoluble materials were 
synthesized. The ionic liquid could be recovered and reused, 
which makes the process economically interesting and pre-
serves the innocuousness of the polyester.

Alternatively, the usage of tomato cutin as a lacquer to coat 
the internal part of food metal packaging has been explored. 
This would be a good replacement of bisphenol A  diglyci-
dyl ether (BADGE) resins, which have a potential impact on 
human health. Though preliminary results have been promis-
ing (Montanari et al., 2014), to date, no further information 
has been made available. In any case, this is a most suitable 
application because it combines the need for an alternative to 
the current BADGE resins, a highly demanding global market, 
accessibility to the raw material, affordability and the environ-
mental care of the process and the inherent good physical and 
chemical qualities of a plant cutin mimetic polymeric coating.

Development of cutin-based materials is not restricted to 
the ex-situ mimicry of the plant biopolyester and the val-
orization of fruit peel residues. Recently, a patent has been 
filed to engineer 2-dimensional arrays of cutin-like materials 
(CLM) for the next generation of functional coatings with 
potential applications in aircraft infrastructure, flexible elec-
tronics, bio-controlled instrumentation, and biological tissue 
protection using the epidermis of several cacti species, spe-
cifically Opuntia ficus-indica, Agave americana, Cereus peruvi-
anus, and Rhipsalis (Alcantar et al., 2016).

Concluding remarks

Cutin is an abundant biopolyester with a complex chemical 
composition in comparison with other traditional biopoly-
mers such as cellulose or lignin. The wide variety of cutin 
monomers could be a problem for the production of bio-
plastics. However, focusing on specific agro-waste rich in 
determined fatty acids can increase the reproducibility of 
the chemical profile of monomers. This is the case for cutin 
obtained from tomato peels whose main component is by 
far 9(10),16-dihydroxyhexadecanoic acid. In this sense, low-
cost and scalable technologies based on aqueous hydrolysis 
by NaOH have been developed to obtain cutin monomers, 
though more sustainable processes, such as steam explosion, 
should be investigated. Furthermore, plant breeding strate-
gies could be used to increase the amount of cutin and con-
trol monomer composition.

Fig. 4. Photograph of different free-standing films from cutin monomers 
and similar hydroxylated fatty acids. Image from Benítez et al. (2015).
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Most reviewed applications for cutin-based materials are 
related to packaging. However, the potential use of cutin 
monomers in other applications has been proprosed by 
Arrieta-Baez et al. (2011), such as for the fabrication of bio-
medical devices, fragrances, lubricants, and adhesives. In our 
opinion, these possibilities are very interesting and should 
be investigated in order to explore new applications of such 
monomers.

A lot of information is still missing in order to properly 
compare cutin with conventional plastics. For instance, the 
hydrophobicity of cutin should be characterized. On the 
other hand, cutin shows full biodegradability in short times, 
relatively high thermal resistance, and low values of water 
adsorption and water vapor permeance. In any case, physical 
properties of cutin-based materials can be improved by the 
addition of different monomers, cross-linkers or fillers. The 
use of polysaccharides and phenolic compounds to increase 
mechanical properties or waxes to improve hydrophobicity 
could also be interesting topics to explore. Finally, the study 
of other geometries different to films, such as coatings or fib-
ers, is promising.

References
Abba H, Nur I, Salit S. 2013. Review of agro waste plastic composites 
production. Journal of minerals and materials characterization and 
engineering 1, 271–278.

Alcantar NA, Toomey RG, Guo F, Veisi Z, Peng T. 2016. Cutin-like 
materials with advanced functionalities and methods of manufacture. 
Patent number: WO2016168319 A1

Arrieta-Baez D, Cruz-Carrillo M, Gómez-Patiño MB, Zepeda-Vallejo 
LG. 2011. Derivatives of 10,16-dihydroxyhexadecanoic acid isolated 
from tomato (Solanum lycopersicum) as potential material for aliphatic 
polyesters. Molecules 16, 4923–4936.

Bayer IS, Guzman-Puyol S, Heredia-Guerrero JA, Ceseracciu L, 
Pignatelli F, Ruffilli R, Cingolani R, Athanassiou A. 2014. Direct 
transformation of edible vegetable waste into bioplastics. Macromolecules 
47, 5135–5143.

Belding RD, Blankenship SM, Young E, Leidy RB. 1998. Composition 
and variability of epicuticular waxes in apple cultivars. Journal of the 
American Society for Horticultural Science 123, 348–356.

Belgacem MN, Gandini A. 2008. Monomers, polymers and composites 
from renewable resources. Oxford: Elsevier Ltd.

Belge B, Llovera M, Comabella E, Gatius F, Guillén P, Graell J, Lara 
I. 2014. Characterization of cuticle composition after cold storage of 
“Celeste” and “Somerset” sweet cherry fruit. Journal of Agricultural and 
Food Chemistry 62, 8722–8729.

Benítez JJ, García-Segura R, Heredia A. 2004. Plant biopolyester 
cutin: a tough way to its chemical synthesis. Biochimica et Biophysica 
Acta 1674, 1–3.

Benítez JJ, Heredia-Guerrero JA, Guzmán-Puyol S, Barthel MJ, 
Domínguez E, Heredia A. 2015. Polyhydroxyester films obtained 
by non-catalyzed melt-polycondensation of natural occurring fatty 
polyhydroxyacids. Frontiers in Materials 2, 1–10.

Benítez JJ, Heredia A, Heredia-Guerrero JA, Bayer IS, 
Athanassiou A. 2016. A polyester from tomato fruit processing residues 
obtained by non-catalyzed melt-polycondensation in air. Patent number: 
ES201630194

Bernards MA. 2002. Demystifying suberin. Canadian Journal of Botany 
80, 227–240.

Bhat AH, Dasan YK, Khan I. 2015. Extraction of lignin from biomass 
for biodiesel production. In: Hakeem KR, Jawaid M, Alothman O, 
eds. Agricultural biomass based potential materials. Cham: Springer 
International Publishing, 155–179.

Bowen DJ, Walton TJ. 1988. Cutin composition and biosynthesis during 
gibberellic acid-induced stem extension of Pisum sativum var. Meteor. 
Plant Science 55, 115–127.

Chatterjee S, Matas AJ, Isaacson T, Kehlet C, Rose JK, Stark 
RE. 2016. Solid-State (13)C NMR delineates the architectural design 
of biopolymers in native and genetically altered tomato fruit cuticles. 
Biomacromolecules 17, 215–224.

Chaudhari SA, Singhal RS. 2015. Cutin from watermelon peels: A novel 
inducer for cutinase production and its physicochemical characterization. 
International Journal of Biological Macromolecules 79, 398–404.

Cifarelli A, Cigognini I, Bolzoni L, Montanari A. 2016. Cutin 
isolated from tomato processing by-products: extraction methods 
and characterization. Proceedings of CYPRUS2016 4th International 
Conference on Sustainable Solid Waste Management, 1–20.

Cigognini I, Montanari A, de la Torre Carreras R, Cardoso BMG. 
2015. Extraction method of a polyester polymer or cutin from the wasted 
tomato peels and polyester polymer so extracted. WO2015028299 A1.

Cosgrove DJ. 2005. Growth of the plant cell wall. Nature reviews. 
Molecular cell biology 6, 850–861.

De Vries H, Bredemeijer G, Heinen W. 1967. The decay of cutin and 
cuticular components by soil microorganisms in their natural environment. 
Acta Botanica Neerlandica 16, 102–110.

De Vries H. 1970. Polymerization of the cutin acids of the apple skin. Acta 
Botanica Neerlandica 19, 41–48.

Domínguez E, Cuartero J, Heredia A. 2011a. An overview on plant 
cuticle biomechanics. Plant Science 181, 77–84.

Domínguez E, España L, López-Casado G, Cuartero J, Heredia 
A. 2009. Biomechanics of isolated tomato (Solanum lycopersicum) fruit 
cuticles during ripening: the role of flavonoids. Functional Plant Biology 36, 
613–620.

Domínguez E, Fernández MD, Hernández JC, Parra JP, España 
L, Heredia A, Cuartero J. 2012. Tomato fruit continues growing while 
ripening, affecting cuticle properties and cracking. Physiologia Plantarum 
146, 473–486.

Domínguez E, Heredia-Guerrero JA, Heredia A. 2011b. The 
biophysical design of plant cuticles: an overview. New Phytologist 189, 
938–949.

Domínguez E, Heredia-Guerrero JA, Heredia A. 2015. Plant cutin 
genesis: unanswered questions. Trends in Plant Science 20, 551–558.

Domínguez E, López-Casado G, Cuartero J, Heredia A. 2008. 
Development of fruit cuticle in cherry tomato (Solanum lycopersicum). 
Functional Plant Biology 35, 403–411.

Eglinton G, Hunneman H. 1968. Gas chromatographic-mass 
spectrometric studies of long chain hydroxy acids-I. The constituent cutin 
acids of apple cuticle. Phytochemistry 7, 313–322.

España L, Heredia-Guerrero JA, Segado P, Benítez JJ, Heredia A, 
Domínguez E. 2014. Biomechanical properties of the tomato (Solanum 
lycopersicum) fruit cuticle during development are modulated by changes 
in the relative amounts of its components. New Phytologist 202, 790–802.

European Comission. 2015. Products: Tomatoes (fresh and processed).  

FAO. 2013. Food wastage footprint: Impacts on natural resources. FAO, 
Rome.

FAO. 2017. The future of food and agriculture – Trends and challenges. 
FAO, Rome.

FAOSTAT. 2017. http://www.fao.org/faostat/en/?#data/QC 

Fernández V, Guzmán-Delgado P, Graça J, Santos S, Gil L. 2016. 
Cuticle structure in relation to chemical composition: re-assessing the 
prevailing model. Frontiers in Plant Science 7, 427.

Gandini A, Pascoal Neto C, Silvestre AJD. 2006. Suberin: a promising 
renewable resource for novel macromolecular materials. Progress in 
Polymer Science 31, 878–892.

Gandini A. 2008. Polymers from renewable resources: a challenge for the 
future of macromolecular materials. Macromolecules 41, 9491–9504.

Gandini A. 2011. The irruption of polymers from renewable resources on 
the scene of macromolecular science and technology. Green Chemistry 
13, 1061–1083.

Gandini A, Lacerda TM. 2015. From monomers to polymers from 
renewable resources: recent advances. Progress in Polymer Science 48, 
1–39.

5408 | Heredia-Guerrero et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/jxb/article/68/19/5401/4079407 by guest on 20 M
arch 2024

http://www.fao.org/faostat/en/?#data/QC


Gandini A, Lacerda TM, Carvalho AJ, Trovatti E. 2016. Progress 
of polymers from renewable resources: furans, vegetable oils, and 
polysaccharides. Chemical Reviews 116, 1637–1669.

Gómez-Patiño MB, Cassani J, Jaramillo-Flores ME, Zepeda-
Vallejo LG, Sandoval G, Jimenez-Estrada M, Arrieta-Baez D. 
2013. Oligomerization of 10,16-dihydroxyhexadecanoic acid and methyl 
10,16-dihydroxyhexadecanoate catalyzed by lipases. Molecules 18, 
9317–9333.

Gómez-Patiño MB, Gutiérrez-Salgado DY, García-Hernández E, 
Mendez-Mendez JV, Andraca Adame JA, Campos-Terán J, Arrieta-
Baez D. 2015. Polymerization of 10,16-Dihydroxyhexadecanoic acid, 
main monomer of tomato cuticle, using the lewis acidic ionic liquid choline 
chloride·2ZnCl2. Frontiers in Materials 2, 1–9.

Grabber JH. 2005. How do lignin composition, structure, and cross-
linking affect degradability? A review of cell wall model studies. Crop 
Science 45, 820–831.

Graça J. 2015. Suberin: the biopolyester at the frontier of plants. Frontiers 
in Chemistry 3, 1–11.

Graça J, Schreiber L, Rodrigues J, Pereira H. 2002. Glycerol and 
glyceryl esters of omega-hydroxyacids in cutins. Phytochemistry 61, 
205–215.

Heredia-Guerrero JA, Athanassiou A. 2016. Editorial: non-
polysaccharide plant polymeric materials. Frontiers in Materials 3, 1–2.

Heredia-Guerrero JA, Benítez JJ, Cataldi P, Paul UC, Contardi M, 
Cingolani R, Bayer IS, Heredia A, Athanassiou A. 2017. All-natural 
sustainable packaging materials inspired by plant cuticles. Advanced 
Sustainable Systems 1, 1600024.

Heredia-Guerrero JA, Benítez JJ, Domínguez E, Bayer IS, Cingolani 
R, Athanassiou A, Heredia A. 2014. Infrared and Raman spectroscopic 
features of plant cuticles: a review. Frontiers in Plant Science 5, 305.

Heredia-Guerrero JA, Heredia A, García-Segura R, Benítez JJ. 2009. 
Synthesis and characterization of a plant cutin mimetic polymer. Polymer 
50, 5633–5637.

Heredia A. 2003. Biophysical and biochemical characteristics of cutin, a 
plant barrier biopolymer. Biochimica et Biophysica Acta (BBA) - General 
Subjects 1620, 1–7.

Hoffmann-Benning S, Kende H. 1994. Cuticle biosynthesis in rapidly 
growing internodes of deepwater rice. Plant Physiology 104, 719–723.

Holloway PJ, Baker EA. 1968. Isolation of Plant Cuticles With Zinc 
Chloride-hydrochloric Acid Solution. Plant Physiology 43, 1878–1879.

Huelin F, Gallop R. 1951. Studies in the natural coating of apples 
I. Preparation and properties of fractions. Australian Journal of Biological 
Sciences 4, 526–532.

Hull HM, Morton HL, Wharrie JR. 1975. Environmental influences on 
cuticle development and resultant foliar penetration. The Botanical Review 
41, 421–452.

Klemm D, Heublein B, Fink H-P, Bohn A. 2005. Cellulose: fascinating 
biopolymer and sustainable raw material. Angewandte Chemie 
International Edition 44, 3358–3393.

Knoche M, Peschel S. 2007. Gibberellins increase cuticle deposition in 
developing tomato fruit. Plant Growth Regulation 51, 1–10.

Kolattukudy PE. 2001. Polyesters in higher plants. In: Babel W, 
Steinbüchel A, eds. Biopolyesters. Berlin, Heidelberg: Springer Berlin 
Heidelberg, 1–49.

Kosma DK, Bourdenx B, Bernard A, Parsons EP, Lü S, Joubès J, 
Jenks MA. 2009. The impact of water deficiency on leaf cuticle lipids of 
Arabidopsis. Plant Physiology 151, 1918–1929.

La Mantia FP, Morreale M. 2011. Green composites: a brief review. 
Composites Part A: Applied Science and Manufacturing 42, 579–588.

López-Casado G, Matas AJ, Domínguez E, Cuartero J, Heredia 
A. 2007. Biomechanics of isolated tomato (Solanum lycopersicum L.) 
fruit cuticles: the role of the cutin matrix and polysaccharides. Journal of 
Experimental Botany 58, 3875–3883.

Luque P, Bruque S, Heredia A. 1995. Water permeability of isolated 
cuticular membranes: a structural analysis. Archives of Biochemistry and 
Biophysics 317, 417–422.

Manrich A, Moreira FK, Otoni CG, Lorevice MV, Martins MA, 
Mattoso LH. 2017. Hydrophobic edible films made up of tomato cutin 
and pectin. Carbohydrate Polymers 164, 83–91.

Mark JE. 2007. Physical properties of polymers handbook. New York: 
Springer.

Martin LBB, Romero P, Fich EA, Domozych D, Rose JKC. 2017. 
Cuticle biosynthesis is developmentally regulated by abscisic acid. Plant 
Physiology 174, 1384–1398.

Martin LB, Rose JK. 2014. There’s more than one way to skin a fruit: 
formation and functions of fruit cuticles. Journal of Experimental Botany 
65, 4639–4651.

Matas AJ, Cuartero J, Heredia A. 2004. Phase transitions in the 
biopolyester cutin isolated from tomato fruit cuticles. Thermochimica Acta 
409, 165–168.

McCalla AF. 2001. Challenges to world agriculture in the 21st century. 
ARE Update 4, 1–2.

Montanari A, Bolzoni L, Cigognini IM, de la Torre Carreras R. 2014. 
Tomato bio-based lacquer for sustainable metal packaging. Agro FOOD 
Industry Hi Tech 25, 50–54.

Mülhaupt R. 2013. Green polymer chemistry and bio-based plastics: 
dreams and reality. Macromolecular Chemistry and Physics 214, 159–174.

Nawrath C. 2006. Unraveling the complex network of cuticular structure 
and function. Current Opinion in Plant Biology 9, 281–287.

Orgell WH. 1955. The Isolation of Plant Cuticle with Pectic Enzymes. 
Plant Physiology 30, 78–80.

Otake Y, Kobayashi T, Asabe H, Murakami N, Ono K. 1995. 
Biodegradation of low-density polyethylene, polystyrene, polyvinyl chloride, 
and urea formaldehyde resin buried under soil for over 32 years. Journal of 
Applied Polymer Science 56, 1789–1796.

Pacchiano RA, Sohn W, Chlanda VL, Garbow JR, Stark RE. 1993. 
Isolation and spectral characterization of plant-cuticle polyesters. Journal 
of Agricultural and Food Chemistry 41, 78–83.

Parsons EP, Popopvsky S, Lohrey GT, et al. 2013. Fruit cuticle lipid 
composition and water loss in a diverse collection of pepper (Capsicum). 
Physiologia Plantarum 149, 160–174.

Parsons EP, Popopvsky S, Lohrey GT, Lü S, Alkalai-Tuvia S, 
Perzelan Y, Paran I, Fallik E, Jenks MA. 2012. Fruit cuticle lipid 
composition and fruit post-harvest water loss in an advanced backcross 
generation of pepper (Capsicum sp.). Physiologia Plantarum 146, 15–25.

PlasticsEurope. 2016. Plastics - the facts 2016. PlasticsEurope, 
Düsseldorf.

Philippe G, Gaillard C, Petit J, et al. 2016. Ester cross-link profiling 
of the cutin polymer of wild-type and cutin synthase tomato mutants 
highlights different mechanisms of polymerization. Plant Physiology 170, 
807–820.

Phu PQ, Tri TM, Hien LPT, Ha LTT. 2017. Effect of different parameters 
on extrication performance and tensile properties of cutin membrane from 
Basella alba cuticle. Proceedings of The 2017 International Symposium on 
Materials Science and Technology, 31–39.

Pollard M, Beisson F, Li Y, Ohlrogge JB. 2008. Building lipid barriers: 
biosynthesis of cutin and suberin. Trends in Plant Science 13, 236–246.

Ray AK, Lin YY, Gerard HC,Chen Z-J, Osman SF, Fett WF, Moreau 
RA, Stark RE. 1995. Separation and identification of lime cutin monomers 
by high performance liquid chromatography and mass spectrometry. 
Phytochemistry 38, 1361–1369.

Riederer M, Schreiber L. 2001. Protecting against water loss: analysis of 
the barrier properties of plant cuticles. Journal of Experimental Botany 52, 
2023–2032.

Rock C, Yang W, Goodrich-Schneider R, Feng H. 2012. Conventional 
and alternative methods for tomato peeling. Food Engineering Reviews 4, 
1–15.

Schreiber L. 2010. Transport barriers made of cutin, suberin and 
associated waxes. Trends in Plant Science 15, 546–553.

Schreiber L, Schonherr J. 2009. Water permeability. In: Schreiber L, 
Schonherr J, eds. Water and solute permeability of plant cuticles. Springer, 
61–123.

Segado P, Domínguez E, Heredia A. 2016. Ultrastructure of the 
epidermal cell wall and cuticle of tomato fruit (Solanum lycopersicum L.) 
during development. Plant Physiology 170, 935–946.

Thielemans W, Can E, Morye SS, Wool RP. 2002. Novel applications 
of lignin in composite materials. Journal of Applied Polymer Science 83, 
323–331.

Cutin as a raw material | 5409
D

ow
nloaded from

 https://academ
ic.oup.com

/jxb/article/68/19/5401/4079407 by guest on 20 M
arch 2024



UN. 2015. World population prospects: the 2015 revision. United Nations, 
New York.

Vilela C, Sousa AF, Fonseca AC, Serra AC, Coelho JFJ, Freire CSR, 
Silvestre AJD. 2014. The quest for sustainable polyesters - insights into 
the future. Polymer Chemistry 5, 3119–3141.

Villena JF, Domínguez E, Stewart D, Heredia A. 1999. Characterization 
and biosynthesis of non-degradable polymers in plant cuticles. Planta 208, 
181–187.

Wolters H, Jürgens G. 2009. Survival of the flexible: hormonal growth 
control and adaptation in plant development. Nature Reviews. Genetics 
10, 305–317.

Wu L, Zhou ZY, Zhang CG, et al. 2015. Functional roles of three 
cutin biosynthetic acyltransferases in cytokinin responses and 
skotomorphogenesis. PLOS ONE 10, e0121943.

Yeats TH, Buda GJ, Wang Z, Chehanovsky N, Moyle LC, Jetter 
R, Schaffer AA, Rose JKC. 2012. The fruit cuticles of wild tomato 
species exhibit architectural and chemical diversity, providing a new 
model for studying the evolution of cuticle function. The Plant Journal 
69, 655–666.

Zhang B, Uyama H. 2016. Biomimic plant cuticle from hyperbranched 
poly(ricinoleic acid) and cellulose film. ACS Sustainable Chemistry & 
Engineering 4, 363–369.

5410 | Heredia-Guerrero et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/jxb/article/68/19/5401/4079407 by guest on 20 M
arch 2024


