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ABSTRACT: Agro-industrial residues comprise a rich diversity of plant g
polymers and bioactive compounds, constituting promising sources for the
development of materials, including bioplastics, and food supplements,
among other applications. In particular, the polyester cutin is abundant in
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potential of diverse fruit pomaces as a source for the development of cutin- L o o

derived materials/products has been extensively sought out. This study
expands the established knowledge: it sets proof of concept for the
production of antimicrobial oligomers from cutin-rich materials isolated in _—
a single step from tomato pomaces generated by two remote agro- Vs >
industries. Specifically, it first analyzed how the chemical signature (nuclear / /

magnetic resonance (NMR) and gas chromatography—mass spectrometry \ A,mlmw /
(GC—MS)) of a pomace (and of its major constituents) mirrors that of the ‘ ’
corresponding cutin-rich material isolated using an ionic liquid extractant. The cutin-rich materials were then deconstructed (using
mild hydrolyses), and the resultant mixtures were chemically characterized and screened for bactericidal activity against Escherichia
coli and Staphylococcus aureus. The presence of esterified structures, linear and/or branched, likely comprising dioic acids as a major
building block (but not exclusively) is a prerequisite for activity against E. coli but not against S. aureus that was susceptible to
monomers as well. Further studies are required to optimize the production of broad bactericidal oligomers from any cutin-rich
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pomace source, moving ahead toward their circular usage.
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Bl INTRODUCTION

In the last decades, the environmental impact of plastics has
escalated dramatically, especially as durable petroleum-based
materials have been replaced by single-use products.”” The
development of eco-friendly alternatives for the production of
materials is urgent.”’ The plant polyester cutin is highly
abundant in nature and is considered a promising substitute for
petroleum-based plastics,” specifically for the development of
biomaterials.” Cutin is the major structural component of the
cuticle—the outermost barrier covering the aerial parts of most
land plants, where it is found embedded in waxes. The cuticle
acts as an interface between the plant and the environment,
contributing to limiting water loss, mechanical injury, pathogen
invasion, as well as protecting against UV radiation and
controlling gas exchange.é_12 Cutin consists mostly of Cy4
and/or Cj3 w-hydroxy acids generally functionalized with
midchain hydroxyl groups, with residual amounts of glycerol,
phenolics, and aromatics.*®”>"!

In 2020, Europe processed ca. 9.8 million tons of tomato
fruit, which generated ca. 0.49 million tons of pomace
residue.”'* Portugal is the third largest processer in Europe,'*
where the derived pomace residue is mainly channeled for
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animal feeding. Tomato pomace consists of stems, seeds, and
peels, fractions existing at variable amounts due to fruit
variability and fractioning process.'> Each fraction increases the
chemical complexity of the pomace: stems mostly consist of
lignin, hemicellulose, and cellulose;'® seeds comprise diverse
fatty acids (including triglycerides), polysaccharides, and
proteins, having also minor amounts of suberin (found in
the seed coating);ls’16 and peels contain cutin, sugars, and
waxes.”">"” Significantly, the tomato fruit, Solanum lycopersi-
cum, is also a key plant model for cuticle and cutin studies, due
to an astomatous cuticle (without cutan, an insoluble and
saponification-resistant polymer) that can be easily recov-
ered.®"

Due to its easy recovery and readily availability, many
studies have reported the potential use of tomato pomace as a
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source of cutin to build structural materials.”'>'”*° Often
these studies rely on extensive hydrolysis of the pomace for the
release of fatty-based monomers (ie, C,s and/or C;3 w-
hydroxy acids), followed by their repolymerization to build a
cutin-like material.”">***" To what extent can these
repolymerized materials reproduce both the native polymeric
arrangement of cutin and the native barrier properties, remains
seldom understood. Recent advances have however demon-
strated the capacity to tune the materials’ properties through
poly-condensation with glycerol.'” Finally, large-scale imple-
mentation of added value chains for tomato pomace remains
challenging due to the number of processing steps, resulting in
a time-consuming system.4

Cutin, can however, be isolated from tomato peel using a
one-pot reaction with an ionic liquid extractant;*> this method
is simpler and faster compared to those frequently used to
isolate cutin that combine enzymatic digestion of poly-
saccharides with organic solvent removal of waxes.”'>**™*
The extractant cholinium hexanoate preserves cutin ester-
ification, while it washes out efficiently polysaccharides and
soluble components of the cuticle (e.g., waxes), resulting in the
isolation of an insoluble cutin continuum.’”** Studies on a
related plant polyester—suberin—showed that particles can be
obtained through a catalysis that partially preserves its
esterified network. These particles display per se antimicrobial
activity” and can spontaneously self-assemble forming
antimicrobial films,”” contrarily to the composing monomeric
hydrolysates that do not. It is therefore hypothesized that the
cutin continuum obtained with the ionic liquid-based process
can be seen as a source for antimicrobial oligomers.

This study establishes knowledge grounds for the
production of antimicrobial cutin oligomers through a mild
deconstruction of cutin-rich materials, which were directly
obtained from untreated tomato pomaces using an ionic liquid
extractant. To guide discovery, nuclear magnetic resonance
(NMR) and gas chromatography—mass spectrometry (GC—
MS) methods were combined with bactericidal testing of the
mixtures against two model bacteria: Escherichia coli and
Staphylococcus aureus. How the pomace compositional
signature impacts downstream the production of bioactive
oligomers is discussed in great detail. The large-scale
processing and extraction of cutin-rich materials from raw
pomace may support the creation of novel value chains for the
development of antimicrobial ingredients contributing toward
a circular economy.

B MATERIALS AND METHODS

Chemicals. Sodium hydroxide (>98%) from José Manuel Gomes
dos Santos; methanol (>99.8%), dimethyl sulfoxide (DMSO,
>99.99%), hexane (>95%), chloroform (>99.98%), dichloromethane
(>99.99%) from Fisher Chemical; cholinium hydrogen carbonate
(~80% in water), hexanoic acid (>99.5%), hydrochloric acid (37%),
sodium methoxide (95%), anhydrous methanol (99.8%), N,O-
bis(trimethylsilyl)trifluoroacetamide (>99%), pyridine (>99.8%),
heptadecanoic acid (>98%), hexadecanedioic acid (96%), and
benzoic acid (99%) from Sigma-Aldrich. Deuterated dimethyl
sulfoxide-d, (DMSO-dg, >99.99%) from Merck. Cholinium hexanoate
was synthesized by dropwise addition of hexanoic acid to aqueous
cholinium hydrogen carbonate in equimolar quantities, as previously
described.’" Purity and water level were determined as shown
before.”

Plant Material. Tomato pomace was obtained from Sumol +
Compal (Coruche, Portugal) and from the “Conserveries de
Bergerac” (UNIPROLEDI, Bergerac, France). Both industrial
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pomaces were dried until constant weight (ca. 1 week at 60 °C). In
addition, peel- and seed-rich fractions were isolated from one pomace
by decantation in a water tank as previously described.'” The floating
peel-rich fraction was recovered, water excess was squeezed out by
manual press and then dried at room temperature; the precipitated
seed-rich fraction was freeze-dried. A stem-rich fraction was prepared
by manually separating the stem fragments from the pomace. The
fractions will be labeled simply as peel, seed, and stem fractions. The
dried pomaces and the corresponding fractions were milled using a
Retsch ZM200 electric grinder (granulometry 0.5 mm; 10000 rpm)
and stored at room temperature. Pomaces were randomly designated
as POM™ and POM™

Preparation of Cutin-Rich Materials. Cutin-rich materials were
extracted from the sources as previously described.”” The pomace and
cholinium hexanoate were mixed (1:10) and stirred for 2 h at 100 °C.
The reaction was stopped by the addition of DMSO 80 mL per g of
cutin. The polymer was recovered by filtration using a nylon
membrane filter (0.45S ym) and then filtered again while washed with
an excess of deionized water. The samples were lyophilized
(Labconco, —100 °C, 0.008 mbar) and stored at room temperature.

Production of Cutin Oligomeric Mixtures (COMs) through
Mild Hydrolyses. Sodium Methoxide-Catalyzed Methanolysis.
The methanolysis occurred by mixing 20 mL of anhydrous methanol
in 0.1 M sodium methoxide with 0.5 g of cutin-rich material for 2 h at
40 °C without stirring. Each mixture was cooled to room temperature
and centrifuged (4 °C, 30 min, 4000g) to obtain the nonhydrolyzed
cutin fraction (pellet). The supernatant was acidified to pH 3—3.5
with HCI 37% and centrifuged (4 °C, 30 min, 4000g). The precipitate
(*) was recovered, and the supernatant was extracted three times by
dichloromethane/water partition to obtain the soluble hydrolysates
(%); sodium sulfate anhydrous was added to remove traces of water.
The organic phase was concentrated under a nitrogen flux and stored
at room temperature, for further analysis. The samples were labeled as
Cutin Oligomeric Mixture (COM): COM1”/COM1° and COM3"/
COM3?, where the numbers match the pomace source.

Sodium Hydroxide-Catalyzed Hydrolysis. The hydrolysis occurred
by mixing 0.5 g of cutin-rich material actions with 20 mL of solution
of 1 M NaOH in methanol/water (1:1, v/v) at 90 °C for 1 h without
stirring. The subsequent steps were performed as previously described
in sodium methoxide-catalyzed methanolysis. The samples were
labeled as COM2F/COM2% and COM4"/COM45, where the
numbers match the pomace source.

Cryogenic Grinding Process. Samples of the pomaces
(including fractions) and of the extracted cutin-rich materials were
cryogenically milled as described before (RESTCH Cryomill
equipped with two 5 mL grinding gars of stainless steel with two 4
mm  stainless steel grinding balls).”> This step is critical for their
solubilization in DMSO-d;.

Nuclear Magnetic Resonance (NMR) Analyses. NMR spectra
of pomaces (cryomilled), cutin-rich materials (cryomilled), and
COMs were recorded using an Avance III 800 MHz CRYO (Bruker
Biospin, Rheinstetten, Germany). All NMR spectra ('H, 'H-'H
COSY, 'H-"C HSQC, 'H-"3C HMBC) were acquired in DMSO-d4
using S mm diameter NMR tubes, at 60 °C as follows: 1S mg of each
sample in 400 uL of DMSO-d,. Quantitative *'P NMR of the COMs
was also performed using an Avance III SO0 (Bruker Biospin,
Rheinstetten, Germany). 2 MestReNova, Version 11.04-18998
(Mestrelab Research, S.L.) was used to process the acquired raw
data. All samples were analyzed in biological triplicate (15 mg each).

Gas Chromatography—Mass Spectrometry (GC—MS). To
quantify the amount of free and hydrolyzable monomers composing
each COM an Agilent GC (7820A) equipped with an Agilent
(5977B) MS (quadrupole) was used. The same process was used to
analyze the hydrolyzable monomers in either cutin-rich material.
Samples were derivatized (see below) directly or after alkaline
hydrolysis (0.5 M NaOH in methanol/water (1:1, v/v), 95 °C, for 4
h; cooled to room temperature and acidified to pH 3/3.5 with 1 M
HCI (37%), then extracted three times with dichloromethane/water
partition). For derivatization N,O-bis(trimethylsilyl)-
trifluoroacetamide containing 1% of trimethylchlorosilane in pyridine

https://doi.org/10.1021/acssuschemeng.2c03437
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Figure 1. NMR spectral characterization of either pomace and of its composing fractions: peels, seeds, and stems. HSQC spectral characterization
of each POM (top panels) and of POM™™V constituents: peels, seeds, and stems (bottom panels), differentiating the aliphatic (A) and glycerol
CH-acyl (B) regions. SAEs and LAEs stand for secondary and primary aliphatic esters, respectively; TAG stands for triacylglycerol. Some
assignments (unlabeled) are uncertain or unidentified.
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(5:1) was used (30 min, 90 °C). The ensuing samples were analyzed
by GC—MS (HP-SMS column) with the following ramp temperature:
80 °C, 2 °C/min until 310 °C for 15 min. MS scan mode, with a
source at 230 °C and electron impact ionization (EI+, 70 eV), was
used for all samples. The GC—MS was first calibrated with pure
reference compounds (heptadecanoic acid, hexadecanedioic acid, and
benzoic acid) relative to hexadecane (internal standard). Triplicates,
each with technical triplicates were analyzed. Data acquisition was
accomplished by MSD ChemStation (Agilent Technologies);
compounds were identified based on the equipment spectral library
(Wiley-NIST) and references relying on diagnostic ions distinctive of
each derivative and its spectrum profile.

Antimicrobial Activity Assays. S. aureus NCTC832S and E. coli
TOP 10 cells (5 x 10° cellssmL™") in Mueller—Hinton broth (MHB)
media were exposed to each COM at the concentrations of 10, 100,
and 1000 pug/mL (24 h, 37 °C, with continuous agitation). COMs
were added to the media from a stock solution (50 mg/mL) in
DMSO to a final concentration in media of 2% (v/v) of DMSO. The
data on each COM antimicrobial effect integrate results obtained with
three biological replicates having a distinct bacteria inoculum (each
with three technical replicates), executed in nonconsecutive days.
Negative controls (without COMs) were done with the same number
of replicates. After 24 h, the antimicrobial effect was evaluated
through colony-forming units (CFU) and medium turbidity (OD at
600 nm). Blanks for the OD measurements were conducted for each
concentration/COM type (noninoculated).

Statistical Analyses. T-test paired analyses were performed using
the analysis toolpak on excel (p > 0.05). A low variance within each
source of cutin-rich materials (mg/g of each constituent monomer)
was estimated through Levene’s test: p-value = 0.9997, p-value =
0.9999 for material derived from POM'™ and POM™ ™, respectively.
Accordingly, the dissimilarity between the two materials per monomer
was analyzed using a one-way analysis of variance (ANOVA). The
contributions of each chemical class and of each monomer to the
overall difference between the materials were calculated using
Principal Components Analyses (PCA) in R studio v.4.1.0. The
statistical analyses were performed using the software XL-STAT
v.2014.5.03 (Addinsoft).

B RESULTS AND DISCUSSION

Tomato Pomace Chemical Variability: One or Many
Raw Materials? The development of new value chains using
residues from the agro-industry faces several technical
challenges that are intrinsically related to their chemical
complexity and heterogeneity. Geographically distant facilities
usually rely on plant cultivars produced locally, generating
residues with variable compositions: raw material and/or
process-specific. To understand how such variation may impact
the use of tomato pomace as a source material, the chemical
composition of pomaces from tomato processing industries
located in two different European countries was analyzed. Both
pomaces were cryogenically milled to aid solubilization in
DMSO-ds prior to NMR analysis. This strategy has been
successfully applied to solubilize cork suberin directly from
cork residues,” and to solubilize cutin from tomato peels.””**
The high-resolution '"H NMR spectra of either pomace depict
many overlapping signals (Figure S1), which are typically
found in cutin isolated from peels.”””® The assignment of the
NMR signals was attained through a combination of 2D
spectra ("H—'H COSY, '"H-"*C HSQC, and '"H-"*C HMBC;
Figures S2—S7), using as reference previous assignments in
oligomeric/polymeric structures of cutin,””****** suberin,”**
and lignin.*~*® The acquired HSQC spectra are shown in
Figure 1, detailing the aliphatic and CH/CH,-X aliphatics (A)
and glycerol CH-acyl (B) regions, highlighting cutin signature
signals (e.g., primary aliphatic esters, PAE). In the aliphatic
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region of both pomace spectra, methyl groups (CH;) are
present. The allylic groups (HC=CH—CH,) are assigned to
8c/8y: 26.55/2.00 and 26.11/2.01; POM™ and POM™T,
respectively; characteristic of unsaturated fatty acids (UFA).
Further signals related to UFA (H,C=CH=CH,) are
detected at Oc/0y 25.16/2.72 and O-/6y 24.74/2.73 in
POM"™ and POM™, respectively. Tomato seeds contain
significant amounts of UFA (e.t_fg., octadeca-9,12-dienoic acid
and octadec-9-enoic acid),"*”*” which may have contributed
to the detected UFA signals in either pomace. Detailing key
polymeric features, both spectra have a methylene group linked
to the carbonyl of the ester bond (CH,0(C=0)—-CH,—),
named a(C=0) esters (5c/5y: 33.36/2.27 and 32.99/2.27;
POM'"™ and POM™™", respectively). Signals of a(C=0)
acids are also present (8c/8y: 33.57/2.17 and 33.27/2.19,
POM'™ and POM™™", respectively). Finally, methylene
groups associated with free hydroxyls (CH,—CH—(OH)-)
are distinguishable at 5./8y 36.82/1.39.

The glycerol CH-acyl regions (Figure 1B) show the 1,2,3-
triacylglycerol (TAG) configuration, differentiating in the
POM"™ and POM™", respectively, the signals of H, (5c/
Sy 61.77/4.25; 61.28/4.25), Hy (8c/8y: 61.71/4.11; 61.29/
4.13), and H, (6o/8y: 68.72/5.18; 68.34/5.17). The TAG
signal accounts for the contribution of triglycerides, which are
abundant in the seed oil,*® despite that it may also derive from
solubilization of suberin extant in seed coating, of which
glycerol is a monomeric constituent.'*’ Ethyl-ester types are
present in either spectrum (8c/by: 65.67/4.03 and 65.40/4.05
in POM"™ and POM™™", respectively), similar to that
reported before in tomato-processed samples (e.g, juices,
purées, and pastes).””*"

Primary esters of the linear structures with a methylene
group linked to the oxygen atom of the ester bond (—CH,—
0—(C=0)),”**”** named PAE-q, are apparent (Jc/dy:
64.51/3.97 and 64.29/4.00, POM"™ and POM™ ™, respec-
tively). The presence of PAE-a and the abundance in aliphatic
constitute representative structures of cutin. In either pomace
spectrum, free midchain hydroxyl groups (CH,—CH-
(OH)—) are noted, comparable to that described before in
tomato cuticle and the resultant cutin.””> The NMR spectral
fingerprints of the two pomaces are qualitatively highly
comparable, both spectra being dominated by features
associated with cutin. The pomace comprises mostly peels
but also seeds and stems. Understanding in what manner the
minor pomace’s constituents influence the pomace chemical
fingerprint secures knowledge-based advances in the formula-
tion of cutin-derived products from underexploited tomato
pomaces.

Tomato Pomace Chemical Fingerprint: Contemplat-
ing the Minor Constituents. To better understand the
origin of the pomace chemical signature, the crude sample was
fractionated into peels, seeds, and stems, selecting the
POM"™ ™ as a model. The resulting '"H NMR spectra of the
cryogenic milled fractions are depicted in Figure 1 (see
detailed HSQC of the aromatic region for each fraction in
Figure S8). The spectral aliphatic regions show that seeds and
peels are more diverse in monomers containing methyl (CH;)
groups compared to stems. Stems are rich in acetyl groups
(—OCOCH,) that can be found in carbohydrates associated
with lignin.** All spectra contained allylic groups (HC=CH~—
CH,), but only those of peels and seeds contained signals
characteristic of octadeca-9,12-dienoic acid (H,C=CH=
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Figure 2. Compositional and spectral analysis of cutin-rich materials obtained from either pomace using an ionic liquid extractant. Quantitative
analysis of the monomeric hydrolysates in either material by GC—MS (right table insert). The identification yields represent the ratio between the
identified peak area and the total peak area in the chromatogram. Monomers having no statistical difference between the samples are marked with
an asterisk (one-way ANOVA, p > 0.05). HSQC spectral characterization of each cutin-rich material, derived from POM"™ (top panel) and
POM™™ (bottom panel), detailing the aliphatic (A) and glycerol CH-acyl (B) regions. Some assignments (unlabeled) are uncertain or
unidentified. Results are given as mg of compound per g of starting material.

CH,), which besides being a cutin monomer is highly
abundant in seeds.

The peels contained assignments related to PAE-f and SAE-
B (glycerol CH-acyl region). These signals together with the
chemical signature of the aliphatic region confirmed, as
expected, that peels are the source of cutin extant in the
pomace. Also, secondary free hydroxyl groups (—CH-
(OH)-) were assigned in peels found in tomato cutin.'®*
On the contrary, the TAG signal could be only assigned in
seeds, confirming that its detection in either pomace originates
from this fraction. The seeds display as well signals of methyl-
and ethyl-ester signals, CHj-ester and CH;—CH,-ester,
respectively. Both seeds and peels present signals assigned to
alkene groups (aromatic region), consistent with their
composition, having waxes and fatty acids that are rich in
these groups.”*”*!

Stem’s spectrum shows signals related to f-aryl ether units
(Ca/Ha; CS/Hp; Cy/Hy), B-p-xylopyranoside units (C;—Hs;
C,—H,), and methoxyls (—OCHS,) that are typical of the lignin
polymer.****** Signals related with f-p-xylopyranoside units
(C3—Hj;;2,3.-O-acetyl-p-p-xylopyranoside; 2-O-acetyl-f-p-xylo-
pyranoside), syringyl units (C,s—H,; S', syringyl), guaiacyl
units (C,—H,) and other glycoside linkages (xylan 2-O-Ac-f-
p-Xylp; xylan;(1 — 4)-f-p-Manp; 4-O-methyl-a-p-GlcUA)
could be assigned in the aromatic region. All assignments
have been associated before with lignin.‘%_36

The acquired data indicate that seeds and stems are adding
complexity to the pomace NMR spectra since those fractions
present higher contributions in the glycerol CH-Acyl and
aromatics regions. Peels otherwise are mainly composed of
aliphatic moieties (CH, and CH, groups), with alcohol, acids,
and ester bonds associated. Besides, only peels show the SAE-f
signal in the glycerol CH-acyl region (Figure 1B), a distinctive
feature of the chemical fingerprint of tomato peel.

Cutin Isolation from Pomaces: Cutin Structure Is
Highly Source-Specific. Cutin can be isolated from tomato

11419

cuticles using as extractant the ionic liquid cholinium
hexanoate.”” It allows a swift and uncomplicated recovery of
a cutin polymer with minor structural alterations. Inspired by
these results, cutin-rich materials were obtained from each
pomace using the same process.”” The HSQC spectra of the
isolated materials display apparently reduced heterogeneity
compared to the starting pomaces (Figures 2 and S9). The
presence of aliphatics (CH, and CHj;), @ and f(C=0) esters,
primary and secondary free hydroxyl groups (CH,CH,OH and
CH,—CH—(OH)), PAE, and SAE (both a- and f-config-
urations) in either spectrum matches the chemical fingerprint
observed herein in the peels’ spectrum (Figure 1, bottom
panel), and that reported before for cutin isolated from peels
using the same process.”””” The exception is the presence of
the TAG configuration in either cutin-rich material. This
observation suggests that suberin structures derived from seeds
were co-extracted with cutin because most seed triglycerides
are most likely washed out during cutin recovery. The
abundances of each hydrolyzable monomer in either ionic
liquid extracted material were quantified by GC—MS (table
insert in Figure 2). In general, both materials show the typical
composition of hydrolyzable monomers for tomato
cutin,”"**** with @-hydroxyalkanoic acids as the most
abundant class, in particular 10,16-dihydroxyhexadecanoic
acid. The diversity/abundance of the remaining hydrolyzable
monomers shows a specific signature dependent on the source
of the material, most of them (mg/g of material) contributing
to the materials’ clear statistical separation (PCA, Figure S9A).
This observation is consistent with previous data showing that
the monomeric composition of cutin from tomato peel is
greatly influenced by the cultivar, cultivation conditions, and
fruit ripening state, among other factors.””~* The more
relevant differences are the high abundance of naringenin in
the cutin from the POM"™ (p = 0.0065) and of nonanedioic
acid in the hydrolyzed cutin from the POM™ " (undetectable
in the counterparts, p < 0.0001). Finally, the amount of
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Figure 3. Screening of all COMs bactericidal activity against S. aureus (A, C) and E. coli (B, D). Bacterial growth evaluated through measurements
of media turbidity (ODgq, gray bars) and colony-forming units (CFU, dark bars), both presented as the % relative to the corresponding negative
control. The dashed line at 100% represents the control for both assays. The error bar represents the standard deviation between replicates. The
bactericidal activity of COM2F and COMA4? after total depolymerization (TD) against S. aureus (C) and E. coli (D) was analyzed as well. Significant
changes are marked (t-test, p < 0.05; *p < 0.0S; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 4. Spectral characterization of each COM (HSQC spectra, detailing the aliphatic (A) and glycerol CH-acyl (B) regions; top panel) and
quantification of primary and secondary aliphatic esters (and primary ester types) and the amount of free acids, OH aliphatics and OH aromatics as
well (estimated using *'P NMR) (bottom table). Some assignments (unlabeled) are uncertain or unidentified.

hydrolyzable carbohydrates (acidic hydrolysis, Table S1) in
either cutin-rich material is at the ppm level. This observation,
together with the monomeric fingerprint of either material
shows the superior capacity of the ionic liquid to extract from
the untreated pomace almost exclusively cutin, with a minor
contribution of suberin and other lipids from seeds. Based on
the data, it is hypothesized that the pattern of oligomers
obtained through mild hydrolyses of each cutin-rich material
may still retain source-specific features.

Cutin-Rich Materials from Pomaces: Breaking the
Cutin Wall to Release Antimicrobial Bricks. Monomeric
fatty acid constituents of cutin including hydroxy and
dicarboxylic derivatives, as well as its aromatic monomers,
can show bactericidal activity.** ™" Activity of fatty acids is
structure-dependent; medium-/long-chain fatty acids, espe-
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cially unsaturated ones, are active against Gram+ (usually not
against Gram— that are more susceptible to short-chain fatty
acids).**™* Their methyl ester derivatives show usually
decreased activity.** Dicarboxylic fatty acids show lower
bactericidal activity, possibly due to the presence of polar
groups at both ends of the fatty acid chain, regardless that
unsaturated C,5 and C,g dioic acids are reported to possess
great antimicrobial activity.”' In addition, suberin particles
consisting of esterified polymeric structures own bactericidal
properties.”” It can be hypothesized that bactericidal esterified
cutin structures can also be obtained from cutin-rich materials
extracted from tomato pomace. Mild hydrolysis of cutin can
release oligomers composed of >7 monomers.””*> As such,
either material was hydrolyzed herein by two different methods
to generate cutin oligomeric mixtures (COMs 1 and 2 from the
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Table 1. Quantitative Analysis of Hydrolyzable Monomers Comprising Each COM by GC—MS*

coMm1®
alka(e)noic acids 48.17 + 7.49
hexadecanoic acid 8.4 + 0.85
9,12-octadecadienoic acid 21.18 + 5.99
9-octadecenoic acid 12.8 + 1.02
octadecanoic acid 5.79 + 0.57
-hydroxyalkanoic acids 288.36 + 21.94
16-hydroxyhexadecanoic acid 10.6 + 1.13
10,16-dihydroxyhexadecanoic acid 263.24 + 20.64
9,10-epoxy-18-hydroxyoctadecanoic acid 14.52 + 1.35
a,w-alkanedioic acids 5.54 + 2.11
octanedioic acid n.d.
nonanedioic acid 1.06 + 0.04
hexadecanedioic acid 4.83 + 2.07
aromatics 1.65 + 0.5
4-hydroxybenzaldehyde 0.19 + 0.07
p-coumaric acid 1.03 + 0.13
naringenin 0.52 + 041
identification yield (%)—area 84.04 + 2.90
coms?
alka(e)noic acids 144.15 + 12.77
hexadecanoic acid 35.84 + 0.96
9,12-octadecadienoic acid 42.09 + 1.09
9-octadecenoic acid 49.33 + 13.22
octadecanoic acid 16.88 + 0.38
-hydroxyalkanoic acids 309.65 + 4.19
16-hydroxyhexadecanoic acid 21.82 + 048
10,16-dihydroxyhexadecanoic acid 265.2 + 4.39
9,10-epoxy-18-hydroxyoctadecanoic acid 22,63 £ 1.23
a,w-alkanedioic acids 16.11 + 1.2
octanedioic acid n.d.
nonanedioic acid 4.86 + 0.5
hexadecanedioic acid 11.26 + 0.72
aromatics 21 +1.93
4-hydroxybenzaldehyde 415 £ 0.14
p-coumaric acid 14.81 + 1.34
naringenin 6.12 + 0.54
identification yield (%)—area 72.57 + 6.72

com1® com2® com2®
26.1 + 3.31 339.63 + 40.61 203.23 + 11.79
6.94 + 0.81 5294 + 2.6 3773 + 1.8
6.89 + 1.37 170.7 + 39.13 86.01 + 4.96
54 + 0.7 84.87 + 7.7 53.09 + 3.6
6.86 + 0.84 3112 + 3.24 264 + 2.04
257.14 + 34.99 11021 + 15.63 182.86 + 10.33
532 + 0.6 14.35 + 0.56 18.16 + 1.39
234.11 + 32.61 82.03 + 14.78 156.75 + 7.66
17.7 + 2.49 13.83 + 048 23.86 + 0.52

18.35 + 4.48 827 + 431 51.85 + 1.97
1.58 + 0.36 n.d. n.d.

16.77 + 4.12 3.68 £ 0.13 39.49 + 0.9
nd. 6.98 + 0.61 12.36 + 1.33
2.86 + 1.04 5.33 + 0.46 13 + 0.59
0.23 + 0.06 nd. 3.77 £ 0.44
1.87 + 0.92 533 + 0.46 923 + 0.19
0.76 + 0.12 n.d. n.d.

80.98 + 4.53 87.16 + 9.33 67.90 + 222
CcoM3® com4® COM4®
10.29 + 3.08 330.82 + 43.12 70.04 + 3.51
3.47 + 0.64 145.17 + 21.54 20.5 + 2.47
2.52 + 0.24 33.72 + 3.31 15.33 + 0.8
2.67 £ 023 10622 + 13.75 24.15 + 1.74
2.92 + 0.49 45.7 + 5.17 12.07 + 0.6
552.52 + 61.77 187.18 + 22.6 136.08 + 19

325 + 0.34 16.94 + 1.1 nd.
51291 + 53.19 150.32 + 19.98 136.08 + 19

37.44 + 7.37 1991 + 1.71 nd.

153.6 + 44.21 27.81 + 5.41 219.38 + 28.92
8.36 + 3.1 nd. 22.73 + 2.85
14524 + 41.13 16.52 + 3.91 189.93 + 24.96
nd. 11.29 + 1.54 6.72 + 1.43
20.13 + 4.32 6.55 + 0.97 8.04 + 1.52
2.64 + 0.5 nd. 3.19 + 0.04
13.38 + 2.55 6.55 + 0.97 645 + 0.53

412 + 1.51 nd. nd.
8391 + 1.22 71.98 + 0.81 46.85 + 5.27

“Results are given as mg of compound per g of starting material. The identification yields are indicated below and represent the ratio between the
identified peak area and the total peak area in the chromatogram. Monomers that were not detected in a specific sample are labeled as n.d.

POM'™; 3 and 4 from the POM™), each subsequently split
into precipitated—COM"—and soluble—COM®—fractions
(see the Materials and Methods section).

To test the working hypothesis that within cutin-rich
materials are walled diverse bactericidal esterified structures
(apart from active monomers against Gram+ bacteria), the
COMSs’ capacity to impact bacterial viability was tested (10,
100, and 1000 pug:mL™"). Specifically, two model bacterial
strains were used: E. coli—a Gram— bacterium and S. aureus—
a Gram+ bacterium. Cellular viability was directly measured by
the numbers of colony-forming units compared to control
(without COMs), whereas the medium turbidity (ODy), also
relative to the control, taken together with the viability
measurements provides clues on bacterial integrity upon
exposure. Collectively, the results showed striking different
source- and concentration-dependent bactericidal effects
against the two bacteria (Figure 3). Some data points present
high variability between replicates, presumably due to the
COMSs’ heterogeneity.

COMs bactericidal activity against S. aureus increased
proportionally with concentration (regardless of the pomace
source), reducing bacterial growth by 84 and 97% at the
highest tested concentration (Figure 3A). Reduction of the
media turbidity, followed, in general, the same trend of cellular
viability, and hence suggesting that dead cells suffered lysis,
except for COM15, COM2®, and COM3’, where media
turbidity values were still high. The impact of COMs in the
media turbidity (e.g, due to spontaneous lipid-based vesicle
formation) was discounted.

Contrarily to that observed in S. aureus, COMs’ activity
against E. coli was source-dependent. In brief, none of the
COM s derived from the POM™~V (COM 3 and 4) were able
to impact E. coli growth at all tested concentrations. On the
contrary, the COMs derived from the POM'™ (COM 1 and
2) could reduce, to some extent, E. coli viability, except
COMI® (Figure 3B). However, their activity did not show a
linear dependence of the concentration, achieving, in general,
the highest viability reduction at the lowest concentration
(>45%). For the two COM2 samples, the media turbidity
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showed an opposing trend of viability reduction. This
observation suggests that they altered E. coli cellular
morphology, e.g., growth of an elongated phenotype. This
stress response phenomenon was observed for E. coli cells
exposed to suberin particles at sub-inhibitory concentrations,
and hence may deserve focused analysis in the future.”

Each COM was quantitatively analyzed by NMR, specifically
3P NMR was used to quantify the extant amounts of free acid
and hydroxyl groups,®® and "H NMR with an internal standard
was used to quantify the amounts of each ester type (Figures 4
and S11-S830). The HSQC spectra illustrate that all COMs
contain cutin oligomers linked through PAE and SAE esters.
Methyl esters are formed during the two hydrolyses due to the
use of methanol (more efficiently in the methanolysis, though),
and were visible in all spectra, except for COM1* and COM3S
(likely below the detection threshold) (Figure 4). The
presence of ethyl esters in all samples, except COM25, is an
artifact since ethanol was used in sample preparation. Finally,
propyl esters were detected only in the spectrum of COM2%
(absent in the GC—MS analysis, see below); its origin cannot
be explained by the used methods.

The presence of TAG in the spectra of either cutin-rich
material (Figure 4) highlights that some suberin was co-
extracted with cutin from the pomaces (Figure 2), despite that
contamination with seed triglycerides cannot be disregarded.
To verify if suberin contributes to the chemical diversity of the
COM:s, seeds and peels (from POM™) were processed with
the ionic liquid to recover polyester-rich materials. Those
materials were hydrolyzed (sodium hydroxide mediated
hydrolysis). The HSQC spectra of the ensuing oligomeric
mixtures (Figure S31) show some overlapping features (e.g.,
PAE; CH—(OH)—; —CH,—OH) but SAEs are only visible in
those derived from peels. This signal therefore constitutes the
most differentiating factor as it is specifically linked to peels,
and hence to cutin as well (Figure 1). Besides, the TAG signal,
specific of seeds, is absent (Figure 2). These results suggest
that all COMs’ oligomers obtained from the cutin-rich
materials derived mostly from cutin. The contribution of the
quantifiable NMR features to the dissimilarity of the different
COMs was statistically evaluated using Principal Components
Analysis (Figure S32). The results showed that their
dissimilarity is mostly associated with the abundance of SAE
and PAE and the amount of methyl esters as well, and hence
with separation of samples per hydrolysis type (PC1) and per
fraction, namely, soluble and precipitate (PC2).

COM?2" (active against either bacterium) was selected to
investigate if the presence of ethyl esters (an artifact
introduced by the reagent ethanol) influences activity. A new
sample—COM2"@—was prepared using dichloromethane
instead of ethanol, having similar chemical composition to
COM?2". The results show that the presence of ethyl esters did
not significantly affect bioactivity against either bacterium
(pairwise t-test p > 0.0S for all) (Figure S33).

The results show that bactericidal “cutin-bricks” can be
isolated from either source, effective and concentration-
dependent against S. aureus, but also active against E. coli
highly source-dependent and showing modest but promising
bacteria viability reductions. The data suggest that esterifica-
tion is essential for activity against the Gram— bacterium (e.g.,
COM?2P) but is not the only required feature as some COMs
containing esterified structures were inactive (e.g., COM3P).
Further chemical analyses are required to identify the key
players for the observed activity, hindered by the complexity of

the COMs, comprising not a single chemical entity but a
complex mixture.

Cutin Oligomeric Mixtures: Searching for Source-
Specific Features That May Increase Antimicrobial
Properties, A Needle in a Haystack. The diversity/
abundance of free monomers extant in either COM can
impact the bactericidal effect of the mixtures."**~>” All COMs
were observed to contain free monomers (GC—MS analyses,
Tables S2 and S3) comprising ca. 25—40% of the total COMs’
mass, except COMS3S of which free monomers were 58 wt %.
In all cases, alka(e)noic acids are consistently the more
abundant free monomers present in the COMs, except in
COM1° and COM3® where -hydroxyalkanoic acids are more
abundant instead. Total depolymerization of either COM
(through alkaline hydrolysis) was used to break down the
oligomers (i, to release their composing hydrolyzable
monomers, Table 1). This may lead to the loss of some free
monomers in the aqueous phase. Nonetheless, after the
breakdown of the extant oligomers, the mass of identified
monomers generally increased (Tables S2 and S3), consistent
with the NMR data that show the presence of PAE and SAE.
As a result of such inherent technical limitations, the precise
fingerprint of the extant oligomeric structures remains
unknown. Though the PCA analysis of the NMR data was
able to separate COMs per hydrolysis/fraction type (Figure
S31), their monomeric compositional fingerprints (attained
with the COM’s hydrolysates) did not show any obvious
pattern of association, except that replicates were clustered
together (Figure S33).

The maximum concentrations of each free monomer in the
COM were compared with the published minimal inhibitory
concentrations (MICs, mM) against S. aureus and E. coli
(Table $4).*7*%5¢ The data show that the free amounts of 9—
12-octadecadienoic acid (linoleic acid) in COM2" and
COM25; and of 9-octadecenoic acid (oleic acid) in COM4®
could explain the observed bioactivity against S. aureus. For the
remaining COMs, their concentrations, and of other known
bioactive monomers as well (e.g., p-coumaric acid, nonanedioic
acid), are all below the MICs reported in other studies,
irrespectively that synergies between different compounds
might influence the activity of the mixture. Accordingly, after
depolymerization, COM2” and COM4" (1000 ug-mL™")
showed a small yet statistically relevant increase (inferred by
the reduction of CFUs) of bactericidal potency against S.
aureus (Figure 3C). For both samples, the medium-turbidity
data suggest that breaking down the oligomeric structures
might have altered the bactericidal mode of action against S.
aureus. On the contrary, depolymerization of COM?2"
decreased greatly its efficacy against E. coli, whereas COM4”
remained inactive (Figure 3D).

Analysis of the ratio of each monomer amount before
depolymerization (i.e., free monomers present in the COM) to
its amount after depolymerization (i.e., all free monomers,
including those linked prior to depolymerization) (Figure S35)
was used to indicate candidate building blocks of oligomeric
structures. An additional feature that might influence activity is
the amount of PAE (ie., linear) and SAE (ie., branched)
(insert table in Figure 4). Importantly, different compounds
may contribute to the activity of different COMs. Taken as an
example of the bioactive oligomers against E. coli, both COM2"
and COM1® likely comprise key building block 10—16-
dihydroxydecanoic acid (ratio >10 and 1 < ratio < 3,
respectively). COM2" has 2-fold more SAE than PAE, whereas
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Figure S. Schematic for the production of bactericidal cutin oligomeric mixtures through mild hydrolyses of cutin-rich materials obtained directly

from crude tomato pomace using an ionic liquid extractant.

COMI1® has 4-fold more PAE than SAE. COM2® active
oligomers have nonanedioic acid as a candidate building block
(3.1 < ratio < 7) having similar amounts of both ester types.

To correlate the COM’s chemistry with the observed
activities against S. aureus is somehow nonsense as all samples
were active, showing a concentration-dependent effect. Be-
sides, COMs were active even after depolymerization,
suggesting a major role of free monomers for the observed
activity. One particularity of all COMs derived from the
POM"™™ is that they comprise oligomers likely containing
aromatic compounds, possibly with some ownership of activity
against S. aureus, more obvious for COM3. This observation
also questions if aromatics are covalently bound to cutin as
suggested before.”

Any pomace constitutes suitable sources for cutin-rich
material to be subsequently deconstructed to produce
bactericidal bricks against S. aureus. However, for the
production of mixtures active against E. coli, cutin-rich
materials having low levels of hydrolyzable dioic acids gave
the most promising results. Both mild depolymerization
methods have rendered active mixtures against both bacteria,
but the precipitated fractions contain lower amounts of free
monomers deserving focused analysis soon.

B CONCLUSIONS

The availability of fruit pomace generated as waste side-
streams by numerous and diverse agro-food industries raises
outstanding questions: What hidden values hold these complex
heterogeneous waste streams? Are there major compositional
traits that allow us to better discriminate processing routes that
align with circular bio-economy? This study starts answering
these questions, contributing to altering the status quo of
tomato pomace. It is readily available at tons’ levels, mostly
seasonally, having high heterogeneity due to major differences
both in the processing methods and the processed source, i.e.,
tomato fruit."> The first working hypothesis is obvious: all-
inclusive decoding of the pomace’s chemistry can distinguish
correlations between its major compositional traits with those
of the derived cutin-rich materials, and the afterward produced

cutin oligomeric mixtures—COMs. Spectroscopic analyses
show that tomato pomaces obtained at distinct industries
display qualitatively high spectral similarity, with many
signature signals associated with cutin—the major composing
polymer of the fruit’s cuticle—Dbut also other unrelated signals
(Figure 1, top). Deconvolution of the contribution of each
pomace constituent—peels, seeds, and stems—to the pomace
spectra, revealed that part of the chemical heterogeneity is due
to the presence of seeds and stems (Figure 1, bottom). The
latter adds to the pomace spectra, features which are usually
assigned to polysaccharides and lignin. The contribution of
seeds mostly expands the diversity of signals assigned to fatty
acids, including acylglycerol fatty acids. Peels and seeds have as
distinctive spectral features the presence of PAE in both and of
SAE exclusively in peels. The acquired NMR data redefined
the working hypothesis: the chemical specificities of each
pomace will be partially lost during the preparation of cutin-
rich materials. To obtain the materials, ionic liquid extraction
was applied; one-pot reaction recovers an insoluble cutin
continuum while washing out most of the noncutin materials.
The ionic liquid extractant had outstanding performance: >5$
wt % recovery yield (Table SS), retrieving a material displaying
all archetypal spectral features of cutin pure materials,
regardless of a minor contribution of constituents from seeds
(as denoted by the TAG signal, Figure 2). Each cutin-rich
material showed a unique fingerprint of hydrolyzable
monomers (Figure 2). A third hypothesis was elaborated:
mild depolymerization of cutin-rich materials having distinct
compositional fingerprints will release diverse oligomers/
monomers displaying broad bactericidal activity. The acquired
data show that either source material can be used to generate
COMs active against S. aureus (model Gram+ bacterium), all
of which showed a concentration-dependent effect (Figure
3A). However, not all mixtures were able to kill E. coli (model
Gram— bacterium) (Figure 3B); activity is correlated with the
presence of oligomers (containing both PAE and SAE)
possibly consisting of dioic acids (though not exclusively)
(Figure S35). It was the material having more hydrolysis-
resistant dioic acids (Figure 2) that rendered the mixtures
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more active against E. coli (Figure 3B). Importantly, for the
large majority of the COMs tested herein, the observed
activities against either model bacterium cannot be simply
explained by the presence of free bioactive monomers (Table
S4). Further studies are required to better correlate the
chemistry of a cutin-rich material with that of the produced
COMs, answering if optimal deconstruction of broad
bactericidal structures walled in cutin can be defined for all
cutin-rich pomace types.

Due to the high chemical complexity of the generated
COMs, the contribution of each chemical entity to the
observed activities remains obscure. However, it is clear that
tomato pomace can produce bactericidal mixtures, exploring
mild depolymerization of the derived cutin-rich materials.
Future optimization of the depolymerization methods will seek
to increase its greenness, e.g., using enzyme-mediated
catalyzes.”” Past studies showed that the ionic liquid extractant
can be recovered upon water removal and reused,® but recent
advances suggest that alternative methods can be applied
instead, such as membrane (micro)filtration.®"*> Finally, mass
balance analysis of the process demonstrates that mild
hydrolysis of the cutin-rich materials produced per hydrolytic
round yields of 57 and 7.3 wt % of COMs for alkaline
hydrolysis and methanolysis, respectively, whereas a new
hydrolytic round of the nonhydrolyzed leftovers yields 15 and
26 wt % of COMs (Table SS). This observation shows that
process optimization/intensification can further increase the
production yields, regardless that further development and
complementary techno-economic analyses are required.

In conclusion, this study constitutes proof of concept of a
tomato pomace processing strategy for the production of
bactericidal mixtures active against both Gram+ and Gram—
bacteria (Figure 5). The presence of certain structural and
compositional elements in the COMs is required for efficacy
against the latter, e.g., PAE/SAE. Either pomace rendered high
yields of a cutin-rich material through an uncomplicated ionic
liquid extraction. The details supporting the sustainability of
the proposed process are the absence of pretreatment of the
pomace (it can be simply air-dried) and the chosen ionic
liquid, which is biodegradable, biocompatible, and can be
recycled and reused. Using stringent safe and sustainable
design criteria, further optimization will be sought out seeking
to contribute to the circular economy through the creation of
new value chains for the tomato industry.
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