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Abstract

A. donax waste biomass has been valorized for the extractiarellulosic fractions
with different purification degrees, as well as epgus bioactive extracts, which were
then combined to develop superabsorbent bioacteregels. All the developed
aerogels presented excellent water and oil sorpmacities; however, the presence
of hemicelluloses vyielded more porous and hydraphderogels, capable of
absorbing more water. With regards to the aquentraas, the hot water treatment
(HW) of A. donax stems promoted the extraction of polysaccharided an
polyphenols, producing the extract (S-HW) with thighest antioxidant capacity.
This extract was then incorporated into the aesogebduced from the less purified
stem fractions (F2A and F3A), which were chosen tutheir good water sorption
capacity, higher antioxidant potential and lowesduction costs and environmental
impact. The hybrid aerogels showed a great potldantize used as bioactive pads for
food packaging. In particular, the F2A+S-HW aerogeluld be the most optimum
choice since it provides a complete release ofettteact in hydrophilic media, as
demonstrated bin-vitro release anfi-carotene bleaching inhibition studies, and it is
able to reduce the colour loss and lipid oxidationred meat upon refrigerated

storage to a greater extent.
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1. Introduction

In the context of the extremely demanding markethwi the food industry,
packaging plays a crucial role, not only protectthg product from the external
environment and maintaining food quality to extgrdducts' shelf life, but also
being able to provide added functionalities, sushtt®e incorporation of health-
beneficial compounds (e.g. antioxidants) which icaprove the nutritional value of
the packaged product. Accordingly, strategies basedhe controlled release of
bioactive compounds from the package towards thad fproduct, are being
extensively investigated. For instance, some ssudmave reported on the
incorporation of bioactive extracts into packagiihgs to preserve meat quality and
organoleptic properties (Barbosa-Pereira, Aurreteset Angulo, Paseiro-Losada, &
Cruz, 2014; Bolumar, Andersen, & Orlien, 2011; Camarés, Djenane, Beltran, &
Roncalés, 2011; Jofré, Aymerich, & Garriga, 200®rdnzo, Batlle, & Gdmez,
2014), demonstrating that the processes of lipidlaidon and colour loss upon
storage could be reduced through the antioxidamivigc of the incorporated
extracts.

In the particular case of meat packaging, absarptiads are commonly used as
moisture control elements, which absorb the extigagds released by meat upon
storage. These pads are typically made of a namgmvle/non-stick synthetic
polymer, such as polyethylene and a hydrophilic-wonen bottom layer filled with
active substances which prevent bacterial growtich sas citric acid and sodium

bicarbonate (McMillin, 2017). Given the severe eonimental issues associated to
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the production and use of synthetic plastics, airteends in the food packaging
sector are clearly moving towards the utilizatidmmore sustainable bio-based and
renewable materials, i.e. biopolymers. Polysacdeari and, in particular,
lignocellulosic materials, have already demonstidteir great potential to develop
high performance bio-based packaging structuresi{®&onzéalez, Lopez-Rubio, &
Martinez-Sanz, 2018; Martinez-Sanz, Erboz, Foni&s,Lépez-Rubio, 2018;
Rampazzo et al., 2017; Satyanarayana, Arizaga, &ybty, 2009). Lignocellulosic
materials can be extracted from multiple sourceshsas terrestrial and aquatic
plants, algae and agriculture and forestry-deriwadte by-products (Trache, Hussin,
Haafiz, & Thakur, 2017). However, the extractiomnfr waste or underutilized
resources that do not compete with the food chaiparticularly interesting and in
line with the principles of circular economy. Fosiance, lignocellulosic fractions
have been extracted from waste biomass derived thmraquatic planPosidonia
oceanica (Benito-Gonzélez et al.,, 2018) and the aquati@sixe specieg\rundo

donax (Martinez-Sanz et al., 2018).

In addition to other polysaccharides, cellulosicdenals have been used to produce
aerogel structures, which are extremely light, ljighorous materials, with low
density, large surface area and high water sorptapacity (Henschen, lllergard,
Larsson, Ek, & Wagberg, 2016; Lin et al., 2014; \Wa al., 2016). Due to their
large inner surface areas and high surface-to-veluwatios, these aerogels may be
suitable for the development of controlled relesysgg#ems. In fact, cellulose aerogels
from different vegetal and bacterial sources hdready demonstrated their potential

as templates for the incorporation and sustainkedse of drugs (Haimer et al., 2010;
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Valo et al., 2013), although their application lire food area has not been evaluated
yet. One of the issues associated to the producfiaellulose aerogels is that they
are typically obtained by means of a complex syithenethod involving multiple
steps: (i) dissolution of cellulose through theragion of its crystalline structure,
(i) gelation, (iii) cellulose regeneration, (ivdlgent exchange and (v) a final drying
step such as freeze-drying or supercritical dry(@&gvillon & Budtova, 2007;
Innerlohinger, Weber, & Kraft, 2006). Such processsents two main drawbacks:
the high production costs and the unsuitabilitytled produced aerogels for food-

grade applications due to the use of organic stdven

In this work, the possibility of producing cellub$ased aerogels using a simple
freeze-drying method from aqueous suspensions Widlasc fractions fromA.
donax waste biomass with different purification degrdes been explored. To
further valorize this waste biomass, aqueous etstracre produced by simple
heating and ultrasound protocols and their composdand antioxidant capacity was
evaluated. Finally, the most active extract waiporated into selected aerogels to
investigate the extract release and the antioxidapécity of the hybrid structures, as
well as to evaluate them as bioactive superabsbgzels to preserve the quality of

packaged red meat by reducing colour loss and tigidation processes.

2. Materialsand M ethods

2.1 Materials
Arundo donax (A. donax) was collected from a freshwater environment imd@uy

Valencia (Spain) in September 2017. The leaves weparated from the stems and



116 the material was washed vigorously with water, gebwith an electric blender and
117 stored at 4 °C until use.

118 Gallic acid (97.5-102.5%), hydrochloric acid (37%sulphuric acid %97.5%),
119 potassium sulphate, potassium persulphat®9%), potassium chloride (99%),
120 phosphate buffered saline tablets, ABES§%) and 6-hydroxy-2,5,7,8- tetramethyl
121 chroman-2-carboxylic acid (97%)3- carotene X97%), linoleic acid ¥99%),
122  Tweerf 40, 2-Thiobarbituric acid (98%), ethylenediamitetacetic acid disodium
123 salt dehydrate (98.5-101.5%), propyl gallate, webtained from Sigma-Aldrich
124  (Spain). Sodium chlorite 80% was obtained from Aopvoganics (Spain). The Folin-
125 Ciocalteau reagent, modified Lowry reagent and m®vserum albumin were
126 obtained from the “modified Lowry protein assay’ kitirchased from Thermo Fisher
127 scientific (Spain).

128

129 2.2 Preparation of holocellulosic fractions

130 A purification procedure previously reported (Maez-Sanz et al., 2018) for the
131 extraction of holocellulosic fractions frod. donax leaves and stems was applied,
132 generating six different fractions labelled as F2, F2A, F3A, F2L and F3L.

133 Briefly, the stem biomass was subjected to a Soxhéatment, followed by a de-
134 lignification step with NaClQ obtaining F2. After that, the hemicelluloses were
135 removed by means of alkali treatment with KOH, giey F3. The same process, but
136 omitting the initial Soxhlet treatment, was carriedt to produce the fractions
137 labelled as F2A and F3A (obtained from the stemmigiss) and F2L and F3L
138 (obtained from the leaf biomass). The obtainedtivas were stored in the fridge as

139 partially hydrated materials until use.
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2.3 Production of water-soluble extracts from Arundo donax

Water-soluble extracts were generated frAndonax leaves and stems, using two
different methods: (i) Hot water extraction (HW) dar{ii) ultrasound-assisted
extraction (US).

For the hot water extraction, 10 g of leaf or steiemass (dry weight basis) were
added to 200 mL of distilled water and mixed inenber until a paste was obtained.
The material was then heated up to 90 °C and Keptanstant temperature and
under stirring for 1 h. After that, the materialsa@entrifuged at 12500 rpm and 15°C
for 20 min. The supernatant was separated, platethiice bath and the required
volume of ethanol (75% with regards to the volurhagqueous supernatant v/v) was
slowly added. The material was kept stirring in ittee bath overnight and after that,
centrifuged again (12500 rpm, 15°C, 20 min). Thecimitate was collected, re-
suspended in distilled water and freeze-dried. ®b&ined powder extracts were
labelled as S-HW (stem biomass) and L-HW (leaf lzisg).

For the ultrasound-assisted extraction, 10 g of teastem biomass (dry weight
basis) were added to 200 mL of distilled water, edixn a blender and subjected to
an ultrasound treatment with a probe UP-400S (HexléGmbH, Germany) operating
at a maximum power of 400W and a constant frequen@#4 kHz for 30min. After
that, the material was centrifuged (12500 rpm, 1520 min) and processed
following the same procedure described for thevisater extraction. The obtained
powder extracts were labelled as S-US (stem bionaeskL-US (leaf biomass).

All the extracts were stored at 0% RH until furtbse.
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2.4 Preparation of aerogels

Pure cellulosic aerogels were prepared by addi@gS0g of the different fractions
(dry weight) to 15 mL of distilled water and dispeig them by ultra-turrax
homogenization until obtaining homogeneous suspessiThese were then poured
into Petri dishes (diameter of 6 cm), frozen at *80and subsequently, freeze-dried
using a Genesis 35-EL freeze-dryer (Virtis). Fa pinoduction of bioactive aerogels,
0.015 g of water-soluble extract (ca. 17 wt.-% webards to the total solids content)
were dispersed together with the correspondingoighiulosic fraction. In order to
assess the effect of the material porosity the dammeulations used to produce the
bioactive aerogels were utilized to generate fibgsa vacuum filtration method, as
previously described (Martinez-Sanz et al., 20I8g produced aerogels and films

were stored at 0% RH.

2.5 Density of aerogels

Aerogel densities were determined by measuringwtbght and volume of each
individual aerogel. The weight of each aerogel wasasured by an analytical
balance (Precisa Gravimetrics AG SERIES 320XB, ikoet, Switzerland) and the

dimensions were measured by a digital caliperraetlifferent positions.

2.6 Scanning electron microscopy (SEM)
Aerogel samples were coated with a gold-palladiuxture under vacuum and their
morphology was studied using a Hitachi microscopttachi S-4800) at an

accelerating voltage of 10kV and a working distaoic8-16 mm.
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2.7 Water vapour sorption

The water vapour sorption capacity of the aerogels evaluated by registering the
weight gain, using an analytical balance, when iptache samples in a cabinet
equilibrated at 25 °C and 100 % RH. Square samytbsa total surface area of 6.25
cn’ were cut from the aerogels and their initial weiglas registered. The assays

were carried out at least in triplicate.

2.8 Water and oil sorption and desor ption

Square specimens with a total surface area ofw@re cut, weighed and immersed
in sealed containers containing 15 mL of distiNeaker or soybean oil. The samples
were periodically taken out of the liquid and wegdhafter removing the liquid
excess. Measurements were taken until the sampes equilibrated and the total
weight gain was calculated. After equilibratione ttamples were removed from the
liquid, placed on top of absorbent paper and lefind) at ambient conditions. The
weight was registered periodically, until it wasstant. The water and oil retention
was calculated from the difference between the edter drying and the initial

weight of the samples, before soaking them initnéds.

2.9 Deter mination of extract composition

The total phenolic compounds in the water-solubleragets fromA. donax were
estimated by the Folin-Ciocalteau colorimetric gsg&ingleton, Orthofer, &
Lamuela-Raventés, 1999) and the results were esgaeas mg gallic acid (GA)/g
extract. The total protein content was measurddviahg the Lowry method (Lowry,

Rosebrough, Farr, & Randall, 1951) and the resu#se expressed as mg bovine
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serum albumin (BSA)/g extract. The total carbohtelintent was determined after
sulphuric acid hydrolysis, following the method cddésed in (Martinez-Abad,
Giummarella, Lawoko, & Vilaplana, 2018) A detailddscription of these protocols
can be found elsewhere (Martinez-Sanz et al., 204®)the determinations were

carried out in triplicate.

2.10 ABTS Assay

The radical cation scavenging activity of the diéfet lignocellulosic fractions and
the water-soluble extracts was determined accorthn(Re et al., 1999). Briefly,
0.192 g of ABTS were dissolved in 50 mL of PBS dt7.4 and mixed with 0.033
g of potassium persulfate overnight in the darlkitdd the ABTS" radical cation.
Prior to use in the assay, the ABT®as diluted with PBS for an initial absorbance
of ~0.700 + 0.02 (1:50 ratio) at 734 nm, at roonmperature. Free radical
scavenging activity was assessed by mixing 1.0 ihited] ABTS" with 10 pL of
aqueous suspensions of the samples (5 mg/mL) andtaoring the change in
absorbance at 0, 1, 5, 10 min and 24 h. A calimaturve was developed by using
6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxgaid (Trolox). The antioxidant
capacity of test extracts was expressed as mg X emjaivalents (TE)/g extract. All

determinations were carried in triplicate.

2.11 B-Carotene-linoleic acid assay
The antioxidant capacity of the extracts and theeggted aerogels was evaluated by
the B-carotene-linoleic acid assay, according to (Mart@ al., 2013), with minor

modifications. In brief, 2 mg di-carotene was dissolved in 10 mL of chloroform. 2

10
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mL of this solution were placed on a rotary evapmrand the chloroform was
evaporated. Then, 50 pL of linoleic acid and 400ohween 40 were added and
the content of the flask was mixed with stirringftek that, 100 mL of aerated
distilled water was transferred to the flask amatexd vigorously. 0.5 mL of ethanolic
solutions of the extracts (0.5- 5 mg/mL), BHT (@n§/mL), or 0.5 mL of ethanol as

a control were transferred to test tubes and them_5of the B-carotene emulsion
were added. For testing the bioactive aerogelsngsof sample was transferred to
the tubes and 5 mL of thg-carotene emulsion were added. The samples were
incubated in a water bath at 50 °C for 120 min. @bsorbance of each sample at
470 nm was measured every 15 minutes using a spactometer. The

determinations were carried out in duplicate.

2.12 In-vitro r elease assays

In-vitro release assays were carried out for the bioacieregels and films using
water and ethanol as the release media. 10 mgedflths and aerogels were soaked
in 2 mL of ethanol or water at room temperature appropriate time intervals, the
concentration of the extract in the release media estimated by measuring the
absorbance of the supernatant at a wavelengthloh@i7using a NanoDrop ND1000
spectrophotometer (Thermo Fisher Scientific, US/}jl equilibrium was reached.

A calibration curve was previously built by recorgithe whole spectra of the extract
diluted in water and ethanol at concentrations irapgrom 0.1 mg/mL to 0.5
mg/mL. The obtained data were used to determingdtad amount of the extract
released from the samples at each time point, gakito account that the maximum

concentration of extract, if 100% release occurredas 0.85 mg/mL

11
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(10 mg aerogel/film 17 mg extract
2mL H20/etOH 100 mg aerogel/film

). Three independent replicates of each sample

were analyzed.

2.13 Evaluation of the antioxidant effect of bioactive aerogelson red meat

Bioactive aerogels containing the S-HW extract (F2&5-HW and F3A + S-HW)
and the respective control samples (F2A and F3Aguasted as absorption pads for
the preservation of red meat. The aerogels wereeglaovering the bottom surface
of glass Petri dishes (diameter=6 cm) and portminsa. 12 g of minced beef meat
were placed on top of the aerogels. The samples then sealed with plastic wrap
film and stored in the fridge at 4 °C for 10 dag&ntrol samples were prepared by
using commercial meat pads and blank samples wegaped by adding the same

amount of meat to Petri dishes with no pads.

2.13.1 Determination of oxymyoglobin and metmyoglobin

The ability of the aerogels to prevent the colasslin the red meat after storage was
evaluated through the determination of the oxymgbigl and metmyoglobin content
proportions in the raw red meat and in the samattes refrigerated storage for 10
days by following the procedure described by Cagleal. (Carlez, Veciana-Nogues,
& Cheftel, 1995). Briefly, two grams of minced mestmples were homogenized
with 20 mL of 0.04 mol/L potassium phosphate buff@fd=6.8). The homogenized
samples were kept in an ice bath for 1 h and #fegtry they were centrifuged at 4200
rpm and 10 °C for 30 minutes. The supernatant was filtered using 0.45 um pore
size filters (Nylon, OlimPeak) and the volume oé fiiitrate was adjusted to 25 mL

with the same phosphate buffer. The absorbandeec$upernatant was measured at

12
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525, 545, 565 and 572 nm in a spectrophotometee Tancentrations of

oxymyoglobin and metmyoglobin were calculated usimgfollowing equations:

% Mb02 = (0.882 R, — 1.267 R, — 0.809 R; + 0.361) x 100 (1)

% MetMb = (—2.541 R1 + 0.777 R, + 0.800 R; + 1.098) x 100 2)

Where R1, R2, R3 are the absorbance ratio&Zav>° A®YAS® ASA5S
respectively.

All the determinations were done in triplicate.

2.13.2 M easurement of lipid oxidation

The degree of lipid oxidation in the red meat sasmfter 10 days of storage was
also measured by following the 2-thiobarbituric da¢irBA) distillation method
(Tang, Sheehan, Buckley, Morrissey, & Kerry, 2001p.0 g of meat were
homogenised with 30 mL of water. The sample wan thensferred to a distillation
flask with 65 mL of water and the pH was adjustedL5 with HCI 4N. Ethanolic
propyl gallate (10%, 1mL), 10% EDTA (disodium salt,mL), and a drop of
antifoaming agent were added. The flask was coedect a Soxhlet apparatus and
the mixture was boiled until 50 mL of distillate sveollected. In a screw capped test
tube, 5 mL of the distillate was reacted with 5 ofLTBA reagent (0.02 M TBA in
90% acetic acid) in a boiling water bath for 35 micontrol made up of 5 mL
distilled water and 5 mL of TBA reagent was alsddzbfor 35 min. The tubes were
cooled to room temperature and the absorbance wessured at 535 nm in a

spectrophotometer. The TBA reactive substances FBAwere calculated by

13
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multiplying the absorbance readings by a factor7d8 and expressed as mg
malondialdehyde (MDA)/Kg meat. The inhibition opilil oxidation was calculated

as follows:

(TBARSB1ank—TBARSDay 0)—(TBARSpaa—TBARSpay o)
(TBARSBiank—~TBARSDay 0)

Inhibition (%) =

x 100 3)

WhereTBARSpq,, o refers to the TBARS in the raw minced meat ahBARSp;qn i

and TBARSp,,; correspond to the TBARS in the meat samples dftedays of
refrigerated storage (blank sample and samplesthéltommercial or the cellulosic

aerogel pads, respectively). These determinatiane warried out in triplicate.

2.14 Statistics

All data have been represented as the averagendagthdeviation. Different letters
show significant differences both in tables angpbga(p<0.05). Analysis of variance
(ANOVA) followed by a Tukey-test were used when garing more than two data

sets.

3. Reaults

3. 1 Characterization of cellulosic aerogels

Aquatic biomass from the invasive spedfesionax was valorized for the extraction
of different holocellulosic fractions, as describada previous work (Martinez-Sanz
et al., 2018). These fractions were previously usegroduce films by a simple

vacuum filtration method and their properties weeen to be significantly different

14
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depending on the source (stems vs. leaves) andxtnaction protocol (Martinez-
Sanz et al., 2018). In this work, the extractedtfoms were dispersed in water and
subsequently freeze-dried to generate aerogeltstasc As shown in Figure 1A, the
obtained aerogels consisted of whitish sponge+tilagerials, with a soft consistency
but good mechanical integrity (see also Figure $he aerogels obtained from the
leaf fractions (F2L and F3L) were more heterogesdban the homologous aerogels
obtained from the stem fractions (F2A and F3A).plrticular, the F2L aerogel
presented a very soft consistency and poor intedtitwas also observed that the
more purified cellulose aerogels presented a wicidoration than the less purified
ones. Specifically, the presence of hemicelluloses lipids in the F2A and F2L

aerogels conferred them a brownish hue.

The morphology of the aerogels was characterizedSBM and representative
images are shown in Figure 1B. As observed, in igeéribe aerogels presented an
open porous network structure. It appears thatetla@sogels composed of fractions
where the hemicelluloses had been removed (i.e-88,and F3L) presented a more
compacted structure with less pores than their ogoals aerogels containing
hemicelluloses. Comparing the aerogels obtaineah firactions extracted with (F2
and F3) and without (F2A and F3A) the Soxhlet treatt, it seems that the presence
of lipidic impurities also promoted the formatiohstightly more porous structures.
Moreover, it should be noted that the aerogelsinbtafrom leaf biomass fractions
(F2L and F3L) presented a more heterogeneous steycespecially F2L, where
large fibrillar aggregates were also detected. €hars be attributed to the presence of

higher amounts of impurities such as minerals aratems in the leaf biomass

15



355 (Martinez-Sanz et al., 2018), suggesting that gtantions are more suitable for the
356 production of aerogels. Thus, it seems that a higbgree of cellulose purity led to
357 the formation of more homogenous and continuousttres, while the presence of
358 other components resulted in the formation of npmeus structures.

359

360

361 Figure 1. (A) Visual appearance and (B) SEM micrographshef surface from the
362 A. donax cellulosic aerogels.

363

364 The density of the aerogels was estimated andethédts are summarized in Table 1.
365 Although the differences were not statisticallysiigant, the more purified cellulose
366 aerogels seemed to present greater density vahass the aerogels containing

367 hemicelluloses, supporting the porosity differenodserved by SEM. The F2L

16
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aerogel presented an anomalously high density,hwmay be the result of its more
heterogeneous structure. On the other hand, the &@Mgel was the most
lightweight material, corresponding with its mongea porous structure (cf. Figure
1A). The densities of most aerogels were signitigalower than those previously
reported for aerogels prepared by solvent exchangesupercritical COdrying of
cellulose solutions in NMMO (ca. 50 mg/&m(Innerlohinger et al., 2006) and
cellulose nanowhiskers aqueous suspensions (78mMg(tieath & Thielemans,
2010), having the same cellulose concentration us#us work (i.e. 0.5 wt.-%) and
similar to aerogels produced by supercritical ,GBying of regenerated tunicate
cellulose (10 mg/ci) (Cai, Kimura, Wada, Kuga, & Zhang, 2008). In gast,
lower density values (down to 6-8 mgRmhave been reported for optimized
aerogels produced by means of freeze-drying of @egisuspensions of rice straw
cellulose nanofibrils produced by coupled TEMPOsdation and mechanical

blending (Jiang & Hsieh, 2014a, 2014b).

Table 1. Density and water vapour sorption of the celllda@®rogels.

Density Water vapour sorption
(mg/cnt) (9/g aerogel)
F2 | 12.84 +0.00% 0.91 +0.03
F3 | 13.77 + 0.005% 0.39 +0.04
F2A | 10.21 +0.0010 0.83 +0.03
F3A | 14.39 + 0.000% 0.41 +0.02
F2L | 25.55 + 0.0057 1.09 + 0.01
F3L | 12.55 + 0.000% 0.52 +0.05

Values with different letters are significantlyfeifent (p<0.05).
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The highly porous structure of cellulose aerogdfers a great advantage for the
development of superabsorbent materials and/origeatfor the selective release of
bioactive components in different media. The dédferes in composition and
structure of the developed aerogels are expectedaffézt their behaviour when
exposed to different media, which will ultimatelgtdrmine their suitability to be
used as template for the sorption and/or releaskiazctive extracts. The water
vapour sorption capacity of the aerogels was etadlugravimetrically by exposing
the samples to 100% RH conditions and the resuitsammarized in Table 1. As
observed, the presence of hemicelluloses in thegats clearly had a significant
impact, leading to increased water sorption capagcihis might be attributed to (i)
the more hydrophilic character of hemicellulosesyed by the greater amount of
free hydroxyl groups in their structure and to th@norphous structure, as opposed
to cellulose, which presents a more crystallinacttre, with greater degree of self-
association (Benito-Gonzalez et al., 2018) andtlg) more porous aerogel structure
induced by the presence of hemicelluloses. The smemel has been previously
reported for films produced from the cellulosicctians extracted fromf\. donax,
although the absolute water uptake values obtdoethe films (0.06-0.1 g/g film
for the films containing hemicelluloses and 0.0@0.g/g film for the purified
cellulose films) (Martinez-Sanz et al., 2018) waignificantly lower than those
estimated for the aerogels, hence evidencing tbatgmpact of the porosity on the
sorption capacity. It is also worth noting that theesence of minor amounts of
lipidic impurities in the aerogels obtained fromadtions without the Soxhlet

treatment did not have an impact on the water viaporption.
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Further to the behaviour of the aerogels when esgbds high relative humidity,

which could take place, for instance, upon storafefoodstuffs at ambient

conditions, their capacity to absorb and retainrbgtilic and hydrophobic media
was also evaluated through immersion in water anybean oil and subsequent
drying at ambient conditions. All the aerogels walde to maintain their integrity,

even after soaking them for 24h in both media. EgWB2 shows the

sorption/desorption kinetics and Figure 2 displ#ys sorption equilibrium values

(after immersion in the liquid media and after sdugent drying). As observed, both
water and oil were quickly absorbed into the aeygeaching equilibrium values
approximately after 24h. When drying the sampleanalbient conditions, water was
quickly released from the aerogels, producing epsteeight decrease within the first
30 min and reaching the equilibrium after ca. ticontrast, the drying process took
place more slowly in the case of oil, which wasentpd due to its higher viscosity
(ca. 0.041 Pa-s at 20°C (Diamante & Lan, 2014)ugets001 Pa-s for water) and
evaporation temperature. A sharper weight loss roeduduring the first 3 h,

reaching the equilibrium after ca. 7-8 h. A sigrafit amount of both water and oil
was released from the aerogels upon drying and, tthe retention values were
much lower than the sorption capacities, indicatimat a significant amount of the
absorbed liquids was not strongly interacting whle aerogel matrix materials. It
should be noted that the lowest water and oil smmptapacity values corresponded

to the F2L aerogel, which can be related to itefogfeneous structure.

For the water sorption/desorption process, the gatsocontaining hemicelluloses

showed a faster sorption/desorption kinetics their tmore purified counterparts,
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which can be attributed to their more porous stmgct Furthermore, the water
sorption equilibrium values were greater for thenleellulose-containing aerogels.
This can be ascribed to the greater compatibilify tkke more hydrophilic
hemicelluloses with water, as compared with thdulmde hydrogels, where less
amount of free hydroxyl groups may be availablehensurface of the pore walls due
to strong self-association. In fact, Chen et aD1(® reported that aerogels with
higher cellulose contents lead to the formation stonger hydrogen bonding
networks, resulting in a decreased water uptakshdiuld also be noted that the
aerogels obtained from fractions without the Soixhteeatment, containing
hydrophobic lipidic impurities, showed lower watard oil sorption capacities than
their purified counterparts. These results suggdsit although the water
sorption/desorption process was mostly a physit@npmenon, the affinity and
interactions established between the componeriteiaerogels and the water played
also an important role. This can be explained by éistence of two different
adsorbed water domains, as previously reportedilica aerogels: (i) one fraction of
bound water interacting with the aerogel compon#mtsugh hydrogen bonding and
(i) one fraction of bulk water which is physicaldsorbed within the aerogel pores

(Da Silva, Donoso, & Aegerter, 1992).

In the case of the soybean oil, the opposite tnead observed for the sorption
process, i.e. the more purified cellulose-basedgeds presented faster kinetics and
reached greater oil sorption equilibrium values.phrticular, the purest cellulose
aerogel, i.e. F3, presented the greatest oil sormapacity. This seems to confirm

the more hydrophobic behaviour of the cellulosesdaserogels due to the strong
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458 cellulose self-association, facilitating the oifton process. However, although the
459 more purified aerogels seemed to show a fastetesibrption process, no significant
460 differences were encountered between the oil retertalues for all the samples.
461 The soybean oil retention values were greater tiase for water for all the
462 samples, which is explained by the stronger eftéatapillary forces in the case of
463 the more viscous oil, a fraction of which remairathered to the pore walls and
464 trapped within the macropores (Hu, Zhao, GogotsiQi&, 2014). The same effect
465 has been previously observed for oils with différeiscosities (Feng, Nguyen, Fan,
466 & Duong, 2015; Nguyen, et al., 2013).

467

468 The values previously reported in the literature fbe sorption of liquids of
469 cellulose-based aerogels evidence the excellemicigpof theA. donax aerogels to
470 absorb liquid media, without the need of any phglsar chemical modification. A
471 lower water sorption capacity of 19.8 g water/goget has been previously reported
472 for aerogels from native recycled cellulose (Nguwnal., 2014). Only modified
473 cellulose aerogels have been shown to presentegre@ater sorption capacities. For
474  instance, water sorption values of 104-210 g waitaerogel have been reported for
475 aerogels from TEMPO-oxidated and defibrillated weke nanofibers (Jiang &
476 Hsieh, 2014a, 2014b). It should be noted that tlaesegels possessed a less dense
477 structure than the ones developed in this work ficomg the relevance of the
478 porosity for the liquid sorption capacity of the@gels. Salam et al. (2011) obtained
479 hemicellulose aerogels incorporating carboxylicup® from a reaction with citric
480 acid followed by cross-linking with chitosan, inaseng the water sorption capacity

481 up to 100 g water/g sample. With regards to theaiption capacity, lower values of

21



482

483

484

485

486

487

488

489

490

491

492
493

18-20 g crude oil/g aerogel were reported for migihyethoxysilane-coated
cellulose aerogels (Nguyen et al., 2013) and alaimialue of 62.6 g motor oil/g
aerogel was obtained for cross-linked and hydrojeob 0.5 wt.-% cellulose
aerogels (measured at 25 °C) (Feng, et al., 2018).authors reported a maximum
sorption capacity of 95 g motor oil/g aerogel, whimould be achieved by lowering
the cellulose concentration down to 0.25 wt.-% pmatucing less dense and more
porous structures. Lower sorption capacities féiedént oils and organic solvents
have also been reported for nanocellulose aeraipemically modified to increase

their hydrophobicity (Mulyadi, Zhang, & Deng, 20I18hanthong et al., 2018).
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Figure 2. (A) Water and soybean oil sorption capacity anyl ater/oil retention
capacity of théA. donax cellulosic aerogels after drying at ambient candg. Solid
bars represent the water sorption/retention vaares patterned bars represent the
soybean oil sorption/retention values. Bars witffedent letters are significantly
different (p<0.05). * indicates significant differences<(p05) for the same sample

when soaked in water and oil.

The overall objective of this work was to generbieactive aerogel structures by
utilizing the waste biomass from donax. Since some of the components remaining
in the less purified extracts, such as polyphenaisteins and lipids may present
antioxidant properties, the different cellulosiadtions, prior to the preparation of
the aerogels, were characterized by means of th€SABssay. From the results

compiled in Table S1, it is clear that (i) the stdmactions presented higher
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508 antioxidant capacity than the leaf fractions amdtkie components remaining in the
509 less purified fractions conferred them greater cxidiant capacity. These results
510 show the potential of the less purified aerogelsbto used as bioactive food
511 packaging structures.

512

513 3.2 Production and characterization of water-soluble extracts from A. donax

514 Aquatic plants and algae are known to contain kieaccomponents such as
515 polyphenols and sulphated polysaccharides thatepesbioactive functionalities.
516 Thus, the biomass frorA. donax (stems and leaves) was also utilized to produce
517 water-soluble extracts and their composition andiogiant capacity were
518 evaluated. To generate the extracts, two diffepeatocols based on hot-water and
519 ultrasound treatments were explored. The compaosiaiothe four different extracts
520 was determined and the results are compiled in€T2bAs observed from this table,
521 while polysaccharides were the main component & skem extracts, similar
522 amounts of proteins and polysaccharides were agtestthe leaf extracts. It should
523 be noted that, in general, the hot water treatnmoinoted the extraction of
524 polysaccharides and polyphenols.

525

526 The antioxidant capacity the extracts was measbredising the ABTS and-
527 carotene bleaching assays. The first method isdbasehe scavenging capacity of
528 the tested extract against the ABTS radical, cdmgpiit into a colourless product.
529 On the other hand, the second protocol quantifiesability of the extract to prevent
530 thep-carotene degradation when subjected to high testyress. The results listed in

531 Table 2 evidence that the S-HW extract presentedhighest antioxidant capacity
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according to the ABTS assay, which can be relatedhe higher content of
polysaccharides and polyphenols in this extracttfiebest of our knowledge, no
previous data on the antioxidant capacity of aqgaéoulonax extracts are available.
In general, organic solvents are preferred to predulant extracts with antioxidant
capacity, since bioactive compounds such as norogilated flavonoids,
phospholipids, carotenoids and chlorophyll analggaee known to be more soluble
in these solvents. However, other bioactive comgdsursuch as sulphated
polysaccharides and glycosylated polyphenols ptesenore hydrophilic character.
In fact, lower antioxidant capacity values of c&. fmol TE/g extract have been
reported for the acetone extracts frémdonax leaves (Piluzza & Bullitta, 2011),
which can be directly related to their lower polgpbl content (ca. 21 mg GA/g
extract) (Piluzza & Bullitta, 2011). The aguedAisdonax extracts presented greater
phenolic contents than those previously reportethénliterature for the methanolic
extracts from a range of aquatic plants (1.6-21g5@#/g extract) (Dellai, Laajili,
Morvan, Robert, & Bouraoui, 2013; Kannan, Arumugaifhangaradjou, &
Anantharaman, 2013). Thus, the results seem td pairthatA. donax, in particular
the stem fraction, is rich in polysaccharides amdyghenols which confer the

agueous extracts a relatively high antioxidant capa

With regards to the capacity of the extracts toibiththe p-carotene bleaching,
Figure S2 shows the effect of the extracts whertedesat three different
concentrations, while the values compiled in Tableorrespond to the highest
concentration of 5 mg/mL. From Figure S3, incregsihe extract concentration

seemed to slightly improve the inhibition capacigthough the effect was not
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556 significant due to the large standard deviatiorugal It should be highlighted that
557 the extracts presented similar antioxidant acésitio that of a commercial synthetic
558 antioxidant such as BHT. No significant differeneesongst the extracts were found
559 at a concentration of 5 mg/mL, although the S-HWraet showed the highest
560 percentage of inhibition. To the best of our knalgle, the capacity of. donax
561 extracts to inhibit the3-carotene bleaching has not been reported in taeature,
562 although data for other plant extracts can be faarttie literature. For instance, the
563 aqueous extract fronTossa jute leaves has been reported to present ca. 70.8%
564 inhibition when tested at 0.5 mg/mL (Ben Yakoubakf 2018) and the ethanolic
565 extracts fronOsmundaria obtusiloba andPterocladiella capillacea have shown 90%
566 and 45% inhibition, respectively, when tested atoacentration of 1 mg/mL (De
567 Alencar et al.,, 2016). Thus, although no referemakies could be found in the
568 literature for a fair comparison, ttecarotene bleaching results, together with the
569 ABTS assay, seem to evidence the high antioxidapaaty of the aqueous donax
570 extracts.
571
572 Table2. Composition and antioxidant activity Af donax water-soluble extracts.
Polysaccharides Proteins Polyphenols TEAC B-Carotene
(mg/g sample) | (mg BSA/g extract) (mg GA/g sample)| (umol TE*/g sample bleaching
© inhibition (%)™
S-HW | 432.3+84.8 150.0+2.1 52.3+0.9 143.7 +17.2 93.3+0.7
L-HW | 170.1+51.2 143.7+0.7 43.7 + 3.4 86.+7.2 86.9+14.9
S-US 224.4+16.4 149.3+11.0 35.4+5.4 97.1+11.9 84.76 +12.32
L-US 117.1+28.8 148.5+8.8 35.2+1.0 79.6+5.3 60.80 + 16.05

573 Values with different letters are significantly feifent (p<0.05).

574

575

®) TEAC values were calculated after 10 minutes.
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3.3 Production of bioactive aerogels

Highly porous, superabsorbent aerogels and biaacéixtracts fromA. donax
biomass were generated by green processes. Subh#ggtieese two components
were combined to develop bioactive aerogels fodfpackaging applications. The
F2A and F3A aerogels were selected as the matficeseveral reasons: (i) these
fractions were produced by a more cost-effectivé greener process in which the
use of organic solvents was avoided, (ii) they stubwgreater inherent antioxidant
capacity and (iii) the produced aerogels showecklextt water and oil sorption
capacities (although lower than the more purifi@daRd F3 aerogels) and, thus, they
were good candidates for the incorporation andasgleof bioactive extracts. The S-
HW extract was selected due to its higher antioMideapacity and it was
incorporated into the F2A and F3A aerogels at aeotration of 17 wt.-%, which

was the maximum concentration allowing to preséneeintegrity of the aerogels.

In order to evaluate the release of the bioactixeaet from the F2A and F3A
aerogels when exposed to different liquid metiavitro release studies were carried
out in ethanol and water. Additionally, to assdss itnpact of the material porosity
in the release behaviour, F2A and F3A films, préegna much more compact
structure (Martinez-Sanz et al., 2018), were alepared by incorporating the same
amount of extract. The results from the releasdis$y shown in Figure 3, indicate
that, in general, the less purified F2A fractiompded greater extract release than
the F3A fraction, both in films and aerogels. Wheater was selected as the release

medium, a steeper release took place in the aeralgeing the first 25 minutes, but
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after that both aerogels and films showed a muolvesl release, reaching the
equilibrium after ca. 3-4 h (ca. 100% release fa E2A aerogel, 84% for the F3A
aerogel, 86% for the F2A film and 56% for the F3nj. The greater release values
in the aerogels may be directly linked to their pfaogy, i.e. their porous structure
facilitated the diffusion of water inwards and oatas the aerogel structure and as a
consequence, promoted the quick release of theopldic extract. In contrast, the
compact structure of the films hindered the acbdggi of water, releasing mostly
the extract present on the surface of the filmsnguthe beginning of the experiment.
Furthermore, stronger matrix-extract interactioesms to have been developed in the
case of the films, hence leading to lower amouhtsxtract released after reaching
the equilibrium. Moreover, in agreement with thetevaswelling experiments (cf.
Figures 2A and 2B), the F2A aerogel seemed to ptemwater diffusion to a greater
extent, thus increasing the amount of hydrophiltraet released to the liquid
medium. Bacterial cellulose aerogels loaded witasterbic acid and dexpanthenol,
prepared by antisolvent precipitation with supéical CO,, showed similar release
profiles, achieving 100% release of the bioactigéier ca. 2-3 h and the authors
claimed that the release process was purely daffudriven (Haimer et al., 2010).
On the other hand, Valo et al., 2013 observedttiatelease of a drug incorporated
into nanocellulose aerogels obtained from differmmirces was not only dependent
on the structure but was also strongly affectedheyinteractions between the drug
nanoparticles and the cellulose matrix, reachinglégium release values of ca. 40-
60% for those cellulose aerogels where strongeractions with the drug were

established.

28



624

625

626

627

628

629

630

631

632

633

634

635

The use of a less polar solvent such as ethanoteelddthe amount of released extract
in the case of the aerogels. Interestingly, in tege very similar or even lower
release values were obtained for the aerogel6@%.for the F3A aerogel and 77%
for the F2A aerogel) as compared with the films @226 for the F3A film and 99%
for the F2A film). This might be due to a reducetfusion of ethanol through the
aerogel pores due to the lower affinity of thisveolt with the cellulosic components.
These results seem to indicate that while the seleh the extract took place mostly
at the surface level in the case of the films, quii medium diffusion-induced
release mechanism took place in the case of tlegelst Thus, the aerogels offer a
clear advantage for their application as bioacfvad packaging structures, since
they are expected to release large amounts ofatxtraen placed in contact with

high moisture content foodstuffs.
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Figure 3. Release profiles of S-HW extract frod donax aerogels and films in

ethanol and water.

The high release of the bioactive S-HW extract wtinenaerogels were subjected to
high moisture conditions, together with the inhérantioxidant effect of the F2A
and F3A fractions, were expected to confer the idyderogels antioxidant capacity.
To confirm this and to compare the performance efogels and films, th@-
carotene bleaching assay was carried out by sodikimgnd aerogel samples in the
B-carotene emulsion. Since the cellulosic fractiovexe previously observed to
present antioxidant potential, the pure films aabgels with no added extract were
firstly tested. As observed in Table 3, the aermgrl particular the F2A aerogel,
were able to reduce the degradatiorfafarotene, while the films did not show a

significant effect. This confirms that (i) the F2Aaction presented greater
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651 antioxidant capacity due to the presence of im@griike phenolic compounds and
652 (i) the release of bioactive components into aggemedia is favoured in the porous
653 aerogels as compared to the compact-structureds.filfile B-carotene bleaching
654 inhibition of the hybrid aerogels and films, comiag the S-HW extract was then
655 evaluated and the difference between the obtainédbition values and those
656 corresponding to the pure aerogels and films whsileded to evaluate the effect of
657 the incorporated extract. On the other hand, théition of the pure extract at the
658 same concentration present in the films and aesdqgel 0.84 mg/mL) was estimated
659 as 58.8 + 0.9 %. The results, gathered in Tabkh8w that the hybrid F2A aerogel
660 provided the greatest inhibition capacity. Interegy, no significant differences
661 were found between the analogous aerogels and fivhen removing the
662 contribution from the matrices (see third columnTiable 2), suggesting that the
663 extract was released to the same extent in bo#stgpstructures when heating up to
664 50°C for 120 min. Furthermore, and in agreementh wite in-vitro release
665 experiments, the results indicate that strongeriraktract interactions must have
666 been established in the case of the F3A aeroge)/himiting the release. Overall, the
667 hybrid F2A aerogel presented the highest inhibifi@ncentage, thus being the most
668 promising material for the development of antioxiti®bod packaging structures.

669

670 Table 3. Antioxidant capacity oAA. donax aerogels and films, measured from fhe

671 carotene bleaching assay.

B-Carotene bleaching inhibition (%)

Pure Aerogel/Film| Aerogel/Film + S-HW  (Aerogel/FiltnS-HW) —
Aerogel/Film
Aerogel F2A 32.8+8.8 90.1+2.8 57.3+2.9
Aerogel F3A 19.3+0.7" 57.7 £ 0.08 38.4+0.%
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672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

696

Film F2A 56+3.2 58.9+ 4.4 53.3 + 4.4

Film F3A 57+1.5% 425+ 6.1 36.8+6.%1

Values with different letters are significantlyfeifent (p<0.05).

3.4 Evaluation of the antioxidant effect of bioactive aerogels on red meat

As a final proof of concept, the hybrid and thegpoellulosic aerogels were tested as
absorption pads to inhibit lipid oxidation and amdoss during storage of minced
red meat. Meat discoloration is attributed to thecpss of oxymyoglobin oxidation,
giving rise to the formation of metmyoglobin. Theoportion of these two
myoglobin forms was determined in the raw mincedinand in the samples after
storage for 10 days. The visual appearance of septative meat samples after
storage is shown in Figure 4A and the estimatedghopin contents are shown in
Figure 4B. It is observed that at day O (i.e. fresfat) the oxymyoglobin content was
higher than metmyoglobin, as expected. After steragcolour loss, indicated by the
lower oxymyoglobin content and the higher metmybgiacontent, took place in all
the samples. Interestingly, and as supported byr€i@A, the samples stored with
aerogel pads presented higher oxymyoglobin andrlometmyoglobin content than
the control sample prepared using commercial phiglighting the potential of
these materials to limit the oxidation processemgirise to meat discoloration upon
storage. In particular, the F2A+S-HW aerogel showrez strongest effect, which
may be attributed to the antioxidant capacity sfcdomponents (both the extract and
the F2A fraction). To the best of our knowledge pnevious works have reported on
the utilization of aerogel structures or celluldsesed materials as antioxidant food
packaging structures. As a reference, 60% of megiolin was detected in foal

meat after storage for 10 days in modified atmosphasing bioactive films
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containing oregano extract (Lorenzo et al.,, 20i4)ich is higher than the value
estimated for the meat stored in contact with tRAFS-HW aerogel (ca. 46%

metmyoglobin).
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Figure 4. (A) Visual appearance of the meat samples afteagéofor 10 days. (B)
Proportions of oxymyoglobin (%0OxyMb) and metmyogtol®oMetMb) in the raw
minced red meat (day 0) and in the meat after 8 déastorage. Bars with different

letters are significantly different §0.05).
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The ability of the developed aerogels to prevasitloxidation in red meat was also
evaluated by calculating the TBARS content in thes minced meat and in the
samples after storage and estimating the perceofdged oxidation inhibition with
regards to a blank sample (i.e. meat stored withaytpad). Although, as seen from
the results summarized in Table 4, due to the latgedard deviation values arising
from the large inherent variability of the meat gds, no significant differences
were found between samples, the meat stored iracowith the F2A+S-HW aerogel
showed the lowest TBARS content and the highegt bgidation inhibition. To the
best of our knowledge no previous works have regpbdn the potential of highly
porous cellulose-based aerogels as bioactive f@mkgging structures. The most
typical approach reported in the literature to préVipid oxidation in meat consists
on the utilization of natural extracts. For inst@nactive packaging films containing
2% of oregano essential oil or 1% of green teaaektwere utilized to store foal
steaks, although no significant effect in the TBABStent was detected after 10
days of storage (Lorenzo et al., 2014). In anotherk, meat steaks were packaged
in polystyrene trays and sprayed with oregano ektrBhe addition of 0.5% of
oregano extract showed a high inhibitory effect lgnd oxidation, reaching a
maximum value of 2 mg malonaldehyde/Kg meat afedays of storage (Camo et
al., 2011). These results, together with the resiutim the meat colour evaluation
and the antioxidant capacity of the aerogels, exadeghe antioxidant potential of the
F2A+S-HW aerogel, which could be used as bioagbiads in high moisture fresh

packaged foods such as red meat.
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Table 4. 2-thiobarbituric acid reactive substances (TBARSY astimated lipid

oxidation inhibition in the raw minced red meatydy and in the meat after 10 days

of storage.
TBARS Lipid
(mg malonaldehyde| oxidation
Kg meat) Inhibition (%)
Day 0 0.53+0.18
Control 6.37 +1.68 2.2
F2A 4.36 + 1.28" 35.9
F2A+S-HW 4.04 + 234 41.3
F3A 4.84 +0.8% 27.9
F3A+S-HW 457.+1.5H 32.3

Values with different letters are significantlyfeifent (p<0.05).

4. Conclusions

Highly porous bio-based bioactive aerogels havenweduced by valorizing the
lignocellulosic waste biomass froM. donax biomass. Cellulosic aerogels were
produced by a simple freeze-drying method from agsesuspensions of the
fractions extracted fromA. donax stems and leaves. All the developed aerogels
presented an excellent water and oil sorption dapacomparable to those
previously reported for chemically modified nandalelse aerogels. The presence of
hemicelluloses in the F2 and F2A aerogels confahieth a less dense, more porous
structure, as well as a more hydrophilic charagiesmoting water sorption through

diffusion and water-hemicelluloses interactions.

Additionally, aqueous extracts with high antioxitl@apacities were generated by
subjecting theA. donax biomass to simple heating and ultrasound methdts.

higher polysaccharide and polyphenol content in steans extract generated by
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heating (S-HW) conferred it the highest antioxidaajacity. This extract was
incorporated into the F2A and F3A aerogels, whigrenselected due to their good
water sorption capacity, their inherent antioxidgratential and their greater

suitability from an economical and environmentaispective.

The release of the extract from the hybrid aeroggisrds liquid media was mostly
a diffusion-driven process, which was strongly potea by the highly porous
structure of the aerogels. In particular, the mpoeous structure and the greater
water affinity of the F2A aerogel led to a completdease of the extract in water
after 2-4 h. This, together with the inherent axidant capacity of the F2A fraction,
resulted in a high inhibitory effect on th&carotene bleaching upon heating.
Furthermore, all the tested aerogels showed pramigsults to be used as bioactive
food packaging pads, as they were able to reduwecedlour loss and lipid oxidation
in red meat upon refrigerated storage, being theithyfF2A+ S-HW aerogel the most

active.
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Highlights

e Cellulosic fractions extracted from A. donax biomass produced superabsorbent aerogels.
e Fractions containing hemicelluloses produced more hydrophilic and porous aerogels.

e Extracts with the highest antioxidant capacity were obtained by a heating treatment.

e Selected aerogels provided a complete release of the extract in hydrophilic media.

¢ Hybrid aerogels reduced oxidation processes in red meat upon storage.



