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ABSTRACT

The work presented here uses apple pomace (ARhdastrial waste from apple juice and
cider production as a renewable raw material (RRbpbtain materials that can be utilized
as biocompatible scaffolds for osteoblasts and dtamytes, employed in tissue engineering,
valuable extracts that can be used as nutraceuitical pectin. All of these have much higher
value than the original raw material, pectin carpbeed up to 1 euro/g, chlorogenic acid is
ca. 120 euros/qg, caffeic acid 3-5 euros/g and espgdla scaffolds that are usually made by
synthetic methods using non-renewable raw matewndls high fabrication costs and sold at
prices higher than 100 euros/g, while the residisesl here have prices lower than 100 euros
per ton. Thus, there are clear environmental andnfiial incentives in transforming this

waste material into valuable substances and mkteria

As indicated in the Graphical Abstract, the proceddollowed consists in sequential
extractions of antioxidants, pectin and finally theeparation of a biocompatible material,
giving priority to the latter due to its importan@s a renewable scaffold for tissue
engineering. From a literature search, to datbpoagh separate ways of valorisation have
been applied to this kind of waste, the sequentidtivalorization adopted here, has not been
previously attempted. Furthermore, biocompatiblaffetds from AP have not been

described.



1. Introduction

The unsustainable use of raw materials and theaserin the generation of waste has
led to a shift from waste management for polluto@mtrol or prevention, to a more holistic
approach where these waste materials are now thofigis valuable resources for use as raw
materials essential as a prerequisite for a suilndevelopment. The importance of
restriction in the use of natural resources to iobta sustainable level is linked to the
corresponding reduction in Greenhouse gas emissidnsh cause a negative impact on
climate change. Agroindustrial wastes are importdrd global level, since they are directly
related to Greenhouse gas emissions derived frahuption, consumption and disposal and
can lead to associated depletion of natural ressurdue to an ever-increasing world

population (Papargyropoulou et al., 2014).

Concepts such as "circular economy” and “cradlertalle” aim to achieve a society
in which wastes from some industrial activities ¢enused as RRM for other materials and
commodities, raising both important economic andirenmental issues that can avoid the

use of non-renewable resources, within the bioegjiconcept (Mirabella, 2014).

Vegetable and fruit industries produce large amowihtwaste that affects landfills,
containing ca. 80% sugars and hemicellulose, 9%uloek and 5% lignin, being
biodegradable, they raise methane and leachatesganerally have high chemical and
biochemical oxygen demands that cause huge recovesis (Mirabella et al., 2014).
Countries with agricultural based economies, sushSpain, generate vast amounts of
agricultural wastes which, although of low toxigityan often represent an environmental
hazard. In our group, agricultural industrial wash@ave been valorised since 2007, working
in a sustainable manner towards a “zero waste” @ognin order to obtain materials and
substances, which given their origin may compath wonventional ones and consequently

decrease pollution and thus contribute to cleamedyction of materials and commodities.



For example, biodiesel production wastes have be@sformed into commodities, using as
catalysts materials from the same company’s resifiigtes et al., 2014), citrus wastes have
been catalytically transformed int@-cymene, pharmaceutical and fine chemical
intermediates, avoiding the need for petroleum vadities that are currently used at the
industrial scale on commercial catalysts (Martirehgo et al.,, 2008) and on Spanish clays
based catalysts (Martin-Luengo et al., 2010), poeduction wastes have been used in the
design of structured materials to decontaminateexits (Martin-Luengo et al., 2012), act as
support for catalysts (Martin-Luengo et al., 20&fyl enzymes (Martin-Luengo et al., 2013),
sunflower production residues have been transfonmedmultifunctional materials (Martin-
Luengo et al., 2011c) and catalysts for the sardasiny use (Yates et al., 2014) and beer
production wastes have been transformed into paddenaterials (Yates et al., 2008),
scaffolds for hard tissue engineering (Saez Rojoal.e 2014) and supports for controlled

desorption of bioactive substances (Martinez Sergdral., 2015).

The world production of apples was more than 7Qionilmetric tons in 2015, of
which the European Union contributed with more ti&90, while half a million tons of
which came from Spain. About 75% of apples candreverted to juice and the rest, known
as apple pomace (AP) that contains approximatelg@®®@ dried matter, is used mainly as
animal feed or for compost. Since AP is generatedast quantities and contains a large
fraction of water, it poses storage problems argliires immediate treatments to prevent
putrefaction. An alternative of great environmeritdkrest is its transformation into value

added commodities, thus reducing the volume of ev@sAPA, 2016).

In general, food waste has to be processed befaewhich adds high costs to R&D
and due to this it is necessary to obtain high de@due products in order to justify the
investment. It is essential for the evaluation loé fpotential for exploitation to take into

account the geographical location of producersrimediaries and purchasers. Symbiosis



should be considered of several stakeholders, tmree the economic potential of the
industries that transform and use wastes, takit@yancount the sustainability of the process
and avoiding the risk for example of extractionshwoxic chemicals, or energy expending
procedures. Biorefinery should be approached takitmyaccount a life cycle assessment and

giving most importance to consumers’ health (Ma&ziserrano et al., 2015).

Until now, AP has been converted separately intfulels, used as a substrate for
enzymatic processes, to attain chars, extractedrfooxidants, as a source of bioenergy (Thi
et al., 2016), or sorbents for effluent cleaningl§@y and Yargic, 2015), etc. Often the wastes
are employed for only one of these uses and thiesrest considered for further valorisation,
however, in the present multidisciplinary researé} is multi-valorised into valuable

extracts (antioxidants and nutraceutics), pectohinarganic materials.

Synthetic antioxidants, usually derived from nonawable fossil fuel sources, often
pose potential health risks leading to the devekquof regulations for their use. This has led
to a consequent increase in the use of naturabxadéints, as safer alternatives (Guerrero et
al., 2015). Pectin, a polysaccharide componenh@fcell wall and middle lamellae of plants,
has a wide range of uses within the food and nod-fondustries, due mainly to its
biocompatibility, health benefits and bioactivitigsdetuniji et al., 2017). Pectin has been used
for example as material for intelligent/controllddug delivery systems, scaffold for tissue
engineering or biomedical devices, on its own omiag part of composites (Bassas-Galia et

al., 2017).

Finally, the development of a biomaterial for hardl soft tissue engineering from the
waste material left after nutraceutical and peetitraction has been studied. The very high
price of commercial biomaterials (several hundregog/g) makes the search for new
sustainable and more economic sources of matdéoalsse as scaffolds an interesting field,

especially in relation to tissues such as osseows cartilage, that are important in the



treatment of age related diseases. The possibilighanging the process conditions towards
different substances and materials obtained inntiétivalorization of the AP, makes this

approach enormously versatile, towards possibletdations in the market for the various
components as this adds an economic incentivehfarcompanies to revaluate their waste
products, for example valorising sewage waste ¢bdnd materials (Valderrama et al., 2013),

or bark to biofoam and syngas (Gonzalez-Garci& €2@16).

Osteoporosis (OP) and osteoarthritis (OA) are dsedhat have greater effects as the
average age of the population increases. Articcdatilage may alter through inflammation,
trauma, or aging, leading to low proliferation dioadrocytes, poor self-healing capacity and
development of painful OA, which increases with ,a@féecting more than 10% of men and
18% of women older than 60 years. More than 50ianilpeople suffered from osteoporosis
in 2015, and by the next decade this number iscggddo rise to 60 million.

Tissue engineering is a promising approach astamative to autogenic or allogenic
surgical techniques for tissue repair, using biggatible and biodegradable porous materials
to guide the growth of new tissue. The scientifienenunity has been interested for many
years in different strategies to regenerate tisstighough surgical techniques and
transplantation of tissue has led to the formatérreplacement tissues, treatment of OA
(Resende et al., 2016) and OP remain challengidg-@mewable materials are being sought

(Saez Rojo et al., 2014).



2. Experimental section

The raw material used in this study was apple penfa®, kindly supplied by Custom
Drinks S.A.) a by-product of fruit juice and cidaanufacturing. The citric acid monohydrate
CsHsgO,.H,O used is permitted as a food additive No.E330 fidaterias Quimicas S.A
Company. Ethanol used was 95% ACS reagent, appglenpend citric acid were purchased

from Sigma Aldrich.

The procedure followed for AP valorisation consistghree main sequential stages.
In the first stage, the antioxidants and sugarmftbe AP “as received” were extracted in
deionized water at temperatures between 25 and@0is giving rise to a liquid containing.
the extracts and solids. The liquids were thendteander reflux conditions with 1 N citric
acid solution for different times from 30 min updeveral hours, stirring constantly at a ratio
solid/solute of 1/10. The final mixture was filtdrand the liquids and solids were stored at 4
°C. The liquids were then treated with two voluro€85% ethanol (v/v) at room temperature
for 10 min with constant stirring to precipitateetpectins, that were subsequently separated
by centrifugation (4 °C, 14000 rpm, 2 h), filteraad purified three times with 95% ethanol to
remove traces of monosaccharides and disacchaaiuttshen oven dried at 50 °C for 96

hours.

The AP and the solids left after citric acid treatth were analysed by
thermogravimetric and differential thermal analy@i§&-DTA) in a Stanton model STA 781
instrument, coupled to a mass analyser, usingraitoai of 50 cnmin™, 20-30 mg of solid,
at a heating rate of 5 °C minfrom room temperature to 900 °C. In this way, hydging
their thermal and weight loss behaviours and thermtebility of the materials, the best
procedure to achieve the complete decompositiontheir organic components was
determined as 500 °C. After calcination the resgltmaterials were stored in a desiccator

before characterization and use.



The conditions employed in the sequential valowsabf the AP were chosen to
achieve the maximum yields of biocompatible mategéaven its greater commercial value,
without forgetting the importance of the extractsl gectins, these being 25 °C for 72 h for
the extraction of antioxidants and 30 minutes fog teflux with citric acid. More severe
experimental conditions, although increasing thewams of antioxidants and pectins, were
detrimental to the manufacturing of biomaterialsl avould raised energy expenditure and
production costs. The extracted pectins were coegparth the commercial sample using

TG-DTA, XRD and FTIR analyses.

The compositions of the principal inorganic elemsenf the resulting liquids and
materials were determined in a semiquantitative WwayX-ray fluorescence total reflexion
(TXRF) in a TXRF S2 PicoFox instrument from Brukerd the quantitative determinations
were carried out by ICP in an ICP-OES Optima 3300 Perkin Elmer spectrometer, the
results are referred to the % by volume. Fouri@ngformed infrared spectroscopy (FTIR) of
inorganic materials and pectin were measured wBinuker iFS 66v / S spectrophotometer at

4000-250 crit, using KBr discs (1 mg in 0.1 g KBr).

Scanning electron microscopy coupled to micropranayses of the materials (SEM-

EDAX) were performed in a Hitachi model TM-1000.

X-ray diffraction (XRD) patterns of extracted pe&sti commercial pectin and of the
prepared inorganic materials were analysed in ay-@uoistal X-ray diffractometer

PANalytical X'Pert Pro, using Cukradiation § = 1.5406 A, 45 kV, 40 mA).

Quantification of the major polyphenols found irethquid extracts (epicatechin,
chlorogenic Procyanidin B2, Phloridzin) was carraad in a high resolution chromatography
mass spectrometer quadrupole time of flight equgr(ldPLC-ESI-QTOF). Quantification of

all compounds is referred to catechin (epicateumer), available as a standard.



The determination of sugars was undertaken by leomatography, following two
methods; Method 1: Mono and disaccharides Dosuesd for the quantification of sucrose,
glucose, fructose and xylose. Method 2: HamiltonXRGO0, used for quantifying arabitol,
sorbitol and arabinose. The presence of other oamgis was discarded by the absence of

any further peaks in the chromatograms.

Human chondrocyte (CHON-001, ATCC) and murine dssi-like (MC3T3-E1,
ATCC) cell lines were cultured on the biomaterisisSDMEM (Gibco) supplemented with
10% foetal bovine serum, 2 mM Glutamine, 1% nonassleamino acids and 1% penicillin-
streptomycin (basal medium). Cells were incubated humidified atmosphere at 37 °C and
at 5% CQ. The results are shown as histograms with errcs bastatistical average of four

experiments for each biomaterial and experimermadition (p < 0.05; n = 4).

To evaluate the cell proliferation rates, the numdieviable cells was determined
following incubation of the cells on the biomatésidor 7 and 14 days. For the viability
assays, cells were seeded on the biomaterialsdpiate24-well plates (10 000 cells per well;
four replicates for each condition). Fluorescenbbgis (Calcein and propidium iodide,
Invitrogen) were used to differentiate live and diealls. After 7 and 14 days, the cells were
stained with propidium iodide and calcein for 3thmAfter the incubation period, cells were
observed in the fluorescence microscope and imafjedifferent fields were obtained at
various magnifications. The percentage of livescal expressed taking as reference (100%)

the total number of seeded cells on each biométeria



3. Resultsand discussion

According to the group’s philosophy, the processedertaken in this work were
designed employing low temperatures and low toxigblvents to make this a green
inexpensive procedure for multi-valorisation, whishs not been reported previously. The
procedure followed consists in an extraction ofraguticals (antioxidants, carbohydrates,
and biocompatible cations, whose composition isushed in Table 1) that can be used as
food and drink additives, with the added bonus @h@ derived from a sustainable source,
being the amount of these ca. 2% of dry AP. Therdahation of carbohydrates in the
extracts by ion chromatography indicates mainly ghesence of fructose, that accounts for
80% of the total, 17% sorbitol, and in smaller ditees glucose, sucrose, xylose, arabitol and
arabinose, all of them substances of biologicaregt, for example is well known the effect
on caries of arabitol under controlled applicatidiouman et al., 2016) or on diabetes derived

diseases (Kador et al., 2016).

The composition of the extracts in polyphenolid@itants indicates the presence of
phloridzin, chlorogenic (5-caffeoylquinic acid) armbmer-caffeoylquinic acid (99 % of the
total) and about 1 % is a mixture of epicatequid eatechin. These antioxidants have proven
beneficial effects in reducing the risk of impottaage-related diseases, such as cancer,
cardiovascular dysfunctions, diabetes, etc., ofogtnmterest due to the increasing age of the
population in industrialised countries (Muifio et, &016). The use of this extrgmr se as
nutraceutical and cosmeceutical is being studied;omparison with commercial products

currently in use. The remaining solid is then subedito pectin production.

Under the conditions used, the extracted pecpresented approximately 10% of dry
AP. Pectin is a versatile material, since it isssdared as a safe additive of unlimited daily
consumption by the FDA (Mduller-Maatsch et al., 2DHhd has a myriad of valuable

pharmaceutical and biomedical applications, alan®mning part of composites (Munarin et



al., 2012). The observed XRD patterns of preparelc@mmercial pectin (Fig. 1) show their
amorphous nature and TG-DTA indicate endothermaperation of residual water up ¢a.
200 °C, and exotherms at 250, 320 and 480 °C, altleet decomposition of pectin chains.
(Dalpasquale et al., 2016). FTIR shows stretchir@@-H associated to surface OH groups at
3420-3450 cnt, C-H stretching of Chl groups at 2920-2940 ¢mat 1745-1750 crh the
bands of C=0 in esterified carboxyl COO-R appead at 1636-1611 crhthe bands of
symmetric stretching vibrations of the carboxylgre COOH. Asymmetric vibrations C-O-C
appear at 1442 and 1236 ¢rimdicating the abundance of methoxyl groups -O;@Hd the
intense peak at 1021-1040 ¢nindicate symmetric vibration of-80—C symmetric group

from galacturonic acid, confirming the high degoéesterification.

The material left after pectin production was tfanmsed by heating to 500 °C into a
material capable of acting as a scaffold for cedgh in hard and soft tissue engineering, due
to the nature of its main components (Table 2). ddleination temperature was chosen from
the TG-DTA of dried AP in air (Fig. 2), which indited that 500 °C was sufficient to

decompose the organic matter present in the waste.

In Table 2 it may be observed that in Material Aggared by heating the original AP
to 500 °C, 67% of the inorganic cations was potassil1% silicon, 9% phosphorous, 7%
calcium and 5% magnesium with other elements ptesdrace amounts (see supplementary
information). Whereas, Material B, produced aftiéric acid treatment to remove the pectin
followed by heat treatment at 500 °C, contained 3®8tassium, 35% phosphorous, and
approximately 12% each of calcium, magnesium afidosi From these data it can be
deduced that after treatment with citric acid thiepprtion of potassium in the final heat
treated material decreased, due to the higher dibjubf the potassium salts compared to

those of the other constituents (OMRI, 2015).



The materials are basic in nature due to their @mmipns, and their contents in
potassium, phosphorous, calcium and magnesiumateticdhat they could be used as health
supplements due to their interesting biological dwabur, i.e. potassium salts are used to
reduce pain of sensitive teeth (Ota and Yokoyarfa0pp calcium and phosphate to support
healthy bones (Chang et al., 2007) and magnesiuis Isave a wide range of beneficial

physiological properties (McLean, 1994).

Comparison of materials A and B by XRD (Fig. 2)icade the greater crystallinity of
Material A, and the main peaks in the XRD pattanticate the presence of,€0O; (20 =
31.6, 32 and 30°, JCPDS 71-1466), CaG@ = 29.4 and 36.1°, JCPDS 86-2339) and
MgCOs; (20 = 32.5 and 43.0°, JCPDS 008-0479) and it is nesibte to exclude the presence
of KsPQ, (20 = 29.5 and 24.5°). TG-DTA-MS analysis of materiAlsand B indicate total
losses ofca. 38 and 26% of which 30 and 20%, respectively, wkre to decomposition of
carbonates at temperatures higher tban250 °C, confirmed by the mass 44 (Qn
agreement with the higher basicity of Material Agdo its greater potassium content (Shan et
al., 2016). Furthermore, SEM-EDAX analyses corrab®rthese results, showing both the

higher crystallinity and potassium content in MetieA.

The cell proliferations viability were studied onakédrial B, since material A
disaggregated in the medium used for cell growttterAl4 days of incubation, the results
demonstrated the excellent biocompatibility of timiaterial for human chondrocytes growth
(Gross-Aviv and Vago, 2009) and mouse osteoblasiaity (Mohammad et al., 2016), as

expected due to its structure and content in bigadible cations (Ishikawa et al., 2015).

Chondrocyte and osteoblast cell proliferation rateshis material are shown in Fig. 3
and coloured fluorescence microscopy images atedad in the supplementary information.
Natural or synthetic carbonates, like the onesgmies the value added materials derived

from AP in this work, have been used for more tB@ryears, replacing synthetic materials as



scaffolds for osteoblasts and chondrocytes, fomgsa Biocoral®, a composite of coral and
calcite was used as a biomaterial for bovine @aglregeneration (Kreklau et al., 1999),
calcium carbonate has been used to improve thempaxhce of dental implants (Antonijevic
et al., 2015) and as a coating for titanium sudaoebone replacement (Cruz et al., 2016),
crystalline aragonite acted as biomatrix for chowgites growth with and without the
addition of growth factors (Talia and Vago, 2008hilst coral has been used as a biomaterial
for orthopaedic osseous implants due to its postuscture and mechanical properties (Yoo
et al.,, 2016). However, coral or natural synthetezbonates (aragonite, calcite) are not

renewable, unlike the materials prepared in trasaech.

The prices of these AP derived materials and sobstaare in the order:

AP polyphenols extract (Aliexpress, up to ca. 10fbe/Kg) < pectin (Sigma-Aldrich,
>100 euros/Kg) << Biomaterials for bone related liapgions (Azurebio, Medicalgroup,

Geistlich.co.uk, > 100 euros/g).

With this in mind, the processes were optimized diotain the highest amount of

biocompatible material.

Previous results of the research group indicat¢ mhaterials prepared from beer
production residues, containing mainly phosphoraas;ium, magnesium and silicon could
be employed as scaffolds for osteoblast growth {iMuuengo et al., 2011b). Only the
inorganic part of the residues was considered ah wWork, while in this study, also valuable
nutraceutical extracts and pectin were obtaineds timproving the previous process.
Furthermore, this research has demonstrated thiecappty of the materials derived from
residues of apple juice and cider manufacturingustainable scaffolds for chondrocytes or
osteoblast growth, for use mainly in bone, tootd aartilage replacement therapies, being

good candidates for development of hard and sstié engineering scaffolds.



4. Conclusions

AP has been multi-valorised in this research byusetial treatment into several
different value added substances and materialsh Witther improvement from both
economic and environmental standpoints comparedega@ommercially available ones, due

to their sustainable origin.

The primary extraction of antioxidants and carbahtes constitutes 2% of the dry
weight of AP and pectin extractedds. 10% of AP. Furthermore, it has been found that the
materials remaining after antioxidant and pectmaeal from AP, can still be designed with
adequate structure, texture and composition tadmompatible and be employed as scaffolds

for osteoblasts and chondrocytes for osseous atithga tissue replacement therapies.

Given the great number of possibilities for AP vedation, optimisation of the steps
carried out here as well as other routes are lstirdjed, i.e. biofuels preparation, chars useful
in adsorption for effluent decontamination, aftgtraction of nutraceuticals and pectin, with
the waste produced subsequently being employethéodevelopment of scaffolds for cell
growth, driving towards a “zero waste” philosophy.

Sustainable and cost effective industrial valorsatof AP into high value added
products has important economic and environmeriagfits and conversion paths are sought

to find the most suitable one.
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Table 1. Analysisof liquid 1 (extracted in 1% stage).

PO mg CH mg/I
Catechin/|
Phloridzin 4.02 Fructose | 55920
Chlorogenic Sor bitol 12006
(5-caffeoylquinic
acid) 2.98
isomer - Glucose 1730
caffeoylquinic
acid 2.65 Sucrose 673
Epicatequin 0.03 Xylose 130
Catechin 0.01 Arabitol 113

PB2 0.00 Arabinose 11




Table 2. Concentration of inorganic cations in thenaterials (calcined at 500 °C)
and liquid extracts prepared in this work.

Material | Material | Liql | Lig2 | Liq3"~
A’ B’
K 29.3 13.3 12.1 22.7 10.9
P 4.0 15.5 6.2 4.1 2.6
Ca 3.1 5.2 39 6.3 4.6
Mg 2.2 5.3 4.3 34 3.1
Si 5.0 5.0 43 3.2 34
* Wt.% ** mg/L




TG-DTA of commercial(a) and AP derived (b) pectins.
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XRD of thecommercial (thin line) and AP derived (thick line) pectins.
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FTIR spectrum of commercial (thin line) and AP derived (thick line) pectins
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Figurel.TG-DTA, XRD and FTIR characterization of commercial and AP
derived pectins



TG-DTA of AP dried (a), Material A (b) and Material B ()

(Thick line TG, thin lineDTA)

100 20
90
80 15
70
= 60 0w 9
< <
Z 50 g
e g
Z 40 5 E
30 £
20 0 E-‘.
10 &
0 T 5
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
a
100 8
6
920
o
- 4 g
g
= 80 )
S E
) 2 2
= £
2
I
70 b
0 g
&
60 -2
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) b
100 8
6
90
42
Q) g
£80 £
- £~
2 2 &
] (=]
= £
70 g
02
g
=
60 -2
0 100 200 300 400 500 600 700 800 900 1.000
Temperature (°C) c




X-ray diffraction patterns. Thick line Material A. Thin line Material B.
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Figure2. TG-DTA, XRD and SEM-EDAX characterization of AP and derived
materials A and B
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Figure 3. Céll viability. Percentage of living chondrocyte- and osteoblast-cells after
7 and 14 days growing on AP derived material (see coloured pictures of fluorescent
microscopy for live and dead cellsin Supplementary infor mation).



Highlights

Waste from apple juice production has been mubivséd towards value added
products: materials and chemicals.

The procedure to convert waste into value addedtanbes has been developed
maximizing conversions, while choosing low tempearas$, non-toxic solvents
and reactants to avoid as far as possible negativeonmental impact and
energy expenditure.

The materials and chemicals obtained are competiéimd environmentally
sound compared with commercial ones, due to thigmo

Further research is being carried out towards thdyztion of different amounts
of substances and materials in order to give widegsatility to improve the
possibilities of application of this multivalorizah approach in a changing
market.

This study is the first report of the high potehted apple waste derived
materials capable to act as scaffolds for cell g¢nowosteoblasts and
chondrocytes) and therefore to be used for hard saoftdtissue engineering
applications.



