
T
fi

F
C
F
a

b

c

d

e

a

A
R
R
1
A
A

K
O
C
P
W
C

1

p
e
N
d
e
A
D
h

e

(
c
(
(
l

h
0

Carbohydrate Polymers 157 (2017) 128–136

Contents lists available at ScienceDirect

Carbohydrate Polymers

journa l homepage: www.e lsev ier .com/ locate /carbpol

he polysaccharide and low molecular weight components of Opuntia
cus indica cladodes: Structure and skin repairing properties

laviana Di Lorenzo a, Alba Silipo a, Antonio Molinaro a, Michelangelo Parrilli b,
hiara Schiraldi c, Antonella D’Agostino c, Elisabetta Izzo c, Luisa Rizza d, Andrea Bonina d,
rancesco Bonina e, Rosa Lanzetta a,∗

Department of Chemical Sciences, University of Naples Federico II, Via Cintia 4, I-80126 Napoli, Italy
Department of Biology, University of Naples Federico II, Via Cintia 4, I-80126 Napoli, Italy
Department of Experimental Medicine, Second University of Naples, via de Crecchio 7, I-80138 Napoli, Italy
Bionap srl, R&D Contrada Fureria, ZIO 950125 Piano Tavola, Belapsso, Italy
Department of Drug Sciences, University of Catania, Catania, Italy

r t i c l e i n f o

rticle history:
eceived 27 July 2016
eceived in revised form
5 September 2016
ccepted 23 September 2016
vailable online 24 September 2016

a b s t r a c t

The Opuntia ficus-indica multiple properties are reflected in the increasing interest of chemists in the
identification of its natural components having pharmaceutical and/or cosmetical applications. Here
we report the structural elucidation of Opuntia ficus-indica mucilage that highlighted the presence of
components differing for their chemical nature and the molecular weight distribution. The high molecular
weight components were identified as a linear galactan polymer and a highly branched xyloarabinan. The
low molecular weight components were identified as lactic acid, D-mannitol, piscidic, eucomic and 2-

′

eywords:
puntia ficus-indica
ladodes mucilage
olysaccharide
ound-healing assay

icatrizing property

hydroxy-4-(4 -hydroxyphenyl)-butanoic acids. A wound healing assay was performed in order to test the
cicatrizing properties of the various components, highlighting the ability of these latter to fasten dermal
regeneration using a simplified in vitro cellular model based on a scratched keratinocytes monolayer. The
results showed that the whole Opuntia mucilage and the low molecular weight components are active in
the wound repair.

© 2016 Elsevier Ltd. All rights reserved.
. Introduction

In traditional medicine, herbs and plants containing mucilage,
olysaccharides and starch are widely employed in relieving skin
pithelium wound and mucosal irritation (Trombetta et al., 2006).
owadays, skin wound-healing and repairing effects have been
emonstrated for some of traditionally used herbs, such as Cal-
ndula officinalis (Parente et al., 2012), Malva silvestris (Pirbalouti,

zizi, Koohpayeh, & Hamedi, 2010), Typha latifolia (Gescher &
eters, 2011). The beneficial effects in promoting skin repair
ave been observed on various phases of wound-healing such

Abbreviations: OPF, Opuntia polysaccharide fraction; ORE, Opuntia Rough
xtract; OSMF, Opuntia small molecular weight fraction.
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as in bioadhesive ability, immunomodulation, cell–cell and cell-
matrix interactions and collagen synthesis (Gescher & Deters, 2011;
Parente et al., 2012; Pirbalouti et al., 2010).

The prickly pear cactus Opuntia ficus-indica (L.) is a tropi-
cal and subtropical plant able to grow in arid climates, such as
the Mediterranean and Central America regions. It has recently
received an ever increasing attention from researchers world-
wide for its multivalent pharmaceutical and cosmetical potential
(Kaur, Kaur, & Sharma, 2012; Rizza, Frasca, Nicholls, Puglia, &
Cardile, 2012; Trombetta et al., 2006). Cladodes are particularly rich
in carbohydrate-containing polymers, known as mucilage, made
up of several sugar residues such as arabinose, galactose, rham-
nose, xylose and galacturonic acid (Sepúlveda, Sáenz, Aliaga, &
Aceituno, 2007). It has been previously reported that polysaccha-
rides from Opuntia plants can be used as mucoprotective agents
due to their capability to form a molecular network and to retain
huge amount of water. Thus, they can act as a protective layer

on mucosal surfaces accelerating the re-epithelization of dermal
wound (Galati, Monforte, Tripodo, d’Aquino, & Mondello, 2001;
Galati, Pergolizzi, Miceli, Monforte, & Tripodo, 2002; Kaur et al.,
2012). In this context, Trombetta et al. (2006) demonstrated that
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F. Di Lorenzo et al. / Carbohyd

opical application of polysaccharides from Opuntia cladodes on
kin lesions in rats can accelerate the re-epithelization by affect-
ng cell-matrix interactions and by modulating laminin laying,
wing to their peculiar hygroscopic, rheological and viscoelastic
roperties. Moreover, polysaccharides isolated from Opuntia clado-
es have highlighted an interesting and remarkable bio-adhesive
ffect on mucosal surface in some in vitro cell models (Rizza et al.,
012). However, previous studies have been focused only on the
urified polysaccharide fraction from Opuntia cladodes thus no

nformation has been reported to date about the whole extract
nd other non-carbohydrate components. Thus, to the best of our
nowledge, very little is known about the structure-activity rela-
ionship between above described skin wound-healing effects and
he cladode mucilage molecular composition.

Here we report the complete structural characterization of
he polysaccharide and non-polysaccharide low molecular weight
omponents from Opuntia ficus-indica (L.) (referred to here on as
puntia) cladodes mucilage. The repairing activity of the isolated
omponents was also evaluated by an innovative cell model mim-
cking in vivo conditions.

. Materials and methods

.1. Samples preparation

Opuntia cladode extract was supplied by BIONAP srl (OPUN-
IA BIOCOMPLEX SH, Italy). Opuntia cladode juice was extracted
y a mechanically press system and lyophilized to obtain a pow-
er containing Opuntia mucilage (ORE). Thereafter, a weighted
mount of ORE was dissolved in water (0.5% w/w)  and purified
y ultrafiltration system, equipped with a semi-permeable PES
polyethersulfone) membrane (KMS HFKTM – 131, Koch, USA) with

 cut-off of 10 kDa. This process gave two fractions containing small
olecular components (OSMF) and high molecular weight polysac-

harides (OPF) respectively.

.2. Chemical analyses on the Opuntia polysaccharide fraction
OPF)

Determination of the sugar residues by gas-liquid chromatog-
aphy/mass spectrometry (GLC–MS) analysis was carried out as
reviously described (De Castro, Parrilli, Holst, & Molinaro, 2010;
eontein & Lönngren, 1978). Monosaccharides were detected
s acetylated O-methyl glycoside derivatives. After methanoly-
is (1.25 M HCl/MeOH, 85 ◦C, 24 h) and acetylation with acetic
nhydride in pyridine (85 ◦C, 30 min), the sample was  analyzed
y GLC–MS. The absolute configuration of sugar residues has
een established by GLC–MS analysis of the acetylated O-(+)-
-octyl glycosides derivatives and comparison with authentic
tandards. Linkage analysis was performed by methylation of the
omplete saccharide portion as described elsewhere (Ciucanu &
erek, 1984; De Castro et al., 2010); the sample was methy-

ated with iodomethane, hydrolyzed with trifluoroacetic acid (2 M,
00 ◦C, 2 h), carbonyl-reduced with sodium tetradeuteroborate
NaBD4), acetylated with acetic anhydride and pyridine, and ana-
yzed by GLC–MS. An aliquot of OPF was treated for 48 h with
-amylase from Aspergillus oryzae (Sigma-Aldrich A6211) and dia-

yzed exhaustively against distilled water. The digested product
as collected, lyophilized and underwent above mentioned chem-

cal analyses and further analyzed by NMR  spectroscopy. An aliquot

f the OPF was also treated with hydrofluoric acid (HF) (40%)
or 48 h at 4 ◦C and dialyzed. The product was then purified by
el-filtration chromatography and the fractions obtained were ana-
yzed by NMR  spectroscopy.
olymers 157 (2017) 128–136 129

2.3. Purification and separation of the Opuntia small molecules
fraction (OSMF)

20 mg  of the lyophilized OSMF were injected into a 1.5 × 120 cm
Bio-Gel P-2 Extra Fine packed column (the useful fractiona-
tion range for carbohydrate and small peptide separations is
100–1800 Da, according to Bio-Rad). Gel filtration chromatography
was run at room temperature with a flow rate of 8 cm/hr, using dis-
tilled and degassed water as eluent. The four fractions of 1.8 mL
were collected, lyophilized and analyzed by NMR  spectroscopy.
The column was  calibrated using Bio-Rad’s Gel  Filtration Standards
having known relative molecular weights ranging from 600 kDa to
1 kDa.

2.4. NMR spectroscopy analysis

1D and 2D 1H NMR  spectra were recorded in D2O at 300 K
at pD = 7 with a Bruker 600 DRX spectrometer equipped with
a cryo-probe. The spectra were calibrated with internal acetone
(ıH = 2.225 ppm; ıC = 31.45 ppm). Total correlation spectroscopy
(TOCSY) experiments were performed with spinlock times of
100 ms  by using data sets (t1 × t2) of 4096 × 256 points. Rotat-
ing frame Overhauser enhancement spectroscopy (ROESY) and
Nuclear Overhauser enhancement spectroscopy (NOESY) experi-
ments were performed by using data sets (t1 × t2) of 4096 × 256
points with mixing times between 100 and 400 ms,  acquiring 16
scans. Double-quantum-filtered phase sensitive correlation spec-
troscopy (DQF-COSY) experiments were executed by using data
sets of 4096 × 512 points. The data matrix in all the homonuclear
experiments was  zero-filled in both dimensions to give a matrix of
4 K × 2 K points and was  resolution-enhanced in both dimensions
by a cosine-bell function before Fourier transformation. Cou-
pling constants were determined by 2D phase-sensitive DQF-COSY
(Piantini, Sorensen, & Ernst, 1982; Rance et al., 1983), Het-
eronuclear single quantum coherence (HSQC) and heteronuclear
multiple bond correlation (HMBC) experiments were executed
in 1H-detection mode by single-quantum coherence with proton
decoupling in the 13C domain using data sets of 2048 × 256 points.
HSQC was carried out using sensitivity improvement and in the
phase-sensitive mode using Echo/Antiecho gradient selection, with
multiplicity editing during selection step (States, Haberkorn, &
Ruben, 1982). HMBC was optimized on long range coupling con-
stants, with low-pass J-filter to suppress one-bond correlations,
using gradient pulses for selection. HMBC was  optimized for a 6 Hz
coupling constant. The data matrix in all the heteronuclear experi-
ments was extended to 2048 × 1024 points by using forward linear
prediction extrapolation (Stern, Li, & Hoch, 2002).

2.5. Cell culture and samples preparations

A spontaneously transformed non-tumorigenic human ker-
atinocyte cell line (HaCat cells) was  used for in vitro scratch-wound-
healing assay as reported by D’Agostino et al. (2015).

The lyophilized samples highlighted a water content of about
18% w/w  for OPF and 17% w/w for both OSMF and ORE. The effect of
these samples on wound closure rate was evaluated, incubating the
scratched monolayer with OPF, ORE, OSMF at a final concentration
of 0.1% w/v  directly in the medium. Medium pH and osmolality
(7,2–7,4 and 300 mosm)  containing the diverse substances were
verified to ensure physiological conditions.

2.6. Hydrodynamical characterization of Opuntia samples
The chromatographic analyses of Opuntia samples were per-
formed using the SEC–TDA equipment by Viscotek (Lab Service
Analytica, Italy) as previously described (La Gatta, De Rosa,
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Fig. 1. 1H NMR  spectrum of digested product of OPF. Ano

arzaioli, Busico, & Schiraldi, 2010). Briefly, gel permeation chro-
atography (GPC) system was equipped with a triple detector

onsisting of an RI detector, a four-bridge viscosimeter (VIS), and
n LS detector. This latter consisted of a right-angle light scattering
RALS) detector and an innovative low-angle light scattering (LALS)
etector that performed measurements of the scattered light at 7◦

ith respect to the incident beam with an optimum signal/noise.
he OmniSEC software program was used for the acquisition and
nalysis of the Viscotek data. The Opuntia samples were analyzed
t concentrations ranging from 0.3 to 4 g/L to have a column load
or each analysis of approximately 0.2 dL and, at the same time,
o also have appreciable LALS and intrinsic viscosity signals when
nalyzing low-molecular weight fragments. The dn/dc used is 0.146

The data obtained from viscotek analyses were: the molecular
eight distribution (Mw), polydispersity (Mw/Mn), and intrinsic

iscosity (IV).

.7. In vitro scratch wound healing assay

Briefly, HaCat cells were grown until confluence in 12-multiwell
ulture plate, pre-coated with collagen and the monolayers were
cratched mechanically with a sterile pipette tip (Ø = 0.1 mm).  Uni-
ormly sized wounds were produced of approximately 0.5–0.9 mm
n width. Detached cells and debris were removed by PBS solution

ashing. The extracts (0.1% w/v) were added in DMEM 1% FBS solu-
ion. The experiment was performed in triplicate for each sample.
he type of in vitro assay assisted by a time-lapse video microscopy
tation (TLVM) is described in details elsewhere (Jain, Worthylake,

 Alahari, 2012).
The ‘wound closure’ phenomenon was monitored for 72–96 h

sing TLVM to observe on line the migration and eventually pro-
iferation of HaCat cells to repair the wound, with and without
he different treatments. The OKOLAB TLVM station allowed us to
bserve the reparation in different wells. In addition, quantitative
nalysis of wound healing was performed with OKO Vision soft-
are. The possibility to use 12-well plates into the stage incubator

llowed to analyze simultaneously the diverse samples in tripli-
ate respect to the control. For each well many view-fields were
ecorded overtime, thus an extensive and robust automatic analysis
ould be accomplished for 5–10 replicates of the specific condi-

ion analyzed. Taking into account that the height is fixed as it is
he coordinate y of the field of view, we calculated the displace-

ent of cellular front during the time using the simple equation:
(scratched area (�m2)/height(�m))/2].
 signals relative to each spin system (A-G) are indicated.

3. Results

3.1. Purification and compositional analyses of Opuntia
polysaccharide fraction (OPF)

Compositional and absolute configuration analyses (De
Castro et al., 2010; Leontein & Lönngren, 1978) were executed
on an aliquot of the lyophilized OPF and were carried out
by GLC–MS, indicating the presence of d-xylose, l-arabinose,
d-galactose and d-glucose. Methylation analysis revealed the
occurrence of terminal arabinofuranose, terminal xylopyranose,
5-substituted-arabinofuranose, 4-substituted-galactopyranose,
4-substituted-glucopyranose, 2,5-disubstituted-arabinofuranose,
3,5-disubstituted-arabinofuranose and 2,3,5-trisubstituted-
arabinofuranose (see also NMR  analysis below). The significant
amount of 4-substituted-glucopyranose suggested the presence
of a starch-like component, also evident from NMR  preliminary
analyses (Fig. S1), that was then removed by enzymatic treatment
with �-amylase followed by extensive dialysis (cut-off 3500 Da).
The starch-like constituent accounted for the 40% of the lyophilized
OPF sample. Monosaccharide and methylation analyses repeated
on digested OPF showed the absence of glucose, consistent with
the removal of the starch-like component, and confirmed the pres-
ence of arabinose and xylose as the predominant sugars of OPF.
Methylation data on the digested OPF product are summarized in
Table S1.

The post amylase OPF underwent NMR  experiments in order
to define the structure of the polysaccharide component obtained
from Opuntia cladodes.

3.2. NMR  spectroscopy analysis on OPF

The 1H NMR  spectrum of digested product of OPF, reported in
Fig. 1, showed the occurrence of a complex pattern of anomeric
signals, seven identified as the main spin systems (A–G, Fig. 1 and
Table 1). A combination of homo- and heteronuclear 2D NMR  exper-
iments were executed in order to assign all the spin systems and to
define the monosaccharide sequence. In details, anomeric configu-
ration of each monosaccharide was assigned on the basis of 3JH1,H2
coupling constants and intra-residual NOE contacts whereas the
relative configuration of each sugar unit was attributed based on
vicinal 3JH,H values. Starting from anomeric proton signals, TOCSY
and DQF-COSY spectra allowed the correct identification of all ring

protons in parallel with the assignment of each carbon atom from
analysis of the 1H,13C HSQC spectrum. Finally, both inter-residual
NOE correlations (inferred from NOESY and ROESY experiments)
and heteronuclear long-range correlations (detected in the 1H,13C
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Table  1
1H and 13C (italic) chemical shifts (ppm) of OPF after enzymatic treatment with �-amylase.

Unit 1 2 3 4 5 6

A 5.33 4.09 4.18 4.14 3.77/3.69
2,5-�-Araf 108.3 82.5 82.6 82.3 66.9
B  5.15 4.12 3.84 3.98 3.91
5-�-Araf  109.3 81.2 76.5 84.0 69.0
C  5.14 4.10 3.83 4.01 3.80
5-�-Araf  109.0 81.1 76.5 84.0 69.1
D  5.13 4.02 3.84 3.94 3.94
3,5-�-Araf 109.3 80.9 84.0 83.7 69.0
E  4.98 4.02 3.90 4.02 3.71/3.57
t-  �-Araf 107.3 82.1 76.7 84.0 63.2
F  4.53 3.57 3.66 4.06 3.61 3.70
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cated in Table S2 and Fig. 2) substituted at C-5 by a �-xylose residue
(H-1 at 4.33 ppm, Z in Table S2 and Fig. 2), as demonstrated by the
long-range correlation between H-1 of terminal xylose and C-5 of
reducing (Table S2 and Fig. 2) arabinose residue.

ppm
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MBC spectrum) were pivotal to determine the primary sequence
f monosaccharides in the OPF.

Interestingly, 2D NMR  analysis suggested the presence of
wo different polysaccharide species pertaining to a branched
rabinan-rich polysaccharide (as suggested by preliminary chemi-
al analyses) and to a linear �-linked homopolymer. This latter was
onstituted by spin system F (H-1 at 4.53 ppm), attributed to a �-
onfigured galactopyranose, as proven by its 1JC1,H1 and 3JH-1,H-2
alues (163 and 8.0 Hz, respectively) and by the occurrence of an

ntra-residual NOE connectivity between H-1 and H-3/H-5 signals
n the NOESY spectrum; finally, the observation of low 3JH-3,H-4 and
JH-4,H-5 values (∼3 Hz and 1 Hz respectively) was  consistent with
ts galacto-configured nature. The low-field shift of C-4 of residue

 highlighted a glycosylation site at this position. Thus, accord-
ng to methylation data (Table S1), it was possible to ascertain
he presence, as a component of the OPF, of an unbranched �-
1 → 4)-galactan polymer. As previously reported (Wefers, Tyl, &
unzel, 2014), galactans composed of a �-(1 → 4)-linked backbone
f galactopyranoses are frequently detected as main components
f dicotyledonous plants. On the contrary, the second OPF polysac-
haride constituent resulted in a complex and branched structure,
omposed of residues A–E,  variously substituted by residue G
Table 1 and Fig. 1). In details, residue G was present as pyranose
ing, according to either 13C chemical shift values and the pres-
nce of long-range correlations between C-1/H-1 and H-5/C-5 in
he 1H,13C HMBC spectrum.

Spin systems A (H-1 at 5.33 ppm), B (H-1 at 5.15 ppm), C
H-1 at 5.14 ppm), D (H-1 at 5.13 ppm) and E (H-1 at 4.98)
ere all �-arabinofuranosyl residues as proven by their 3JH-1,H-2

1.3–1.6 Hz) and 1JC-1,H-1 (∼170 Hz) values. They were present as
uranose rings, as confirmed by downfield-shifted ring carbon
ignals (76–84.0 ppm) and by the intra-residual 1–4 correlations
n the 1H,13C HMBC spectrum (Akiyama, Mori, & Kato, 1980).
he identification of 5-linked, 2,5-linked, 3,5-linked and terminal
-arabinofuranosyl residues (Table 1) was further confirmed by
omparison of carbon resonances with previously published data
elated to arabinofuranosides (Akiyama et al., 1980).

The 1H,13C HSQC spectrum (Fig. S2, Table 1) suggested the occur-
ence of an �-(1 → 5)-linked arabinofuranosyl chain as the main
epeating unit of the polysaccharide core.

Spin system G (H-1 at 4.35 ppm) was assigned to a terminal
-xylose residue (1JC1,H-1 ∼156 Hz), as shown by the large 3JH,H

ing coupling constants (∼9 Hz) and the H-5/C-5 diasterotopic
ethylene signals at ıH 3.87-3.22 and ıC 65.1 ppm. Moreover, the

ong-range correlation G1-G5 and the NOE contacts of H1 G with

5 G confirmed the xylopyranose nature of residue G.

The analysis of NOESY and 1H,13C HMBC spectra revealed the
bsence of correlations between the �-galactan polymer and the
rabinan-rich polysaccharide, thus suggesting the existence of both
 77.3 74.6 60.6
 3.52 3.87/3.22
 69.1 65.1

components as separated entities. Unfortunately, any attempt to
separate these two species failed.

The analysis of the NOESY spectrum revealed inter-residual
NOE contacts between H-1 of 2,5-Araf A and H-5 of 3,5-Araf D.
The former was, in turn, substituted at O-2 by terminal arabi-
nose E, whereas residue 3,5-Araf D was, in turn, substituted at
O-3 by residue C, thus further suggesting the presence of con-
tiguous branched arabinofuranose residues in the polysaccharide
core. Further on, the H-1 of 3,5-Araf residue D also showed an
NOE contact with H-5 of residue 5-Araf  B. This latter was  identi-
fied as composing the main (1 → 5)-linked arabinofuranose chain
(Cardoso, Silva, & Coimbra, 2002). Owing to the huge overlapping of
anomeric signals, relative intensities and, consequently, the lenght
of such (1 → 5)-linked arabinofuranose repeating unit were difficult
to exactly establish. Finally, the long-range correlation between H-
1 of �-Xylp G and C5 of 5-Araf  C at 69.1 ppm (Table 1) allowed to
locate the terminal xylose G at position 5 of arabinose residues C:
t-Xylp-(1 → 5)-Araf.

The linkage between t-Xyl and position 5 of arabinose residues
C was further confirmed by selective chemical degradation, in fact
a hydrofluoric acid (HF) treatment on an aliquot of the OPF com-
pletely depolymerized the acid labile arabinose glycosidic linkages.
The 1H and HMBC spectra of HF product are reported in Fig. 2,
clearly showing the occurrence of a disaccharide made up of a
reducing arabinose unit (both �- and �- anomers Y and X are indi-
Fig. 2. Zoom of the overlapped 1H, 13C HSQC (black) 1H, 13C HMBC (grey) spec-
tra  of the HF hydrolysis product. The one-bond heteronuclear correlations and the
long-range correlation between xylose (Z) and the arabinose residues (X/Y) were
indicated.
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e xyloarabinan component of the OPF.
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Fig. 3. Tentative structure for th

Therefore, combining NMR  and chemical analyses, we propose
or the arabinan component of the OPF a structure with a high
egree of branching consisting of an �-(1 → 5)-linked arabinofura-
osyl backbone with additional arabinofuranosyl residues located
t O-2 and/or O-3 positions as previously described by Vignon,
eux, Malainine, and Mahrouzon (2004) free arabinans extracted

rom Opuntia cladodes spines and by Habibi et al. (2004, 2005) on
ree and pectic arabinans from prickly pear fruit peels. Intriguingly,
one of the previous studies on Opuntia extracts reported, to
ate, the presence of xylose as part of the polysaccharide struc-
ure. Therefore, despite the general similarities with previously
lucidated arabinan-rich polysaccharides (Habibi, Heyraud,
ahrouz, & Vignon, 2004; Habibi, Mahrouz, & Vignon, 2005), the

resence of xylose units decorating, as capping groups, most of
he polysaccharide side chains represents a peculiarity of Opuntia
ladodes mucilage. The putative structure for the xyloarabinan
ostituent of the OPF is reported in Fig. 3; it just shows the different
hemical possibilities in which Araf can be involved in.

.3. Purification and NMR  spectroscopy analyses of Opuntia
mall molecular weight fraction (OSMF)
To determine the nature of the components of OSMF, a
el-filtration chromatography was executed. The size-exclusion
hromatography yielded four main fractions, referred to here
s OSMF A-D (not shown), that were collected, lyophilized and
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Fig. 4. H NMR spectra of OSMF fractions obtained by gel filtration chromatography.
In  the inset a zoom of the signals relative to the polyol system representative of the
OSMF fraction B is reported.

analyzed by a complete set of 1D and 2D NMR  spectroscopy exper-
1
iments. The H NMR  spectra of each fraction is reported in Fig. 4.

Fraction OSMF A (35%) was  composed of lactic acid (Wishart
et al., 2009), further confirmed by the observation of a long-range
correlation of the oxymethine carbon atom (ıH 4.08 ppm and ıC

1.52.02.53.03.54.0 ppm
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ion. The most relevant long-range correlations are reported. The structure of the
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ig. 6. Representative micrographs of HaCat scratched monolayer in time course o

8.0 ppm, Table S3) with both the methyl and the carboxyl groups
t ıC 20.0 ppm and 179.5 ppm (Table S3) respectively. Accumula-
ion of lactic acid is a common event occurring in plants that have
ndergone hypoxic or anoxic conditions due to the lactic fermen-
ation; this latter is only apparently an un-physiological behavior
ince it was demonstrated that the lactate synthesis from malate
s necessary to plants to ameliorate the cytoplasm pH conditions
nder hypoxia (Sakano, 1998).

Signals observed for fraction OSMF B (30%) were attributed to
he D-mannitol (Popp & Smirnoff, 1995), a wide-spread hexitol
ound in plants as a fundamental intermediate in plant physiology
lthough its biological role is not fully resolved (Collins & Ferrier,
995; Gaidamauskas et al., 2005).

The nature of OSMF B was demonstrated by the presence, in the
3C NMR  spectrum (not shown), of three signals (resonating at 63.4,
9.2/70.7 ppm, Table S3), indicating a symmetric alditol; these sig-
als were assigned to two oxymethylene and to four oxymethine
arbon atoms respectively. This was further confirmed by com-
arison with literature data (Gallwey, Hawkes, Haycock, & Lewis,
990; Popp & Smirnoff, 1995) and by the observation, in the 1H,13C
SQC spectrum (not shown), of correlations between H-1a/H-6a

3.75 ppm, Table S3) and H-1b/H-6b (3.56 ppm, Table S3) with the
arbon atom resonance at 63.4 ppm (C-1/C-6) as well as the occur-
ence of correlation of signal at 3.64 ppm (relative to H-2 and 5)
ith the carbon atom resonating at 70.7 ppm (C-2/C-5) and the sig-

al at 3.68 ppm (H-3 and 4) with the carbon resonance at 69.2 ppm
C-3/C-4).
1D and 2D NMR  spectra executed on fraction OSMF C (20%)
howed the typical signals relative to para substituted benzene
esidues and to a CH2 CH2 CHOH COOH system. In details, in
he 1H NMR  spectrum (Fig. 4), signals of two aromatic protons were
xperiments in the control and in the presence of treatments. Scale bar, 100 �m.

detected at 6.75 ppm (2H, J = 8.2 Hz, H-3′/H-5′) and at 7.08 ppm (2H,
J = 8.2 Hz, H-2′/H-6′). Signals relative to an oxymethine group were
observed at 3.93 ppm (1H, J = 7.1 Hz, H-2); moreover, signals related
to methylene groups at 1.85/1.77 ppm (position 3, Fig. S3), 2.74/2.49
(position 4, Fig. S3) were also clearly detectable. The 1H,13C HSQC
spectrum (Fig. 5) confirmed the presence of six aromatic, two
methylene and one oxymethine carbon atoms; moreover the
1H,13C HMBC spectrum (Fig. 5) highlighted the occurrence also of
a carboxyl group. In this latter spectrum (Fig. 5), long-range cor-
relations between the oxymethine carbon atom, the methylene
group and the carboxylic acid group were detected. Further on, the
aromatic carbon atom at 131.6 ppm (1′, Fig. 5) showed a long-range
correlation with the methylene group at ıC 29.9 ppm which, in turn,
correlated with the other methylene group at ıC 36.2 ppm, thus
allowing to locate the sequence CH2 CH2 CHOH between the ben-
zene ring and the carboxyl group. Finally, the downfield shift of
the aromatic carbon atom (4′, Fig. 5) at 154.3 ppm confirmed the
hypothesis of the occurrence of a hydroxyl group linked at such
a position. Comparing with literature data on 3-hydroxy-5-(4′-
hydroxyphenyl)pentanoic acid (Matsumoto, Hidaka, Nakayama, &
Fukui, 1972; Miyase, Ueno, Takizawa, Kobayashi, & Oguchi, 1987) it
was possible to establish the nature of such component of fraction
OSMF C as a 2-hydroxy-4-(4′-hydroxyphenyl)butanoic acid (Fig. S3)
whose presence was, to the best of our knowledge, never detected
in Opuntia plants.

Fraction OSMF D (15%) was composed of two similar phe-
nolic compounds whose chemical shifts assignment was  in full

agreement with previously reported data on piscidic and eucomic
acids (Heller & Tamm,  1974; Mun’im, Negishi, & Ozawa, 2003;
Sakamura, Yoshihara, & Toyoda, 1973; Stintzing & Carle, 2005;
Takahira, Kusano, Shibano, Kusano, & Miyase, 1998; Yoshihara,
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verages  of three different experiments with standard deviation within 5% of the va
ith  �t  representing the time range requested to run from 20% to 60% of closure. T

chihara, Sakamura, 1971). The ring protons (H-2′, 5′, 6′, Fig. S3)
ere easily assigned on the basis of the typical para JH,H cou-

ling pattern and the aliphatic system linked to the benzene ring
as attributed via 2D NMR  experiments, as stated above for frac-

ion OSMF C. In details, signals related to piscidic acid in the 1H
MR  spectrum (Fig. 4) were detected at 7.04 ppm (2H, J = 8.2 Hz,
-2′/H-6′), 6.70 ppm (2H, J = 8.2 Hz, H-3′/H-5′), 2.90 ppm (2H, H-
) and 4.23 ppm (1H, H-2). The carbon atom chemical shifts values
ttained from the 1H,13C HSQC spectrum (not shown) and the long-
ange correlations detected in the 1H,13C HMBC spectrum (not
hown) were also in accordance with reported data on piscidic acid
Takahira et al., 1998; Yoshihara et al., 1971). Owing to the overlap
f signals relative to the aromatic ring and of the CH2 group directly

inked to the ring (4, Fig. S3), the occurrence of the eucomic acid was
larified by the observation of a further methylene-related signal at

H 2.78 ppm (2H, H-2) and ıC at 45.0 ppm that showed to correlate
ith the carboxyl group at 174.0 ppm. As described elsewhere, pis-

idic and eucomic acids are rarely found in nature and are typical of
AM and succulence plants, with increment in their concentration
nd in presence of the following stimuli: ORE, OPF, OSMF 0.1% w/v; the curves are

Bottom) Rate of reparation (mm2/h) calculated as (Area closure20%- Area closure60%)/�t
t  is 13,11,9,15 respectively for the control and in presence of ORE, OSMF  and OPF.

with increasing age of the plants (Nordalh & Resser, 1966; Nordahl,
Krogh, & Ogner, 1965) and were previously detected in Opuntia
plants (Abdel-Hameed, Nagaty, Salman, & Bazaid, 2014; Stintzing
& Carle, 2005).

3.4. Viscotek analyses of Opuntia samples

Hydrodynamic characterization of Opuntia samples, reported
in Table S4, showed that ORE was  composed of more species
with a different molecular weight distribution, whereas the
partially purified samples, the OPF and OSMF possessed respec-
tively a high molecular (about 12,000 kDa) and very low molecular
weight («4 kDa).

3.5. Wound repairing capability of Opuntia samples
The effect of Opuntia samples on scratched HaCat monolayer,
was reported in Figs. 6 and 7. In particular, Fig. 7 reported a time
course of representative fields of view of scratched monolayer in
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he control wells and with the addition of the different fractions of
he extracts. It was evident that ORE and OSMF increased the repa-
ation respect to the control. On the contrary, OPF hampered the
egeneration that naturally occurred in the control. This qualitative
esults were confirmed by the quantitative image analyses in the
raphs of wound closure (area%) vs the time, reported in Fig. 7. The
otal reparation in presence of ORE and OSMF respectively occurred
ithin 30 and 34 h, whilst the polysaccharide fraction led to a

losure after 50 h, thus not improving the reparation rate respect
o the control.

The slopes of the diverse curves were quite different. The 80%
f closure occurred in 18 h for the OSMF, while at the same time
he reparation in the presence of OPF was about 40%. Also the con-
rol curve is superior to OPF curve overall the time. ORE and OSMF
howed a similar trend and rate. This can be explained by the pre-
iminary observation that ORE is essentially constituted by OSMF
or about 95%. The rate calculated between 20% and 60% of closure,
hat most represents the migration activity rather than the prolifer-
tion, confirmed the outcomes discussed above. Overall the assayed
xtracts improved the wound closure except for polysaccharide
raction that has a rate significantly (P < 0.05) lower compared to
he control and to the other extracts.

Finally, cell migration, in terms of cells displacement in all the
ells containing scratch HaCat monolayer, was also measured and

eported in Fig. S4; these data confirmed a significant and greater
isplacement of cellular front in presence of OSMF and ORE, com-
ared to OPF, both in the range 0–8 h and 8–18 h corresponding to

 time-frame in which cell doubling is not relevant.
Thus, our data showed that whole ORE possesses a reparation

urve (or wound healing) similar to OSMF, on the contrary OPF does
ot significantly contribute to skin repair. In view of these results, it

s possible to suppose that the repairing effects of cladode mucilage
s mainly attributable to the low molecular weight molecules.

. Conclusions

Here we reported the complete structural characterization of
he Opuntia mucilage constituents whose capability in repairing
ermal tissue was also tested. The presence in mucilage of two
ain components differing in molecular weight distribution was

ighlighted by several steps of purifications. The high molecular
eight component revealed to be composed of two polysaccha-

ide entities: a linear �-(1 → 4)-galactose polymer and a highly
ranched xyloarabinan. On the other hand, a further purification
tep of the low molecular weight component revealed the presence
f lactic acid, d-mannitol and three different phenolic compounds,
wo of which, the piscidic and the eucomic acids, are commonly
etected in Opuntia plants; the third phenolic compound was  iden-
ified as 2-hydroxy-4-(4′-hydroxyphenyl)butanoic acid that was
ever found in Opuntia plants. The effects on repairing dermal tis-
ue of each Opuntia mucilage component was assessed through
n in vitro scratched assay that resulted to be helpful in compar-
tive assessing of the biorevitalizing effects of novel molecules
r extracts. The results revealed that no particular capabilities in
ound repairing is possessed by Opuntia cladodes polysaccharides.
n the contrary, it is possible to conclude that a concerted action
f the whole Opuntia mucilage, that is both the polysaccharide and
he non-polysaccharide components, is responsible for the benefi-
ial effects on dermal damages, with the main activity exerted by
he non-polysaccharide constituents.

Thus, when topically applied, the Opuntia mucilage can produce

 physical barrier on the cutis, protecting against stress factors,
eeply hydrating skin and then favoring cutaneous reparative
rocesses. Whether these properties are historically known, with
he farmers of arid regions using the Opuntia cladodes juice as a
olymers 157 (2017) 128–136 135

natural gel to moisturize and heal cutis, on the other hand this
is the first report of the clear elucidation of the structure and the
related wound-healing properties of each Opuntia mucilage con-
stituent. This represents an intriguing finding prompting to the
future identification of the main component possessing the best
repairing properties in a perspective of formulation of new bio-
inspired cosmetic products such as anti-aging and wound-healing
products for face and body.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.carbpol.2016.09.
073.
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