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Abstract: The dry, powdered cladodes of Opuntia ficus-indica are often-used in over-the-counter
(OTC) pharmaceutical formulations. Gentle drying techniques, such as lyophilization and vacuum
drying are compared with convection drying for the cladodes and also compared with another
species of economic importance, Opuntia joconostle. The heteropolysaccharide purified from the
mucilage extracted from the dried powders were investigated in their monosaccharide composition
(HPAEC-PAD, TLC), mineral and protein content, molecular dimensions (SEC) and fermentability
by probiotic bacteria (Bioscreen technique) for evaluation of the prebiotic potential of the mucilage.
The heteropolysaccharide is composed of galactose, arabinose, xylose, galacturonic acid and rhamnose.
O. ficus-indica includes an additional 13% of glucose coming from an «-glucan. The content of Ca
(0.3%) and Mg (0.4%) is relatively low in both species; the content of protein adds up to 1.5% in
O. ficus-indica but is significantly lower in O. joconostle with 0.8%. The average molecular mass My,
of the extracted mucilage ranges from 3.7 to 4.7 X 10° g-mol~! for both species; only the mucilage
from long-time convection drying (C2) delivers a lower average M, of 2.6 x 10° g'mol~!, due to
partial breakdown of the mucilage matrix. All tested probiotic strains utilized the mucilage to some
extent; C2 being the most active, and thus confirms the prebiotic potential of cladode’s powder and
its derived products. In general, the molecular dimensions and prebiotic potential are not extremely
sensitive to the drying treatment, yet temperature and drying time can modify the cladode’s powder
to a profile with better prebiotic characteristics.

Keywords: nopal; heteropolysaccharides; prebiotic substances; dietary fiber; size exclusion chromatography
(SEC); gastrointestinal microbiome

1. Introduction

The species belonging to the Cactaceae family are characterized for being extremely well adapted to
hot, arid environments. The characteristics evolved to thrive in these ecosystems include: a Crassulacean
Acid Metabolism (CAM); This type of metabolism involves CO, uptake by night and its assimilation
into carbohydrate during the following light period, with the stomata opening only at night, therefore
minimizing water loss [1]; the transformation of the leaves into glochids, or small spines, and the trunk
into flat, oval photosynthetic tissues called cladodes [2]. These adaptations help make members of
this family hold among the highest biomass productivity in arid environments [3]. The Opuntia genus
comprises 150 to 180 species [4], and its center of domestication was central Mexico [5], where the
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largest genotype diversity still remains [6]. Of these species, two are widely used in human nutrition:
Opuntia ficus-indica and Opuntia joconostle. Several cultivars of O. ficus-indica, selected either for the
production of fruit or the cladode are widely grown in Mexico, Brazil, Tunisia, Italy, and other arid
regions of the world [7]. Their fruits, prickly pears (funa), are consumed fresh or processed to obtain
conserves and liquors among other products [8,9]; and in Mexico, the cladodes are widely consumed
as a vegetable [10]. O. joconostle is mainly cultivated for its fruit, which in contrast to the one of
O. ficus-indica, is quite acidic and is used mostly for cooking [11].

Both plants have been a part of the human diet since prehistoric times in arido- and
Mesoamerica [12], and have had a role in traditional medicine, both in their original habitat (Mexico) [13]
and elsewhere the plant has been transplanted [14]. In the case of the cladodes, several of these
health-promoting effects can be ascribed to the high content of dietary fibre found in the form of mucilage.
The mucilage from Opuntia spp. (e.g., Opuntia ficus-indica, Opunta microdasys, Opuntia spinulifera) has
been reported to contain a highly branched polysaccharide, composed of xylose, rhamnose, galactose,
arabinose and galacturonic acid [15], where the xylose and arabinose residues are located in the branches
of the main backbone, composed of rhamnose, galactose and galacturonic acid. The composition
is additionally affected by the species and development stage of the plant [16-19], affecting its
properties. The use of cladodes, and the polysaccharides which are part of its mucilage, have shown
several health-promoting effects: antidiabetic and hypoglycemic [20-25], antiulcer activity [14,26-28],
a reduction of cholesterol, LDL and triglyceride plasma levels [29], immunomodulatory activity [30],
increased bone mineral density [31] and a prebiotic impact in the gut microbiome.

The availability of oligo and/or polysaccharides as carbon source for the gut microbiome is highly
dependent on their molecular composition, molecular dimensions and structure [32-34]. In the case
of Opuntia this is an overlooked fact. In the case of O. ficus-indica, Yahia et al. and Reyes-Reyes
et al. studied the effect on selected prebiotic strains of native and modified mucilages and report
the molecular dimensions but not the monosaccharide composition [35,36]. Sanchez-Tapia et al.,
Guevara-Arauza et al. and Moran-Ramos et al. evaluated the positive changes on the microbiome
and related health effects after mucilage supplementation but did not offer a characterization of the
mugcilage [37-39].

Moreover, the fresh cladodes have a limited shelf-life [40], so drying is a commonly used process
to extend the shelf-life of Opuntia cladodes. However, the chosen drying conditions have an effect on
the properties of the mucilage and other components of therapeutic interest [41,42]. As such, we have
investigated the effect of different drying treatments on the physicochemical properties of the mucilage
extracted from O. ficus-indica and O. joconostle, and their effect on their prebiotic potential.

2. Materials and Methods

2.1. Vegetable Material and Drying Methods

Cladodes from O. ficus-indica (L.) Mill (OFI) and O. joconostle F.A.C. Weber (OXO), both cultivated
in a conventional commercial plantation in the same region (Cuquio, Jalisco, Mexico) and of the same
age were collected and the thorns and glochids removed. The cladodes were then sliced transversally
into 3—4 mm thin strips. Immediately after this, the strips from all cladodes from the same species
were mixed into a homogeneous material and separated into five portions (ca. 500 g each) for drying.
The following drying methods were applied: (1) liquid nitrogen freezing (N): the strips were frozen
with liquid nitrogen and ground with a mortar to pass a 120 US standard sieve (125 pum opening)
and lyophilized; (2) regular lyophilization (L): the strips were frozen at —20 °C and lyophilized;
(3) vacuum-drying (V): the strips were placed in trays inside a vacuum oven (Binder GmbH, Tuttlingen,
Germany) and dried for 48 h (40 °C, 10 mbar); (4) Convection drying: the strips were placed in a
convection oven (Heraeus GmbH, Hanau, Germany) at 50 °C and were dried for 36 h (C1) or 96 h
(C2). Once the material was dry, it was milled into a fine powder with a blender until it would pass a



Sci. Pharm. 2020, 88, 43 3of16

mesh 50 screen. Moisture was gravimetrically determined as loss-on-drying, i.e., weight after drying
divided by fresh weight x 100.

2.2. Purification of the Powdered Cladodes

In order to remove low molecular weight components such as lipids, chlorophyll and its fragments,
phenolic components, and mono- and disaccharides from the cladode’s powder, the following extraction
steps were applied: (1) Acetone extraction: Approximately 50 g of powder were extracted with 250 mL
of acetone (5 volumes) under vigorous stirring overnight; the acetone was removed by centrifugation
and the procedure repeated three times. (2). Methanol extraction: The dry, acetone-washed powder
was extracted with 95% methanol using the same procedure as before. The methanolic extracts were
saved for further processing. The resulting mass was lyophilized to remove the traces of methanol and
water left and stored in a desiccator.

2.3. Purification of Methanolic Extracts

The methanolic extracts from each treatment were pooled together and the methanol evaporated
under reduced pressure until a thick, viscous consistency was reached. 25 mL of water were added,
and the solution was extracted with hexane twice (50 and 25 mL) to remove the chlorophyll and other
apolar compounds. The aqueous phase was then frozen and lyophilized until further use.

2.4. Mucilage Extraction

The mucilage was extracted from the purified cladode powder with deionized water at 80 °C for 1h
for three times. The water:solids ratio (w/w) was 35:1, 25:1 and 20:1 for each extraction step. After each
extraction, the supernatant was separated by centrifugation (24,000 g, 30 min). The supernatants
(mucilage) were pooled and centrifuged at 24,000x g for 90 min to discard fines. The clear supernatant
was lyophilized, and the resulting mucilage samples were stored in a desiccator until further use.
Yields were calculated gravimetrically as mass of dry mucilage, MeOH extract or insoluble material
divided by cladode fresh weight.

2.5. Trifluoroacetic Acid (TFA) Hydrolysis

Mucilage samples were diluted in water to a final concentration of 10 mg/mL. To ensure complete
dilution, the samples were placed in an ultrasonic bath at 70 °C for 4 h and then stirred overnight at
80 °C. To a 100 uL aliquot of each sample, 100 uL of 4 M TFA were added and the solution was allowed
to react for three hours at 110 °C with vigorous stirring. TFA was removed by adding an equal volume
of methanol and the solution evaporated to dryness using a warm stream of nitrogen. This procedure
was repeated until there were no traces of TFA. 500 pL of water were added to the dry samples to reach
a final concentration of 2 mg/mL.

2.6. Thin Layer Chromatography (TLC)

To evaluate the presence and type of monosaccharides in the methanolic extracts, 3 uL of sample,
hydrolysate or standard were sprayed on HPTLC silica gel 60 plates (Merck KGaA, Darmstadt,
Germany) using a Linomat 5 (Camag AG, Muttenz, Switzerland). The plates were developed thrice
using acetonitrile: 0.3% ammonium hydroxide 17:3 as the mobile phase. Detection was achieved by
spraying the plates with diphenyl-aniline reagent (DPA) [43] and the plates heated for 3 min at 95 °C.

2.7. High Performance Anion Exchange Chromatography—Pulsed Amperometric Detection (HPAEC-PAD)

The monosaccharides were quantified by HPAEC-PAD. An ICS-3000 system (Thermo Scientific,
Sunnyvale, CA) was used with a Carbopac PA1 precolumn (4 x 50 mm) plus column (4 X 250 mm).
Injection volume was 10 pL of the polysaccharide hydrolysate (see Section 2.5) after appropriate
dilution to fall inside calibration curve, typically 1:50 or 1:100. The cell was fitted with a gold electrode,
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2 mil gasket and operated with the Carbohydrates (standard quad) waveform. The flow rate was
1 mL/min and the column and detector temperature were set at 30 °C. The eluents were 200 mM NaOH,
200 mM NaOH + 200 mM NaOAc and H,O. The elution gradient was as follow: —20 to —2.5 min,
200 mM NaOH. —2.5 to 22 min, NaOH 10 mM + 2 mM NaOAc. 22 to 40 min, ramp up to 200 mM NaOH
and 200 mM NaOAc. 40 to 50 min, 200 mM NaOH. With this gradient the pair xylose/mannose cannot
be fully resolved; however, TLC indicates no presence of mannose in the hydrolysates, and was further
confirmed by doing an exploratory HPAEC-PAD run using 4 mM NaOH as eluent; concentration which
allows this pair to be almost baseline resolved. Samples and standards were evaluated in triplicates.

2.8. Size Exclusion Chromatography (SEC) Analysis

The molecular mass distribution was evaluated using a size exclusion chromatography column
system composed of a precolumn (10 x 100 mm) filled with Toyopear]l HW 40S (Tosoh Bioscience
GmbH, Griesheim, Germany) followed by three columns (all 10 x 300 mm) filled with Superose
6 (GE Healthcare Life Sciences, Uppsala, Sweden), Superose 12 (GE Healthcare Life Sciences) and
Toyopearl HW 40S, respectively. The injection volume was 300 pL of a 3.33 mg/mL mucilage solution.
The eluent was 50 mM NaCl + 0.01% NaNj at a flow rate of 0.6 mL/min. Differential refractive
index detection was used (Shodex RI-101, Showa Denko Europe GmbH, Munich, Germany), and the
whole system was calibrated using the dextran standard kit (Pharmacosmos A/S, Holbaek, Denmark).
Data analysis was performed using CPCWin 32 (a.h. group, Graz, Austria)

2.9. Total Carbohydrate Content

A modified phenol-sulfuric method based on the work of Rao [44] was developed and used
for the determination of carbohydrate content in the mucilage. A grid of 40 x 8 mm glass tubes
(Witeg Labortechnik GmbH, Wertheim, Germany) with the same dimensions of a standard 96-well
microplate was self-constructed. Ca. 2 mg of mucilage were weighed and adjusted to a 22.5 ug/mL
solution in water (roughly equivalent to 0.15 mM). A stock standard solution, containing all the
monosaccharides in the average composition as obtained by HPAEC-PAD, was prepared and used to
make the corresponding dilutions to construct the calibration curve. 150 puL of sample or standard
were added to the bottom of the tube. The grid was inserted in an ice water bath and the tubes left
to cool. 600 uL of concentrated H,SO, at 4 °C were added, the tube lattice was thoroughly mixed
inside the water bath and capped with a Teflon-coated silicone microplate sealing mat. The grid was
incubated at 80 °C for 30 min. and after the reaction was finalized, placed in a cold-water bath for
10 min. Once cool, 10 pL of 90% phenol were added, the contents completely mixed, and the reaction
was left to proceed for 30 min. After this time, 200 uL aliquots of the reaction products were pipetted
into a 96-well microplate and the absorbance read at 480 nm in an Infinite 200 Pro microplate reader
(Tecan Trading AG, Ménnedorf, Switzerland).

2.10. Protein Content

Protein content of the extracted mucilages was measured using the EZQ Protein Quantitation Kit
(Molecular Probes Carlsbad, CA, USA), a fluorescence-based protein assay using an Infinite 200 Pro
microplate reader (Tecan Trading AG), following the manufacturer instructions, with an excitation
wavelength of 485 nm and emission wavelength of 590 nm. Samples and standards were analyzed
by triplicate.

2.11. Mineral Content

Calcium, magnesium, potassium, and sodium were measured by flame atomic absorption
spectrometry (FAAS) using the method EN-15505:2008. Shortly, samples were mineralized with 65%
HNO3 for 40 min at 200 °C in a high-pressure PTFE container in a microwave oven (Mars Xpress,
CEM Corporation, Matthews, NC, USA). Buffer solution of Schuhknecht and Schinkel was added
for the potassium and sodium determination, while buffer solution of Schinkel was added for the
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calcium and magnesium determinations. The wavelengths for the determination of minerals were as
follows: K, 766.5 nm; Ca, 222.7 nm; Mg, 285.2 nm, and Na, 589.0 and were measured in an AA240FS
fast sequential atomic absorption spectrometer (Varian Inc., Palo Alto, CA, USA). The measurements
were performed in duplicates.

2.12. Evaluation of Prebiotic Potential

The prebiotic potential was evaluated by measuring the growth of three probiotic bacterial
strains [32]; Lactobacillus rhamnosus GG (ATCC 53103), Lactobacillus acidophilus (DSM 13241),
and Bifidobacterium longum subsp. infantis (ATCC 15697). Shortly, the bacterial strains were incubated
in glucose-free Man-Rogosa-Sharpe (MRS) liquid media supplemented with 2% of the polysaccharide
to be tested. Glucose was used as the positive control, and sterility of the polysaccharide solutions
was confirmed by concurrent incubation of uninoculated samples. The blank was the bacterial strain
in MRS media without any carbohydrate added. Growth was monitored by measuring the optical
density at 600 nm (ODgqg) for 72 h using a Bioscreen C (Oy Growth Curves Ab Ltd., Helsinki, Finland).
The measurements were performed in duplicate, and the maximum ODygyy was calculated using the
GrowthRates software [45].

2.13. Statistical Analysis

Where performed, Welchs’ test and Games-Howell post-hoc test were used to evaluate the
difference between treatments. Both were calculated using the Real Statistics Resource Pack software
(release 7.2) for Excel (Charles Zaiontz) and confidence intervals were calculated manually using
t-values for the calculation.

3. Results

3.1. Drying Methods and Composition of the Cladodes

Convection drying is the preferred method for commercial production of Opuntia powder, both for
pharmaceutical and food uses, as it is the most economical method; this is especially true if it is done ona
solar drier, which additionally is optimally suited to the dry, hot regions where Opuntia spp. grows [46].
The disadvantage of this technique is that it can bring thermal degradation and so change the quality
profile of the cladodes, especially the quality of the mucilage. The polysaccharides in mucilage can be
partly denatured, analogously to protein [47] and/or their supramolecular structure modified by thermal
treatment. Additionally, the presence of reducing sugar and proteins in combination with temperature
and time delivers possible chemical modifications, such as Maillard or caramelization reactions.

The chosen drying methods can be arranged in order of increasing harshness of the drying
conditions: liquid nitrogen < lyophilized < vacuum dried < convection dried 36 h < convection
dried 96 h (N; < L <V < C1 < C2). The liquid nitrogen and lyophilization treatments represent
the fastest and least damaging freezing but are the most expensive. Convection drying, while more
economical, could generate a greater change in the quality profile of the cladode powder especially
over a long period.

Table 1 shows no difference in water content of the cladode between treatments or species,
at around 92%. Conversely, the dry matter is around 8% with a high proportion of insoluble material
(4-5.3%¢y,, fresh material) for both species. Remarkable is the high level of insoluble material after
long term convection drying C2. The low molecular weight, water-soluble substances (MeOH extract)
were significantly higher (25%; p = 0.015, Welch’s test) in the cladodes of O. ficus-indica compared
to O. joconostle. This was confirmed in the TLC-profile (Figure 1) of both species. The samples of
O. ficus-indica show a clearly higher content of mono and disaccharides than those of O. joconostle.
The identified sugars are fructose, glucose, and sucrose, documenting the high photosynthetic activity,
particularly in the cladodes of O. ficus-indica. Furthermore, the sucrose content varied depending on
the drying method. It is noticeable that the sucrose level in the N, L, V and C1 treatments was relative
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similar, and only in the C2 treatment, with the longer drying time, sucrose was partly destroyed.
Moreover, the methanolic extract of C2 powder was the only one with deep brownish material,
which could be originated from caramelization and Maillard reaction products by the long period of
drying process.

Table 1. Major component composition of O. ficus-indica (OFI) and O. joconostle (OXO) after different
drying processes.

Cladode ® Mucilage ¢
a Moisture Insoluble Crude MeOH Protein 1 Mineral Carbohydrate
Treatment Material Mucilage Extract rotein Content 2 Content !
(o/"w/w) (o/ow/w) (%w/w) (%w/w) (%dm) (O/Odm) (%dm)

OFIN 92.4 44 1.62 144 137 +0.24 3.86 81.2£0.12
OFIL 92.7 4.2 1.56 144 1.39 +0.18 na. 82.3 £0.17
OFLV 93.7 4.0 1.39 1.08 1.47 +0.27 n.a. 81.8 £ 0.09
OFIC1 93.5 41 1.29 1.03 1.67 +0.29 n.a. 788 +0.11
OFIC2 92.1 4.8 1.56 1.37 2.37 £0.26 271 79.1+0.17

mean 92.9 43 1.48 1.27 1.65 3.29 80.6
OXON 91.8 4.4 2.75 0.93 0.97 £0.26 3.32 80.9 £ 0.15
OXOL 91.9 4.5 2.42 1.01 0.74 £0.29 n.a. 80.1 £0.11
OoXoVv 92.1 4.3 2.56 0.91 0.69£0.3 n.a. 78.6 +0.11
OoXocC1 92.2 4.6 2.37 0.69 0.98 +£0.24 n.a. 779 +0.08
oxocC2 91.2 5.3 2.55 0.81 1.1+£0.24 2.71 771 +0.16

mean 91.8 4.6 2.53 0.87 0.9 3.02 789

2N, liquid nitrogen frozen; L, lyophilized; V, vacuum dried; C1, convection dried 36 h; C2, convection dried 96 h.
b all results expressed as wet basis. © results expressed as dry matter. ! Calculated as dry matter content of the
mucilage; confidence interval 95% (1 = 3). 2 sum of all cations.
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Figure 1. TLC of methanolic extracts of O. ficus-indica (OFI) and O. joconostle (OXO); N, liquid nitrogen
frozen; L, lyophilized; V, vacuum dried; C1, convection dried 36 h; C2, convection dried 96 h. STD are
sugar standards; from top to bottom xylose, fructose, glucose, galactose, sucrose, glucoronic acid and
galacturonic acid.

The water extraction yields of mucilage from the samples of all drying treatments (Table 1) are
generally similar, but the content of mucilage between O. ficus-indica and O. joconostle was significantly
different (p < 0.001). In O. joconostle cladodes the average level of mucilage was 2.5 g%y, fresh material,
compared to O. ficus-indica with only 1.5%,, fresh material. Noticeably, the content of mucilage in
both species after long time convection drying (C2) was relatively higher and in the range of gentle
liquid nitrogen frozen drying.
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3.2. Mucilage Composition

3.2.1. Main Components

The main components of the isolated purified mucilage are carbohydrates, particularly high
molecular weight polysaccharides, with a small amount of associated protein and linked minerals
such as calcium, magnesium, potassium, and sodium.

The carbohydrate content was in the range of 80% for all samples. Table 1 shows the influence
of drying technique on the carbohydrate content; the gentler techniques (N, L, V) deliver a higher
carbohydrate content compared to the harsher, convection techniques (C1, C2) in both species.

The mineral content was measured only for the mucilage extracted after the liquid nitrogen (N)
and long-time convection (C2) drying treatments as an indicator of the purity of the mucilages after
the washing steps. These two treatments were chosen as representative of the gentlest and harshest
drying treatments. The amount of minerals was between 2.7 and 3.9%, with higher amount in the
samples after the N treatment, compared to C2 (Tables 1 and 2). Table 2 shows that potassium is by
far the most abundant mineral at around 81 and 74% for O. ficus-indica and O. joconostle respectively.
The content of calcium and magnesium in the mucilage was relatively low compared to the results of
other studies [18,48]; however, as calcium in Opuntia spp. is mostly found in the form of insoluble
oxalate, our results could be due to a more efficient salt removal from the cladode before extraction of
the mucilage after the acetone and methanol wash steps. As divalent cations form aggregates with the
polysaccharide chains in acidic polysaccharides such as pectin, it can be speculated then that only the
calcium and magnesium crosslinked to the acidic residues of the polysaccharides were measured, as
opposed to the sum of free plus bound calcium by other authors. Moreover, the lower level of divalent
ions in the C2 treatment is further evidence of the degradation of the polysaccharide structure, as less
cations are bound.

Table 2. Mineral content of the mucilage after selected drying treatments.

Sample 3 Cal Mg ! Na'l K! Total
(%w/w) (%w/w) (o/ow/w) (o/ow/w) (o/ow/w)

OFIN 0.23 £0.02 0.36 £ 0.01 0.12 +£0.01 3.08 £0.09 3.79

OFI C2 0.18 £ 0.01 0.30 £0.01 0.04 £ 0.01 2.15+£0.09 2.67

OXON 0.30 £ 0.02 0.46 + 0.05 0.10 £ 0.01 241 +0.09 3.26

OXO C2 0.27 £ 0.01 0.41 +0.02 0.06 +£0.01 2.08 £0.11 2.83

2 N, liquid nitrogen frozen; C2, convection dried 96 h. 1 Calculated as dry matter content, with a confidence interval
of 95% (n = 2).

The protein content was approx. 1.5%gp, in O. ficus-indica, twice as much as in O. joconostle with
0.8%gm (Table 2). Moreover, C2 shows a significantly higher level of protein compared to all other
drying treatments in both species (p < 0.05). The reason seems to originate in reaction products from
the long-term convection drying, delivering artifactually high protein content results. The presented
results (done with the EZQ Protein Quantitation Kit) are very close to the Kjeldahl results (not shown),
with the advantage of being very quick and having a very reasonable cost per sample.

3.2.2. Monosaccharide Composition

Table 3 shows the monosaccharide composition of the mucilage after the different drying treatments.
Since these treatments, especially N, L and V, are reasonably gentle drying processes, there is no
significant difference due to degradation reactions in the composition of the polysaccharides between
the treatments. The main monosaccharide is galactose, followed by arabinose, xylose and galacturonic
acid. Other works [49-51] have found the same monosaccharides but in different proportions. Given the
variability due to species, growing conditions and even extraction methods, this is not surprising.
A stark difference between O. ficus-indica and O. joconostle is the relatively high presence of glucose in
the former; however, this glucose is not part of the heteropolysaccharide forming the mucilage, as it
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belongs to an existing a-glucan population (identity confirmed by release of glucose after treatment
with o-amylases, manuscript in preparation). Furthermore, the content of galacturonic acid was much
higher in O. ficus-indica than in O. joconostle, which could be due to the epi- or genetic differences
between both species.

Table 3. Monosaccharide composition of the mucilage’s polysaccharide after different drying treatments.

Sample 2 Rhamnose Arabinose Xylose Galactose Glucose Gal. Acid
(mol %) ! (mol %) ! (mol %) 1 (mol %) ! (mol %) ! (mol %) !
OFIN 3.3+0.0 180+1.2 134+ 04 316 +1.2 148 £0.1 189+ 0.2
OFIL 3.6+04 185+0.7 13.1+0.8 31.3+22 127 +1.7 20.8£0.0
OFIV 48+0.1 209 +0.8 164 +1.7 299+14 109+ 0.9 172 +0.3
OFIC1 41+0.0 182 +1.0 139 £ 0.6 292+04 13.6 +£ 0.9 21.0+1.0
OFI C2 43+0.1 189+ 0.4 14.7 £ 0.8 28.4+0.7 126 +1.1 21.1+£07
mean 4 18.9 14.3 30.1 129 19.8
OXON 31+03 30.0+5.5 164 +1.1 351+46 23+0.0 13.2+0.5
OXOL 34+02 28.4+0.5 16.7 £ 1.6 33.6+0.1 23+0.5 155+ 1.7
OXOoVv 39+00 28.1+0.7 158+ 14 347 +12 32+02 143 £ 0.7
OXO C1 39+0.1 289+14 159 +0.3 33.8+1.8 41+04 13.5+0.2
OXO C2 3.7+03 27.4+0.7 16.1+1.0 33.8+1.0 49+06 142+1.1
mean 3.6 28.5 16.2 34.2 3.3 14.1

2 N, liquid nitrogen frozen; L, lyophilized; V, vacuum dried; C1, convection dried 36 h; C2, convection dried 96 h.
! confidence interval calculated at 95% (1 = 3).

3.2.3. Molecular Dimensions

Table 4 and Figure 2 show the molecular mass distribution and their related parameters for
the polysaccharides present in the mucilage. Both species have a similar range of molecular mass
distribution, from 10* to 10® g-mol~!.

Table 4. Molecular dimensions of Opuntia spp. mucilage after different drying treatments.

O. Ficus-Indica O. Joconostle
Mwl BZ dpw3 Mwl DZ dpw?a
a
Treatment (g-mol-1) (g-mol-1)

N 43x10° 29 2850 43x10° 2.8 2950
L 3.8 x10° 29 2480 45x10° 34 3000
Vv 3.7 x10° 39 2460 4.4 x10° 3.0 3000
C1 3.7 x 10° 3.4 2460 47 x 10° 2.6 3900
c2 2.6 x 10° 3.7 1685 3.6 x10° 29 2400

2 N, liquid nitrogen frozen; L, lyophilized; V, vacuum dried; C1, convection dried 36 h; C2, convection dried

96 h. 1 Mass average molar mass. 2 Dispersity; D = Mwﬂ\_/l,,. 3 mass average degree of polymerization; anhydrous
monomer My, for DP calculation was 151.5 for O. ficus-indica and 148 for O. joconostle as averaged from the pentose,
hexose and uronic acid composition.

In the case of O. ficus-indica, the mass average of molecular mass My, is in the range of 3.7-4.3 X 10°
for N, L, V and C1. Only the long-time convection technique (C2) results in a much lower molecular
dimension, with an average M, of 2.6 X 10° g-mol_l, and as can be seen in Figure 2, a second
polysaccharide population with a much lower molecular mass of around 2 x 10° g-mol ™.

O. joconostle mucilage similarly has an average of molecular mass in the range of 4.3-4.7 x 10° g'mol~!
for N, L, V and C1. The effect of decreasing average molecular mass after long-time convection drying
(C2), is similar as in O. ficus-indica, with an average My, of 3.6 x 10° g-mol~!, yet no low molecular
weight polysaccharides are seen in the molecular mass profile (Figure 2). These results would suggest
that the heteropolysaccharides present in O. joconostle are more stable than those of O. ficus-indica.
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Figure 2. Molar mass distribution (normalized to area = 1.0) of the purified mucilage of O. ficus-indica
(OFI) and O. joconostle (OXO); N, liquid nitrogen frozen; L, lyophilized; V, vacuum dried; C1, convection
dried 36 h; C2, convection dried 96 h.

3.3. Prebiotic Potential of Mucilage

Three strains of facultative anaerobic bacteria (Lactobacillus rhamnosus GG, Lactobacillus acidophilus
and Bifidobacterium longum subsp. infantis), widely considered to be probiotic, were selected to evaluate
their growth using the mucilage from Opuntia spp. as a carbon source. Previous work from our
group has shown that these probiotics are able to ferment a variety of neutral and acidic oligo- and
polysaccharides [32]. Given the monosaccharide composition of the mucilages from Opuntia spp. and
the proposed structures mentioned in the literature [15-19], these strains seemed to be good candidates
for testing. In general, all strains were able to utilize the mucilage as a substrate, albeit at lower
maximum growth than glucose (Figure 3). None of these strains can ferment galacturonic acid, and the
carbohydrate content is only around 80%, which help explain the difference. A big difference is the
lag time, as growth with glucose started already within the first hour, while all the tested mucilages
were delayed by 5-6 h. The highest growths in all cases were for the C2, the harshest drying condition.
As described before, C2 mucilages have a lower molecular mass distribution, and coupled with the
evidence of other degradation reactions (heavily colored solution, and a very noticeable reduction in
viscosity), lower molecular mass polysaccharides were produced, and therefore could become more
available for the bacteria, particularly B. longum subsp. infantis (RGR OFI 58% and OXO 50%) and
L. rhamnosus GG (RGR OFI 56% and OXO 48%). As for the rest of samples (N, L, V and C1), the values
are quite similar, showing relative growth rates in relation to glucose between 15 and 31% (Table 5).
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Figure 3. Growth curves of three probiotic bacteria using mucilage of O. ficus-indica (OFI) and
O. joconostle (OXO) as the carbon source; (A,B), B. longum subsp. infantis; (C,D), L. rhamnosus GG;
(E/F) L. acidophilus. For all graphs, green correspond to liquid nitrogen frozen (N), blue to lyophilized
(L), orange to vacuum dried (V), red to convection dried 36 h (C1) and grey to convection dried 96 h
(C2). Error bars correspond to the standard deviation. Not all the stationary phase is plotted.
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Table 5. Prebiotic potential of Opuntia spp. mucilage after different drying treatments.

B. Longum ssp. infantis L. Acidophilus L. Rhamnosus GG
Sample 2 Max. ODggg ! RGR 2 Max. ODggg ! RGR 2 Max. ODggq ! RGR 2
0 (%) 0 (%) 0 (%)

glucose 1.63 +0.17 100 1.55 + 0.03 100 1.49 +0.24 100
OFIN 0.29 + 0.51 18 0.29 + 0.17 19 0.35+0.13 23
OFIL 0.31 + 0.25 19 b 0.32 £0.15 20 0.41 +0.11 27
OFIV 0.35 + 0.33 21 b 0.26 + 0.01 17 © 0.31 +0.14 21
OFI C1 0.47 + 0.12 29 b 0.23 + 0.07 15 © 0.26 + 0.21 18
OFI C2 0.95 +0.14 58 0.45 + 0.20 29 0.84 +0.17 56

OXON 0.28 + 0.37 17 d 0.31 + 0.45 20 © 0.28 + 0.01 19
OXOL 0.51 + 0.25 31 d 0.15 + 0.09 10 0.36 + 0.37 24 f

OXOV 0.21 + 0.37 13 d 0.21 + 0.15 13 € 0.30 + 0.31 20

OXOC1 0.44 + 0.27 27 d 0.27 £0.15 18 0.29 + 0.38 19

0X0O C2 0.82 +0.17 50 0.25 + 0.04 16 0.72 +0.17 48

2 N, liquid nitrogen frozen; L, lyophilized; V, vacuum dried; C1, convection dried 36 h; C2, convection dried 96 h.
b p < 0.05 against OFI C2, 4o p < 0.05 against OXO C2. Calculated using Welch'’s test and Games-Howell pairwise
analysis. ! confidence interval calculated at 95% (1 = 2); values corrected with bacterial blank ? relative growth rate
to glucose. Bold values indicate significant differences.

4. Discussion and Conclusions

The cladodes of Opuntia ficus-indica and Opuntia joconostle have a high commercial value due to
their use in human nutrition and in traditional medicine. The fresh material is consumed directly
as a vegetable or as an ingredient in different foodstuffs, particularly in Mexico [8-10]. Additionally,
O. ficus-indica cladodes are dried, milled and sold as a dry powder for use in OTC pharmaceutical
formulations. The most common commercial method for drying is drying with hot air (convection)
heated with fossil fuels, although solar drying is gaining a foothold in new projects [7]. As the cladodes
used as raw material are quite variable, and usually the only quality control parameter is the final
moisture content, the drying method can have an important influence on the quality profile, and
consequently on the properties of the produced powder, which includes the mucilage and other
components of therapeutic interest [41,42]. Different drying techniques for cladodes were tested,
evaluating their effect on the main constituents of the cladodes, including the mucilage composition
and its prebiotic effectiveness.

The applied drying techniques include gentle methods such as liquid nitrogen freezing and
lyophilizing (N), regular lyophilizing (L) and vacuum drying (V), and harsher methods such as
convection drying at 50 °C, with short term (36 h, C1) and long term (96 h, C2) processing. While it
was previously known that the C2 process produces an unattractive powder (heavily colored and
with off-flavors), it was decided to be performed as an extreme form of convection drying, which
could happen commercially if the drying time or conditions are not properly monitored and controlled.
The gentler methods (N, L and V) represent the fastest and least damaging techniques, albeit the most
expensive. Convection processing (C1, C2) is much more economical, but as we have demonstrated,
generates changes in the quality profile of the cladode powder, especially with the long period of
drying treatment.

After the different drying processes, the obtained cladode powder was purified in order to
remove apolar components (such as lipids, chlorophyll and their fragments) as well as polar,
low molecular weight components (such as mono- and disaccharides, salts) with acetone and 95%
methanol extraction steps respectively. This purification was performed to avoid non-polysaccharide
components influencing the growth of the selected probiotic strains. Only the C2 treatment resulted
in a deep brownish material, extracted by methanol for both Opuntia species. This material could
be originated from caramelization and Maillard reaction products, given the long period of drying
process and documenting an over-drying of the cladodes, which also partly damages the plant matrix.
This was confirmed in the TLC-analysis of both species. On one hand, the samples of O. ficus-indica
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showed a clearly higher content of mono- and disaccharides than O. joconostle, and on the other hand,
a partial degradation of sucrose by long term convection drying (C2) is shown.

The cladodes have a very high water content of around 92% in both species and thus confirm the
high-water binding capacity of succulent plants. A significant difference in the content of mucilage in
both species is noticeable, as only 1.5% is present in O. ficus-indica while O. joconostle has a distinctly
higher 2.5% content. In the two mucilage samples where the mineral contents were investigated,
the content of minerals, particularly calcium and magnesium was relatively lower than the one reported
in the literature [18,48]. After comparing with the mucilage extraction methods from the previous
references, it appears that the acetone and methanol washes resulted in a better removal of the free
Ca and Mg salts, and so the only remaining calcium and magnesium are the ones being linked to the
acidic residues of the polysaccharide.

The protein levels are much lower than those reported in other publications [48,52], but this is
likely due to artifactual effects of the methods chosen for protein measurement. A few reports utilized
the widely used Bradford method [48,52]. In our experiments, we found inconsistently high results
when using Bradford and Lowry’s methods compared to Kjeldahl’s method. We have found that the
charged, acidic parts of the polysaccharide (in our case, the galacturonic acid residues) interact with
the Coomassie blue, giving an artificially high false reading, and furthermore the reducing power of
the polysaccharide is high enough to impact Lowry’s method.

After all the drying treatments, the purified polysaccharides from the mucilage deliver a similar
and coherent presence of galactose, arabinose, xylose, galacturonic acid and rhamnose as the composing
monosaccharides for both species. A comparison between both species shows that the mucilage of
O. ficus-indica includes a relative high level of glucose (around 13%), but after further tests it was shown
that this glucose is not part of the heteropolysaccharide molecules. Investigation suggests a small
amount of «-glucan such as soluble starch in the O. ficus-indica mucilage sample. A higher content
of galacturonic acid is also present in the polysaccharide of O. ficus-indica compared to O. joconostle.
Contrariwise, O. joconostle shows a much higher level of arabinose than O. ficus-indica. These differences
could be explained by epi- and/or genetic differences in these Opuntia species.

The molecular dimensions of the mucilage, such as mass distribution, average mass and dispersity
show a high molecular weight for the polysaccharide for both species, with an average My, in the
range of 3.7 x 10° to 4.7 x 10° g-mol~!. Only the mucilage of O. ficus-indica changes to a lower mass
distribution after the long-time convection drying (C2) process. Its average M, is 2.6 x 10> g-mol~!,
but also includes a second population with a lower molecular mass range with a maximum at around
2 x 10% g'mol~!. This partial hydrolysis of the high M, polysaccharide into lower polysaccharide
populations confirms the over-drying of the cladodes by the C2 drying process and the breakdown of
the polysaccharide matrix.

To evaluate the prebiotic potential of the mucilage, three probiotic strains, one bifidobacteria and
two lactobacilli were tested. All strains were able to utilize the mucilage as a substrate, albeit at a
lower level than glucose. The highest growths of these probiotics, however, was in the presence of
C2 mucilage. This phenomenon can be explained by the higher availability of this mucilage, which
includes the lower My, a-glucan polysaccharide and the degraded heteropolysaccharide (Figure 3);
it has been shown for other polysaccharides that as the molecular weight of the carbohydrate decreases,
the availability becomes higher [33].

The present results show that the molecular dimension and the prebiotic efficiency are not
overly sensitive to the drying treatment, yet by increasing the temperature and/or drying time some
modification will happen. Therefore, depending on the objective desired, the final mucilage can be
modified from the drying step of the cladodes. Furthermore, this is an important result, as it can
be shown that convection drying, if done gently enough, yields results similar to the much more
expensive lyophilization techniques. However, the viscosity of the solutions is quite affected by the
drying treatment (not measured but readily apparent), and since there are health-promoting effects,
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such as the lowering of serum cholesterol, that appear to depend on the viscosity and not on the
composition of the polysaccharide [53], further studies in this direction should be conducted.

In general, it can be said that bifidobacteria and lactobacilli can ferment the heteropolysaccharides
of the mucilage from Opuntia spp., results which are in agreement with previous studies. A second
article is in preparation where the composition and structure of the heteropolysaccharides of Opuntia
will be described in greater detail, and how these parameters affect their availability as carbon source
for other members of the gut microbiota. Meanwhile, it is possible to say that the consumption of dried
Opuntia cladodes (Nopal flour), or their refined form as the dry, water soluble mucilage is an interesting
source of dietary fiber, with several potential beneficial health effects.
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