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ABSTRACT

Iron deficiency represents a global nutrition gap thdls dar innovative strategies
including food fortification, while overcoming the drawbacKdaste and reactivity of
iron. The aim of this work was to develop iron-rich colldicecroparticles laden with a
Brazilian plant food extract from ora-pro-nobis (OPN, Bkige aculeata Miller). We
formulated electrostatic self-assembled complexesppbsitely charged chitosans and
pectin laden with aqueous OPN extract. After characterisafitme physical properties,
selected formulations were examined in their colloidiabisity (50 mM NacCl,
Dulbecco’s modified eagle medium (DMEM), simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF)), production yield, iroassociation efficiency,
transmission electron microscopy (TEM), cellularotgkicity and iron uptake using
Caco-2 cells. Thé-potential varied from =25 mV to ~ +23 mV regardless of the degree
of acetylation (DA) of chitosan. The production yield gad between 20-26 %. The
particles were stable at DMEM, SGF and SIF during 3 h. Ireaciion efficiency was
~60 % for systems charge ratio (n+)n= 5.00. TEM analyses revealed invariably
spherical morphology. OPN-laden microparticles did not ptesgotoxicity against
Caco-2 cells. Higher cellular ferritin levels were deti@ed for the particles comprising
OPN extract and n+/= 5.00. We obtained in vitro proof of concept of the efficieof
chitosan/pectin particles to delivering iron from a Brazileible plant extract. The
industrial potential of this approach as a viable alternafveiron fortification or
supplementation by the food industry is yet to be realised.

Key-words: chitosan, pectin, ora-pro-nobis, microparticles, meficiency.



23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
54
55
56

1. INTRODUCTION

Iron deficiency anaemia is the most frequent health pmolitethe world (Al Hassan,
2015; Soleimani & Abbaszadeh, 2011) being classified as the seweaghreason of
diseases, incapacity and deaths in the world (Hurrell,2G04). Effective measures are
needed to implement iron food fortification programmegswever, iron confers a
metallic taste to food, induces adverse reactions suokidation of lipids, and if not
fully absorbed, promotes an accumulation in the gdstmen and consequently irritation
of the mucosa (Saha, Pandhi, Gopalan, Malhotra, & S2D@7; Schimann, Ettle,
Szegner, Elsenhans, & Solomons, 200@n is an essential mineral for the human
organism due to its requirements for several metabolictims such as oxygen
transport, drug metabolism, steroid synthesis, DNA syrghe&sTP production and
electron transport (Crichton, 2001).

Colloidal particles loaded with iron could be used to addszsse of the
shortcomings of iron salts in fortified foods and suppletsie Nano- and microparticles
can associate, protect, and subsequently release and fagoonal absorption of iron.
Chitosan is a cationic polysaccharide with low toxicitjsiodegradability,
biocompatibility (Luo & Wang, 2014) and mucoadhesive propertie{iiechi et al.,
2014; George & Abraham, 2006). Pectin is a polyanionic polysadeharith low
toxicity and potential for biomedical application such eaffelds, drug delivery, tissue
engineering and gene therapy (Martins et al., 2018; Ribeab, 2014; Nishijima, lwali,
Saito, Takida, & Matsue, 2009). Polyelectrolyte compoan be formed using chitosan
and pectin from the electrostatic interactions ocogrbetween carboxylic acid groups
of pectin and amino groups of chitosan (Maciel, Yoshid&r&nco, 2015). When these
polymers are homogenised in aqueous solutions, the formati@nself- assembled
electrostatic complex takes place with unique propettias differ from those of the
original components (Chen et al., 2010). The interactiebsden these polymers have
been exploited in pharmaceutical and biomedical resgateth and Wang, 2014), to
obtain films/membranes (Maciel et al., 2015; Meng et 24110), hydrogels (Berger,
Reist, Mayer, Felt, & Gurny, 2004), micro/nanoparticles (lacYoshida, Pereira,
Goycoolea, & Franco, 2017; Luo, Teng, Li, & Wang, 2015),fetid (Martins et al.,
2018), gene delivery systems (Santos-Carballal et al., 2013paupport bone tissue
engineering (Mallick, Singh, Rastogi, & Srivastava, 2018).

Using the concept of self-assembly polyelectrolyte elstdat@ complexation, in

this work, microparticles of chitosan-pectin were develogatiloaded with an iron-rich
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agueous extract from an edible indigenous Brazilian vegetaohely OPN (Pereskia
aculeata Miller). OPN is a cactus found in American regionstigeon of the United
States (Florida) and southeast of Brazil) (MacielsMda, & Goycoolea, 2018; Gronner,
Silva, & Maluf, 1999). OPN belongs to the Cactaceae family sgémdent habits and
easy cultivation in regions with temperature above 2&a1i€ intense solar luminosity.
Consumption of OPN has been associated with the preveriti@m deficiency anaemia,
osteoporosis, and constipation (Almeida & Correa, 2012)s la inon-conventional
vegetable food regarded as a bush or weed that presentdantpautritional value,
especially high-quality proteins (17.4-28.4 %) with 85 % digestibilitpna Junior et al.,
2013) and minerals such as iron (~ 81-142 f)cpnd calcium (Oliveira, Wobeto, Zanuzo,
& Severgnini, 2013; Takeiti, Antdnio, Motta, Collares-Queiroz, &kP2009). Non-
conventional indigenous plants are used as a food, botatigy they are not part of the
daily diet and their consumption circumscribes to the regwhere they grow. Usually,
these plants are underexploited and remain almost unkndWwair sustainable
exploitation could represent a source of income as agethe discovery of novel and
biofunctional foods with demonstrated health benefitsrze®ithe considerable iron
contents of OPN leaves, it can be regarded as an at¢radtevnative plant food to tackle
iron deficiency anaemia.

Relevant strategies to combat the deficiency in immparise the supplementation
and fortification using different iron salts (Zimmermai&n Hurrell, 2007). Iron
absorption mainly occur in the upper part of the smalttirie and it is regulated to some
extent by physiological demand. Iron is present in tbé iditwo forms, either as haem
(FE") and non-haem iron (B8 which determines the mechanisms and quantity of iron
absorption in the human body (Andrews, 1999). In majofitieds, iron is present in the
non-haem formAccording to Crichton et al. (2002) around 20 % of the haem iron
consumed is absorbed through the gut enterocyte and avaitablbe systemic
circulation Physiological factors and dietary components such dsgate, oxalate,
phosphates and phytate could promote a decrease in the laibéitpibf iron (Somsook
et al., 2005).

Research using iron from natural sources for the develdapofesupplement
formulations for oral delivery is scarce. Since th&XXentury until now, iron is mainly
supplemented using ferrous iron-based formulations (styotioem) due to the low cost
(Martnez-Navarrete, Camacho, Martnez-Lahuerta, Mamhezzo, & Fito, 2002).

However, ferrous sulphate is very reactive; when usedashased supplements, it may

4
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promote adverse gastrointestinal alterations relatecetadh non-fully absorbed (Saha
et al, 2007, Schumann et al, 2007). Therefore, the benefitdving an iron
supplementation therapy are harshly limited (Schimani, &087).

The main aim of this work was to examine the formulatiochitosan/pectin based
microparticles laden with an aqueous extract of OPN, takenraé natural source of
non-haem iron. We evaluated the formation of micraglag between the two
biopolymers and OPN, and characterised their main physicochlgmaperties, namely
the hydrodynamic size(-potential, morphology, production vyield, stability in
physiological medigas well as the bioiron association efficiency, cytotibxiand uptake
by Caco-2 cells.

2. MATERIALS AND METHODS

2.1 Materials

Chitosan samples, hedesigned as low degree of acetylation sample “L-DA” and high
degree of acetylatiosample “H-DA” with high purity were acquired from Heppe
Medical Chitosan GmbH (Halle, Germany) and with batchbens212-290814-02 and
212-170614-01, respectively; pectin from citrus peel was donated by CPK@GENU®
105, lot LI03024, Brazil) with high degree of esterificatiDE = 68.2 %, Maciel et al.,
2017). OPN leaves used to prepare the extract were kindly donatezl dwrbrs of S&o
Luis Farm (Conceicdo do Araguaia-PA, Brazil). The eate of OPN leaves was
deposited in ESALQ/USP Herbarium (Piracicaba, Brazil), géngrathe number
ESA136618. The reagents employed presented analytical grade.(Mtaagpure MilliQ,

18.2 MQ cm at 25 °C) was used to prepare overall solutions and reagents.

2.2 Methods

2.2.1. Evaluation of the DA

The DA of chitosan was calculated according Lavertu e@D3J). The analysis
was performed usingH-NMR spectroscopy (Bruker, DRX 500 model, Switzerland) at
70 °C. Briefly, powder samples of both chitosans (5.0 mgewelubilised in 1 mL of
hydrochloric acid (HCI, 37.0 %). Afterwards, samples weresinaduring 24 h at -20 °C
and subsequently lyophilized during 12 h. Afterwards, one mL.OfM2as added to tubes
containing the lyophilized sample and subjected to the analyssDA (%) of chitosan

was determined using the Equation 1.:
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DA (%) = 100 — “ﬁl * 100] Eq. 1

1

where,H, D is the integral of peak of proton Hf the deacetylated monomer atid Ac is
the integral of peak of proton:téf the peak of the three protons of acetyl group.

2.2.2. Determination of molecular weight distribution bitasan

The molecular weight distribution and the correspondingarpaters (weight
average molecular weight (Mw) and number average moleselght (Mn)) of the two
chitosan samples was carried out using an AF2000 MultiflowwtesysPostnova,
Analytics, Germany) equipped with automatic sample inject5@®0) and coupled to
a MALS Detector, 21 angles (PN3621), refractive index (RI) det¢ete8150) and UV
detector (PN3211, 280 nm and 220 nm wavelengths). The channetifosme PTFE
spacer between two walls was of trapezoidal geometry with 350 pum thickness and it was
kept at 30°C. A regenerated cellulose membrane (Z-AF4-MEM-612-1KDRh wimolar
mass cut-off of 1 kDa was used as accumulation wall. Dueetacationic nature of
chitosan, and in order to minimise the interactions whg imnembrane, a solution of
diluted acetate buffer (0.18 M acetic acid/ 0.02 M sodiumese@H 3.7) was used as the
carrier liquid. This solution charged the membrane posftieasuring the elution of the
polymer. Before measurements, all samples were filtered through membrane with 5 pm
(EMD Millipore, USA). For the experiments, the detector flate was set to 0.5 mL
min for all samples and 50L volume of sample (2 mg mi) was injected at a rate of
0.20 mL mint for an injection period of 6 min and cross flow (CF) a&e8 mL min’.
After a focusing period of 3.30 mL mtrand a transition period of 0.2 min, the profile of
the crossflow was gradually decreased in 60 min through a séxdessecutive steps as
follows: 1) For 0.2 min, the CF was kept constant at 3 min#hCF was then decreased
at an exponent of decay of 0.40 to 0.22 mL tmwver 30 min period; 3) CF was further
decreased to 0.11 mL minduring 5 min at 0.80 exponent decay; 4) CF was finally
decreased to 0.06 mL mirat 0.80 power decay over 5 min after which 5) CF was kept
at flow 0.06 mL min' for additional 20 min. Data and collection analysis weréop@ed
with NovaFFF version 2.0.9.9. The measurements were cattindtriplicate per sample
and a blank (acetate buffer carrier liquid pH 3.7) was also All calculations were

performed on the subtracted detector signals (sample mauois ¢ignals). The RI signal



157 was used for M calculations using an average refractive index increr(amitc) for
158 chitosan of 0.19 (Nguyen, Winnik & Buschmann, 2009). Data were fitted Zomm
159 model.

160

161 2.2.3 Preparation of microparticles using OPN extract

162 2.2.3.1 Chitosan solution

163 Chitosan was used as received and prepared according to Maalie(2017). It

164 was dissolved (5.0 mg mi,. w/w) in sodium chloride solution (50 mM NacCl) with 5 %
165 stoichiometric excess of HCI by constant magnetic sgr(25 + 1 €, 14 h). Afterwards
166 the solution was filtered using EMD Millipore membranes (5.0 UBA).

167

168 2.2.3.2 Pectin solution

169 Pectin was used in the purified form. It was dissolved (5.0 ing, mw/w) directly
170 in OPN extract (section 2.2.3.3) and kept under constant magmetngg50 + 1 °C,1
171 h, to assure the complete solubilisation of the pectid)fallowed at 25 + 1 °C during 13
172 h. The pH of the solution was not adjusted. Membranes (5, EMD Millipore, USA)
173 were used to filter the pectin solution.

174 The pectin purification was conducted according to the protocokidedchy
175 Bernabé, Peniche, & Argiielles-Monal (2005). Pectin (2.0'pwas solubilised in a
176 solution of sodium chloride (50 mM NaCl) by vigorous and canstagnetic stirring at
177 50 =1 °C for 1 h and followed during 13 h at 25 + 1 °C. Tamme was filtered
178 sequentially using sintered glass filters with four difféqgore diameters (80.0, 60.0, 40.0
179 and < 10.0 um) and five membranes with pore diameters @44),0.80, 1.20 and 5.00
180 um, EMD Millipore, USA). Ethanol was added gradually up to a final concentration (80.0
181 %) to promote the pectin precipitation. The precipitate rgasoved using a centrifuge
182 (Sorvall, R-5 plus model, USA) at 7000 rpm and 10 °C during 30 Resultant solid
183 material was carefully washed out using different ratiost&nol/water (100/0, 90/10,
184 80/20 and 70/30) during 5 min. Purified pectin was kept in an oven witireulation
185 (Tecnal, TE-394/1 model, Brazil) at 25 + 1 °C for 48 h to evaigothe residual ethanol.
186

187 2.2.3.3 OPN extraction and characterisation

188 The methodology used to prepare the aqueous OPN extract vpasdchftam the
189 previous work by Lima Junior et al. (2013). Briefly, OPN dried leaveg)( were

190 dispersed in 100 mL of sodium chloride (8 NaCl) and maintained in magnetic

7
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stirring. The temperature and time were 75 °C for 1 h,béshed in preliminary
experiments. Two filtration steps were performed: thé fissng Buchner filters (sizes 1,
2, 3 and 4) and the second with membranes of differentgoes— 5.0 pum (Quimica
Moderna, cellulose nitrate filters, Brazil) and 0.8 pm (Quimica Moderna, ester mixing
membrane filters, Brazil).

Mineral characterisation of OPN extract: copper, iron,meag/m, and zinc were
qguantified by inductively coupled plasma mass spectrometry-MSP (Thermo
Scientific, ICAPQc model, Germany); and calcium, mangan#sesphorous, potassium
and sulphur were quantified by inductively coupled plasmaai@inission spectrometry
(ICP-OES) (Thermo Scientific, iCAP 7400 Radial model, GelyhaSamples were all
diluted ten-fold using 2.0 % HN{before analysis. The standard phenanthroline method
(SMEWW, 1999) was used to determine the total iron and ferrongfe&*) in the OPN
extract. Feiic iron (F€*) was calculated through subtraction from total iron anies
iron. A standard curve using ferrous ammonium sulphat25,050, 75, 100, 125, 150,
175 and 200 pg of iron in 50 mL of solvent) was generated and samples diluted

accordingly.

2.2.3.4 Production yield of microparticles

Particles were produced using electrostatic self-assemblifgpchatcording to the
protocol described in our previous study (Fuenzalida et al. 2Bfidjly, chitosan-pectin
microparticles systems comprising OPN extract were obtainadidering different
equivalent charge ratio (n+/mnamely 0.10, 0.25, 0.50, 0.75, 1.00, 2.00, 4.00, and 5.00,
and total equivalent charge'@am) of 1.0 x 1. The total charge was also evaluated 2.0
x 10°% and 3.0 x 16, but the results were not good to form microparticles, dueeto th
formation of agglomerates in these systems. To sdfee formation of complexes of
varying equivalent charge ratio, the stock solutions ofoshit and pectin/OPN were
mixed in a 96-well microtiter plate (Sarstedt, Germany). dbéffit volume aliquots of
chitosan solution (5.0 mg mi,_ w/v) were placed first into the microwells, to which
varying volume aliquots of pectin solution (5.0 mg-mlw/w) prepared in OPN extract
were dispensed and thoroughly mixed by flushing in and out gbifiedte tip. A first
screening enabled to discern between mixtures of clear/liagmdarance from slightly
turbid one. Two optimal formulations were selected for the negiegiments, namely
one with excess of pectin (n+/rr 0.25) and the other containing chitosan in excess

(n+/n- = 5.0), with negative and positiepotential, respectively (Section 2.2.4).

8
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For iron uptake experiments, the microparticles were peeplallowing the same
protocol described above but replacing the OPN extract by #/8@ion. The objective
was to compare the particles containing different type ametsmf iron.

Isolated microparticles: whenever necessary, it wasedaout by centrifugation
(40 min, 12000 x g and 20 °C) using tubes with glycerol (15 pL). Thetgpéormed
were resuspended in 50 mM NaClDulbecco’s modified eagle medium (DMEM, 100
pL), depending on the further analysis. Microparticles vpeepared in a laminar flow
chamber under adequate microbiological conditions.

2.2.4¢-potential and particles size distribution

The(-potential was measured by mixed-mode phase analysis ligtérstg (M3-
PALS). The particle size distribution was measured madyic light scattering coupled
with non-invasive back scattering (DLS-NIBS) at a scatteringlea of 173° with
automatic gain. Both measurements were carried out usiraj\eeM Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK) equippethwired laser light output
(A= 632.8 nm) Systems with charge ratios (n+Jr0.25 and 5.00 total charge 1.0 x°10
and sodium chloride 5M (Section 2.2.3.4). All measurements were carried out
triplicate at 25t 0.2 °C.

2.2.5 Production yield of microparticles

Microparticles elaborated with OPN extract were centrifu@t min, 12000 x g
and 20 °C). The resultant pellet (after removing the supemateas frozen at -20 °C
followed by the lyophilisation process for 24 h. The produgiefd of the particles was
determined considering the chitosan, pectin (solubilised in QEhiot) and 50 mM NaCl
masses used to prepare the initial solution and the raise pellet formed, according

below:

Production yield (%) = w#,) * 100 Eq 2
c 14 NaC

where,M,,.;.; is the mass of lyophilised particles (mg) containing OPN eixtvg, is the

mass of chitosan (mg),, is the mass of pectin (mg) added of OPN extract or FeSO

solution andV,; mass of NaCl (mg) used in the microparticles formatiespectively.



258 2.2.6 Stability of microparticles

259 The stability of the systems was analysed according to thecpt@bT rapani et al.
260 (2013). Briefly, an aliquot (50 pL) of microparticles isolagedution was incubated in a
261 microtiter plate incubator (Heidolph, Titramax model, Gampat 37 °C using cuvettes
262 containing 1.0 mL of 50 mM NaCl, DMEM, SGF or SIF. SGF and Bé#fe prepared
263 according with the United State Pharmacopeia-fational Formulary 37 (USRI,
264  2019). The particle size was measured at times 0, 20, 40, 6and2B0 min by DLS-
265 NIBS (Section 2.2.4)Triplicate measurements were performed.

266
267 2.2.7 TEM analyses
268 The analyses were performegding JEM-1400 TEM (JEOL, Peabody, MA,

269 USA) operated at 100 kV to verify the microparticles withwathout OPN extract
270 prepared with chitosan H-DA at values of charge ratieg¥) 0.25 and 5.00). Equal
271 amounts of fresh samples were homogenised with uranyltacspéution (negative
272 staining, 1 %, w/v). Samples (8.) were placed onto a copper grid covered with
273  Formvaf film and the excess of liquid was removed with the aicheffilter paper.
274

275 2.2.8 Determination of iron association efficiency iicnmparticles

276 The determination of iron association efficiency ffr@PN extract and FeSO
277 solution) in microparticles was determined using centrifuggpimcess of the particles.
278 Then, the iron present in the supernatant was quantféctoparticles samples were
279 centrifuged (40 min, 12000 x g and 20 °C). The iron quantity nsboceéged was
280 determined by ICP-M$ aliquots of supernatant (see section 2.2.3.3). A standard curve
281 was used to determine the iron content. The data were ¢nagavof three independent
282 experiments. The iron association efficiency in npemicles was determined by
283 Equation 3 (Zariwala et al., 2013a):

284

285 Iron association ef ficiency (%) = [(T‘T_—F‘)] * 100 Eq. 3

286

287 whereT; is the total iron quantity added at the formulation &nt the unincorporated
288 iron determined in the supernatant.

289 2.2.9 Iron availability studies using Caco-2 cell model
290 2.2.9.1 Cell cultivation and cell viability (MTT assay)

10
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The Caco-2 cell line (HTB-3%) was acquired from American Type Culture
Collection (Rockville, MD, USA). The cells were cultivatad high glucose DMEM
GlutaMAX™ medium, supplemented with foetal bovine serum (10 %) anitifie-
streptomycin (1 %) under standard conditions (37 °C and 5 %. G@ytotoxicity of the
particles and pure OPN extract was evaluated using MTT assagofGugarrigue,
Razafindratsita, Lambert, & Benita, 2003). Briefly, confluegits in 96 well plates were
incubated with OPN extract diluted in DMEM to obtain differeahcentrations of iron
(92.5, 185.0, 222.5, 445.0 and 890.0 ng’intelating to the maximum content of iron
present in the particles and linked to the quantity of pectiation used to prepare the
charge ratios (n+4) with excess of pectin (0.25) and excess of chitos@@)5.

Microparticles were prepared at different concentratainson from diluted OPN
extract, charge ratios (n+/0.25 and 5.00 and using chitosan with DA 22.3 %. Isolated
particles were dispersed in cell culture medium (DMEM, 10) jncubated at 37 °C
during 4 h and controlled atmosphere (5 %)CBfterwards, the samples were removed
and replaced by DMEM. In each well 25 pL of MTT solutiom{§ mL?, prepared in
PBS) was added. After 4 h of incubation the medium wpsated, and DMSO was
added to bleach out the dye. Absorbance was measured at 570ngna usicroplate
reader (Tecan, Spark 10M model, Austria). Positive (DMENhout particley and
negative (induced cell death using 4 % triton X) controls weeal (Gursoy et al., 2003).

Each experiment was performed in three different paksages with eight parallel wells.

2.2.9.2 Iron uptake into Caco-2 cells

Iron uptake was determined as cellular ferritin contenmtripZala et al., 2013a).
Briefly, Caco-2 cells were differentiated over 14 dayshwtMEM medium changes
every two days. Then, DMEM medium was suctioned and tiewashed followed by
the incubation in serurfree MEM (modified Eagle’s medium) for 24 hours. The
following day, Caco-2 cells were washed using buffer smutithree times). The
micropatrticles containing iron combined with aliquots of tesdiam MEM (pH 5.8,
simulating the pH of duodenum) were buffered with 10 mfiN2viorpholino] ethane-
sulfonic acid. Cells were placed in an incubator at 37 °“ChdWih under agitation (25
rpm) according to Zariwala et al. (2013a). Afterwards, the ian@dntaining the
treatments were aspirated and the cells washed threg itimesequence: wash solution
was used twice and another one using a surface bound irowalesotution. According
to Glahn et al. (1995), the addition of 5 uM of sodium hydrostdpand 1 uM of

11
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bathophenanthroline disulfonate is necessary andegftitdo remove the iron unabsorbed
present in the cells surface. After the wash procesdyl Mias added into Caco-2 cells
and placed in an incubator (37 °C during 24 h). Considehageffect of different iron
sources (OPN extract and FeSsblution) on iron uptake, parallel experiments with
aqueous OPN extract and FeS$0lution containing equal iron concentrations (1522 ng
mL1) were carried out. After 24 h incubation, the medium wamked and cells washed
with wash solution (twice). Different amounts of FeSf0lution (5, 10, 20, 50 and 80
KM) were used to evaluate a dose-response pattern. Thatiocubme for the iron
uptake process was set to 2 h, based on previous studies perfiyr&learp (2005). The
cells were harvested using a CelLytic lysis buffeig(®-Aldrich) including protease
inhibitor cocktail (Sigma-Aldrich, UK) and lysed using atel shaker at 4 °C, 15 min and
50 rpm. Cells were scraped, placed into a 1.5 mL microcentrifgeeand centrifuged
for 15 min (14,000 g4 °C). The supernatants (whole cell lysate) were stored at —20 °C.
Uptake experiments were performed in three independentieqres.

2.2.9.3 Ferritin measurement in cell lysates

Ferritin content was determined by ELISA kit (Ramco Lralbaries, UK) according
to the methodology proposed by Zariwala, Somavarapu, Far&aRdnshaw (2013b).
A standard curve was used covering a range of 0, 6-200 ng stamdar&erritin values
were normalised to total cell protein (ng ferritin/mg proteBQA assay (Pierce, Thermo

Fisher Scientific, UK) was used to determine the total cell protein content.

2.3. Statistical analysis

The software Statistic (version 7.0, Statistic Inc., Y®As used to perform the statistical
analysis. Differences between the averages were identified by ANOVA and Tukey’ test

(p < 0.05).

3. RESULTS AND DISCUSSION

3.1 Chitosan characterisation

The characteristics of the used chitosan samples wdodi@vs. L-DA: DA 8.6 %, Mw
4.12 + 0.30 x 16 g molt, Mn 2.52 + 0.30 x 10g mol*, polydispersity index (PDI,
=Mw/Mn) 1.6 + 0.01; H-DA: DA 22.3 %, Mw 3.22 + 3.7 x4 mol*, Mn 2.02 + 0.30
x 10" g mof, PDI (=Mw/Mn) 1.6 *+ 0.14. These characteristics confirmet the two

chitosan samples differed only in tf®A by almost 3-fold, and hardly at all on the
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molecular weight parameters. All these parameters asenrkiio be important in the
formation and physicochemical characteristics of miarigas (Kleine-Briiggeney,
Zorzi, EI-Gueddari, Moerschbacher, & Goycoolea, 2015; Kumakhiija, 2013). The
Mw of the employed chitosans could be considered a medinger Chitosans of this
type have been found amenable for the formation of naticlparby ionotropic or by
reverse emulsion gelation (Goycoolea et al. 2016).

3.2 Mineral characterisation of OPN extract

Results of mineral determination in OPN extract (Tabledirate a major concentration
of potassium and magnesium, followed by sulphur, phosphorodscalsium. A
significant quantity of total iron (2030 + 105 pghLwas analysed demonstrating its
efficient extraction from the OPN dry leaves. As expedte plants (vegetable origin),
the quantity of ferric iron (1370 + 107 pugLwas twice as high as compared to ferrous
iron (660 + 44 ug ). Our results differ compared to those reported by Tiageial.
(2009) and Lima Junior et al. (2013) in fresh OPN leaves and OPa&Lexespectively,
which could have related to external factors (such astdiaral local growth conditions),

harvesting season and pre-processing methods.

3.3¢-Potential and particle size distribution analysis
The patrticle size angtpotentialare relevant physicochemical parameters known to have
a direct impact on the stability, biodistribution, procekabsorption, cellular uptake and
overall in vivo performance of different types of micrddes. They could also affect
the drug loading capacity as well as the in vitro and in viug delease properties

The (-potential behaviour and the pH range to form the systenslving
microparticles were defined in a previous work published frangooup (Maciel et al.,
2017). At different total charges (n++ n—) of 2.0 x 10° M and 3.0 x 10° M, aggregation
inexorably occurred for all tested charge ratios (n+/n—) tested. By contrast, at 1.0 x 107
M, colloidal particles were formed when blending chitosabA. (DA 8.6 %) and pectin
at the charge ratios (n+/n—) 0.10 and 0.25 (excess of pectin), and 2.00, 4.00 and 5.00
(excess of chitosan). Whereas with chitosan H-DA (DA 22) &t the same total charge,
the formation of particles was evidenced throughout all the tested charge ratios (nt+/n—).
Based on these preliminary observations, new tests weriedcaut under identical

conditions (varying n+/n- charge ratios, total charge 1.0"%M and with both chitosans)
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to confirm the formation of particles and measuretpetential and particles size.

It was expected that carboxylate groups of pectin (i.e. rppareégative charge)
would be interacting electrostatically with amino groupsrirchitosan (i.e. bearing
positive charge) to obtain particles under controlled ¢mmd$i by polyelectrolyte
complexation. Particles size below ~2600 nm (micropanjiekese found for complexes
at charge ratios (n+/n—) of 0.10, 0.25, 0.50, 0.75, 1.00 and 5.00 for chitosan withal DA
8.6 % (Figure 1a). The PDI varied in the range 0.12 + 0.04 and 00337+ in good
agreement with published values for chitosan-based nanoparf@teycoolea et al.,
2016; KleineBriiggeney et al., 2015). For the {-potential values (Figure 1a), the charge
ratios (n+/n—) below 1.00 showed negative values (~ —25 to ~ —19), thus confirming the
excess of pectin charges in this complex system. Considering the charge ratios (n +/n—)
above 1.00, the resultant charge of the system increakditiag apositive {-potential,
the expected consequence of the charge excess of chifosasemblance among the
results obtained for the systems using different chitesvas observed (DA 8.6 % and
DA 22.3 %). Particles with average size lower than ~1500 nmum&ative (-potential
were found at charge ratio (nt+/n—) below 1.00 (Figure 1), as a result of the surplus of
negatively charged pectin. At-/n— > 1.00, the(-potential of both systems reversed to
positive in the systems comprised by both type of chimsd@ihe results provide
unequivocal evidence that the colloidal particles areméokr as the result of
polyelectrolyte complexation driven by charge compensatiosupport of this, note that
at charge ratio (n+/n—) near to the stoichiometric value, (betwen charge ratio (n+/n—)
~1.0 and ~2.0), thé-potential attains a neutral value. Our results agree witique
studies using chitosan (DA ~20 %; Mw ~2.3 x°1@mol?t)/polyguluronate
polyelectrolyte complexes (Arguelles-Monal, Cabreraji¢te, & Rinaudo, 2000) and
chitosan/pectin/insulin nano- and microparticles (Macial.e2017). The complexation
of chitin and pectin has also been studied in more retedies using-potential as one
of the main experimental technique (Kulikouskaya, Lazaouskayagabekors, 2019;
Niu et al., 2019). Considering the above results, two systeere selected for each type
of chitosan (L-DA = 8.6 % and H-DA = 22.3 %) for furtheudies: one involving a
surplus of pectin (nt+/n— = 0.25) and other using surplus of chitosan (n+/n— = 5.00). The
total charge was kept at 1.0 x4.

3.4 Production yield of micropatrticles
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425 The production yields of iron-loaded microparticles (TaB)ewere similar in all
426 formulations studied, except for the chitosan DA 8.6 % d@narge ratio (n+/n—) 0.25.
427 However, within experimental error the size data for thm®ua formulations were of the
428  same order of magnitude. Independently of chitosan DA and charge ratio (n+/n—) studied,
429 the production yield was kept between 20-26 %. The relatively yeld is the
430 consequence of the incomplete incorporation of the f@tiom components in the
431 formed complexes during the preparation and their lo#setsupernatant, thus reducing
432 the production yield. lannone et al. (2017) evaluated the priodugeld of grape seed
433 extract-loaded chitosan micro-particles with differenhaentration of extract in the
434 system and obtained values between 42.3 and 64.8 %. In génera@sults obtained for
435 yield production were considered in overall good agreemefit rgported values on
436 previous studies on chitosan microparticles for diffedeng delivery systems, namely
437 12-48 % for tea polyphenol-Zn complex (Zhang & Zhao, 201584£2% for vancomycin
438 (Cerchiara et al., 2015), 30-46 % for antituberculotic drugw€®4 et al., 2017) and 33-
439 58 % for vitamin B12 (Carlan, Estevinho, & Rocha, 2017).

440

441 3.5 Stability of microparticles

442  The evolution of the Z-average particle hydrodynamic @i@mduring incubation in four
443  different environments, namely 50 mM NacCl, cell culture mnedDMEM and simulated
444  gastrointestinal fluids (SGF and SIF) is shown in théowarpanels of Figure 2. First,
445 we evaluated the stability 50 mM NaCl (i.e., the same solvent condition in whicd th
446 particles were originally formed), aimedasontrol to the rest of the experiments (Figure
447  2a). At time zerpthe particle size was essentially the same as thhedfeshly prepared
448 formulations €f., Figure 1 and Figure 2a). A closer inspection of the plaals that for
449 systems comprising chitosansIdA 8.6 and 22.3 % and charge ratio (n+/n—) 5.00 there
450 wasanincrease from2.2to 4.1 umand from4.7 to 6.1 um, tegbhechough no visible
451 aggregation was observed. Conversely, systems comprisihgcbibosans and charge
452 ratio (nt/n—) 0.25, attained noticeably smaller sizesl(um) and remained essentially
453 unchanged during the course of the ass8gcond, the systems incubated in DMEM
454  showed overall smaller initial particle size (~386550 nm) than in 50 mM NacCl (Figure
455  2b). Systems comprising chitosan of DA 22.3 % and hlginge ratio (n+/n—=5.00) were
456 the largest and increased from ~550 to ~900winile the corresponding systems of low
457 charge ratignt+/n—= 0.25), increased from ~425 to ~800 nm over the course of the.assay

458 Interestingly, particles comprising chitosan DA and 8.6 %hagitcharge ratio (n+/n—=
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5.00) remained stable up to 60 min (~500 nm), and beyond this tioneased to ~775
nm. In turn, particles comprising chitosan DA and 22.3 % andclasge ratio (n+/n—=
0.25), showed only a slight increase in particle size #8@b nm to ~450 nm. Third, in
SGF (Figure 2c), the particles also attained sub-miczas snvariably smaller than in
50 mM NaCl and were consistently smaller for systemshafge ratio n+/n— 5.00 than
0.25 (~250 vs. ~400 nmpdependent of chitosanDA. Finally, in SIF (Figure 2d), the
particles attainedizes that varied from ~750 nm to ~3500 nm for systems of charge rat
(nt/n—) 0.25 and 5.0, respectively. In all the systems, except thospising chitosan
DA and 8.6 % and high charge ratio (n+/n—= 5.00), the particles size remained unchanged
during incubation. For such system, an unusual behaviourbgaswedin which the size
initially increased from ~1250 to ~2500 nm and after 3 h it decrdmszdto the original
value, thus describing a bell-shaped curve.

The colloidal stability against varying conditions of plénic strength and
simulated physiological conditions (e.g. during digestaar) largely affect their cellular
uptake effective delivery of the payload. Often, the collogtiability of microparticles
is assessed only in PBS (pH 7.4) as a surrogate of plasinatiaer biological fluids
(Soliman, Zhang, Merle, Cerruti, & Barralet, 2014). In poesi studies (Goycoolea et al.
2012), we have evaluated the stability of chitosan-based apswes coated with
chitosanf different DA in RPMI and MEM cell culture media andifal that in general,
thenanocapsules comprising chitosans of high DA and lowwre the most stable. The
role of the chitosan at the surface on the hydratiaihenpresence of different ions has
been crucial to explain the colloidal stability of thegstems (Santander-Ortega, Peula-
Garcia, Goycoolea, & Ortega-Vinuesa, 2D1lh our study, we were interested in
evaluating the stability in cell culture medium (DMEM) asliwas in simulated
gastrointestinal fluids as these are relevant for irowell culture studies and for the
potential development of a formulation for oral delixefAs a control, we assessed the
evolution of the particle size in NaCl 50 mM, the samkesu used to prepare the
particles. Even when the particles comprising an exadsshitosan (n+/n- =5.0)
experienced a noticeable growth in their size, we werdidson that they did not
aggregate. It was interesting noting that in both DMEM aeltiure medium and SGF,
the particles attagd a smaller size than that in 50 mM NaCl. We attributese¢he
differences to the varying ionic strength and pH conditfoms the originally used to
produce the particles. Given that the particles form tsp@ously by polyelectrolyte

electrostatic self-assembly upon mixing, they are knasetkinetically trapped in their
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conformation and size (Costalat, David, & Delair, 2014). Anlgsequent change in the
state of charge ionisation (i.e., driven by pH or ionfergjth) in chitosan and pectin
polyelectrolytes, may lead to a weakening of the compled &e-structural
rearrangements that can result in either compaotiexpansion of the originally formed
complexes, as they attain a thermodynamically morkleststate. These effects are
particularly noticeable in Figure 2c and 2d, showing thelutlem of the size upon
incubation in SGF (pH 1.2) and SIF (pH 6.8), respectively. I&,3fe particles with an
excess of chitosan (n+/n- = 5.0), attain half as smaiker than those bearing an excess
of pectin (n+/n- = 0.25). By contrast, in SIF (pH 6.8 ttarboxylate groups of pectin
are bound to be fully ionised while the amino ones in shits are bound to be
predominantly neutral, hence, the particles bearing ansexgt pectin attaed the
smaller size. According to Vaarum & Smidsrod (2005), at pH a@ud (e.g. as in SIF),
chitosan is present in non-ionised form, which could erpiaé non-stability of the
particles containing surplus chitosan. By contrast, thepaation in size from the original
condition observed in SGF, can be attributed to a reduced aggregagorgnsequence
of overall greater charge density, particularly for plaeticles comprising a surplus of
chitosan (n+/n- = 5.0)n studies developed by Huang et al. (20ih92ein/pectin core-
shell nanopatrticles, it was evaluated the influence ofahie strength (0-70 mM) on
particle stability. They observed an increase on partide when the level of salt was
increased from 0 to 50 mM, which may be due to a weakening of e¢bé&rastatic
attraction between the polymers used to form the micrefestilt is known that steric
and electrostatic repulsion, as well as weakening of hydroprathiaction favour
colloidal stability.

These results of our study agree closely with our previauk (Maciel et al. 2017),
in which we used similar chitosan/pectin microparticles loadel mwgulin. Indeed, in
the previous study, we also observed overall colloidal stalmitcell culture medium
MEM SIF and SGF media. Also, our results confirmed trexall decrease in the particle
size upon incubation in cell culture media and in Slther studies, for example, Zhang,
Wang, Ni, Zhang, & Shi (2016) produced nanoparticles based asahiand poly(2-
acrylamido-2-methylpropanesulfonic acid) by electrostaticraont®n varying the
weight ratio of the constituents, structure and properfibgey observed that smaller
particles were generally more stable when compared to larger after exposition to
physiological conditions. Andreani et al. (2015) verified dratller particles tend to be

more effective to enhance the process of absorptitimeimntestinal epithelium. Bagre,
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Jain, & Jain (2013) prepared chitosan nanoparticles coatédalginate loaded with
enoxaparin and reported their low stability in SIF coodgi (pH 7.4). They attributed
this to chitosanNlw 150 kDa, DA 85 %, purified viscosity grade 80 cps). Chen et al.
(2009) evaluated the stability of the oral heparin deliverstesns based on chitosan
nanoparticles. They observed stable systems under awdioa (pH 1.2) and attributed
this behaviour to the electrostatic interaction existimgdathe ionized form of chitosan
and the bioactive payload (heparin). It was also verifiatiheparin began to release from
the systems with the increase of the pH to 6.6 o@8.8,resulting of the swelling process.
At pH 7.4, the release of heparin was attributed to the natm@esa disintegration. These
results suggested that the nanoparticle stability in neatndl slightly basic pH
(physiological condition of intestine) decreases, priimyathe release of heparin. Yuan,
Jacquier, & O’Riordan (2018) produced chitosan-polyphosphoric acid beads to entrap
different bioactive (bovine serum albumin, insulin, cassidrolysate and whey protein
isolate) and showed stability for the systems in SGEIR) the stability was dependent

of the protein typgwith best results for insulin and whey protein isolate.

3.6 Determination of iron association efficiency at microparticles
Iron association efficiency was determined considemriggources of this mineral: OPN
extract and FeS{3olution with the objective to evaluate whether différgurces (plant
and synthetic) would differ in their ability to uptakenrimto Caco-2 cells. Furthermore,
it was necessary to determine the iron associatiarieitiy of the systems for calculation
of iron uptake. The association efficiency of iromfrowo different sources (OPN extract
and FeS®@solution) into particles considering charge ratios (n+/n—) 0.25 and 5.00 and
chitosan H-DA (22.3 %) are shown in Table 3. The maximum amoiiron for the
charge ratio 0.25 was 890 ng rhlwhile for the charge ratio 5.00 was 185 nginllron
association efficiency (45.78 %) was achieved for theesystprepared with FeSO
solution and charge ratio (n+/n—) 0.25 than those prepared with OPN extract. The
association efficiency increased (59-63 %) for overgtesams prepared at charge ratio
(nt+/n—) 5.00, considering the different iron source. It suggests that a surplus of chitosan
could substantially influence the association efficjermd the iron rich-OPN into
microparticles. Moreoveiit is worth notng that carboxylate groups from pectin could
also complex iron in the microparticulate proposedesys

Model nanoparticulate systems have an elevated assacir encapsulation

efficiency (Bayat et al., 2008). Electrostatic inteiats between carboxylate groups of
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anionic polymers (i.e., pectin) and amino functions fromtosan have considerable
influence in the association efficiency of bioactivechitosan nanoparticles (Calvo,
Remunan-Lopez, Vila-Jato, & Alonso, 1997). It is possible to eatlearly from our
results, that the resultant iron association waated| to the proportional quantity of
chitosan in the system. Hermida, Roig, Bregni, Sabés-Xar@aBarnadas-Rodriguez
(2010) and Xia & Xu (2005) evaluating the use of chitosan indipessystems observed
that the presence of this polymer promoéedmprovement on iron loading. Bhatia &
Ravi (2003) proposed that a steady complex could be fornteeée iron and chitosan,
promoting better incorporation. This observation would erptae high association
efficiency observed igharge ratio (n+/n—) 5.00 (chitosan in excess). The fact that the
production yield results were practically the same f@raWV formulations studied seems
to be in accordance with the proposal that iron couldomeplexed in the system formed
between chitosan and pectin. Further insight is neededefmedeour understanding of
how iron interacts with the microparticles. This couldleed be addressed in future
studies using FTIR, DSC, as well as other techniques suchsddpled to ICP-OES.
Whilst there is a lack of comparable studies investigatingdseciation efficiency in
chitosan-pectin particles, encapsulation of carotenamis chitosan microparticles
resulted in over 95 % efficiency (Rutz, Borges, Zamb@&iRosa, & da Silva, 2016) and
Alencaste et al. (2006) encapsulating vitamin E using chitosaoioanethylcellulose
reported an efficiency of 81 %. Loading iron on solid lipghoparticles using stearic
acid by double emulsion solvent evaporation process eesutdt iron incorporation

efficiency in the range of 48-87 % (Zariwala et al. 2013a).

3.7 TEM analyses

Micrographs tending to present, in the most of caggral shape (highlighted with
arrows in the figures), were recorded for systems using diuthsans and charge ratio
(nt+/n—) indicating that the different DA studied would not be influencing the formation
process of the particles (Figures 3). In the particladdd with iron using chitosan DA
22.3 % it was relevant to verify that the systems extlsienilar spherical shape than
the corresponding blank samples (Maciel et al. 2017)il&8inesults were found in the
literature regarding systems involving natural compounds-loadedhe particles. For
instance, Belscak-Cvitanovic et al. (2015) produced micro-festf alginate-protein
coated with chitosan or pectin to delivery bioactive compo(italsgan-3-ol antioxidants

and caffeine) found in green tea extract and obtained baeds spherically shaped
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lannone et al. (2017) studied the formation of chitosan midtioles to entrap grape seed

extract and observed spherical shape of the microsys@ey)syueg|Chil|Liang, &(Gao

(2018) evaluated nanocomplexes of chitosan hydrochloride abdxyanethyl chitosan
loaded-anthocyanin (natural pigment) and found sphericattate for the system;
among other. Indeed, this is a topic that is receiving inicrgasaction.

3.8 Evaluation of particle cytotoxicity

The cytotoxicity experiments employing Caco-2 cells couldubed as a preliminary
information to further studies indicating the potential ¢@yion the intestial tissue and
providing suitable concentrations in a permeability studyitivolves any new bioactive
compounds  (Okonogi, Duangrat,  Anuchpreeda, Tachakittirungrod, &
Chowwanapoonpohn, 2007). In vitro cytotoxicity of OPN extract dreparticles and
iron-loaded microparticles was performed (Figure 4) at diffeconcentrations of loaded
iron (92.5, 185.0, 222.5, 445.0 and 890.0mig"). These concentrations are reflecting
the maximum content of iron present in the final paatic/As we previously documented
(Maciel et al. 2017), blank particles of chitosan-pectoh mivt lower the cell viability
values below ~90 % even when applied at concentration 100 figicha h incubation
time. Likewise, OPN extract alone (Figure 4a) did not affeltivi@bility within the dose
range studied (92.5-890.0 ng ML This was an essential point to test before considering
the properties of the OPN extract as a potential sourtero§upplementation.

When OPN extract was encapsulated by the chitosan-pectiopaiticles, the cell
viability remained above ~80 % in all formulations (Figure M) investigation focused
onthe bioactivities properties, purification process, comas of OPN cultivation could
provide an useful information for further studies. Lo&®ernkép-Schnurch (2007) and
our own studies (Maciel et al. 2017) have evaluated narb{racroparticles systems
containing chitosan and observed a decrease in Caco-2 dailitwiaThe authors
suggested that it would be related to the electrostatic itiamaexistent among the cell
membrane and polymeric nanoparticles. Zhang & Zhao (2015) prodacegarticles
using chitosan and obtained upward ~84.0 % of cell viability. Sdha8hree, Arora, &
Kapila (2017) evaluated a lactose-iron complex and obseoves! lcytotoxicity for this

system compared to ferrous sulphate solution.

3.9 Iron uptake into Caco-2 cells

According to Hu et al. (2019), natural polymer-based colloidatigles could be
20
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629 administered by the oral route to deliver bioactive compaunts this study, we
630 addressed the efficacy of chitosan/pectin microparticles ieedé@lon intracellularly. To
631 this end we adopted an in vitro assay with intestinal Cacel2. This cell line is an
632 accepted model system to determine cellular iron uptakdeviitin induction frequently
633 used as a readout (Zariwala et al., 2013a). Cell modelsasu€taco-2 cells, present
634 various advantages related to their facility and reprodugibilat permit the comparison
635 of the results inter-laboratory easily (Lea, 2015).

636 The iron uptake by Caco-2 cells from chitosan-pectirroparticles from the two
637 different sources of iron examined (OPN extract and kesBtion) was evaluated over
638 a period of two hours, in line with previous studies (Zarivedlal., 2013b). The ferritin
639 formation was determined after further two hours, andpawed to iron available in OPN
640 extract and FeS@olution free of particles (Table 4). Of note, the exadsshitosan in
641 the microparticle systems (n+/n- ratio 5.0) loaded wibin-rich OPN extract promoted
642 an~two-fold increase in cellular iron uptake, from 3.53 £ 0.2184 & 0.36 ferritin ng
643 mg? of cell protein By contrast, when OPN extract was replaced by Res®@tion as a
644 source of iron in the formulationshe cells showed an overall greater absorption of
645 ferritin. These results were expected considering theehigvailability of ferrous iron (in
646 FeSQ solution) in comparison to plant iron in OPN extracteren~67 % is ferric iron.
647 Interestingly, we observed that for microparticles #fna ratio 5.0 loaded with OPN
648 extract, the excess of chitosan resulted in an ineregon association efficiency and
649 uptake with respect to the particles with an excess ofrpéeti/n- ratio = 0.25). By
650 contrast, the microparticles with an excess of pdctiin- ratio 0.25) loaded with FeSO
651 showed a greater uptake by the cells. Even when we do notinaeatlyanexplanation
652 to account for the observed differences, it is evident tima interplay between the
653 interactions of ferric and ferrous and organic compleixen with both chitosan and
654 pectin in the complexed particles, along with the catluliptake of the particle
655 themselves, is what dictates the net cellular uptakeonf Further mechanistic studies
656 are necessary to fully uncover the phenomena at play.

657 Several studies have demonstrated that chitosan enhtrcatssorption of poorly
658 permeable drugs when included in nano- and microparticleufations for transmucosal
659 delivery, an effect that could be attributed to its mucosigtbeproperties (Fonte,
660 Nogueira, Gehm, Ferreira, & Sarmento, 2011). Chitosan h#s/pasharges due to the
661 amine groups found in its structure. It permits a strongrelgtettic interaction on the cell

662 surface and consequently muco- and bio-adherence, leadingnitrease on absorption
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(Zariwala et al., 2013a). Other studies have demonstratetbiaacing effect of chitosan
in their test systems. Zariwala et al. (2013a), studyingl diplid particles coated with
chitosan, obtained higher absorption of iron than frbitosan-free systems. Yang et al.
(2017) evaluated a system composed of ferritin glycosylatezhibgsan to encapsulate
catechin, a bioactive polyphenolic compound, and founan@novement on absorption
when compared to the results with free catechin.

The iron uptake from OPN extract was also confirmed when comgpide results
with those of FeS©solution (containing equivalent doses of iron), in batbes free of
particles. It was evidenced that OPN extract had lower uptakeR&SQ@. Meanwhile, it
should be considered that the amount of total iron fad?N extract available to Caco-2
cells was 1522 ng mtof which ~495 ng mt is ferric (F&") iron. Hence the Caco-2
cells had absorbed ~35 % of theFerhile for FeSQ solution, the absorption would be
~33 %.These results suggests that the proposed system couobbengially promising
alternative to iron supplementation in the futukenegative control using only serum-
free MEM was used to demonstrate lack of iron uptake undse ttonditions.

The cells were treated with increasing concentratio®8Q solution (from 5.0
to 80.0 uM) with the purpose of evaluating a dose-respeffeset. The measured ferritin
concentration increased from 53.08 to 785.31 n¢} wigcell protein and the data could
be described by a function corresponding for one pieic binding with Hill slope

(available from GraphPad), given as:
Y = Bpax * X"/ (K" + X1)

whereY = ferritin concentration (ng mgof cell protein),B,,., is the maximum specific
binding (ng mg of cell protein) extrapolated to high concentratioks; is the
concentration of iron needed to achieve a half-maximum fgndquilibrium, andh is
the Hill slope. The best-fit values of the three paransetalculated werB,,,, = 776.4
+12.93,K, = 13.12 £ 0.40, anfl = 2.912 + 0.21 (R= 0.999) (Figure S1). The value of
the Hill slope @ = 2.912) reflects a cooperative multiple binding sites m®icéhe
observed saturation-dose dependent process is fully tamtsisvith the known
mechanism of cellular iron uptake. For this to take plaggpfis iron first must be
oxidized into the ferric form to bind transferrin. THe**-transferrin attaches to

transferrin receptors (TfR2) on the cell membrane ¢osbbsequently endocytosed.
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Ferritin is the primary storage form of iron in celigence, the concentration of ferritin
reports on the overall uptake of iron. Our results atmgieement with other published
work that indicated an ideal concentration for iron kete be 20 uM (Zariwala et al.,
2013b).

4. CONCLUSION

In summary, we have gained praaffconcept of the preparation and characterisation of
iron-loaded chitosan-pectin microparticles as a potepksform for iron delivery and
food supplementation/fortification, using an aqueous exfracn a non-conventional
edible Brazilian plant, OPN (Pereskia aculeata Milléfjcroparticle characterisation
evidenced the charge ratio (n+)n5.00 and chitosan H-DA (22.3 %) as the optimal
formulation. The average hydrodynamic diameter of théiges spanned < ~1000 to
2500 nm, production yield (~ 26 %), iron association efficigr®p %), spherical shape
and stability in DMEM, SGF and SIF. Findings from cytotoyi@ixperiments revealed
that all formulations involving particles at different ir@oncentration presented cell
viability above ~80 %. The results showed Caco-2 cell iroakgpfrom microparticles
at levels slightly close to those particles prepared usiB@EeAn excess of chitosan in
the proposed system evidenced the influence of this poligmeaprove the iron uptake.
This study should provide important insights related to tleeofigon bioavailable from
plants, confirmed by the good absorption properties in.Mitom-loaded chitosan-pectin
microparticles offer a potential and versatile systeat tould provide an attractive drug

delivery process for traditional oral iron treatment.
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1030 Table 1.Mineral content present in ora-pro-nobis (OPN) extract.

1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052

Minerals Content
Manganese 4593.00
Iron 2030.00
Copper (kg L9 105.00
Zinc 373.00
Calcium 6.03
Magnesium 79.10
Potassium (mg LY 465.00
Sulphur 26.70
Phosphorou 20.20
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1053
1054
1055

1056
1057

1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081

Table 2. Production yield of chitosan-pectin microparticles loadeith wra-pro-nobis
(OPN) extract prepared at different charge ratios (n+/n—) and comprising chitosans of

varying degree of acetylation.

Chitosan (DA) Charge ratio (n+/n-) Production yield (%)
0.25 20.41 +0.98
L-DA (8.6 %)
5.00 25.01 £ 0.842
0.25 26.38 + 0.63?
H-DA (22.3 %)
5.00 26.09 + 0.412

Different letters differ statistically ($0.05) by Tukey’s test. Results are mean with SE of three independent
experiments. L-DA = low degree of acetylation. H-DA =tiegree of acetylation.

34



1082
1083
1084

1085
1086

1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109

Table 3.Iron association efficiency from different sourcesafpro-nobis extract (OPN)
and FeS®@solution) at the microparticles prepared in different charge ratios (n+/n—) and

chitosan with degree of acetylation 223

Samples Charge ratio Iron association efficiency
(n+/n-) (%)
Chitosan/pectin/OPN extract ~ 0.25 33.99 +2.54
Chitosan/pectin/OPN extract ~ 5.00 59.56 + 3.38
Chitosan/pectin/FeS(solution  0.25 45.78 + 2.87
Chitosan/pectin/FeS(solution  5.00 63.21 + 4.69

Results are mean with SE of three independent experimeffesedt letters differ statistically (p < 0.05)

by Tukey’s test.
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1110 Table 4.Caco-2 cells iron uptake from microparticles, ora-pro-s¢GPN) extract and
1111  FeSAQ solution.

Samples Charge ratio (n+/n-)  Ferritin  (ng mg? of cell
protein)

CS/PT/OPN extract 0.25 3.53+0.2¢%

CS/PT/OPN extract 5.00 6.81 +0.36

CS/PT/FeS@solution  0.25 28.18 +1.97

CS/PT/FeS®@solution 5.00 16.41 £ 1.45

OPN extract! - 174.96 + 15.49

FeSQ solutiorf? - 508.79 + 26.432

Negative control - 0.89 + 0.0%

1112 Different letters denote statistically significant difaces (p< 0.05) by Tukey’s test. Results are mean
1113 average * SE of three independent experiméhasaount of total iron: 1522 ng mk *Amount of iron
1114 Fe*: 1522 ng mtt. CS = chitosan, PT = pectin.

1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
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1135 Table 5. Dose-response effect for Caco-2 cells iron uptake usg®QFsolution at

1136 different concentrations.

FeSG; solution (uM) Ferritin (ng mg™* of cell protein)
5.0 53.08 + 3.88

10.0 233.58 £ 16.52

20.0 607.58 + 28.5%

50.0 744.41 £ 42.112

80.0 785.31 + 39.052

1137 Different letters differ statistically (§0.05) by Tukey’s test. Results are mean with SE of three independent
1138 experiments.
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