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Abstract

Dietary sodium selenite and selenium-yeast are commonly used to enhance the antioxidant defense in broilers, but they can be
toxic. A new form of Se nanoparticles stabilized in chitosan microspheres (CS-SeNP) is well established for low toxicity, but their bio-
availability and antioxidant potential has not been investigated in broiler feeding. Our objectives were: a) to synthesize and charac-
terize the properties of CS-SeNP and b) to compare the effects of CS-SeNP as a dietary selenium source with those of sodium selenite
and selenium-yeast on meat selenium concentration and oxidative stability in broiler chickens. The CS-SeNP were synthesized by
chemical reduction and their properties were determined. Four experimental diets were offered to 200 broilers chickens (5 repli-
cates/diet, 10 broilers/replicate); one control (C) with no added Se, and 3 diets supplemented with 0.4 mg Se/kg either from sodium
selenite + selenium-yeast (1:1 ratio; T1), selenium-yeast and CS-SeNPs (1:1 ratio; T2) or CS-SeNP alone (T3). Feed intake, weight gain
and feed conversion ratio were monitored throughout the trial. At the end of the trial, 10 broilers per diet (2/replicate) were sacri-
ficed and breast meat samples were collected. Meat fatty acid composition was determined by gas chromatography. Meat selenium
content and oxidative stability were determined by hydride (vapor) generation atomic absorption spectroscopy and iron-induced
lipid oxidation, respectively. Spherical monodispersed CS-SeNPs of 80.5+20 nm average diameter were obtained. The CS-SeNP were
exclusively composed of elemental Se and were encapsulated in chitosan, as indicated by the X-ray diffraction and X-ray photoelec-
tron spectroscopy surveys, respectively. Growth performance was not affected by the dietary selenium addition and differences were
not observed between the dietary selenium sources. Meat selenium content and oxidative stability were similar in T1, T2 and T3
broilers, but significantly higher (P < 0.05) when compared to C broilers. In conclusion, the selenium from CS-SeNP enriches meat
with selenium and enhances meat oxidative stability in a manner similar to the commonly-used inorganic and organic forms. Given

the well-established low toxicity, CS-SeNP has a very good potential as a dietary Se source in broilers and should be further studied.
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saturated Fatty Acids; PUFA: Polyunsaturated Fatty Acids; Se, Sele-
nium; SeY: Se-Enriched Yeast; SS: Sodium Selenite; SeNP: Selenium
Nanoparticles; SFA: Saturated Fatty Acids; XRD: X-ray Diffraction;
XRS: X-ray Photoelectron Spectroscopy.

Introduction

Selenium (Se) is an integral part of at least 25 selenoproteins,
which exert multiple biological activities regarding animal growth
performance, fertility and disease prevention. Some of these sele-
noproteins are actively involved in antioxidant defense and redox
regulation of the animals by controlling the levels of free radicals
that are produced during normal metabolic activity [1]. Due to its
antioxidant potential, dietary Se supplementation has been exten-
sively investigated, among other antioxidants, as a key trace min-
eral for enhancing oxidative stability and shelf life of poultry meat,
which is quite sensitive to oxidation owing to its high content of
polyunsaturated fatty acids (PUFA) [2,3]. Studies in broilers have
showed that feeding supplemental Se may significantly retard oxi-
dation in liver and meat, in addition to tissue enrichment with Se
[2-4].

The various forms of Se used in animal feeding have their pros
and cons. The least expensive are inorganic Se salts, usually sodium
selenite, but inorganic Se incorporation into tissues and antioxi-
dant activity vary [6]. Organic Se, in the form of selenomethionine
is more efficiently incorporated into tissues and it is more bioac-
tive, but its production process makes it more expensive [1]. Both
forms can be toxic when provided at excessive levels i.e. well above
the nutritional requirements. In fact, the margin between benefi-
cial and toxic effects of Se is considered narrow [5-7]. To ensure
feed safety, maximum levels for Se in complete feeds have been
set at 0.5 mg/kg in the European Union [8] and 0.3 mg/kg in the
United States [9]. However, there is increasing concern in the ani-
mal industry that these recommended levels may not be adequate
to supply animals with the Se needed to cope with the stressful
commercial rearing conditions; therefore, research has turned to
alternative Se forms with potentially higher bioavailability and/or

lower toxicity [10].

The recent advancements in nanotechnology brought into light
the use of nanoparticles, which are widely envisaged due to their
innovative features such as a high surface activity, high catalytic ef-

ficiency, large surface area, strong adsorbing ability, but most im-
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portantly low toxicity [11-13]. Selenium nanoparticles (SeNP) in
particular, are inorganic elemental selenium nano-particles, which
can retain the biological activity, increase Se availability and reduce
the toxicity of the Se element [14]. They can be very efficient and
low-toxicity nutritional additives [15]. It has been reported that
SeNP possess comparable efficiency to selenite and methyl sele-
nocysteine in upregulating selenoenzymes but with dramatically
decreased toxicity [16,17]. Indeed, SeNP can improve the growth
performance and the antioxidant status, as well as meat quality
indices and Se concentration, in broilers [18-20]. The synthesis
of SeNP can be easily achieved by biological reduction in the oxy-
anions, selenite and selenite [21], or by chemical means [22-24].
However, SeNPs usually enlarge, aggregate and finally transform
into a gray/black analog that is biologically inert [25]. To address
this problem, several capping agents (also called stabilizers) have
been utilized to preserve SeNP physically separated, among which
chitosan (CS) has gained considerable attention [25]. The CS is a
positively charged natural polysaccharide polymer with excellent
biodegradable and biocompatible characteristics [22]. On the oth-
er hand, it may retard the release of SeNP due to the deficiency of
the enzymes to deal with CS in some species of animals and human
beings [22]. Hence, it is not clear how effectively the CS-SeNP can
be solubilized in the gastrointestinal tract of animals, and permit
the release, absorption, and incorporation of Se into tissues [1].
Recent evidence indicates that SeNP stabilization using chitosan
seems to be a viable alternative and presents great application po-
tential in aquaculture, because they exert effects on growth perfor-
mance, feed efficiency, and antioxidative capacity of fish [7]. To our
knowledge, the potential of CS-SeNP as a dietary Se source has not
been investigated until today in broilers; only BSA (bovine serum
albumin) stabilized SeNP have been tested. Therefore, the present
study sought to a) synthesize and characterize the physico-chem-
ical properties of CS-SeNP and b) compare the effects of CS-SeNP
on meat Se content and oxidative stability with those of sodium
selenite (SS) and Se-yeast (SY) in broiler chickens, at the recom-

mended by the EU dietary levels.

Materials and Methods
Synthesis and characterization of selenium nanoparticles-
loaded chitosan microspheres

Selenium nanoparticles-loaded chitosan microspheres (CS-
SeNP) were synthesized by reducing sodium selenite in the pres-

ence of chitosan, which adheres to Se atoms and controls the size
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of their aggregation according to the method of Bai,, et al. [22]
with some modifications. Briefly, 1.0 g of chitosan (CS, molecular
weight 50-190 kDa, 90% deacylated chitin; Sigma-Aldrich) and
1.6 g of ascorbic acid were dissolved in 100 ml of 1% (w/w) acetic
acid. Subsequently, 10 ml of an aqueous solution containing 0.4 g
of sodium selenite was added dropwise into the CS/ascorbic acid
solution and stirred continuously (600-800 rpm) to obtain a red
SeNP-M colloid. The colloid was dialyzed against 1% (w/w) acetic
acid (3.5 kDa MWCO dialysis bags) for 6 hours to remove the excess
ascorbic acid and other by-products. After that, the colloid was well
mixed with a clean CS solution (3 g CS in 100 ml of aqueous 1%
acetic acid) to achieve final concentrations of 0.09% (w/w) Se and
2.0% (w/w) CS. The final colloid was lyophilized and the cake was
milled through a 0.5-mm sieve (Cyclotec, 1093 sample mill; Teca-
tor, Hogands, Sweden) to obtain a bright red free flowing powder,

which was stored at room temperature until use.

The hydrodynamic sizes of the CS-SeNP were measured using
dynamic light scattering (DLS) on Mastersizer particle size and zeta
potential analyzer (Malvern Instruments, Malvern, UK). The X-ray
diffraction (XRD) was used to study the structure of the CS-SeNP
and was performed in the range 5° < 20 < 90° with the aid of a D8
Advance diffractometer (Bruker Co, Billerica, MA, US), which utiliz-
es the CuKa (1.5406 A) radiation source operated at 40 kV and 40
mA. The X-ray photoelectron spectroscopy (XPS) was used to study
the composition of the CS-SeNP and the experiments were carried
out in an ultra-high vacuum system using the unmonochromatized
AlKa line (1253.6 eV). Two analyzer pass energies were used, one
at 20 eV (resulting in full width at half maximum of 0.9 eV for the
Ag3d5/2 peak) and another at 40 eV. The XPS core-level spectra
were analyzed using a fitting routine, which can decompose each
spectrum into individual mixed Gaussian-Lorentzian peaks after
a Shirley background subtraction. Errors in our quantitative data
were found in the range of ~10%, (peak areas) while the accuracy
for binding energies (BE) was approximately 0.1 eV. The analyzed
area on the sample surface was a rectangle with dimensions 7.0 x

15 mm?.

Animals, diets and experimental procedures

A total of 200 as hatched Ross broiler chickens were used. The
broilers were obtained from a commercial hatchery. All chickens
had similar Se status because the broiler breeder flock was fed a

commercial diet with 0.20 mg Se per kg of diet. There were 5 rep-
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licate pens of 4 dietary treatments namely C, T1, T2 and T3 and T4
randomly allocated in the house. There were 10 chickens per pen,
50 per treatment. The broilers of a control group (C) were fed a bas-
al diet (BD), without any Se supplementation; the only Se present
was that of feed ingredients (Table 1). The T1 broilers were fed the
basal diet supplemented with 0.2 mg Se/kg from sodium selenite
(SS) and 0.2 mg Se/kg from a yeast source (SeY; Sel-Plex®, Alltech
Inc, Nicholasville, KY, US). The T2 broilers were fed the basal diet
supplemented with 0.2 mg Se/kg from SeY and 0.2 mg Se/kg from
CS-SeNP, which were synthesized in our laboratory as described
above. Finally, the T3 broilers were fed the basal diet supplement-
ed with 0.4 mg Se/kg from CS-SeNP only. Limestone was used as a
carrier to dilute the concentration of CS-SeNP to a suitable level for
blending the ration to achieve the desired levels for diet formula-

tion. The ingredient composition of the diets is shown in table 1.

The duration of the trial was 6 weeks with housing and care of
broilers conforming to the guidelines of the Department of Animal
Science and Aquaculture of the Agricultural University of Athens.
The experimental protocol was approved by the AUA Bioethics
Committee (no. 13/16-03-2021). The broilers were raised, accord-
ing to Ross’s management manual, in a house where light and ven-
tilation were controlled. The broilers were fed a starter diet to the
10% day of their life, a grower diet to the 24" day and a finisher diet
thereafter (until 42 days of age). Feed and water were provided
ad libitum. Each growing phase diet (starter, grower and finisher)
contained the same level of added Se which was appropriate for
each experimental treatment (Table 1). The lighting program was
23 h of light and 1 h of dark. Stocking density was according to EU
legislation. At the end of each growth phase (day 10, 24 and 42),
broilers were weighted and the body weight was recorded. Fur-
thermore, feed intake was measured weekly and the feed to gain
ratio was calculated. At the end of the experiment (42 days of age),
two broilers per pen were sacrificed by electro stunning and ex-
sanguination, eviscerated and after a 24 h chilling period at 4°C,
carcasses were weighed and dressing percentage was determined.
Subsequently, breast samples from the Pectoralis major muscle
were collected. In detail, from each carcass, the right part of the
breast was excised, vacuum packed and stored at -20°C until ana-
lyzed for FA. A smaller portion (ca. 2-3 g) from the right part of the
breast was used for the determination of Se concentration. Simul-
taneously, the left part of the breast was removed, vacuum packed

and stored at -20°C, to determine lipid oxidation.
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Ingredients Starter Gr::v- Finisher
Maize 48.47 52.09 57.60
Soybean meal 42.84 38.98 33.39
Vitamin and
Mineral Premix! 0.20 0.20 0.20
Limestone 1.41 1.28 1.16
NaCl 0.40 0.40 0.40
Methionine 0.36 0.31 0.28
Soybean oil 4.47 5.18 5.61
Lysine 0.24 0.17 0.18
Threonine 0.10 0.07 0.04
Monocalcium
1.4 1.24 1.
Phosphate 3 06
Choline 0.08 0.07 0.08
Se level (mg/kg)
Diet Add- Determined?
ed?
C - 0.117 £0.020
T1 Senot | Senot | 40 | 0492+ 0.049
Deter- Deter-
T2 . . 0.40 0.504 + 0.056
mined | mined
T3 0.40 0.488 + 0.045

Table 1: Ingredient composition of the the starter (0-10 d),
grower (11-24 d) and finisher (25-42 d) basal diets (g/kg as fed

basis), and selenium (Se) level of the experimental diets.

! Premix supplied per kg of diet: 10,000 IU vitamin A (retinyl
acetate), 5,000 IU vitamin D, (cholecalciferol), 75 mg vitamin E
(DL-a-tocopheryl acetate), 6.25 mg vitamin K, (menadione), 3.25
mg thiamin, 8 mg riboflavin, 5.25 mg pyridoxamine, 0.0275 mg
vitamin B, , (cyanocobalamin), 55 mg niaciamide, 14 mg D-pan-
thenol, 2 mg folic acid, 0.2 mg biotin, 1.25 mg iodine, 20 mg iron,
120 mg manganese, 16 mg copper, 110 mg zinc. No selenium was

present in the vitamin and mineral premix.

2 Se was added as: a) sodium selenite (0.2 mg/kg) and Se-yeast
(0.2 mg/kg) in T1 diet, b) Se-yeast (0.2 mg/kg) and CS-SeNP (sele-
nium nanoparticles-loaded chitosan microspheres 0.2 mg/kg) in
T2 diet and c) CS-SeNP (0.4 mg/kg) in T3 diet; Se-yeast was in the
form of Sel-Plex® (Alltech Inc., Nicholasville, KY, USA); no Se was
added to the control (C) diet.

3 Average of 4 samples per diet + standard deviation.
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Determination of selenium in CS-SeNP, diets and meat

Selenium concentration in feed, CS-SeNP and breast samples
was determined using an Agilent 240FS AA atomic absorption
spectrometer fitted with VGA77 Vapor generation accessory (Agi-
lent, Santa Clara, USA) based on the method described by Pappas.,
et al. [26] with minor modifications. In brief, samples (0.50 g) were
soaked in 4 ml of concentrated HNO, (65% w/v, Suprapur; Merck,
Germany). The samples were left for 30 minutes for pre-digestion.
Then, another 6 ml of concentrated HNO, were added and then
were heated in a microwave accelerated digestion system (CEM,
Mars X-Press, Matthews, NC, USA) according to the following pro-
gram: power was ramped during 20 min from 100 to 1200W and
held for 15 min. The temperature reached a maximum of 200°C
followed by a cool-down cycle for 15 min. Losses of volatile ele-
ment compounds did not occur as the tubes were sealed during
heating. The samples were then filtered with disposable syringe
filters 0.20um/15mm (Chromafil, Macherey-Nagel, Germany). Se"!
was reduced to Se" by warming with 6M concentrated HCL (Merck,
Germany) before analysis in the AA atomic absorption system. Cali-
bration standard solutions were prepared from high purity stan-
dards. Reductant agent NaBH, 0.6% w/v (Sigma- Aldrich, USA)
and NaOH 0.5% w/v (Fisher Scientific, UK) and 10 M HCI (Merck,
Germany) was used for vapor generation. To assess the accuracy of
the process, two standard reference materials were used, namely
RM8414 (Bovine muscle powder, National Research Council, Cana-
da) and RM1577c (Bovine liver, National Institute of Standards and
Technology, USA).

Determination of fatty acid profile

The FA of diets and intramuscular fat were extracted and meth-
ylated directly [27]. Any external fat and connective tissue were
dissected out of the breast samples, which were then blended in a
domestic food processor until smooth. Duplicate 1 (+ 0.05) g sam-
ples were hydrolyzed for 1.5 h at 55°C in 1 N potassium hydroxide
in methanol, containing a known amount (approximately 0.5 mg)
of tridecanoic acid (C13:0) as internal standard. The potassium hy-
droxide was then neutralized, and the free FAs were methylated by
sulphuric acid catalysis (24N H,SO,) for 1.5 h at 55°C. Hexane (3
ml) was added to the reaction tube, which was vortex-mixed and
centrifuged at 1100 g. The supernatant hexane layer containing the
FA methyl esters (FAME) was kept at -20°C, until analyzed by gas
chromatography. A temperature-programmed run was followed on

a Perkin Elmer Autosystem XL gas chromatograph equipped with
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a 30 mx0.25 mmx0.25 um internal diameter HP-Innowax capillary
column (Agilent Technologies, J&W GC columns, Santa Clara, CA,
USA) and a flame ionization detector (FID). The column tempera-
ture was programmed for 1 min at 140°C, raised by 2.50 C/min to
200°C, then to 230°C by 10 C/min and held for 1 min, and finally
to 240°C by 4°C/min and held for 10 min. Helium was the carrier
gas at a constant pressure of 18 psi and the temperature of both
the injector and FID was set at 250°C. Fatty acids were identified
by comparison with standards purchased from Sigma-Aldrich Co.
(FAME 37 Component; Sigma-Aldrich Co. Supelco, IL, USA) and
quantification was achieved using the internal standard (13:0)
added prior to hydrolysis. Total weights of FA (mg/100g) in diets
were calculated as the sum of areas for all FA peaks compared to
the area for 0.5 mg internal standard. The FA were expressed as %
by weight of total FA.

Determination of iron-induced lipid oxidation

The malondialdehyde (MDA) formed during iron-induced lipid
oxidation with a Fenton reaction mixture [28,29] was assessed.
Muscle samples of 2 g were homogenized in a X 1000D model ho-
mogenizer (CAT, M. Zipperer GmbH, Germany) with 20 ml of 0.15
M KCl (pH 7.2) for 1 min at 12,000 rpm in an ice bath. The homog-
enate was centrifuged at 2000g for 10 min at 4°C and 0.5 ml of
the supernatant was mixed with 0.5 ml of 0.15 M KCl, 30 pl of 3
mM BHT (time point 0 samples). Five milliliters of the supernatant
were incubated at 37°C in a water bath, under agitation, with 5 ml
of 0.5 mM FeSO, and 1mM H, 0, solution (50 pl) for 30, 120 and 300
min. After each incubation time, 1 ml was taken and the oxidation
reaction stopped by the addition of 30 ul of 3 mM BHT (time points
30, 120 and 300 samples). The procedure for MDA measurement
for all the time points samples was carried out as follows: 1 ml of
TBA-TCA solution (35 mM TBA and 10% TCA in 125 mM HCI) was
added and samples were placed in a boiling water bath for 30 min.
After cooling in an ice bath for 5 min and standing at room tem-
perature for 45 min, the pink chromogen was extracted with 4 ml
of n-butanol and phase separation by centrifugation at 3000g for
10 min. The absorbance of the supernatant was measured at 535
nm (Helios a, Thermo spectronic, Cambridge, UK) immediately af-
ter transferring the n-butanol into the cuvettes because the pink
chromogen was stable for a maximum of 30 min only. The concen-
tration of MDA was calculated using its molar extinction coefficient
(156,000 M cm™). Results were expressed as mg MDA per kg of

wet meat.

31
Statistical analysis

Data were analyzed using the SPSS statistical package (version
17.0) and are presented as means * standard error (SEM). Feed in-
take, body weight gain, feed conversion ratio, cold carcass weight,
dressing percentage and Se content, FA profile in the LL muscle
were analyzed by one-way analysis of variance (ANOVA) with diet
as fixed effect and post-hoc tests were carried out. The MDA values
were analyzed using a repeated measures ANOVA with diet and
time as fixed effects, and post-hoc tests were carried out within
each time point. Post-hoc tests were conducted based on Tukey’s

criterion. Statistical significance was set at P<0.05 for all tests.

Results and Discussion
Characterization of the Se nanoparticles-loaded chitosan mi-

crospheres

The DLS analysis showed that monodispersed spherical CS-
SeNP with an average diameter of 80.5+20 nm (mean#s.d.) were
produced. The XRD pattern showed an amorphous structure of
the Se in the CS-SeNP, since no traces of Bragg reflections related
to crystalline Se were observed (Fig. 1). The XPS survey scans re-
vealed the presence of C, O, and N atoms on the sample surface
(Fig. 2a). The C1s peak was deconvoluted into three components as
shown in Fig. 2b. The band located at 284.7 eV, could be assigned
to C-C or adventitious carbon, which confirmed the presence of the
aliphatic group. The band at 286.3 eV was associated with C-N and
C-0 groups, and the band at 288 eV was attributed to C=0 or 0-C-0
species. In addition, the N1s peak centered at 399.3 eV (Fig. 2c),
could be assigned to -NH, and -NH groups. The Se3d peak centered
at 55.3 eV (Fig. 2d) confirming that the valence state of Se in CS-
SeNP was zero (Se?). XPS. High concentrations of C, 0, and N atoms
(67.97, 28.67 and 3.12%, respectively) corresponding to CS along
with traces of Se (0.25%) were found on the surface of SeNP-M.
The atomic absorption analysis showed a content of 20.000 mg Se/
kg CS-SeNP.

The CS-SeNP are not commercially available. They are synthe-
sized in laboratory and the characterization of their physico-chem-
ical properties is a common practice prior to experimental use.
This is because the conditions during preparation largely affect
their characteristics [24]. Therefore, our first concern was to con-
firm that the synthesis adopted in our laboratory had the desired

results regarding size, encapsulation in CS, and nature and crys-
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Figure 1: X-ray diffraction (XRD) patterns of the selenium

nanoparticles-loaded chitosan microspheres (CS-SeNP-M).
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tallinity of Se. The size distribution analysis was conducted in the
final colloid before lyophilization. The results showed an accept-
able size (80.50 £ 20.0 nm) very close to that reported in previous
studies using CS [1,7,22,25,30-32] or other capping agents [33,34].
Small size (< 200 nm) is critical because it favors the absorption
and the biological activity of SeNP [5].

Traces of Se were detected during the XPS survey in the pres-
ent work. Since XPS measures the characteristics of the CS-SeNP’s
surface, it is concluded that all of the Se was successfully embedded
inside the CS shell in aggrement with earlier studies [22,25,32].
Therefore, the synthesized CS-SeNP were expected to have a good
stability (would not easily aggregate into large particles) thereby
maintaining their biological activity in the gastrointestinal tract of
the animals. The elemental nature of Se in the CS-SeNP was also
confirmed by both the XRD and XPS surveys, in agreement with
earlier works [7,22,24,25]. The elemental Se in the CS-SeNP pre-
pared herein was amorphous, as also reported by Filipovi¢, et
al. [24] and other researchers [33,34]. This amorphous structure
however, was in contrast to the crystalline (trigonal phase) feature
reported in the method we adopted for the synthesis of CS-SeNP
[22], and in other works [25,32]. It is not unlikely that differences
in the synthesis conditions of CS-SeNP between studies may have
affected the crystallinity of Se. Zhang, et al. [32] observed that
amorphous elemental Se was present in CS-SeNP encapsulated in
high molecular weight CS (200 kDa), whereas crystalline elemental
Se was obtained with low molecular weight CS (3 kDa). The crys-
talline nature of Se when using a very low molecular weight CS (3
kDa) was also reported by Bai, et al. [22,25]. It has been also found
that the use of high temperatures (90°C) to dissolve CS during the
synthesis of CS-SeNP results in a crystallic structure of Se, which
negatively affects its biological activity [24]. Herein, we used a
moderate to high molecular weight CS (50-190 kDa) and mild tem-
peratures (<50°C) during synthesis, which explain the amorphous
structure of Se. In general, CS-SeNP with desired properties (small-
sized with amorphous elemental Se) were easily prepared in the
laboratory and produced in large quantities for the needs of the
experiment quite fast. This indicates that CS-SeNP synthesis could
be up-scaled to industrial production as the method adopted here

was economic and environment-friendly [22].

Growth performance and carcass traits

Feed intake, weight gain, feed conversion ratio and carcass
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Element Binding Concentration | Assignment
energy (eV) (%)

O1s 532.53 28.67 £ 0.05 C-0

Cls 284.75 67.97 £ 0.06 C-C,C-N, 0-C

N1s 399.55 3.12 £ 0.04 -NH,, -NH

Se3d 55.28 0.25+0.01 Se (0)

Table 2: Percent relative atomic concentration of elements on the
surface of the selenium nanoparticles-loaded chitosan
microspheres (CS-SeNP) as determined using the peak areas of
the X-ray photoelectron spectroscopy (XPS) spectra.

traits were not affected by SS, SeY or CS-SeNP supplemented diets
in comparison with the unsupplemented C diet, for the whole ex-
perimental period (Table 3).

Cai, et al. [10] also did not observe any positive response of

broilers to dietary SeNP supplementation, throughout a 42-day

Diet!
SEM? |P-value
C TT | T2 | T3

Initial BW,g | 469 | 468 | 469 | 468 | 0.46 | 0.989
Final BW,g | 3355.6 | 3299.4 |3246.0|3144.7| 134.70 | 0.555
ADFI, g/d 125.8 | 123.2 | 123.6 | 119.5 | 3.82 | 0.542
ADWG,g/d | 788 | 774 | 762 | 738 | 3.21 | 0.554
FCR, g/g 160 | 159 | 1.63 | 1.62 | 0.032 | 0.672
I
Cold carcass | ) o | 2674.0 |2471.5 253755 7937 | 0.121
weight, g
Dressing 763 | 77.0 | 765 | 75.7 | 0.66 | 0.308
percentage, %

Table 3: Effects of diet on body weight (BW), average daily feed
intake (ADFI), average daily weight gain (ADWG), feed conver-
sion ratio (FCR) (n = 50 broilers/diet) and slaughter traits (n = 50
broilers/diet).

! Se source: a) sodium selenite (0.2 mg/kg) and Se-yeast (0.2 mg/
kg) in T1 diet, b) Se-yeast (0.2 mg/kg) and CS-SeNP (selenium
nanoparticles-loaded chitosan microspheres, 0.2 mg/kg) in T2
diet and c) CS-SeNP (0.4 mg/kg) in T3 diet; Se-yeast was in the

form of Sel-Plex® (Alltech Inc., Nicholasville, KY, USA); no Se was
added to the control (C) diet.

2 SEM= Standard error of means.
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experimental duration. On the other hand, Zhou and Wang [18] re-
ported that SeNP supplementation of chicken diets with 0.30 mg/
kg was effective in increasing the growth performance and feed
conversion ratio of the animals. In the latter study, it was also un-
derlined that the basal diet used resulted in a Se deficiency because
in most areas of China, the natural Se content of feedstuffs used in
poultry feeding is very low [18]; hence, the increased growth per-
formance was the result of meeting the nutritional requirements
by supplementing Se in the diets and not the source of Se per se.
Other studies also showed that dietary Se addition improves live
weight in Se-depleted broilers at hatch [35]. It must be noted that
most studies of dietary Se supplementation in broilers do not dis-
cover any effect of Se on growth performance and feed conversion
ratio [10]. It appears that the efficacy of Se (either from inorganic
and organic or nanoparticle sources) is exerted when the basal
diet is Se-deficient or under commercial production conditions,
where broilers may encounter several challenges (heat stress, mi-
crobes, mycotoxins and severe oxidative stress) [10]. Interestingly,
the same situation has been observed in other farm animals like
rabbits, where it was reported that Se affects growth performance
only when the basal diet is Se-deficient or when farm conditions
are harsh [36-38].

Meat selenium content, oxidative stability and fatty acid com-
position

The T1, T2 and T3 diets supplemented with Se increased signifi-
cantly (P < 0.05) Se content in breast meat of chicken by 164, 184
and 169%, respectively, in comparison with the control diet. No dif-
ferences in the Se content in breast meat were found between T1,
T2 and T3 diets (Table 4).

The present results revealed that the Se content in breast meat
of chickens was significantly increased by supplementing the diets
with CS-SeNP. Similar effects have been observed in previous stud-
ies using Se nanoparticles (SeNP). Zhou and Wang [18] reported
an increase in muscle Se content with dietary SeNP supplementa-
tion. In addition, Hu, et al. [39] reported that Se from SeNP was
more efficiently retained in the body than SS. In the present study,
such a conclusion could be based only on a comparison between
T1 (SS+SeY) and T2 diets (SeY+CS-SeNP) which eliminates the re-
sidual effect of SeY. It seems that Se absorption from CS-SeNP tends
to be numerically higher compared to SS, but the difference was
not significant. A notable difference between our study and that

of Hu, et al. [39] is the stabilizer used during SeNP synthesis. Hu.,,
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Diet!
SEM? |P-value
C T1 | T2 T3

Secontent, | 1594 101997 0.223°| 0.204" | 0.0268 | 0.008
mg/kg
MDA, mg/kg
0 min 0.176 | 0.150 | 0.150 | 0.160 |0.0235 | 0.656
30 min 0317 |0.318 | 0.277 | 0.241 |0.0347 | 0.137
120 min | 0.528" |0.434®| 0.329"| 0.372" | 0.0683 | 0.009
300min | 0.819% |0.644% 0.477°| 0.471° | 0.0878 | 0.015

Table 4: Effects of diet on breast selenium (Se) content and
malondialdehyde (MDA) concentrations during iron-induced lipid
oxidation (n = 10 broilers/diet).

Different superscripts denote significant difference (P < 0.05).

! Se source: a) sodium selenite (0.2 mg/kg) and Se-yeast (0.2 mg/
kg) in T1 diet, b) Se-yeast (0.2 mg/kg) and CS-SeNP (selenium
nanoparticles-loaded chitosan microspheres, 0.2 mg/kg) in T2
diet and c) CS-SeNP (0.4 mg/kg) in T3 diet; Se-yeast was in the

form of Sel-Plex® (Alltech Inc., Nicholasville, KY, USA); no Se was
added to the control (C) diet.

2 SEM= Standard error of means.

et al. used BSA, whereas CS was used herein. Generally, BSA as a
hydro-soluble protein could be easily dissolved in the digestive
tract of animals thereby releasing SeNP faster. In contrast, CS is a
carbohydrate polymer, which might retard the release of SeNP due
to the deficiency of the enzymes to deal with it in some species of
animals and humans [22]. Nevertheless, the bioavailability of the
CS-SeNP was acceptable and comparable to that of SS and SeY, as
indicated by the Se content in breast meat herein. It appears that
despite its enzyme-resistant nature, CS was dissolved in the gastro-
intestinal tract of the broilers and Se was released, absorbed and
incorporated into breast meat. Similar results have been reported
in fish studies [7]. The release of Se from a polymeric matrix like
CS is a function of many variables, including diffusion through the
polymer matrix, polymer erosion, Se affinity to the polymer, and
swelling degree of the polymer [7,40]. CS is an acid-soluble poly-
mer, which may be eroded by the stomach acids to some extent and
subsequently swell in the intestine environment, as has been veri-
fied by in vitro simulations in gastric and intestinal fluids [7,22,32].

Another possible explanation is the susceptibility of CS to free
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radicals. Free radicals are normally produced by the gastrointes-
tinal cells during digestion and absorption of nutrients, and have
the ability to cleave thel,4-f3-d-glucoside bonds of CS leading to
its depolymerization [32,41]. This cleavage is more pronounced in
moderate to high molecular weight CS because of the incompact
structure of the shell that covers the SeNP [32]. Thus, it is evident
from the literature and the present results that CS is soluble in the
gastrointestinal tract and that Se is adequately released for absorp-

tion and incorporation into tissues.

Our study showed that the MDA in T1, T2 and T3 fed broilers
showed significantly (P< 0.05) lower concentrations compared to
the C ones after 300 min of oxidation (Table 4). A trend for lower
MDA concentration was observed in T2 and T3 fed broilers when
compared to T1 after 300 min of oxidation. These results indi-
cated the protective role of Se (from SS, SeY or CS-SeNP) against
lipid peroxidation. The similar oxidative stability of meat across
the broilers fed the Se supplemented diets, clearly indicated that
CS-SeNP had significant antioxidant potential, comparable to that
of the commonly-used SS or SeY sources. It can be stated that the
elemental Se from CS-SeNP was not only absorbed; it was also bio-
logically active. The Se in the CS-SeNP of the present study was in
an elemental state (Se?) as determined by the analyses. Elemental
Se was thought to be biologically inert until Zhang, et al. [42] chal-
lenged this theory by proving that Se with zero valence state was
very active. This was confirmed in a more recent study, where die-
tary elemental Se was found to be utilized as selenoprotein source
[43].

Positive effects of dietary SeNP supplementation on the oxida-
tive resistance of the organism have been reported in earlier stud-
ies with broilers [10,18-20] and fish [7]. The results of those works
clearly indicate the association of supplemental SeNP with the el-
evation of the glutathione peroxidase activities in serum, kidney,
liver, and muscle of the animals. However, in one study of Saleh and
Ebeid [19], no effect of SeNP on muscle MDA was observed, most
probably because MDA was not measured after iron-induced oxi-
dation to determine the resistance of meat against lipid peroxida-
tion. In general, a single measurement of MDA may not give reliable
results in contrast to iron-induced oxidation, which correlates well
with results from chill storage experiments and adequately indi-

cates the relative oxidative stability and shelf-life of meat [38].

No major differences in the breast meat FA composition were
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detected between diets. Total polyunsaturated FA (PUFA), long
chain (> 20 carbons) PUFA and long chain (> 20 carbons) n-3 PUFA,
which are prone to oxidation, exhibited similar percentages in the
broilers of all diets (Table 5).

Diet!

; - 2 - SEM? | P-value
Total FA | 1285 | 1478 | 1353 | 1258 |92.8 |0.100
XSFA3 26.55 | 2597 | 26.04 | 26.24 | 0.477 | 0.625
IMUFA® | 25.02 | 25.63 | 26.46 | 26.34 | 0.829 | 0.288
YPUFA® |44.79 | 45.10 | 44.12 | 43.38 | 0.851 | 0.201
XPUFA
SSFA / 1.69 | 1.74 |1.70 1.66 0.053 | 0.454
ZLCn-3* | 2.37 |2.01 2.04 1.95 0.186 | 0.126
n-3° 507 |493 |4.84 4.87 0.112 | 0.100
Zn-6° 38.90 | 39.44 | 38.53 |38.00 |0.787 | 0.331

Table 5: Effects of diet on total fatty acids (mg/100 g wet tissue)
and main fatty acid (FA) classes (% of total FA) of breast in 42
day-old broilers (n = 10 broilers/diet).
1-Se source: a) sodium selenite (0.2 mg/kg) and Se-yeast (0.2 mg/
kg) in T1 diet, b) Se-yeast (0.2 mg/kg) and CS-SeNP (selenium
nanoparticles-loaded chitosan microspheres, 0.2 mg/kg) in T2
diet and c) CS-SeNP (0.4 mg/kg) in T3 diet; Se-yeast was in the
form of Sel-Plex® (Alltech Inc., Nicholasville, KY, USA); no Se was
added to the control (C) diet.

ZSEM= standard error of means.

3XSFA= sum of saturated fatty acids (12:0+14:0+15:0+16:0+17:0+

18:0), X MUFA= sum of monounsaturated fatty acids (14:1+16:1n-

7+17:1+18:1n-9+18:1n-7+20:1n-9), XPUFA= sum of polyunsatu-

rated fatty acids (18:2n-6+18:3n-3+18:3n-6+20:3n-6+20:3n-
3+20:4n-6+20:5n-3+22:4n-6+22:5n-3+22:6n-3).

*XLCn-3= sum of long carbon chain (220C) n-3 fatty acids (20:3n-

3+20:5n-3+22:5n-3+22:6n-3)
5¥n-3= sum of n-3 fatty acids (18:3n-3+20:5n-3+22:5n-
3+22:6n-3), Zn-6= sum of n-6 fatty acids (18:2n-6+18:3n-

6+20:3n-6+20:4n-6+22:4n-6).

In general, the effects of Se from CS-SeNP on the FA composi-

tion of meat from livestock has not been investigated so far; there-
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fore, we do not have any literature for comparison purposes. In
a previous study with broilers, organic Se was found to promote
an increase in the long chain PUFA and n-3 PUFA, in addition to
enhanced oxidative stability [44]. Similarly, it was reported that
dietary supplementation with organic Se in rabbits improved
muscle FA composition in comparison with an unsupplemented
diet [38]. No such effect was observed herein. It has been postu-
lated that Se can produce changes in PUFA metabolism analogous
to those elicited by vitamin E [37]. Indeed, in a study investigating
the effect of Se deficiency on FA composition of liver, rats fed Se-
deficient diets, compared to rats fed Se-adequate diets, exhibited
reduced levels of palmitic acid and long chain PUFA like DHA, and
increased levels of n-6 FA such as linoleic acid [45]. Therefore, the
above mentioned studies in broilers and rabbits indicate that Se
could be implicated in the peroxisomal $-oxidation, which has been
reported to increase with the dietary Se content. However, none of
these studies [38,44| used Se-deficient diets, and so was the case
in the present work; hence, it appears that the effects of Se on meat
FA composition are much more complicated and do not necessarily
depend on whether diets are Se-deficient or not. Nonetheless, the
changes in meat FA composition induced by Se supplementation
were accompanied by increased oxidative stability, indicating that
Se may have played both an in vivo metabolic, and a post-mortem
protective role [38,44]. On the other hand, our work was able to de-
tect only the post-mortem protective role of dietary Se (enhanced
oxidative stability of breast meat), but no changes in the breast FA
composition were found. This was obvious for all the Se sources
used herein. Further research is necessary to elucidate under what

conditions the role of dietary Se on FA metabolism is exerted.

Conclusion

Breast Se content readily increased by the dietary supplemen-
tation with 0.4 mg Se from CS-SeNP, resulting in Se enriched meat
similarly to the commonly used Se sources. The dietary CS-SeNP
also improved breast oxidative stability in a manner comparable
to the commonly used Se sources. The present results indicate that
CS-SeNP can be a potential source of bioavailable Se with an im-
portant protective role against meat oxidation and merits further

investigation in broiler feeding.
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