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Abstract.
BACKGROUND: Solid lipid nanoparticles (SLN) have not been used for peptide supply to fish cells.
OBJECTIVE: To evaluate the potential of SLN to deliver the antioxidant glutathione (GSH) to the primary cultures of
head-kidney (HK) leucocytes of Sparus aurata L.
METHODS: SLN were produced using the amphiphilic lipid Gelucire® 50/13 according to the melt-emulsification method.
In vitro stability and colorimetric studies for the antioxidant activity were carried out prior to biological assays on HK
leucocytes.
RESULTS: SLN sonicated in acidic medium were stable up to 3 months at 4◦C. A strong in vitro antioxidant activity
effect for SLN was shown. The incubation of gilthead seabream HK leucocytes with GSH, GSSG or the sonicated and
non-sonicated GSH-SLN(HAc) for 4 h had very few effects on HK cell activities. The phagocytic ability of HK leucocytes
previously incubated with GSH was significantly increased in respect to the control cells.
CONCLUSIONS: The technique of melt-emulsification provided particles with high association efficiency in GSH and
even below 100 nm in size. However, no stimulant properties were observed after incubation of HK leucocytes with SLN and
possible hypotheses explaining the observed findings are discussed.
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1. Introduction

To improve fish nutrition, different diet protocols have been recommended and, in each of them,
the presence of antioxidant substances is crucial to guarantee fundamental metabolic processes. The
supply of peptide and peptidomimetic agents with the diet for fish may represent a useful tool to prevent
the risk of pathologies and, overall, to improve their health [1]. Among the peptide and peptidomimetic
compounds, glutathione (GSH) has gained much interest since it is involved in the defence from metal
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pollution so that it is considered a biomarker of oxidative stress and, moreover, may improve the health
performances of the farmed species due to its antioxidant activity [2–5].

As in humans, also for fish the opportunity to supply GSH via the oral route, on one hand, is the
“golden standard” due to the high compliance of such route of administration. On the other hand, also for
fish GSH limited oral absorption could be mainly attributed to the chemical and enzymatic degradation
of the peptide in the gastrointestinal tract. More specifically, the thiol group of the cysteine moiety
in GSH can be subjected to enzymatic (�-glutamyl-transpeptidase) and non-enzymatic pH-dependent
oxidation, leading to the formation of inactive products as the glutathione disulfide (GSSG). To increase
GSH amounts in fish, and, consequently, to reinforce fish cell defence mechanisms, carrier systems
are to be designed to protect this antioxidant agent from the gastrointestinal environment and from
enzymatic degradation.

From a technological point of view, however, the incorporation of hydrophilic compounds in colloidal
drug delivery systems with high loading efficiency still remains a challenge, mainly due to the leaking
of the drug to the outer aqueous phase during nanocarrier production. For instance, via the use of double
emulsion or microemulsion systems, the encapsulation of water soluble agents is obtained, although
such procedures often require the use of organic solvents, with consequent toxicological issues arising
from solvent residues. Particularly, in the case of nanocarriers such as solid lipid nanoparticles (SLN),
the encapsulation of hydrophilic substances was already explored, demonstrating that, by adapting the
emulsion/melt dispersion, also a lipophilic matrix can successfully load hydrophilic agents [6–9].

The aim of the present work was developed SLN containing GSH and evaluated their potential for
the supply of this peptide to immunocompetent fish cells. In our previous study we could show that
SLN loaded with a fluorescent probe are efficiently internalized by primary cultures of head-kidney
(HK) of Sparus aurata L. leucocytes and that the extent of this internalization is incubation time and
SLN concentration dependent [10]. In general, it should be noted that, to the best of our knowledge,
SLN were not previously applied for fish diseases and it explains our current interest to explore the
performance of SLN as delivery systems of biological active substances to fish cells [11]. To prepare
GSH-loaded SLN, the previously adopted melt-emulsification method was followed being it simple
and versatile enough. Moreover, we used Gelucire® 50/13 as lipid phase which is an amphiphilic lipid
able to self-emulsify forming microemulsions and it is considered non-toxic and safe (GRAS, generally
regarded as safe status) excipient. Such features of Gelucire® 50/13 may allow to efficiently encapsulate
the small peptide GSH in SLN-based on this lipid [12, 13]. Data of the in vitro characterization are
herein presented, including the physicochemical properties of SLN as well and the in vitro evaluation
of the antioxidant activity of these nanocarriers. Finally, biological assays were carried out on HK
leucocytes to evaluate the potential of new SLN for the selective delivery of the antioxidant compound
GSH to fish cells.

2. Materials and methods

2.1. Materials

Gelucire® 50/13 was kindly donated by Gattefossè (Milan, Italy). L-Glutathione reduced (GSH),
Tween 85, acetic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), cetyltrimethylammonium bromide,
3,3’,5,5’- tetramethylbenzidine hydrochloride (TMB) phorbol myristate acetate (PMA), fluorescein
isothiocyanate (FITC) and luminol were purchased by Sigma Aldrich (Spain). RPMI-1640 culture
medium and foetal calf serum (FCS) were provided by Gibco/Invitrogen (USA). Penicillin and strep-
tomycin were purchased by Flow Laboratories Ltd. (UK). Double distilled water (Carlo Erba, Italy)
was used throughout the study. All other chemicals were of reagent grade.
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2.2. Preparation of GSH loaded SLN

a) Formulation of SLN without sonication. Following the melt-emulsification method [10, 14, 15],
Gelucire® 50/13 (60 mg) was melted at 70◦C in a glass vial. In a separate glass vial, an aqueous
solution (1.37 ml of water or a diluted acetic solution (0.01%, v/v, 1.37 ml)) of the surfactant (Tween
85, 60 mg) was used as aqueous phase and it was heated at 70◦C. Once the Gelucire® 50/13 melting
occurred, in the aqueous phase 6 mg of GSH were poured and, then, the resulting mixture was added
to the melted phase at 70◦C, forming an emulsion by homogenization at 12,300 rpm for 2 min with
an UltraTurrax model T25 apparatus (Janke and Kunkel, Germany). Then, the nanosuspension was
cooled at room temperature and the resulting SLN were collected by centrifugation (16,000 × g, 45 min,
Eppendorf 5415D, Germany). Thus, besides the unloaded SLN, the formulations containing GSH were
denoted as GSH-SLN(w) and GSH-SLN(HAc), taking into account the composition of the aqueous phase,
respectively. b) Formulation of SLN followed by sonication treatment. Only GSH–SLN arising from
the use of diluted acetic acid and prepared as described in a) after Ultraturrax homogenization were
subjected to the probe sonication (Branson 250 Sonifier, Branson) consisting of an output of energy
of 20 W for 1 min at room temperature. Afterwards, the SLN were cooled at room temperature and
collected by centrifugation (16,000 × g, 45 min, Eppendorf 5415D, Germany).

2.3. Physicochemical characterization of SLN

The particle size and polydispersion index (PI) of all prepared SLN were determined in double dis-
tilled water by photon correlation spectroscopy (PCS) using a Zetasizer NanoZS (ZEN 3600, Malvern,
UK). In the cuvette, each sample was diluted 1:1 (v/v) with double distilled water. The determination
of the ζ-potential was performed using laser Doppler anemometry (Zetasizer NanoZS, ZEN 3600,
Malvern, UK) after dilution of 1:20 (v:v) in the presence of KCl (1 mM, pH 7) [16].

2.4. Quantitative determination of GSH levels in SLN

The amount of entrapped GSH was expressed as association efficiency (AE):
AE = Total weight of GSH-Weight of GSH in the supernatant/Total weight of GSH *100

where the total weight of GSH and the amount of GSH associated with the SLN supernatant were
determined by HPLC analysis. In details, a reversed phase Synergy Hydro-RP (25 cm × 4.6 mm; 4 �m
particles; Phenomenex, Torrance, CA) column in conjunction with a precolumn C18 insert was eluted
with 1:99 (v:v) methanol:0.025 M phosphate buffer (pH 2.7) in isocratic mode, with a flow rate of
0.7 ml/min. Standard calibration curves were analyzed at 220 nm wavelength using 0.025 M phosphate
buffer (pH 2.7) as solvent. Calibration curve linearity (r2 > 0.999) was maintained over the range of
concentrations tested (1000 �g/ml–10 �g/ml). The retention times of GSH and its disulfide degradation
product (Glutathione disulfide, GSSG) were 7.2 and 18 min, respectively. Under these conditions, the
LOQ limit was 2 �g/ml for both GSH and GSSG.

2.5. Triton X assay

To gain insight on the localization of the peptide GSH in the examined lipid carriers, the Triton X
experiment was carried out. In details, the pellets arising from the centrifugation of GSH-SLN(HAc)

were treated with a Triton X solution (2%, w/v) to induce the breaking of the SLN matrix. The resulting
mixture was vortexed and then analyzed by HPLC and, interestingly, the chromatogram showed the
typical peak of reduced GSH, suggesting so the localization of the peptide inside the particles.
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2.6. Stability studies of SLN

GSH-SLN(HAc), both sonicated and non-sonicated, were evaluated for their stability up to 3 months
by monitoring particle size and zeta potential maintenance at 4◦C without any stirring [17]. The
particle size and zeta values of the samples were determined at scheduled time intervals according to
the protocol reported in Section 2.3. Each experiment was performed in triplicate.

2.7. In vitro release studies

Freshly prepared sonicated and not sonicated GSH-SLN(HAc) were subjected to in vitro release
studies up to 3 h, by working in the presence of two phosphate buffered media without enzymes at pH
5 and pH 7, respectively.

For each experiment, appropriate volumes of SLN, corresponding to an amount of GSH in the range
500–1000 �g/ml, were put in Eppendorf tubes containing 1.8 ml of buffer. The samples were incubated
under mechanical agitation (100 rpm) at 22◦C [10] and at prefixed time intervals (0, 0.5, 1, 1.5, 2, 2.5
and 3 h) each sample was centrifuged (16,000 × g for 45 min). The supernatant was analyzed for the
content of GSH using HPLC method described in Section 2.4. Each experiment was performed in
triplicate.

2.8. In vitro antioxidant activity of GSH-SLN

The in vitro antioxidant activity of selected GSH-SLN, unloaded SLN and pure GSH was evaluated
according to the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical test [18–20]. The DPPH· was dissolved
in ethanol at the concentration of 0.001% (w/v) to obtain a stock solution and, then, diluted up to reach
the concentration equal to 8 × 10−4% (w/v). 0.5 ml of each sample reacted with 2.5 ml of the diluted
solution of DPPH· for 60 min at room temperature under light protection. The absorbance changes were
measured at the wavelength of 514 nm (Perkin-Elmer Lambda Bio20-UV-VIS spectrophotometer).

Blanks were constituted by filling the cuvettes with 3 ml of DPPH· at the concentration of 8 × 10−4%
(w/v). Antioxidant activity was calculated from the Equation (1) and expressed in percentages:

AA = 1 -
[
(AS) / (Ab)

]
Equation (1)

where AA is the antioxidant activity, As represents the absorbance of the sample, and Ab represents
the absorbance of the blank cuvette.

2.9. Animals

Six specimens (20 g main weight and 6 cm main length) of the hermaphroditic protandrous seawater
teleost gilthead seabream (S. aurata L.), obtained from a local farm (Murcia, Spain), were kept in
re-circulating seawater aquaria (250 L) in the Marine Fish Facility at the University of Murcia. The
water temperature was maintained at 20 ± 2◦C with a flow rate of 900 L/h and 28% salinity. The
photoperiod was of 12 h light: 12 h dark and fish were fed with a commercial pellet diet (Skretting,
Spain) at a rate of 2% body weight per day. Fish were allowed to acclimatise for 15 days before the
start of the experimental trial. All experimental protocols were approved by the Ethical Committee of
the University of Murcia.
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2.10. Leucocyte isolation

Specimens were weighted and bled (blood was collected from the caudal vein with an insulin syringe)
and the HK (the main haemopoietic organ in this fish species, equivalent to mammalian bone marrow)
was dissected. HK samples were cut into small fragments and transferred to 8 ml of sRPMI [RPMI-
1640 culture medium supplemented with 0.35% sodium chloride (to adjust the medium’s osmolarity
to seabream plasma osmolarity of 353.33 mOs), 2% FCS, 100 I.U. ml−1 penicillin and 100 �g/ml
streptomycin] for leucocyte isolation [21]. Cell suspensions were obtained by forcing fragments of the
organ through a nylon mesh (mesh size 100 �m), washed twice (400 g 10 min), counted (Z2 Coulter
Particle Counter) and adjusted to 2x107 cells/ml in sRPMI. Cell viability was higher than 98%, as
determined by the Trypan blue exclusion test. All the cellular immune functions were performed only
in viable cells.

2.11. Incubation of leucocytes

To study the effects of the particles on seabream HK leucocytes, cells (final concentration of 107

cells/ml) were incubated without (control) or with 10 �g/ml of culture medium containing GSH,
GSSG, GSH-SLN(HAc), or sonicated GSH-SLN(HAc). Incubation was performed at 25◦C with 85%
relative humidity and 5% CO2 atmosphere for 4 h.

2.12. Leucocyte immune parameters

2.12.1. Peroxidase activity
The peroxidase activity in HK leucocytes previously incubated with GSH, GSSG or SLN was

measured according to [22]. 106 HK leucocytes in sRPMI were lysed with 0.002% cetyltrimethylam-
monium bromide and, after centrifugation (400 g, 10 min), 150 �l of the supernatants were transferred
to a fresh 96-well plate containing 25 �l of 10 mM TMB and 5 mM H2O2. The colour-change reaction
was stopped after 2 min by adding 50 �l of 2 M sulphuric acid and the optical density was read at
450 nm in a plate reader (BMG Labtech). Standard samples without serum or leucocytes, respectively,
were used as blanks.

2.12.2. Respiratory burst activity
The respiratory burst activity of gilthead seabream HK leucocytes was studied by a chemilumi-

nescence method [23]. Briefly, samples of 106 leucocytes in sRPMI were placed in the wells of a
flat-bottomed 96-well microtiter plate, to which 100 �l of HBSS containing 1 �g ml−1 PMA and 10−4

M luminol were added. The plate was shaken and luminescence immediately detected in a plate reader
for 1 h at 2 min intervals. The kinetics of the reactions were analysed and the maximum slope of each
curve was calculated. Luminescence backgrounds were calculated using reagent solutions containing
luminol but not PMA.

2.12.3. Phagocytic activity
The phagocytosis of Saccharomyces cerevisiae (strain S288C) by gilthead seabream HK leucocytes

was studied by flow cytometry [24]. Heat-killed and lyophilized yeast cells were labelled with FITC
washed and adjusted to 5×107 cells ml−1 of sRPMI. Phagocytosis samples consisted of 125 �l of
labelled-yeast cells and 100 �l of HK leucocytes in sRPMI (6.25 yeast cells:1 leucocyte). Samples
were mixed, centrifuged (400 g, 5 min, 22◦C), resuspended and incubated (22◦C, 30 min). At the end
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of the incubation time, samples were placed on ice to stop phagocytosis and 400 �l ice-cold PBS was
added to each sample. The fluorescence of the extracellular yeasts was quenched by adding 40 �l
ice-cold trypan blue (0.4% in PBS). Standard samples of FITC-labelled S. cerevisiae or HK leucocytes
were included in each phagocytosis assay.

All samples were analysed in a flow cytometer (Becton Dickinson) with an argon-ion laser adjusted
to 488 nm. Analyses were performed on 3,000 cells, which were acquired at a rate of 300 cells/s. Data
were collected in the form of two-parameter side scatter (granularity) (SSC) and forward scatter (size)
(FSC) and green fluorescence (FL1) dot plots or histograms were made on a computerised system. The
fluorescence histograms represented the relative fluorescence on a logarithmic scale. The cytometer
was set to analyse the phagocytic cells, showing highest SSC and FSC values. Phagocytic ability
was defined as the percentage of cells with one or more ingested bacteria (green-FITC fluorescent
cells) within the phagocytic cell population whilst the phagocytic capacity was the mean fluorescence
intensity. The quantitative study of the flow cytometric results was made using the statistical option of
the Lysis Software Package (Becton Dickinson).

2.13. Statistical analysis

In vitro data from different experimental groups were compared by a one-way ANOVA and dif-
ferences were considered significant at 95 % level of confidence (p < 0.05) using GraphPad Prism v.
5.00 computer program (GraphPad Software, Inc. CA, USA). Bonferroni tests were used for post-hoc
contrast.

For biological evaluation, all measurements were performed on three replicates and the results in
figures are expressed as mean ± standard error (SEM) (n = 6). Data were statistically analysed by the
t- Student test using SPSS 19 to determine differences between control and previously incubated
groups. Differences were considered statistically significant when p ≤0.05.

3. Results

3.1. Physicochemical characterization of SLN

Table 1 shows the mean particle size, polydispersion index (PI), zeta potential and association
efficiency (AE) for unloaded- and GSH loaded-SLN. The particle size of the prepared SLN was in the
range of 69–223 nm, where the smallest particles were obtained after sonication treatment. Moreover,
the examined SLN were characterized by PI values around 0.4 suggesting a broad distribution of the
same particles [25]. All zeta potential values were found negative, but in the case of SLN formulated
starting from acetic phase the external charge of the SLN was slightly negative for both GSH-SLN(HAc),

and sonicated GSH-SLN(HAc), (–4.0 mV and –2.5 mV, respectively). These zeta potential values were
significantly different from the negative enough surface charge of the control particles (p ≤ 0.001).
The association efficiencies resulted in the range 40.1–82.7% with the maximum value of the peptide
entrapped observed for GSH-SLN(HAc).

Size and zeta potential stability on storage of both GSH-SLN(HAc), (sonicated and non-sonicated)
was also monitored up to 3 months at 4◦C. In terms of both size and zeta values, the most stable
formulation was the sonicated GSH-SLN(HAc) (Fig. 1). On the other hand, GSH-SLN(HAc) were seen
to increase particle size and zeta values especially at the latest time points. Indeed, none of the tested
suspensions was characterized by changes in their consistency, giving rise to aggregates or flocculation
throughout the study.
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Table 1

Physicochemical properties of GSH containing SLN. Mean ± S.D. are reported, n = 6. Unloaded SLN in water and in
diluted acetic acid were used as control for GSH-SLN(w) and for GSH-SLN(HAc), respectively. (∗) p ≤ 0.05; (∗∗) p ≤ 0.001

Formulation Amount of Size (nm) PI Zeta A.E. (%)
GSH (mg) Potential (mV)

Control SLN(w) – 141(±11) 0.28–0.40 –9.7(±0.8) –

GSH-SLN(w) 6.0 152(±25) 0.41–0.48 –1.2 (±0.2)∗ 40.1(±0.8)

Control SLN(HAc) – 170(±31) 0.43–0.47 –4.9(±1.7) –

GSH-SLN(HAc) 6.0 223(±44)∗ 0.36–0.46 –4.0(±0.4)∗∗ 82.7(±2.9)

Sonicated GSH-SLN(HAc) 6.0 69(±10)∗∗ 0.42–0.49 –2.5(±0.6)∗∗ 53.6(±9.6)

Fig. 1. Particle size (A) and zeta potential values (B) of GSH-SLN(HAc), both sonicated and non sonicated, upon incubation
at 4◦C. Black bars: GSH-SLN(HAc); grey bars: Sonicated GSH-SLN(HAc).



8 A. Trapani et al. / Solid lipid nanoparticles for antioxidant delivery to the fish

(A)

0 5 30 60 90 120 150 180
0

1

2

3

4

5

6

Time (min)

%
 G

S
H

 r
el

ea
se

d

(B)

0 50 100 150 200
0.0

0.5

1.0

1.5

2.0

2.5

Time (min)

%
 G

S
H

 r
el

ea
se

d

Fig. 2. In vitro release profile of GSH at (A) pH 5 and (B) pH 7 from GSH-SLN(HAc) (filled circles) and sonicated GSH-
SLN(HAc) (unfilled circles).

3.2. In vitro release studies of SLN

At 22◦C in both media represented by buffer without enzymes at pH 5 and pH 7, GSH was released
in little amount (around 1%) from both sonicated and non-sonicated GSH-SLN(HAc) over 3 h of obser-
vation (Figs. 2A and B). Between the two formulations compared, sonicated GSH-SLN(HAc) provided
a slightly higher percentage of the antioxidant peptide delivered in both the two buffered media.

3.3. In vitro antioxidant activity of GSH-SLN

To evaluate the in vitro ability of such formulations to keep intact the antioxidant activity of GSH,
the spectrophotometric DPPH assay was carried out [18–20]. DPPH radical has a deep violet colour in
solution, and gradually it became pale yellow in the presence of non-encapsulated GSH. As reported
in Table 2, GSH aqueous solution taken as control provided 100% activity against DPPH radical as
already observed by us [18]. In addition, both SLN containing GSH demonstrated 100% antioxidant
activity.

3.4. Leucocyte immune parameters

The incubation of HK leucocytes with GSH, GSSG or the SLN tested in the present work (sonicated
and non-sonicated GSH-SLN(HAc)) for 4 h did not provoke any significant alteration neither in the
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Table 2

Antioxidant activity (% AA) of free GSH dissolved in in Tween85/CH3COOH (GSH),
Control SLN(HAc), GSH-SLN(HAc) and sonicated GSH-SLN(HAc). Data represent means ± S.D (n = 3)

Sample % AA(±S.D)

GSH ≥100

Control SLN(HAc) 52.4(±2.1)

GSH-SLN (HAc) ≥100

Sonicated GSH-SLN (HAc) ≥100

Fig. 3. Cellular innate immune activities of gilthead seabream head kidney leucocytes after being incubated with: (�) control,
( ) GSH-SLN(HAc); ( ) sonicated GSH-SLN(HAc); ( ) GSH and (�) GSSG for 4 h. The bars represent the means ± S.D.
(n = 6). Asterisks denote significant differences between control and treated groups (P ≤ 0.05).

peroxidase content present on HK leucocytes nor in the respiratory burst activity of such cells, respect
to the values obtained for control leucocytes (incubated only with culture cell medium) (Fig. 3A, B).
However, the phagocytic ability of HK leucocytes previously incubated with GSH was significantly
increased respect to the values found for control HK leucocytes (Fig. 3C). Similarly, the phagocytic
ability of HK leucocytes incubated with GSSG was also increased, respect to the values found in
control leucocytes, but the increments were not statistically significant. No significant deviations were
observed in this parameter when HK leucocytes were incubated with either GSH-SLN(HAc) or sonicated
GSH-SLN(HAc (Fig. 3C). Curiously, the phagocytic capacity of gilthead seabream HK leucocytes was
not affected by the incubation with sonicated and non-sonicated GSH-SLN(HAc) GSH or GSSG for 4 h
(Fig. 3D).
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4. Discussion

Colloidal carriers based-formulations were already seen as promising platform for the delivery of
biologically active compounds to cell fish [11]. In this context, the supply of antioxidant agents can
significantly contribute to fish health, and by the use of colloidal carriers such active principles may be
addressed to the immunocompetent HK leucocytes. Previously, to provide antioxidant agents plus other
active substances for fish nutrition, their diet was improved thanks to the introduction of microalgae
[26] or live feed components [27].

In the present work, we aimed at evaluating the performances of SLN based on a self-emulsifying
lipid for the delivery of a well-known antioxidant peptide as GSH.

For this purpose, we selected the melt-emulsification method coupled with UltraTurrax homogenizer
considering the self emulsifying properties of the lipid Gelucire® 50/13 [13] which could help the
entrapment of the hydrophilic GSH. Moreover, taking into account that the control of pH value of
the aqueous phase is crucial for maintaining the active form of GSH instead of the inactive GSSG
[28], herein we have focused on the effect of an aqueous phase of the starting emulsion constituted
in one case by double distilled water [i.e., GSH-SLN(w)] and in the other case by diluted acetic
acid [GSH-SLN(HAc)]. By keeping constant the amount of GSH initially loaded in the particles (i.e.,
6 mg), it was observed that the highest A.E.% (82.7%) occurred using GSH-SLN (HAc) (Table 1). This
finding can be related to the greater stability of GSH towards oxidation to disulfide GSSG in acidic
medium. Therefore, the approach of sonication after particle production was carried out on GSH-SLN
(HAc) rather than on GSH-SLN(w). To identify the optimal conditions of sonication in terms of time
and pulse frequency, two objectives were focused on: i.) the reduction of average particle size and
ii.) the exclusion of any chemical modification of GSH, by monitoring its HPLC peak before and
after each sonication treatment. In the literature, several examples of sonication applied to solid lipid
nanoparticles are reported, either for loading of hydrophilic drug substances [25, 29] or hydrophobic
ones [30–32]. Herein, we have tried to pre-form SLN according to the melt-emulsification technique
and as a following step to apply probe-sonication, in an attempt to protect the sensitive molecule of
GSH inside a preformed SLN carrier. On the other hand, by working according 1 min at 20 W of output
of energy of the experimental set up, we prevented the risk of disruption of the outer core of lipid, which
occurs in the presence of longer time of sonication/higher output of energy [33]. Upon our conditions
of sonication, sonicated GSH-SLN(HAc) did not exhibit any trace of metallic pollution from the probe
and provided average diameter of 69 nm even though a partial decrease in A.E.% was observed (i.e.,
53%). Therefore, the sonicated formulation together with non-sonicated GSH-SLN(HAc) were chosen
as the two most promising formulations for following in vitro studies.

As well as for oral absorption in humans, also for fish absorption is it crucial to examine the amount
of active principle delivered in the two main compartments of the digestive tract and, thus, both
formulation containing GSH were exposed to two buffer media in order to mimic the fish stomach
(pH = 5) and the fish mucosa (pH = 7) (Fig. 2A and B). Sonicated GSH-SLN (HAc) revealed sustained
release profiles in both media without enzymes and the possible explanation can be that GSH is located
mainly inside the lipid matrix as deduced from the Triton X assay. On the other hand, the release profiles
suggested that the two types of SLN may protect GSH from the pH injuries of the milieu and, in this
way, the vehicles may bypass biological barriers and, then, administer the antioxidant to gilthead
seabream HK leucocytes.

As it has been previously mentioned, GSH is essential for cellular homeostasis and redox state and
plays a vital role in diverse cellular functions. GSH also plays a role in the normal function of the
immune system [34] because it regulates innate immunity at various levels and GSH also acts a signaling
molecule [35]. However, GSH dimer, known as GSSG, is an inactive product. For these main reasons,
the in vitro effects of GSH, GSSG or the SLN tested in the present work (sonicated and non-sonicated
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GSH-SLN(HAc)) were studied on gilthead seabream HK leucocytes. According to the properties known
for GSH and GSSG on mammals, it was expected that incubation of HK leucocytes with GSH but not
with GSSG had immuno-stimulant properties on such cells. It was interesting to note that any of the
assayed compounds had significant effects neither in the peroxidase content of HK leucocytes nor in the
respiratory burst activity of such cells, respect to the values obtained for control leucocytes (incubated
only with cell culture medium). It is known that peroxidase is an important enzyme with microbicidal
properties which utilizes one of the oxidative radicals (H2O2) to produce hypochlorous acid [36].
This process is extremely important for killing foreign microorganisms [37]. Furthermore, phagocytic
leukocytes, when appropriately stimulated, display a respiratory burst in which they consume oxygen
and produce superoxide anions. It can be assumed that the non-statistically significant results in these
parameter find in the present work are due to the fact that GSH scavenges peroxide species which
can be harmful to the cells [35]. Nevertheless, these results can also be due to the used administration
time (4 hours). Perhaps shorter GSH, GSSG or SLN incubation times could give rise to higher (and
significant) leucocyte peroxidase content respect to control leucocytes, although new studies will be
needed to corroborate this hypothesis.

Phagocytosis is in fact a specific form of endocytosis involving the vesicular interiorization of par-
ticles. Phagocytosis is essentially a defensive reaction against infection and invasion of the body by
foreign substances and, in the immune system, phagocytosis is a major mechanism used to remove
pathogens and/or cell debris. For these reasons, phagocytosis in vertebrates has been recognized as a
critical component of the innate and adaptive immune responses to pathogens. Present results demon-
strate that GSH but not GSSG modulates the function of fish immune cells, increasing their phagocytic
properties. Since many decades it is known that GSH homeostasis becomes critical during physio-
logical events such as phagocytosis for human leucocytes because GSH simultaneously induce the
assembly of microtubules and the production of agents like H2O2 that can oxidize GSH [38]. It was
also demonstrated that monocytes have a specific GSH transporter that is triggered by the release of
H2O2 during the respiratory burst and that induces the uptake of GSH into the cell. Such a mechanism
has the potential to protect the phagocyte against oxidant damage [39]. Further research is needed to
demonstrate if such mechanisms are also present on fish leucocytes.

The fact that GSH increase phagocytosis by fish leucocyte is a very important result because GSH
is a precursor for S-nitrosoglutathione (GSNO), and GSNO may represent one of the most important
active forms of nitric oxide as an antimicrobial agent [40]. More concretely, Spallholz [41] observed
that GSH “is structurally similar to the precursor of the antibiotics produced in fungi in the genera
Penicillium and Cephalasporium”. Future studies could evaluate the direct antimicrobial effects of GSH
on bacterial fish pathogens that causes important diseases and, for this reason, important economic
losses in fish aquaculture farms. It will be also very interesting to study the ability of GSH to enhance
the activation of other immune cells, for example, fish lymphocytes, as occurs in mammals [42].

Finally, no statistically significant differences were observed on the phagocytic activity of HK
leucocytes after being incubated with GSH-SLN(HAc) or sonicated GSH-SLN(HAc). We know from
a previous work that the ability of gilthead seabream HK leucocytes to internalize the SLN varied
depending on both the incubation time and the SLN concentration. Furthermore, we demonstrated by
using 6-Coumarin loaded SLN that after incubation with HK leucocytes, SLN appeared homogeneously
distributed inside the leucocyte cytoplasm, as it was demonstrated by confocal microscopy because
the green fluorescence of 6-Coumarin [10]. According to those results, in the present study we test the
same SLN concentration and incubation time but 6-Coumarin was replaced with GSH, by achieve a
site–specific targeting to fish immune systems. Nevertheless, no stimulant properties were observed
after incubation of HK leucocytes with SLN (both sonicated and non-sonicated) which could be due
to the fact that the highest values of HK leucocytes internalized 6-Coumarin SLN particles were
only around 16% [10]. Perhaps this small percentage of HK leucocytes (around 16%) was stimulated
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although we quantified the total activity of the leucocyte population. Alternatively, to account for the
results it can be hypothesized that the low amount of peptide released during the incubation time in
which the cell viability is strictly maintained (i.e., 4 hours) resulted not sufficient to modify the in vitro
phagocytic ability of HK leucocytes previously incubated with both the GSH-SLN examined.

5. Conclusions

We have formulated novel SLN based on the self-emulsifying lipid Gelucire® 50/13 intended as
colloidal vector for the administration of little peptides as the antioxidant GSH to HK leucocytes
immunocompetent fish cells. The mild preparative technique of melt-emulsification provided particles
characterized by good A.E.% in peptide and even below 100 nm in size as in the case of sonicated
GSH-SLN(HAc). Moreover, these nanocarriers maintained their features of size and surface charge up
to three months after storage at 4◦C. However, the peptide GSH localization seems to be inside the
Gelucire® 50/13 lipid wall. From the biological evaluation of SLN, it was deduced that the phagocytic
ability (the main innate cellular immune response) of HK leucocytes previously incubated with GSH
was significantly increased respect to the values found for control. In conclusion, this article provides
detailed information on the immuno-stimulant effects of GSH on fish leucocytes. This result along
with its therapeutic and protective effects makes GSH a key molecule to the fish immune system and
health.

The present work constitutes an initial approach to consider SLN as nanocarriers for delivering bio-
logically active substances to fish immune cells. Further studies are required to elucidate the advantage
of using this formulation in aquaculture.
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