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Abstract: (1) Background: Mangiferin (MGN) is a natural compound, showing anti-inflammatory and
antioxidant activities for the potential treatment of eye diseases. The poor physicochemical features
of MGN (low solubility and high instability) justify its nanoencapsulation into nanostructured
lipid carriers (NLC) to improve its ocular bioavailability. (2) Methods: Firstly, MGN-NLC were
prepared by the high shear homogenization coupled with the ultrasound (HSH−US) method. Finally,
unloaded and MGN-loaded NLC were analyzed in terms of ocular tolerance. (3) Results: MGN-
NLC showed good technological parameters suitable for ocular administration (particle size below
200 nm). The ORAC assay was performed to quantify the antioxidant activity of MGN, showing
that the antioxidant activity of MGN-NLC (6494 ± 186 µM TE/g) was higher than that of the free
compound (3521 ± 271 µM TE/g). This confirmed that the encapsulation of the drug was able to
preserve and increase its activity. In ovo studies (HET-CAM) revealed that the formulation can be
considered nonirritant. (4) Conclusions: Therefore, NLC systems are a promising approach for the
ocular delivery of MGN.

Keywords: mangiferin; nanostructured lipid carriers; ocular drug delivery; eye diseases

1. Introduction

In recent years, intense research has been conducted to treat posterior ocular segment
diseases using topical formulations able to overcome the complex anatomy of the eye [1].
The use of conventional eye drops is limited by precorneal drug removal mechanisms and
physiological barriers [2,3] that oppose drug penetration, limiting the ocular bioavailability
to 5–10% [4]. This means that the achievement of therapeutic effects requires frequent
instillations, with consequent low patient compliance [5]. Other strategies are the use of
ocular injections (peribulbar, retrobulbar and subconjunctival) and the application of ocular
implants; however, both therapies show drawbacks due to high costs [6].

The advent of nanotechnology has made important innovations in the field of ophthal-
mology [7]. Over the years, two generations of lipid nanoparticles have been developed:
the first generation consists of solid lipid nanoparticles (SLN) and the second generation
consists of nanostructured lipid carriers (NLC). Drug encapsulation into these nanocarriers
has been reported to increase drug solubility, stability, penetration, targeted cell uptake,
tolerability and interaction with the ocular mucosa [8–12]. NLC present numerous advan-
tages, such as controlled drug release, high drug loading and excellent tolerability [4,13].
NLC are made up of a mixture of lipid solid and liquid (oil), stabilized by a surfactant.
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The oily fraction is responsible for a distortion of the lipid crystals; this particular internal
structure allows a high loading capacity and a remarkable physical stability. Therefore,
NLC are currently studied as delivery systems for the treatment of the most important
ocular disorders affecting the posterior eye segment [4–16].

Many eye diseases are related to oxidative stress, such as macular degeneration and
diabetic retinopathy [17] as overproduction of reactive oxygen species (ROS) affects neu-
rons and retinal vessels. Thus, the attention on antioxidants has been greatly increased in
the field of ophthalmology. Ocular applications of antioxidants are hindered by stability
and bioavailability problems, which can be overcome by encapsulation into nanocarri-
ers [18]. Several studies pointed to mangiferin (MGN) for the potential treatment of eye
diseases [19,20]. MGN (2-b-D-glucopyranosyl-1,3,6,7-tetrahydroxyxanthone) is a polyphe-
nol compound (Figure 1), primarily extracted from the leaves, stem barks and fruits of
Mangifera indica L., exhibiting a variety of therapeutic effects, of which a strong antioxidant
activity [21–24].
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Figure 1. Chemical structure of mangiferin (MGN).

To overcome the stability and low aqueous solubility (0.111 mg/mL) limitations [25–27],
the feasibility of encapsulating MGN in NLC was investigated in a previous paper [20]. In
that work, NLC were obtained combining glyceryl monosterate, Gelucire 44/14, Miglyol
812, Labrasol and large proportions of Tween 80 surfactant, but the antioxidant activity
of MGN was not investigated. Other nanotechnological systems have been developed in
order to increase the solubility and bioavailability of MGN, such as self-assembled phy-
tosomal soft nanoparticles encapsulated with a phospholipid complex (MPLC SNPs) [28]
and polymeric nanoparticles [29,30], demonstrating the importance of the nanoencapsula-
tion strategy.

The aim of this preliminary study was to design NLC for MGN using more biocom-
patible and safer surfactant and lipids and to elucidate their suitability for the potential
treatment of posterior eye segment disorders using a variety of in vitro and in ovo ap-
proaches. Thus, Miglyol 812 was mixed with Compritol 888 ATO (COMP), a mixture of
mono-, di- and triglycerides of behenic acid, which shows excellent regulatory and safety
profiles [31]. Moreover, Lutrol F68 was used as a surfactant at a very low proportion
(0.4% w/v). MGN-NLC were prepared by the high shear homogenization coupled with the
ultrasound (HSH-US) method. MGN-NLC were characterized for their mean size, zeta-
potential, size distribution and morphology. The mechanism by which NLC interact with a
biomembrane model of multilamellar vesicles (MLV) was investigated using differential
scanning calorimetry (DSC) [32] while the antioxidant activity of MGN was evaluated
by the ORAC assay. Finally, the obtained formulations were analyzed in terms of ocular
tolerance. Therefore, MGN-NLC are a promising approach for treating retinal diseases as
they are able to bypass the problems of MGN (low water solubility and instability) and
administer it in the form of eye drops.
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2. Results
2.1. NLC Preparation and Characterization

MGN-NLC showed a mean diameter of 148.9 ± 0.1 nm, a PDI value around 0.21 ± 0.02
and a zeta potential value of −23.5 mV (Table 1), predicting a good long-term stability for
the formulation [33]. The encapsulation efficiency, evaluated by UV/VIS spectrometry, was
about 92%. The drug loading was about 4.7%.

Table 1. The values of size (Z-Ave), PDI and Z-potential for unloaded and MGN-NLC recorded
at 25 ◦C.

Formulation Z-Ave
(nm ± SD)

PDI
(–) ± SD

ZP
(mV ± SD)

Unloaded NLC 123.1 ± 0.1 0.18 ± 0.10 −28.6 ± 0.3
MGN-NLC 148.9 ± 0.1 0.21 ± 0.02 −23.5 ± 0.2

2.2. Transmission Electron Microscopy (TEM)

The morphology of the MGN-NLC was performed using TEM (Figure 2). In agreement
with the DLS data, the TEM images showed that the nanoparticles are suitable for ocular
administration (particle size below 200 nm) [6,34–36] and are well structured.
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2.3. DSC Analysis
2.3.1. NLC and MLV Analysis

The thermotropic behavior of unloaded NLC and MGN-NLC was evaluated by DSC.
The calorimetric curves of the single components are shown in Figure S1 of the supporting
information. Compritol, the solid lipid used to obtain NLC, showed a calorimetric peak
centered at 71.57 ◦C, with an enthalpy variation of −124.76 J/g. The calorimetric curve
of Lutrol was characterized by a peak centered at 52.49 ◦C, with an enthalpy variation
of −122.93 J/g; Mygliol did not show any calorimetric peak but only a flat line. The
calorimetric curves of NLC and MGN-NLC are shown in Figure 3. Unloaded NLC were
characterized by a main peak centered at 64.24 ◦C and a shoulder at a higher temperature
as well as an enthalpy variation of −66.13 J/g of Compritol. The NLC melting tempera-
ture was about 7 ◦C lower than that of Compritol, owing to an increase of surface area
resulting from NLC colloidal sizes and from interactions between the solid lipid and MIG
and surfactant molecules that led to a less ordered structure. The MGN-NLC run had
a main peak at 64.68 ◦C and a smaller one at 69.68 ◦C as well as an enthalpy variation
of −65.08 J/g of Compritol. These results suggest that MGN affected the thermotropic
behavior of the nanocarriers and, therefore, may interact with lipid constituents of the
NLC formulation. The DSC analysis of MGN was also carried out. In accord with the
literature data [37,38], MGN had an endothermic peak centered at 272.11 ◦C (Figure S1,
supporting information). The effect of different molar fraction of MGN (0.03; 0.045; 0.06;
0.09; 0.12; 0.15) on the biomembrane model made of MLV of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was also investigated by DSC (Figure 4) [31,39,40]. All recorded
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calorimetric curves were referred to those made of pure DMPC MLV. The latter one showed
a pretransition peak at about 16 ◦C, related to the transition from the gel (ordered) to
the ripple phase, and a main peak at 25 ◦C, due to the transition from the ripple to the
liquid-crystalline (disordered) phase. Any foreign molecules in the lipid bilayer may act
as impurities and cause variations of the thermodynamic parameters (Tm and ∆H). In the
case of MGN, the pretransition peak decreased and finally disappeared as the amount of
molar fraction increased while the main peak slightly shifted to a lower temperature, and
its enthalpy variation remained almost unchanged. This result indicated that MGN exerted
only a low effect on DMPC MLV.
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2.3.2. MLV/MGN Kinetic Experiments

The ability of the MGN to be absorbed by the phospholipid membranes through
an aqueous medium was studied by leaving an amount of the DMPC MLV dispersion
in contact with a defined quantity of powdered compound. If the compound dissolves
through the aqueous medium and is able to interact with the phospholipid bilayers, it
is possible to observe a gradual variation of the calorimetric curve shape of DMPC MLV
(reported as a reference). In this case, in all recorded calorimetric curves, the pretransition
peak disappeared whereas the main peak did not show any variation (Figure 5). Therefore,
MGN cannot be incorporated in the MLV structure, probably due to its low water solubility.
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2.3.3. MLV/NLC Kinetic Experiments

The interaction between DMPC MLV, used as biological membrane model, and NLC
(unloaded NLC and MGN-NLC) was evaluated by DSC. An amount of DMPC MLV and
NLC were put in contact, and the kinetic experiments were carried out. The calorimetric
curves, recorded at one-hour intervals, were compared with the individual curves of
samples (Figures 6 and 7, respectively). Regarding the first experiment, the pretransition
peak of DMPC MLV gradually vanished while the main peak underwent variations in
height and width, and the enthalpy variation gradually decreased (Table 2). Firstly, the
calorimetric curve of NLC showed a main peak and a shoulder, characteristic of unloaded
NLC; then, as the contact time increased, the peak merged with the shoulder, giving a
unique peak at a higher temperature. This is clear evidence of the interaction between MLV
and unloaded NLC; in particular, DMPC MLV maintained their structure while the NLC
structure underwent marked variations. A similar behavior can be seen in the DMPC MLV
and MGN-NLC interactions. DMPC MLV lost the pretransition peak, and the main peak
showed a reduction, associated with a gradual decrease of the enthalpy variation (Table 2).
The shape of the MGN-NLC calorimetric curve, characterized by a well-defined two peaks
structure, did not initially change, but the two peaks gradually merged in a unique peak
that, in the last scans, was centered at 69.11 ◦C and remained stable. Therefore, there was
an interaction between MLV and MGN-NLC. In order to confirm that the variations of the
unloaded NLC and MGN-NLC were due to the interaction with MLV, simple experiments
were carried out. Unloaded NLC and MGN-NLC were separately submitted to the same
calorimetric conditions of the kinetic experiments. The calorimetric curves did not show
any variation over the time (data not shown), confirming the interaction between NLC and
MLV. We can hypothesize that NLC can enter the MLV structure and release MGN.

Table 2. Enthalpy variation (∆H) of MLV left in contact with NLC or MGN-NLC at increasing
calorimetric heating scans.

Calorimetric Scan NLC
DH (J/mmol)

MGN-NLC
DH (J/mmol)

0 30.30 ± 0.50 30.30 ± 0.50
1 30.30 ± 0.52 29.60 ± 0.51
2 25.35 ± 0.54 23.30 ± 0.72
3 25.20 ± 0.61 23.30 ± 0.73
4 23.19 ± 0.91 22.32 ± 0.64
5 20.07 ± 0.83 20.38 ± 0.80
6 19.88 ± 0.74 20.16 ± 0.82
7 19.65 ± 0.70 19.39 ± 0.90
8 19.51 ± 0.73 18.92 ± 0.72
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Figure 7. Calorimetric curves, in heating mode, of MLV left in contact with MGN-NLC at
increasing times.

2.4. ORAC Assay

During the ORAC assay, the decay of the fluorescence of fluorescein was monitored. A
calibration curve was obtained by plotting the area under the curve (AUC) against a Trolox
concentration (r2 = 0.9913). The ORAC assay was applied to determine the antioxidant
activity of the MGN-NLC (0.002 M) using unloaded NLC as a control and a MGN solution
(free compound, 0.002 M), reaching values of 6494 ± 186, 769 ± 52 and 3521 ± 271 µM
TE/g, respectively (Table 3). The obtained values showed that the antioxidant activity of
MGN-NLC was higher than that of the free compound (MGN solution).

Table 3. The antioxidant activity of unloaded NLC, MGN-NLC and MGN solution. Results are
presented as the mean ± S.D., n = 3.

Sample Trolox-Equivs.
(µM TE/g)

Unloaded NLC (1:50) 769 ± 52
MGN-NLC (1:75) 6494 ± 186

MGN solution (1:50) 3521 ± 271
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2.5. HET−CAM Assay

HET−CAM is an in ovo assay highly sensitive for predicting the ocular irritation
effect [41]. Potential ocular irritation effects of MGN-NLC and unloaded NLC were de-
termined on the chorioallantoic membrane (CAM) of fertilized hen eggs. No damage to
the blood vessels on the CAM surface after a 5 min period of contact with MGN-NLC was
detected, as reported in Figure 8. The IS was 0.0, as occurred with the negative control
(0.9% NaCl). Thus, MGN-NLC can be classified as nonirritant (IS < 1) since no hemorrhage,
lysis or coagulation were observed. The slight white halo observed in Figure 8C,D was due
to the milky appearance of the tested formulations.
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2.6. Hemolysis Assay

Investigation of the hemocompatibility profiles of tested formulations revealed that
they had hemolysis effects of about 10%. The percentage of hemolysis for unloaded NLC
and MGN-NLC were 11.16 ± 3.12% and 8.10 ± 0.95%, respectively.

3. Discussion

MGN-loaded NLC were formulated by high shear homogenization coupled with
an ultrasound (HSH−US) method using Compritol® 888 ATO and Miglyol 812® as the
lipid phase and Lutrol F68® (Poloxamer 188) as the surfactant. The importance of this
combination of HSH-US in controlling the size of lipid nanoparticles has been demon-
strated [42]. Therefore, this method proved to be valid, highly reproducible and suitable for
the formulation of ocular nanocarriers. DLS data showed good technological parameters,
with a size below 200 nm (as confirmed by TEM images), a PDI around 0.2 and a zeta
potential value approximately −20 mV, predicting a good long-term stability. This could
be due to the presence of Poloxamer on the particle surface, thereby creating a stabilizer
layer [43–45]. The choice of surfactant is very important because it controls the particle size
and the stability, preventing their aggregation during storage [46,47]. In a previous report
NLC prepared, combining glyceryl monosterate, Gelucire 44/14, Miglyol 812, Labrasol and
large proportions of Tween 80 surfactant [20], there was a smaller size (50–70 nm), similar
PDI and larger zeta potential (−30 to −36 mV).

Calorimetric data demonstrated that MGN affects the thermotropic behavior of NLC;
in fact, the one peak and one shoulder curve of unloaded NLC became a two peaks curve in
MGN-NLC, demonstrating that MGN was incorporated in NLC. The kinetic experiments,
carried out to evaluate an interaction between MLV and unloaded NLC and between MLV
and MGN-NLC, showed the variation both of the MLV as well as of the unloaded NLC and
MGN-NLC peaks, indicating that unloaded NLC and MGN-NLC interacted with MLV [48].
The data were confirmed by the absence of variations in the calorimetric curves of unloaded
NLC and MGN-NLC submitted to the same experimental conditions.

The antioxidant activity of MGN-loaded NLC was determined by the ORAC assay
using unloaded NLC as a control MGN-NLC and an MGN solution (free compound); the
concentration of MGN was 0.002 M in both samples. The values obtained showed that
the antioxidant activity of MGN-NLC (6494 ± 186 µM TE/g) was higher than that of the
free compound (3521 ± 271 µM TE/g). This confirmed that the encapsulation of the drug
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was able to preserve and increase its activity [49]. The antioxidant activity against radicals
ranked in the order MGN-NLC > MGN solution > unloaded NLC (control).

In terms of safety, all the components used for the formulation of nanoparticles are
safe [13,45,50,51] as confirmed by HET−CAM test. This test is an alternative to the Draize
test and provides information on the potential ocular irritancy of the formulations through
the irritation score (IS). CAM is a vascular tissue that responds to harmful agents with
a complete inflammatory process (hemorrhage, lysis or coagulation). The IS value was
0.0, which occurred with the negative control (0.9% NaCl), while the IS of the positive
control was about 18.82. No damage to the blood vessels on the CAM surface after a
5 min period of contact with MGN-NLC was observed; therefore, it can be qualified as a
nonirritating formulation. Moreover, MGN-NLC showed adequate hemocompatibility as
the unloaded NLC.

The promising findings of the present work suggest future research directions to test
in vivo the efficacy of MGN-NLC in the management of retinal diseases involving a deficit
of antioxidant defenses (i.e., macular degeneration).

4. Materials and Methods
4.1. Materials

Solid lipid Compritol 888 ATO (COMP, a mixture of mono-, di-, and triglycerides
of behenic acid) was purchased from Gattefossè (Milan, Italy); oil Miglyol 812 (MIG,
a mixture of medium-chain triglycerides) was obtained from Eigenmann & Veronelli
S.p.A. (Milan, Italy) and Lutrol F68 (MW 8400 g/mol) was provided by BASF ChemTrade
GmbH (Burgbernheim, Germany). Mangiferin (MGN, MW 422.33 g/mol), Trolox (MW
250.29 g/mol) and 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH, MW
271.19 g/mol) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Fluorescein
disodium salt (MW 332.31 g/mol) was purchased from Acros Organics (Milan, Italy).
Triton X-100, propylene glycol and PBS commercial (10×) were purchased from Sigma-
Aldrich (Madrid, Spain). Ultrapure water (18.2 Momega) was obtained by filtering through
millipore (MilliQ®, Millipore Ibérica, Madrid, Spain).

4.2. MGN-NLC Preparation

MGN-NLC were prepared by high shear homogenization coupled with an ultrasound
(HSH−US) method [52] that was slightly modified. Briefly, the lipid phase containing
MGN (0.1% w/v), COMP (0.6 g) and MIG (0.4 g) were first melted at 80 ◦C then uniformly
mixed in the surfactant solution at the same temperature (Lutrol F68 0.4% w/v) by using
a high-speed stirrer (Ultra-Turrax T25, IKA-Werke GmbH &Co. Kg, Staufen, Germany)
for 10 min. The obtained preemulsion was ultrasonified by a Labsonic 2000 (B. Braun,
Melsunen, Germany) for 8 min. The hot dispersion was then cooled by dilution in 25 mL
of additional water at 4 ◦C. Unloaded NLC was prepared by the same procedure without
adding MGN.

4.3. MGN-NLC Physical Characterization

The average size (Z-Ave), polydispersity index (PDI) and the zeta potential (ZP, ξ)
of MGN-NLC were assessed by dynamic light scattering (DLS) using a Zeta Sizer Nano-
ZS90 (Malvern Instrument Ltd., Worcs, Malvern, UK). Experiments were carried out at
20 ± 0.2 ◦C and at a scattering angle of 90◦. Samples (100 µL of NLC suspension) were
diluted with distilled water (900 µL). Each formulation was measured at least in triplicate.

4.4. Transmission Electron Microscopy (TEM)

MGN-NLC morphology was investigated using TEM (JEOL JEM-101). The formula-
tion was diluted 100 times with water and then deposited on the surface of a 200 mesh
Formvar®-coated copper grid (TAAB Laboratories Equipment, Ltd., Aldermaston, UK).
The acceleration voltage was set to 190 kV. After drying, the specimen was covered with
chromium prior to imaging (Quorum Q150T ES East Grinstead, West Sussex, UK).
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4.5. Encapsulation Efficiency and Drug Loading

NLC formulation was diluted in H2O, filtered through a 0.22 µm sterile syringe filter
(TS-900-045-S, Test Scientific, Perugia, Italy) and freeze dried overnight. A defined amount
of the lyophilized filtrate was solubilized in methanol, and the MGN content was measured
by UV spectrophotometry at 257 nm (T80+ UV/VIS Spectrometer, PG Instrument Ltd., Lut-
terworth, UK). Calibration curves of MGN were performed on six different concentrations
(range 0.5–10 µg/mL). Each point was the average of three measurements. The entrapment
efficiency (EE) of MGN in the NLC was calculated from Equation (1):

EE% = [(mgMGNtotal − mgMGNfree)/mgMGNtotal] × 100 (1)

The drug loading (DL) was calculated from Equation (2):

DL% = [(mgMGNtotal − mgMGNfree)/weight of lipids] × 100 (2)

4.6. DMPC/MGN MLV Preparation

DMPC/MGN MLV were prepared as follows. DMPC was dissolved in chloro-
form:methanol (1:1 v/v), and MGN was dissolved in methanol. Aliquots of a DMPC
solution (0.010325 mmol) were delivered in glass vials, and aliquots of the MGN solution
were added to have defined molar fractions of MGN with respect to DMPC (0.00, 0.03, 0.045,
0.06, 0.09, 0.12 and 0.15). The solvents were evaporated under a nitrogen flow at 37 ◦C. The
obtained phospholipid films were freeze dried overnight to eliminate any solvent traces,
and 50 mM of a Tris buffer solution at pH 7.4 was added to the films to reach 0.0614 mmoles
DMPC/mL. The dispersions were kept at 37 ◦C for 1 min, vortexed three times for 1 min
and then kept at 37 ◦C for 60 min.

4.7. Differential Scanning Calorimetry (DSC)

The DSC studies were carried out with a Mettler Toledo STARe system equipped with
a DSC-822e calorimetric cell and the Mettler TA-STARe software. The formulation was
poured in aluminum (160 µL), which was sealed after filling. The reference pan contained
a Tris buffer solution (50 mM). The maximum sensitivity obtainable by the calorimetric
system was used. The procedure of the Mettler TA-STARe software was followed for the
calibration of temperature and enthalpy changes; indium, stearic acid and cyclohexane
were used.

4.7.1. MLV and NLC Analysis

MLV (120 µL; 0.007375 mmoles of DMPC) were placed into the calorimetric pan and
subjected to DSC heating and cooling scans: (1) a scan from 5 to 37 ◦C (2 ◦C/min) and (2) a
scan from 37 to 5 ◦C (4 ◦C/min), both conducted at least three times to check the results’
reproducibility. NLC (120 µL) were put into the calorimetric pan and subjected to the DSC
analysis as follows: (1) a heating scan from 25 to 85 ◦C at a rate of 2 ◦C/min and then (2) a
cooling scan from 85 to 5 ◦C at a rate of 4 ◦C/min; each scan was conducted at least three
times to check the reproducibility of the results.

4.7.2. Kinetic Experiments
Interaction between MLV and MGN

An amount of MGN corresponding to 0.5 molar fraction with respect to DMPC was
weighed in the calorimetric pan, and 120 µL of a MLV sample was added. Then, the pan
was hermetically sealed, and the interaction was monitored by the DSC analysis as follows:
(i) a heating scan at a rate of 2 ◦C/min between 5 and 85 ◦C, (ii) a cooling scan at a rate of
4 ◦C/min between 85 and 37 ◦C, (iii) an isothermal period (1 h) at 37 ◦C to allow the NLC
to interact with and permeate the phospholipid bilayers of MLV and (iv) a cooling scan
between 37 and 5 ◦C at a rate of 4 ◦C/min. This procedure was run at least eight times to
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follow eventual variations in the behavior of the MLV made with DMPC (DMPC MLV) and
of NLC due to the time-dependent interactions. Each experiment was repeated three times.

Interaction between MLV and NLC

Thirty microlitres of MLV (0.245 mmoles DMPC/mL) were placed in the calorimetric
pan, followed by the addition of 90 µL of NLC; the pan was hermetically sealed, and the
interaction was monitored as described above.

4.8. Antioxidant Activity: ORAC Assay

The antioxidant activity of the MGN-NLC, MGN solution and unloaded NLC was
measured using the ORAC assay [53]. Data were obtained using an OPTIMA FLUOstar
microplates reader (BMG Labtech, Cary, North California, CA, USA). The assay was
conducted at 37 ◦C, using AAPH (2,2-azobis (2-amidinopropane) dihydrochloride as the
oxidant generator, Trolox (0.1 mM) as the control standard and phosphate buffer (pH 7.4)
as the blank. A 96-well flat-bottomed black plate was used; the outer rows were filled with
200 µL of distilled water to avoid the evaporation due to the temperature effect. Samples
(MGN-NLC, MGN solution and unloaded NLC) were diluted in phosphate buffer (1:1, 1:3,
1:10, 1:20, 1:50, 1:75, 1:100 and 1:150), and then they were deposited (70 µL) in triplicate in
the well of the microplate with fluorescein solution (100 µL). Fluorescein solution (3 µM)
was prepared in 75 mM phosphate buffer (pH 7.4). Moreover, eight calibration solutions
using Trolox (3–100 µM, in phosphate buffer) were added in triplicate (70 µL). After
incubation for 15 min at 37 ◦C, 30 µL of AAPH solution was added, and the fluorescence
measurement started. The fluorescence was recorded every 2 min for 180 min (excitation
485 nm, emission 520 nm).

4.9. Ocular Tolerability: HET−CAM Assay

Ocular irritancy of unloaded and MGN-loaded NLC were evaluated through the Hen’s
Egg Test on Chorio-Allantoic Membrane (HET−CAM), as previously described [18]. The
eggshell of incubated (37 ◦C, 60% relative humidity, 9 days), fertilized hen’s eggs (50–60 g,
Coren, Spain) was pierced at the air chamber side using a rotatory saw (Dremel 300, Breda,
The Netherlands), and the inner membrane was wet with 0.9% NaCl for 30 min (37 ◦C).
Afterwards, the inner egg membrane was carefully removed to avoid any damage to the
fine blood vessels of the chorioallantoic membrane.

Unloaded NLC and MGN-NLC (100 µL) (in duplicate) were dropped on the CAM. As
negative and positive controls, 300 µL of 0.9% NaCl and 0.1 N NaOH solutions were placed
on the CAM, respectively. Finally, the irritation score (IS) was calculated as previously
reported after observing the CAM for 5 min regarding hemorrhage, vascular lysis or
coagulation [35].

4.10. Hemolysis Assay

In vitro hemolysis assays were performed for unloaded NLC and MGN-NLC follow-
ing a slightly modified method used by Chen et al. [54]. A hemolysis assay was performed
using freshly drawn whole blood from anonymized healthy donors (Galician Blood Trans-
fusion Center, Santiago de Compostela, Spain) [55,56]. Briefly, blood samples (5 mL) were
diluted with 0.9% NaCl (145 mL). Samples (100 µL; dilution 1:5) were added in diluted
blood (1 mL) while positive and negative controls were incubated with a Triton X-100
(4%) and a phosphate buffer (PBS commercial, 10×), respectively. After incubation (37 ◦C)
at 100 rpm for 1 h, the samples were centrifuged (Sigma 2-16P; Sigma Laboratory Cen-
trifuges, Germany) at 10,000 rpm for 30 min. The release of hemoglobin was monitored
by measuring the absorbance of the supernatant (150 µL) at 540 nm using a microplates
reader (FLUOstar Optima, BMG Labtech, Cary, North California, USA). The percentage of
hemolysis was calculated as follows Equation (3):

% Hemolysis =
(AS − AN)

(AP − AN)
× 100 (3)
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where AS is the absorbance of sample, AN is the absorbance of negative control and AP is
the absorbance of positive control.

4.11. Statistical Analysis

Statistical data analysis was performed using Student’s t-test followed by a post hoc
Bonferroni-Dunn test. A probability (p) of less than 0.05 was considered significant.

5. Conclusions

MGN has a wide range of pharmacological properties, including anti-inflammatory
and antioxidant activities, and can be considered a good candidate for the potential treat-
ment of eye diseases. Its use in ophthalmology is compromised due to its high lipophilicity.
This obstacle has been overcome by encapsulating this compound in the NLC. MGN-NLC
showed an appropriate particle size, good stability, and high ophthalmic tolerability. The
DSC studies indicate that MGN-NLC could enter the biomembrane model and release
MGN, and further studies have been planned to prove this hypothesis. Furthermore, the
antioxidant activity of MGN-NLC was higher than the free compound. This demonstrated
that the carrier preserved the drug. Therefore, these findings suggest that the NLC system
is a potential strategy to improve ocular bioavailability of lipophilic drugs.

Supplementary Materials: The following supporting information can be downloaded online. Figure S1:
Calorimetric curves, in heating mode, of Compritol, Lutrol, Mygliol and MGN.

Author Contributions: Conceptualization, C.P., M.G.S. and D.S.; methodology, M.V.-L., M.G.S. and
D.S.; software, C.T., D.S. and M.R.L.; validation, M.V.-L., M.G.S., F.C. and M.R.L.; formal analysis,
C.T. and D.S.; investigation, C.P., M.G.S. and F.C.; resources, C.P.; data curation, C.T., D.S. and M.R.L.;
writing—original draft preparation, M.V.-L., C.P., M.G.S. and D.S.; writing—review and editing, C.P.,
M.G.S. and D.S.; visualization, M.G.S. and D.S.; supervision, C.P. and F.C.; project administration, C.P.;
funding acquisition, C.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Research Funding for University of Catania, under Project
Piaceri “NanoRET”- “Patologie neurodegenerative retiniche: nuovi approcci farmacologici e nanotecnologici”.

Data Availability Statement: Data is available on the request from the corresponding author.

Acknowledgments: C. Alvarez-lorenzo is acknowledged for supervision of D.S. during a research
stay at the University of Santiago de Compostela.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the MGN, unloaded and MGN-NLC are available from the authors.

References
1. Cabrera, F.J.; Wang, D.C.; Reddy, K.; Acharya, G.; Shin, C.S. Challenges and opportunities for drug delivery to the posterior of the

eye. Drug Discov. Today 2019, 24, 1679–1684. [CrossRef] [PubMed]
2. Del Amo, E.M.; Urtti, A. Current and future ophthalmic drug delivery systems: A shift to the posterior segment. Drug Discov.

Today 2008, 13, 135–143. [CrossRef]
3. Bucolo, C.; Drago, F.; Salomone, S. Ocular drug delivery: A clue from nanotechnology. Front. Pharmacol. 2012, 3, 188. [CrossRef]
4. Puglia, C.; Offerta, A.; Carbone, C.; Bonina, F.; Pignatello, R.; Puglisi, G. Lipid nanocarriers (LNC) and their applications in ocular

drug delivery. Curr. Med. Chem. 2015, 22, 1589–1602. [CrossRef]
5. Battaglia, L.; Serpe, L.; Foglietta, F.; Muntoni, E.; Gallarate, M.; del Pozo-Rodriguez, A.; Solinis, M.A. Application of lipid

nanoparticles to ocular drug delivery. Expert Opin. Drug Deliv. 2016, 13, 1743–1757. [CrossRef] [PubMed]
6. Puglia, C.; Santonocito, D.; Romeo, G.; Intagliata, S.; Romano, G.; Strettoi, E.; Novelli, E.; Ostacolo, C.; Campiglia, P.;

Sommella, E.; et al. Lipid Nanoparticles Traverse Non-Corneal Path to Reach the Posterior Eye Segment: In Vivo Evidence.
Molecules 2021, 26, 4673. [CrossRef] [PubMed]

7. Pignatello, R.; Puglisi, G. Nanotechnology in Ophthalmic Drug Delivery: A Survey of Recent Developments and Patenting
Activity. Recent Patents Nanomed. 2011, 1, 42–54. [CrossRef]

8. Duan, Y.; Cai, X.; Du, H.; Zhai, G. Novel in situ gel systems based on P123/TPGS mixed micelles and gellan gum for ophthalmic
delivery of curcumin. Colloids Surf. B Biointerfaces 2015, 128, 322–330. [CrossRef]

9. Yu, S.; Wang, Q.-M.; Wang, X.; Liu, D.; Zhang, W.; Ye, T.; Yang, X.; Pan, W. Liposome incorporated ion sensitive in situ gels for
opthalmic delivery of timolol maleate. Int. J. Pharm. 2015, 480, 128–136. [CrossRef]

http://doi.org/10.1016/j.drudis.2019.05.035
http://www.ncbi.nlm.nih.gov/pubmed/31175955
http://doi.org/10.1016/j.drudis.2007.11.002
http://doi.org/10.3389/fphar.2012.00188
http://doi.org/10.2174/0929867322666150209152259
http://doi.org/10.1080/17425247.2016.1201059
http://www.ncbi.nlm.nih.gov/pubmed/27291069
http://doi.org/10.3390/molecules26154673
http://www.ncbi.nlm.nih.gov/pubmed/34361825
http://doi.org/10.2174/1877912311101010042
http://doi.org/10.1016/j.colsurfb.2015.02.007
http://doi.org/10.1016/j.ijpharm.2015.01.032


Molecules 2022, 27, 1328 12 of 13

10. López, E.S.; Espina, M.; Doktorovova, S.; Souto, E.; García, M. Lipid nanoparticles (SLN, NLC): Overcoming the anatomical and
physiological barriers of the eye—Part II—Ocular drug-loaded lipid nanoparticles. Eur. J. Pharm. Biopharm. 2017, 110, 58–69.
[CrossRef]

11. Puglia, C. Cosmeceuticals: Nanotechnology-Based Strategies for the Delivery of Phytocompounds. Curr. Pharm. Des. 2019,
25, 2314–2322. [CrossRef]

12. Puglia, C.; Pignatello, R.; Fuochi, V.; Furneri, P.M.; Lauro, M.R.; Santonocito, D.; Cortesi, R.; Esposito, E. Lipid Nanoparticles and
Active Natural Compounds: A Perfect Combination for Pharmaceutical Applications. Curr. Med. Chem. 2019, 26, 4681–4696.
[CrossRef] [PubMed]

13. Araújo, J.; Nikolic, S.; Egea, M.A.; Souto, E.B.; Garcia, M.L. Nanostructured lipid carriers for triamcinolone acetonide delivery to
the posterior segment of the eye. Colloids Surf. B Biointerfaces 2011, 88, 150–157. [CrossRef]

14. Luo, Q.; Zhao, J.; Zhang, X.; Pan, W. Nanostructured lipid carrier (NLC) coated with Chitosan Oligosaccharides and its potential
use in ocular drug delivery system. Int. J. Pharm. 2011, 403, 185–191. [CrossRef]

15. Balguri, S.P.; Adelli, G.; Majumdar, S. Topical ophthalmic lipid nanoparticle formulations (SLN, NLC) of indomethacin for
delivery to the posterior segment ocular tissues. Eur. J. Pharm. Biopharm. 2016, 109, 224–235. [CrossRef] [PubMed]

16. Tronino, D.; Offerta, A.; Ostacolo, C.; Russo, R.; De Caro, C.; Calignano, A.; Puglia, C.; Blasi, P. Nanoparticles prolong N-
palmitoylethanolamide anti-inflammatory and analgesic effects in vivo. Colloids Surf. B Biointerfaces 2016, 141, 311–317. [CrossRef]

17. Beebe, D.C.; Holekamp, N.M.; Shui, Y.-B. Oxidative Damage and the Prevention of Age-Related Cataracts. Ophthalmic Res. 2010,
44, 155–165. [CrossRef]

18. Alvarez-Rivera, F.; Fernández-Villanueva, D.; Concheiro, A.; Alvarez-Lorenzo, C. α-Lipoic Acid in Soluplus® Polymeric Na-
nomicelles for Ocular Treatment of Diabetes-Associated Corneal Diseases. J. Pharm. Sci. 2016, 105, 2855–2863. [CrossRef]
[PubMed]

19. Kim, S.-J.; Sung, M.-S.; Heo, H.; Lee, J.-H.; Park, S.-W. Mangiferin Protects Retinal Ganglion Cells in Ischemic Mouse Retina via
SIRT1. Curr. Eye Res. 2016, 41, 844–855. [CrossRef] [PubMed]

20. Liu, R.; Liu, Z.; Zhang, C.; Zhang, B. Nanostructured lipid carriers as novel ophthalmic delivery system for mangiferin: Improving
in vivo ocular bioavailability. J. Pharm. Sci. 2012, 101, 3833–3844. [CrossRef] [PubMed]

21. Engels, C.; Knödler, M.; Zhao, Y.-Y.; Carle, R.; Gänzle, M.; Schieber, A. Antimicrobial Activity of Gallotannins Isolated from
Mango (Mangifera indica L.) Kernels. J. Agric. Food Chem. 2009, 57, 7712–7718. [CrossRef] [PubMed]

22. Sá-Nunes, A.; Rogerio, A.P.; Medeiros, A.I.; Fabris, V.E.; Andreu, G.P.; Rivera, D.G.; Delgado, R.; Faccioli, L.H. Modulation
of eosinophil generation and migration by Mangifera indica L. extract (Vimang®). Int. Immunopharmacol. 2006, 6, 1515–1523.
[CrossRef] [PubMed]

23. Joubert, E.; Richards, E.S.; Van Der Merwe, J.D.; De Beer, D.; Manley, M.; Gelderblom, W.C. Effect of Species Variation and
Processing on Phenolic Composition and In Vitro Antioxidant Activity of Aqueous Extracts of Cyclopia spp. (Honeybush Tea).
J. Agric. Food Chem. 2008, 56, 954–963. [CrossRef]

24. Li, Y.; Huang, T.H.-W.; Yamahara, J. Salacia root, a unique Ayurvedic medicine, meets multiple targets in diabetes and obesity.
Life Sci. 2008, 82, 1045–1049. [CrossRef]

25. Tharanathan, R.N.; Yashoda, H.M.; Prabha, T.N. Mango (Mangifera indica L.), “The King of Fruits”—An Overview. Food Rev. Int.
2006, 22, 95–123. [CrossRef]

26. Pleguezuelos-Villa, M.; Nacher, A.; Hernández, M.J.; Buso, M.O.V.; Sauri, A.R.; Díez-Sales, O. Mangiferin nanoemulsions in
treatment of inflammatory disorders and skin regeneration. Int. J. Pharm. 2019, 564, 299–307. [CrossRef]

27. Acosta, J.; Sevilla, I.; Salomón, S.; Nuevas, L.; Romero, A.; Amaro, D. Determination of mangiferin solubility in solvents used in
the biopharmaceutical industry. J. Pharm. Pharmacogn. Res. 2016, 4, 49–53.

28. Telange, D.R.; Sohail, N.K.; Hemke, A.T.; Kharkar, P.S.; Pethe, A.M. Phospholipid complex-loaded self-assembled phytosomal
soft nanoparticles: Evidence of enhanced solubility, dissolution rate, ex vivo permeability, oral bioavailability, and antioxidant
potential of mangiferin. Drug Deliv. Transl. Res. 2021, 11, 1056–1083. [CrossRef]

29. Razura-Carmona, F.F.; Pérez-Larios, A.; González-Silva, N.; Herrera-Martínez, M.; Medina-Torres, L.; Sáyago-Ayerdi, S.G.;
Sánchez-Burgos, J.A. Mangiferin-Loaded Polymeric Nanoparticles: Optical Characterization, Effect of Anti-topoisomerase I, and
Cytotoxicity. Cancers 2019, 11, 1965. [CrossRef]

30. Samadarsi, R.; Dutta, D. Anti-oxidative effect of mangiferin-chitosan nanoparticles on oxidative stress-induced renal cells. Int. J.
Biol. Macromol. 2020, 151, 36–46. [CrossRef]

31. Santonocito, D.; Puglia, C.; Torrisi, C.; Giuffrida, A.; Greco, V.; Castelli, F.; Sarpietro, M.G. Calorimetric Evaluation of Glycyrrhetic
Acid (GA)- and Stearyl Glycyrrhetinate (SG)-Loaded Solid Lipid Nanoparticle Interactions with a Model Biomembrane. Molecules
2021, 26, 4903. [CrossRef] [PubMed]

32. Aburahma, M.H.; Badr-Eldin, S.M. Compritol 888 ATO: A multifunctional lipid excipient in drug delivery systems and nanophar-
maceuticals. Expert Opin. Drug Deliv. 2014, 11, 1865–1883. [CrossRef]

33. Müller, R.H.; Radtke, M.; Wissing, S.A. Nanostructured lipid matrices for improved microencapsulation of drugs. Int. J. Pharm.
2002, 242, 121–128. [CrossRef]

34. Amrite, A.C.; Edelhauser, H.F.; Singh, S.R.; Kompella, U.B. Effect of circulation on the disposition and ocular tissue distribution of
20 nm nanoparticles after periocular administration. Mol. Vis. 2008, 14, 150–160. [PubMed]

http://doi.org/10.1016/j.ejpb.2016.10.013
http://doi.org/10.2174/1381612825666190709211101
http://doi.org/10.2174/0929867326666190614123835
http://www.ncbi.nlm.nih.gov/pubmed/31203795
http://doi.org/10.1016/j.colsurfb.2011.06.025
http://doi.org/10.1016/j.ijpharm.2010.10.013
http://doi.org/10.1016/j.ejpb.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27793755
http://doi.org/10.1016/j.colsurfb.2016.01.058
http://doi.org/10.1159/000316481
http://doi.org/10.1016/j.xphs.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27103010
http://doi.org/10.3109/02713683.2015.1050736
http://www.ncbi.nlm.nih.gov/pubmed/26200953
http://doi.org/10.1002/jps.23251
http://www.ncbi.nlm.nih.gov/pubmed/22767401
http://doi.org/10.1021/jf901621m
http://www.ncbi.nlm.nih.gov/pubmed/19655802
http://doi.org/10.1016/j.intimp.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16846846
http://doi.org/10.1021/jf072904a
http://doi.org/10.1016/j.lfs.2008.03.005
http://doi.org/10.1080/87559120600574493
http://doi.org/10.1016/j.ijpharm.2019.04.056
http://doi.org/10.1007/s13346-020-00822-4
http://doi.org/10.3390/cancers11121965
http://doi.org/10.1016/j.ijbiomac.2020.02.112
http://doi.org/10.3390/molecules26164903
http://www.ncbi.nlm.nih.gov/pubmed/34443491
http://doi.org/10.1517/17425247.2014.935335
http://doi.org/10.1016/S0378-5173(02)00180-1
http://www.ncbi.nlm.nih.gov/pubmed/18334929


Molecules 2022, 27, 1328 13 of 13

35. Amrite, A.C.; Kompella, U.B. Size-dependent disposition of nanoparticles and microparticles following subconjunctival adminis-
tration. J. Pharm. Pharmacol. 2005, 57, 1555–1563. [CrossRef]

36. Sakurai, E.; Ozeki, H.; Kunou, N.; Ogura, Y. Effect of Particle Size of Polymeric Nanospheres on Intravitreal Kinetics. Ophthalmic
Res. 2001, 33, 31–36. [CrossRef]

37. Ma, H.; Chen, H.; Sun, L.; Tong, L.; Zhang, T. Improving permeability and oral absorption of mangiferin by phospholipid
complexation. Fitoterapia 2014, 93, 54–61. [CrossRef]

38. Liu, M.; Liu, Y.; Ge, Y.; Zhong, Z.; Wang, Z.; Wu, T.; Zhao, X.; Zu, Y. Solubility, Antioxidation, and Oral Bioavailability
Improvement of Mangiferin Microparticles Prepared Using the Supercritical Antisolvent Method. Pharmaceutics 2020, 12, 90.
[CrossRef]

39. Bonaccorso, A.; Pellitteri, R.; Ruozi, B.; Puglia, C.; Santonocito, D.; Pignatello, R.; Musumeci, T. Curcumin Loaded Polymeric
vs. Lipid Nanoparticles: Antioxidant Effect on Normal and Hypoxic Olfactory Ensheathing Cells. Nanomaterials 2021, 11, 159.
[CrossRef]

40. Sarpietro, M.G.; Accolla, M.L.; Puglisi, G.; Castelli, F.; Montenegro, L. Idebenone loaded solid lipid nanoparticles: Calorimetric
studies on surfactant and drug loading effects. Int. J. Pharm. 2014, 471, 69–74. [CrossRef]

41. ICCVAM. Test Method Evaluation Report: Current Validation Status of In Vitro Test Methods Proposed for Identifying Eye Injury
Hazard Potential of Chemicals and Products. Available online: https://ntp.niehs.nih.gov/iccvam/docs/ocutox_docs/invitro-20
10/tmer-vol1.pdf (accessed on 10 December 2021).

42. Puglia, C.; Santonocito, D.; Ostacolo, C.; Sommella, E.M.; Campiglia, P.; Carbone, C.; Drago, F.; Pignatello, R.; Bucolo, C. Ocular
Formulation Based on Palmitoylethanolamide-Loaded Nanostructured Lipid Carriers: Technological and Pharmacological Profile.
Nanomaterials 2020, 10, 287. [CrossRef]

43. Ghosh, I.; Bose, S.; Vippagunta, R.; Harmon, F. Nanosuspension for improving the bioavailability of a poorly soluble drug and
screening of stabilizing agents to inhibit crystal growth. Int. J. Pharm. 2011, 409, 260–268. [CrossRef]

44. Shimojo, A.A.M.; Fernandes, A.; Ferreira, N.R.E.; Sanchez-Lopez, E.; Santana, M.H.A.; Souto, E.B. Evaluation of the Influence
of Process Parameters on the Properties of Resveratrol-Loaded NLC Using 22 Full Factorial Design. Antioxidants 2019, 8, 272.
[CrossRef] [PubMed]

45. Puglia, C.; Blasi, P.; Ostacolo, C.; Sommella, E.; Bucolo, C.; Platania, C.B.M.; Romano, G.L.; Geraci, F.; Drago, F.;
Santonocito, D.; et al. Innovative Nanoparticles Enhance N-Palmitoylethanolamide Intraocular Delivery. Front. Pharma-
col. 2018, 9, 285. [CrossRef]

46. Mohammadi, M.; Pezeshki, A.; Abbasi, M.M.; Ghanbarzadeh, B.; Hamishehkar, H. Vitamin D3-Loaded Nanostructured Lipid
Carriers as a Potential Approach for Fortifying Food Beverages; in Vitro and in Vivo Evaluation. Adv. Pharm. Bull. 2017, 7, 61–71.
[CrossRef] [PubMed]

47. Trotta, M.; Debernardi, F.; Caputo, O. Preparation of solid lipid nanoparticles by a solvent emulsification–diffusion technique. Int.
J. Pharm. 2003, 257, 153–160. [CrossRef]

48. Sarpietro, M.G.; Torrisi, C.; Di Sotto, A.; Castelli, F. Interaction of limonene, terpineol, and 1,8 cineol with a model of biomembrane:
A DSC study. Thermochim. Acta 2021, 700, 178938. [CrossRef]

49. Puglia, C.; Santonocito, D.; Musumeci, T.; Cardile, V.; Graziano, A.C.E.; Salerno, L.; Raciti, G.; Crascì, L.; Panico, A.M.; Puglisi,
G. Nanotechnological Approach to Increase the Antioxidant and Cytotoxic Efficacy of Crocin and Crocetin. Planta Med. 2019,
85, 258–265. [CrossRef]

50. Gökçe, E.H.; Sandri, G.; Egrilmez, S.; Bonferoni, M.C.; Güneri, T.; Caramella, C. Cyclosporine A-Loaded Solid Lipid Nanoparticles:
Ocular Tolerance andIn VivoDrug Release in Rabbit Eyes. Curr. Eye Res. 2009, 34, 996–1003. [CrossRef]

51. Leonardi, A.; Bucolo, C.; Romano, G.L.; Platania, C.B.M.; Drago, F.; Puglisi, G.; Pignatello, R. Influence of different surfactants on
the technological properties and in vivo ocular tolerability of lipid nanoparticles. Int. J. Pharm. 2014, 470, 133–140. [CrossRef]

52. Brugè, F.; Damiani, E.; Puglia, C.; Offerta, A.; Armeni, T.; Littarru, G.P.; Tiano, L. Nanostructured lipid carriers loaded with CoQ10:
Effect on human dermal fibroblasts under normal and UVA-mediated oxidative conditions. Int. J. Pharm. 2013, 455, 348–356.
[CrossRef] [PubMed]

53. Lucas-Abellán, C.; Mercader-Ros, M.; Zafrilla, M.; Gabaldón, J.; Núñez-Delicado, E. Comparative study of different methods to
measure antioxidant activity of resveratrol in the presence of cyclodextrins. Food Chem. Toxicol. 2011, 49, 1255–1260. [CrossRef]
[PubMed]

54. Chen, C.; Cheng, Y.C.; Yu, C.H.; Chan, S.-W.; Cheung, K.; Yu, P.H.F. In vitrocytotoxicity, hemolysis assay, and biodegradation
behavior of biodegradable poly(3-hydroxybutyrate)-poly(ethylene glycol)-poly(3-hydroxybutyrate) nanoparticles as potential
drug carriers. J. Biomed. Mater. Res. Part A 2008, 87, 290–298. [CrossRef] [PubMed]

55. Caracciolo, P.C.; Rial-Hermida, M.I.; Montini-Ballarin, F.; Abraham, G.; Concheiro, A.; Alvarez-Lorenzo, C. Surface-modified
bioresorbable electrospun scaffolds for improving hemocompatibility of vascular grafts. Mater. Sci. Eng. C 2017, 75, 1115–1127.
[CrossRef] [PubMed]

56. Weber, M.; Steinle, H.; Golombek, S.; Hann, L.; Schlensak, C.; Wendel, H.P.; Avci-Adali, M. Blood-Contacting Biomaterials: In
Vitro Evaluation of the Hemocompatibility. Front. Bioeng. Biotechnol. 2018, 6, 99. [CrossRef]

http://doi.org/10.1211/jpp.57.12.0005
http://doi.org/10.1159/000055638
http://doi.org/10.1016/j.fitote.2013.10.016
http://doi.org/10.3390/pharmaceutics12020090
http://doi.org/10.3390/nano11010159
http://doi.org/10.1016/j.ijpharm.2014.05.019
https://ntp.niehs.nih.gov/iccvam/docs/ocutox_docs/invitro-2010/tmer-vol1.pdf
https://ntp.niehs.nih.gov/iccvam/docs/ocutox_docs/invitro-2010/tmer-vol1.pdf
http://doi.org/10.3390/nano10020287
http://doi.org/10.1016/j.ijpharm.2011.02.051
http://doi.org/10.3390/antiox8080272
http://www.ncbi.nlm.nih.gov/pubmed/31382599
http://doi.org/10.3389/fphar.2018.00285
http://doi.org/10.15171/apb.2017.008
http://www.ncbi.nlm.nih.gov/pubmed/28507938
http://doi.org/10.1016/S0378-5173(03)00135-2
http://doi.org/10.1016/j.tca.2021.178938
http://doi.org/10.1055/a-0732-5757
http://doi.org/10.3109/02713680903261405
http://doi.org/10.1016/j.ijpharm.2014.04.061
http://doi.org/10.1016/j.ijpharm.2013.06.075
http://www.ncbi.nlm.nih.gov/pubmed/23850626
http://doi.org/10.1016/j.fct.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21397654
http://doi.org/10.1002/jbm.a.31719
http://www.ncbi.nlm.nih.gov/pubmed/18181106
http://doi.org/10.1016/j.msec.2017.02.151
http://www.ncbi.nlm.nih.gov/pubmed/28415397
http://doi.org/10.3389/fbioe.2018.00099

	Introduction 
	Results 
	NLC Preparation and Characterization 
	Transmission Electron Microscopy (TEM) 
	DSC Analysis 
	NLC and MLV Analysis 
	MLV/MGN Kinetic Experiments 
	MLV/NLC Kinetic Experiments 

	ORAC Assay 
	HET-CAM Assay 
	Hemolysis Assay 

	Discussion 
	Materials and Methods 
	Materials 
	MGN-NLC Preparation 
	MGN-NLC Physical Characterization 
	Transmission Electron Microscopy (TEM) 
	Encapsulation Efficiency and Drug Loading 
	DMPC/MGN MLV Preparation 
	Differential Scanning Calorimetry (DSC) 
	MLV and NLC Analysis 
	Kinetic Experiments 

	Antioxidant Activity: ORAC Assay 
	Ocular Tolerability: HET-CAM Assay 
	Hemolysis Assay 
	Statistical Analysis 

	Conclusions 
	References

