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Abstract: Sinapic acid (SA), belonging to the phenylpropanoid family, and its derivatives are sec-
ondary metabolites found in the plant kingdom. In recent years, they have drawn attention because
of their various biological activities, including neuroprotective effects. In this study, SA was incorpo-
rated into two different nanoparticle systems, solid lipid nanoparticles (SLN) and nanostructured
lipid carriers (NLC). The influence of different concentrations of SA on the nanoparticle systems was
evaluated. It was studied the efficacy of the nanoparticle systems to release the active ingredient at
cell level through the use of models of biological membranes represented by multilamellar vesicles
(MLV) of dimyristoylphosphatidylcholine (DMPC) and conducting kinetic studies by placing in
contact SLN and NLC, both unloaded and loaded with two different amounts of SA, with the same
biological membrane model. Differential scanning calorimetry (DSC) was used for these studies. The
results indicated a different distribution of SA within the two nanoparticle systems and that NLC are
able to incorporate and release SA inside the structure of the biological membrane model.
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1. Introduction

Various secondary plant metabolites were evidenced to have beneficial activity on
several pathological conditions [1–4]. Among these positive effects, many studies have
revealed different neuroprotective mechanisms for natural compounds [5], which doubtless
represent a more than a valid tool in the prevention strategy.

Phytochemicals play in fact a key role in maintaining the brain homeostasis by influ-
encing receptor functions and counteracting oxidative stress [6,7]. Recently, Sinapic acid
(SA) and its derivatives have drawn attention because of their various biological activities
including anti-inflammatory, anti-cancer and neuroprotective effects, with promising po-
tential for the treatment of neurodegenerative and neuropsychiatric disorders [8–11]. SA is
one of the most common compounds of the class of hydroxycinnamic acids, together with
caffeic acid and ferulic acid. It is widespread in the plant kingdom and is mainly found in
citrus, berry fruits, cereals and vegetables, and is one of the characteristic compounds of
the Brassicaceae family [12]. SA, as well as all hydroxycinnamic acid derivatives, is able to
neutralize the free radical species through the formation of more stable phenoxyl radicals,
resulting in a potent antioxidant effect comparable to that of caffeic acid, and higher than
ferulic acid and hydroxycinnamic acid [9].

Plant biosynthesis starts from the amino acids phenylalanine and tyrosine as precursor
molecules and proceeds to the shikimate pathway that, after different enzymatic processes,
produces hydroxycinnamic acid derivatives, including SA [12]. It can be found in free
form or conjugated with sugar (glycosides) or as esters with organic compounds [13].
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Different factors affect the bioavailability of natural compounds and the accessibility
of these various molecules through the target tissues and reduces the already low and
still not well-defined bioavailability, especially across the blood–brain barrier (BBB) [14].
Therefore, in order to optimize polyphenols in terms of efficiency, specificity and safety,
the controlled target delivery to central nervous system (CNS) or to other target area
is an urgent need. In this research, we studied two different lipid-based nanocarrier
systems, namely solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC),
to verify their ability to load and release SA at a cell level. Multi-lamellar vesicles (MLV)
made of dimyristoylphosphatidylcholine (DMPC) was adopted as a well-validated system
for mimicking the biological membrane characteristics [15,16]. The influence of drug
concentration on the morphology of the lipid systems, and kinetic studies in the presence
of unloaded and loaded SLN and NLC were conducted together with the evaluation of
the potential release of SA by following changes in the thermotropism of the resulting
lipid/liposomal systems.

2. Materials and Methods
2.1. Materials

Cethyl palmitate (Cutina, CP), glyceril oleate (Tegin O), Oleth-20 and isopropyl myris-
tate were obtained from A.C.E.F. S.p.a (Piacenza, Italy). Sinapic acid was provided by
Sigma-Aldrich (Milan, Italy). Dimyristoylphospatidylcholine (DMPC) was obtained from
Genzyme (Liestal, Switzerland).

2.2. SLN and NLC Preparation

SLN and NLC were prepared by the phase inversion temperature method. Their
composition is reported in Table 1. The lipid phase (Cutina, Oleth-20, Tegin O) was melted
at about 85 ◦C. SA was added to the lipid phase. The aqueous phase was warmed at
85 ◦C and added dropwise to the lipid phase, under agitation. At the phase inversion
temperature, the preparation was transparent and a O/W system was obtained. The
sample was left under agitation up to room temperature [17]. Isopropyl myristate was
added to the lipid phase for NLC preparation. Blank SLN and NLC without SA were
also prepared.

Table 1. Composition of SLN and NLC.

Sample Cutina
(g)

Tegin O
(g)

Oleth-20
(g)

Isopropyl
Myristate (g)

SA
(g)

H2O
(g)

SLN 1.400 0.880 1.720 - - qb 20
SLN SA 1% 1.400 0.880 1.720 - 0.014 qb 20
SLN SA 5% 1.400 0.880 1.720 - 0.070 qb 20

NLC 1.220 0.772 1.520 0.500 - qb 20
NLC SA 1% 1.220 0.772 1.520 0.500 0.012 qb 20
NLC SA 5% 1.220 0.772 1.520 0.500 0.061 qb 20

- the component is not present.

2.3. Particle Size Determination

SLN and NLC particle size and polydispersity index (PdI) was determined at room
temperature using a Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK), by light
scattering at 90◦. The instrument performed particle sizing by means of a 4 mW laser diode
operating at 670 nm. The values of the mean diameter and polydispersity index were the
averages of results obtained for three replicates of two separate preparations.

2.4. Stability Tests

The SLN and NLC samples were stored in airtight jars and then kept in the dark at
room temperature and at 37 ◦C for two months, separately. Particle size and PdI of each
sample were measured and calorimetric analyses were also carried out (as described in
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Section 2.8.1. Nanoparticles and MLV analysis) at fixed time intervals (24 h, one week, two
weeks, three weeks, one month, and two months) after their preparation.

2.5. Nanoparticle Freeze-Drying

SLN and NLC suspensions were kept for at least 24 h at −20 ◦C and then submitted
to the lyophilization process for 48 h in a Labconco, FreeZone freeze drier (Kansas City,
MO, USA).

2.6. Preparation of MLV

DMPC was solubilized (40 mg/mL) in chloroform/methanol (1:1; v/v). Aliquots of
the solution containing 7 mg of DMPC were delivered in glass tubes. The solvents were
evaporated off under a nitrogen flux; any solvent residue was eliminated by freeze-drying.
Then, 168 µL of 50 mM Tris buffer (pH = 7.4) was added to the phospholipid films. The
samples were kept at 37 ◦C for 1 min and vortexed for 1 min, for three times. Finally, the
samples were kept at 37 ◦C for 60 min.

2.7. Preparation of MLV Containing SA

DMPC and SA were separately solubilized in chloroform/methanol (1:1, v/v). Aliquots
of the DMPC solution (7 mg of DMPC) were poured in glass tubes. Aliquots of the SA
solution were added to the glass tubes in order to have the same amount of SA in the
nanoparticles used for the interaction between nanoparticles and MLV. Then, the samples
were treated as described in Section 2.6. The vesicle samples contained 0.15 mg SA/mL
and 0.76 mg SA/mL, respectively.

2.8. DSC Analysis

Calorimetric analysis was carried out using a DSC1 Mettler Toledo STARe (Greifensee,
Switzerland). Data acquisition was obtained by the Mettler TA-STAR software (version
16.00). Calorimetric aluminum pans of size 160 µL calorimetric aluminum pans were used.
The reference pan contained 120 µL of distilled water. The instrument was calibrated using
indium (99.95% purity).

2.8.1. Nanoparticles and MLV Analysis

Samples (120 µL) were put into the calorimetric aluminum pan, hermetically closed
and submitted to the following analysis: heating from 5 ◦C to 70 ◦C, 2 ◦C/min; cooling
from 70 ◦C to 5 ◦C, 4 ◦C/min three times.

2.8.2. Analysis of the Interaction between SLN/NLC and MLV

A total of 30 µL SA-loaded SLN or NLC and 90 µL of MLV were put into a calorimetric
pan that was sealed and submitted to DSC analysis as follows: (1) heating scan from 5 ◦C
to 70 ◦C (2 ◦C/min); (2) cooling scan from 70 ◦C to 37 ◦C (4 ◦C/min); (3) isothermal scan at
37 ◦C, 60 min; (4) cooling scan from 37 ◦C to 5 ◦C (4 ◦C/min). The procedure was repeated
eight times in order to evaluate the interaction between nanoparticles and MLV during
time [18]. Experiments with unloaded nanoparticles were also carried out.

3. Results and Discussion
3.1. Particle Size Determination and Stability Evaluation

All the tested formulations showed a mean particle diameter in the range of 30–51 nm,
and a single peak in size distribution (Table 2). Particle size, PdI and calorimetric analysis
have highlighted that nanoparticle characteristics remain unchanged over the time indicated.
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Table 2. Average size and polydispersity index (PdI) of SLN and NLC with and without SA.

Sample Size ± S.D. (nm) PdI ± S.D.

SLN 29.6 ± 0.6 0.296 ± 0.06
SLN SA 1% 36.3 ± 1.1 0.303 ± 0.062
SLN SA 5% 35.6 ± 0.6 0.380 ± 0.046

NLC 27.6 ± 8.0 0.352 ± 0.034
NLC SA 1% 31.9 ± 7.8 0.398 ± 0.054
NLC SA 5% 35.7 ± 2.2 0.272 ± 0.043

3.2. DSC Analysis of Nanoparticles

SLN and NLC have been analyzed by DSC. Figure 1 shows the calorimetric curves of
Cutina, SLN and NLC. Cutina shows a calorimetric peak at about 53.8 ◦C and a shoulder at
about 42 ◦C. The SLN show a peak at about 46 ◦C. The NLC show a peak at approximately
44 ◦C. The endothermic peaks of SLN and NLC occur at a lower temperature than pure
Cutina, suggesting that the latter was in a less ordered state within the nanoparticles. The
temperature drip of the NLC peak compared to the SLN one was due to the insertion of the
liquid lipid in the NLC, causing a lower order state in the nanoparticle structure. In both
SLN and NLC systems, shoulders were visible at higher and lower temperatures, which
could be due to an uneven distribution among the components of nanoparticles [17].
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Figure 1. Calorimetric curves, in heating mode (temperature increase), of Cutina, SLN and NLC. The
arrow (endo) indicates that the process is endothermic.

The calorimetric curves, in heating mode, of SLN prepared without and with 1% and
5% SA are shown in Figure 2A. Compared to the peak of unloaded SLN, the peak of SLN
SA 1%, showed a slight enlargement, while the peak of SLN containing 5% SA showed
a significant enlargement. This indicates that 1% SA only slightly affects the structure of
SLN; instead, at a higher concentration, SA influences the order of the SLN structure, by
inserting itself among the molecules of the lipids, causing a reduction in the molecular
cooperativity during melting. The calorimetric curves of NLC without and with SA are
shown in Figure 2B. SA highly influences the calorimetric curve of NLC. Already, at a
1% concentration, SA caused a widening of the peak and, at a lower temperature, the
appearance of a shoulder. In the presence of 5% SA, the peak further widened and the
shoulder evolved into a real endothermic peak to the detriment of the main peak, the
intensity of which decreased. These results were a clear indication of the presence of the
SA inside the NLC. SA determined a fluidification of the nanoparticle system, as indicated
by the peak at lower temperatures, and a decrease in the cooperativity of the molecules
during the transition phase from the ordered to the disordered state. The comparison of
the calorimetric curves of SLN and NLC containing SA allows us to hypothesize a different
disposition of the compound in the lipid matrix. In the SLN, SA could form domains
between the solid lipid molecules; conversely, inside the NLC, SA could be distributed
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more evenly between the molecules of the nanoparticle lipid phase. To ensure that the
SA was completely localized inside the nanoparticles, the latter were freeze-dried and
the obtained dry samples were also subjected to DSC analysis. The calorimetric curves
of lyophilized NLC have been compared with the calorimetric curve of SA. SA shows
an endothermic peak at 194.29 ◦C. In the NLC calorimetric curves, with 1% and 5% SA,
there was no evidence of the SA peak (data not shown). This indicates that the SA lost its
crystalline structure and was allocated inside the nanoparticles in an amorphous form [19].
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Figure 2. Calorimetric curves, in heating mode (temperature increase), of (A) unloaded SLN and 1% and 5% SA-loaded
SLN and (B) unloaded NLC and 1% and 5% SA-loaded NLC. The arrow (endo) indicates that the process is endothermic.

3.3. Analysis of the Interaction of SLN and NLC with MLV

We wanted to study the interaction of SLN and NLC with biological membranes. To
carry out the experiments we used MLV made of pure DMPC, a simplified system that
effectively mimics many of the properties of biomembranes [16,20]. When MLV are heated,
the double phospholipid layer undergoes a transition from the ordered (gel) phase to a
ripple phase, and, therefore, from the ripple phase to a disordered (liquid–crystalline)
phase. These transitions take place at a very precise temperature (Tm) and are characterized
by a specific enthalpy change value (∆H). If a foreign compound interacts with the MLV, it
causes variations of Tm and/or ∆H.

In this study, MLV were put into contact with lipid nanoparticles for about 12 h. The
calorimetric curves, in heating mode, recorded at regular time intervals, are shown in
Figures 3 and 4 and are compared with the calorimetric curves of empty MLV and of the
pure nanoparticles. The calorimetric curve of MLV is characterized by a pretransition peak
at about 17 ◦C (relative to the passage from the ordered phase to the ripple phase) and by
a main transition peak at about 25 ◦C (relative to the transition from the ripple phase to
the disordered phase) [21,22]. The calorimetric curves of the MLV put in contact with the
unloaded SLN are shown in Figure 3A. The SLN signal remained almost unchanged over
time, while the MLV signal underwent considerable variations: in fact, the pre-transition
peak disappeared and the main transition peak gradually became smaller. This indicates
that the SLN can interact with the MLV. With regard to the experiments performed with
unloaded NLC (Figure 3B), it was clearly noted that the MLV peak underwent some
variations: in fact, it shrank and became progressively smaller. Additionally, the pre-
transition peak disappeared and the NLC peak slightly widened. These results indicate
that the NLC are capable to interact with the MLV keeping their structure almost unchanged.
In particular, NLC could be included between the double phospholipid layers of MLV, as
indicated by the decrease in peak intensity of the MLV.
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To check if even the NLC containing SA were able to interact with MLV and release
SA within the MLV, we repeated the DSC experiments incubating the MLV with the drug-
loaded lipid systems. The calorimetric curve, in heating mode, obtained (Figure 4A) using
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NLC, containing 1% SA, show that the MLV peak became smaller and smaller and shrank;
compared to the NLC DSC curve, the lower temperature shoulder disappeared from the
first scan and a single peak was registered. The behavior of MLV and NLC containing 5%
SA was analogous (Figure 4B). In fact, in this case, the peak relative to MLV also got smaller
and thinner; instead, the signal related to the NLC lost the shoulder at a lower temperature,
creating a single peak. The large peak variation of MLV indicates that even NLC containing
SA are able to fit into the structure of MLV; the loss of the shoulder at a lower temperature
of the NLC signal suggests that the NLC is able to release SA into the MLV.

To acquire more information, the variation in the transition enthalpy, expressed as
∆∆H/∆H0 (∆∆H = ∆H − ∆H0, where ∆H is the enthalpy variation of DMPC MLV in the
presence of each of the systems analyzed and ∆H0 is the enthalpy variation of pure DMPC
MLV) has been reported as a function of the calorimetric scans (Figure 5). All systems
caused a lowering of the enthalpy variation in the MLV peak. However, the level of the
decrease varied as a function of the system analyzed in the following order: unloaded
NLC < NLC SA 1% < NLC SA 5%. These results indicate that, in the experiments with
NLC containing SA, the effect on enthalpy variation could be due to both NLC and SA
released by NLC.
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Figure 5. Transition enthalpy variation of MLV left in contact with unloaded NLC, with 1% SA-loaded
NLC and with 5% SA-loaded NLC, as a function of the calorimetry scans. The transition enthalpy
variation is reported as ∆∆H/∆H0 (∆∆H = ∆H - ∆H0, where ∆H is the transition enthalpy variation
in the MLV in the presence of each of the systems under analysis and ∆H0 is the transition enthalpy
variation of pure DMPC MLV).

To confirm this hypothesis, the interaction of MLV with pure SA was investigated.

3.4. MLV/Sinapic Acid Interaction

These experiments were carried out to try to explain the behavior of MLV brought
into contact with NLC and with NLC loading SA. The MLV were prepared in the presence
of SA so that the amounts of drug were the same as those present in the 1% and 5%
NLC, respectively, which were put into contact with MLV in the MLV/NLC interaction
experiments. The MLV obtained were subjected to calorimetric analysis and the obtained
curves, in heating mode, are shown in Figure 6. SA did not cause large variations in the
calorimetric curve of MLV: the pre-transition peak was present at both the concentrations
of SA; the temperature of the main peak remained almost unchanged, while the enthalpy
variation decreased. This indicates that the SA entering the MLV did not affect the fluidity
of the system but has an effect on its stability. A compound can be located between
the phospholipid chains as an “interstitial impurity” without causing changes of the
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enthalpy and, therefore, without lowering the stability of the lipid membrane, or either as
a ‘substitute impurity’ influencing the packaging of phospholipids and thus decreasing
the stability of the double phospholipid layers [23,24]. SA, therefore, could behave as a
substitute impurity causing changes in phospholipid packaging of MLV. These results
confirm the hypothesis that NLC entered the structure of the MLV and released the carried
SA inside them.
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Figure 6. Calorimetric curves, in heating mode (temperature increase), of unloaded MLV and SA-
loaded MLV. The amounts of SA in the MLV was equal to that present in the NLC loaded with SA
and left in contact with MLV in the MLV/NLC interaction experiments. The arrow (endo) indicates
that the process is endothermic.

4. Conclusions

SLN consisting of Cutina as solid lipid, oleth-20 (non-ionic surfactant) and glyceryl
oleate (co-surfactant) have been prepared by using the PIT method. Isopropyl myristate,
a liquid lipid, was further added to obtain the NLC. The nanoparticles were loaded with
two different amounts of SA (1% and 5%). The presence of SA within the nanoparticle
systems was demonstrated by calorimetric analysis on freeze-dried nanoparticles. The
calorimetric analysis of nanoparticles samples indicated a better distribution of SA within
the more disordered structure of NLC, compared to SLN. Calorimetric analysis allowed
us to hypothesize that NLC are capable of being incorporated into the structure of the
MLV (used as a biomembrane model) and to release SA into the MLV. These NLC could,
therefore, be regarded as a promising carrier to improve the penetration of SA into cells.
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