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A B S T R A C T

Cancer is still a major public health problem. Leaving detection of early stages of tumors and other issues aside,
minimizing unwarranted side effects, for example after clinical usage of a liposomal anticancer drug doxorubicin
(Dox) formulation, is an unmet clinical problem and the focus of many studies. Using compounds typically used in
the preparation of food and/or cosmetics to prepare drug carrier systems, we observed that sodium tetradecyl
sulfate (STS) containing and soybean-oil based carriers are more efficient in reducing the viability of HeLa cells
tumor cells in comparison to their respective counterparts. Here, we probe the doxorubicin (Dox) loading on
structural properties of either soybean oil or coconut oil (Mygliol 812) formulations. Small angle neutron scat-
tering (SANS) assays were performed using V16 instrument at Helmholtz-Zentrum Berlin (HZB) at 25, 37 and
40 �C with two or 11m distance between detector and sample to assess a wide range in scattering vector Q.
Combined with previous measurement using small angle X-ray scattering (SAXS), our results show that the Dox
has different influence in the surface structure of the solid lipid nanoparticles (SLN) and also affects the fractality
in the vesicle aggregates when the concentration of the drug is altered, for Mygliol and soybean oil SLN drug
delivery carrier systems.
1. Introduction

Cancer is a major public health problem worldwide. In United States,
cancerous lesions is the second leading cause of death [1,2]. Advances in
the clinical management of cancer consist of applications of pharmaco-
logically active substances which achieve the cytotoxicity impact upon
tumorigenic cells, however, these are frequently accompanied by unde-
sired adverse effects [3,4]. In the interest of reducing the unforeseen
chemotherapy-associated toxicity profile for cancer patients, further
research in the development of new therapeutic formulations is essential.
Consequently, the development of targeted drug delivery systems with a
long shelf life, optimal drug loading profile and low inherent toxicity is
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an important approach to address this unmet clinical need [5,6].
Doxorubicin (Dox) is one of the most potent chemotherapeutic drugs

[7,8] applied to cancer treatment, including breast, lung, gastric, ovarian,
thyroid, non-Hodgkin's and Hodgkin's lymphoma, multiple myeloma,
sarcoma and pediatric cancers [9]. Dox can be applied either alone
[10–12] or combined with other treatment options [13], Dox efficacy is
widely acknowledged due to its ability to combat rapidly dividing cells
and slow the disease progression. On the other hand, its toxicity to
noncancerous cells in the human body is a limiting point in its medical
application. Dox-induced toxicity affects organs such as the liver, kid-
neys, and brain, but has the most effect on the heart (cardiotoxicity).
Recent studies reported that Dox can cause structural alterations in the
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Table 1
Composition of soybean oil.

Fatty Acids composition for soybean oil [%]

C 16:0 Palmitic acid 10.62
C 18:0 Stearic acid 2.81
C 18:1 Oleic acid 25.25
C 18:2 Linoleic acid 53.29
C 18:3 Linoleic acid 5.95
C 20:0 Arachidic acid 0.35
C 22:0 Behecid acid 0.70
Trans-isomer fatty acids 1.08

Table 2
Composition of mygliol.

Fatty Acids Composition for Mygliol [%]

Caproic acid 0.1
Caprylic acid 56.3
Capric acid 43.1
Lauric acid 0.3
Myristic acid 0.1
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cardiomyocytes in the heart [8] and also can induce mitochondrial
accumulation of iron and pursuant to cardiomyopathy [14].

Dox belongs to a non selective class I an thracycline [15] in which its
chemical composition possesses two main parts: aglyconic and sugar
moieties. In the aglyconic moiety, Dox has a tetracyclic ring with
quinine-hydroquinone adjacent groups, methoxy substituent short side
chain followed by a carbonyl group. In the sugar part, known as dau-
mosamine, there is a glycosidic bound attached to one of the rings. This is
included of a 3-amino-2,3,4-trideoxy-L-fucosyl component [16].

Due to advances in the study of drug delivery carriers, it can be
observed in the literature [17] that the cardiac toxicity of liposomal
formulated Doxis was less than that of conventional Dox, while its effi-
cacy remained comparable. Accordingly, on February 4th, 2013, the lack
of the brand Doxil in the US market, urged the U. S. Food and Drug
Administration to accept the usage of a generic version of this liposomal
Dox formulation for cancer treatment [18]. Although the cardiotoxicity
related to the liposomal Dox formulation was less than that of conven-
tional Dox, there is a probable correlation between the liposomal
formulation used in the clinical setting and occurrence of
hand-and-foot-syndrome (HFS) [19,20].

Lipid-based colloidal carriers used for the administration of lipophilic
drugs and reduction of local toxicity are widely known and have been
investigated for many years. The possibility of modulating drug release in
order to facilitate the drug transport to different biological tissues (like
tumor, inflammatory cells, a large variety of organs (liver, lung, heart)) is
a key characteristic of these carriers systems. Furthermore, they increase
the local penetration, extend residence time, and provide a controlled
release mechanism in order to supply an effective dose to the target re-
gion [21].

Solid lipid nanoparticles (also known by SLN) were introduced in the
1990's as alternative carrier systems to the traditional colloidal phos-
pholipid vesicles and oil-in-water (O/W) emulsions. These systems
combine the advantage of the traditional systems while also allowing the
possibility of large scale production in a simple cost-effective way [22].
In a previous paper [23], these systems were extensively studied using
hydrodynamic particle size, zeta potential and in vitro tests combined
with small angle X-ray scattering measurements in order to establish a
correlation between the efficacy of the drug delivery system and its
surface characteristics. However, it was observed that the complemen-
tary analysis given by small angle neutron scattering (SANS), SANS is
sensitive to surface characteristics over a large q range and important to
get a whole vision of the structure characterization of this solid lipid
nanoparticles (SLN). Therefore, the aimed of this study is to correlate the
SANS with SAXS data in order to understand the differences between the
two target lipid systems, soybean oil and Mygliol 812, used to encapsu-
late the Dox at a different concentrations of the drug.

2. Materials and methods

2.1. Sample preparation

In order to prepare the samples the following reagents were obtained:
2,6-di-tert-butyl-4-methylphenol (BHT, ACROS, Geel, Belgium), soybean
oil (Roth, Karlsruhe, Germany), cetylpalmitate (Roth), sodium tetrade-
cylsulfate (Aldrich, Munich, Germany), Mygliol 812 (Caesar & Loretz,
Germany), polysorbate 80 (Roth), 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (L-alfa-lecithin, Roth) and doxorubicin (Molecula, Munich,
Germany, and Sigma, Munich, Germany). In the Tables 1 and 2 we pre-
sent the composition of soybean oil and Mygliol 812 employ in this study
respectively. It is interesting to observe that in the composition of soy-
bean oil, 86% are unsaturated fatty acids whereas in Mygliol 812, 99%
are composed of saturated fatty acids. We followed for the carrier prep-
aration the procedure published by Chinsriwogkul et al. [24] with the
following modifications: the aqueous phase consisted of 15.2 g of
deuterated water for the samples measured by SANS and light water for
samples measured at SAXS instrument, respectively. 1,84mM [Dox] for
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loading and 2 g polysorbate 80, whereas the lipid phase, consisted of
300mg lecithin, 500mg BHT, 3,75 g cetylpalmitate, and either 3,75 g of
soybean oil or Mygliol 812. Both mixtures were preheated to 70 �C under
constant agitation using 600 rpm while the aqueous phase was added
dropwise to the systems. In a subsequent step, the preparation was son-
icated, with the agitation of the mixture continuing at 70 �C for 5min.
Finally the heat source was removed with continual agitation until the
mixture reached room temperature (~25 �C). Following the preparation
process, five individual sonication steps of 5min each with a break of 10 s
between each step. The setup used in this part of the process is 40%
amplitude on a Sonoplus Mini 20 from Bradt Electronics. Once the
desired pH of 8� 0.1 was achieved, the mixture was passed through 1 μm
and 0.45 μm membrane filters successively, then sodium tetradecyl sul-
fate (STS) was added at a molar ratio of 1.25mol STS per 1mol Dox.
Finally, the mixture was refrigerated for 3 days and subjected to a final
sonication step (3min; 40% amplitude on Sonoplus Mini 20 from Bradt
Electronics).
2.2. Small angle neutron scattering (SANS)

The SANS measurement was performed on the V16 instrument at
Helmholtz-Zentrum Berlin (HZB) [25]. The data was recorded at two
sample-detector distances: 1.7m with neutron wavelength 1.8–3.8 Å and
11m with neutron wavelength 1.6–9.2 Å. Eight samples (soybean oil
mixture(S) with Dox concentration S0, S1, S2, S3; and Mygliol 812
mixture (M) with different Dox concentration (M0, M1, M2, M3) were
measured at 25, 37 and 40 �C. In order to ensure samples were equili-
brated at the measurement temperature, a waiting time of at least 30min
was used. The final data was corrected for sample transmission, back-
ground detector counts, empty cell scattering and detector efficiency, and
then scaled to absolute intensity using a 1mmH2O standard measure-
ment. The data show in this study was radially averaged and combined to
give a total q range of: 0.005–0.5Å�1.
2.3. Small angle X-Ray scattering (SAXS)

SAXS measurements were performed at room temperature (25 �C) at
the Brazilian Synchrotron Light Laboratory (LNLS) using the SAXS2
beamline with an energy of 8 keV (λ¼ 1.5498 Å), wave vector number
ranging from 0.25 nm�1 to 6.5 nm�1, 1 m distance between sample and
the MarCCD detector (diameter of 165mm) and a customized sample
holder [26–28]. Samples were placed into a 600 μm diameter channel to
obtain a sample thickness of 1 mm between replace able mica windows
[26]. Usage of this device ensured a constant position of the sample in



F. Yokaichiya et al. Physica B: Condensed Matter 551 (2018) 191–196
reference to the beam path. By measuring a buffer solution sample or
water sample, which has a scattering curve that is a constant line, we can
monitor the background scattering and subtract this intensity curve from
the actual sample. Samples were retrieved after data acquisition and the
cell was rinsed and dried using nitrogen gas. The background-corrected
and normalized scattering intensity was recorded by a 2-dimensional
detector (MAR-Rayonix, 165mm diameter). In the case of isotropic
scattering, the beam was set to target the center of the detector. Inte-
gration of the area over the solid angle was then used to determine the
dependency of the isotropic intensity as a function of the scattering angle.

3. Results and discussion

In a previous study [23], in vitro performance assays using plain
carriers (denoted here by S0 and M0) and Dox-loaded carriers (M1
180 μM and S1: 360 μM;M2 and S2:540 μM;M3 and S3: 900 μM) provide
potent effects of STS-containing and Dox-loaded soybean (S) oil based
solid lipid nanoparticle systems when compared to their respective
Mygliol 812 (M) counterpart. Observing this effect, the intention is to
obtain structural insights into these carrier systems and correlate them
with the in vitro performance results.

For this reason, small angle scattering techniques were applied to get
information about the structures of the solid lipid nanoparticles and their
aggregates. An overview of the results is displayed in the Fig. 1 for (a)
soybean oil SLN and (b) Mygliol 812 SLN. It is possible to observe in the
SAXS data peaks related to the cubic structure [33] of the SLN system,
qc_S1, qc_S2, qc_M1 and qc_M2 as displayed in Fig. 1. The obtained values of
Fig. 1. SANS and SAXS data overview measure at room temperature (25C) for (a) soybean
oil (S) SLN and (b) Mygliol 812 (M) SLN. Observe that the peaks from the cubic structure
(qc_S1, qc_S2, qc_M1 and qc_M2) are only observed at SAXS data. The extra peaks measured at
SAXS experiment is probably related to a unusual orthorrombic structure,
qS¼ qM¼ 0,628 nm�1. The arrows displayed in both graphics, in VSANS data, can be
concerned to the lamellae thickness of the nanoparticles.
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qc_S1¼ qc_M1¼ 2.5 nm�1 and qc_S2¼ qc_M2¼ 3,02 nm�1 are reported in
the reference [23]. Depending on the q range, indication of the fractality
at submicrometer and nanometers scales can be conveniently obtained
from the small angle scattering intensity IðqÞ on established dimensional
analysis. In the q range measured with SAXS technique, using the power
law of scattering intensity, described as IðqÞ � q�α, information of the
surface roughness was achieved (Porod's law) for all the systems [23,31].
The results show [23] that for blank carriers (S0 and M0) the jαj
parameter is 4, indicating a smooth surface for the nanoparticles. On the
other hand, when the Dox is added to the systems, different effects were
observed on the fractality of the surface of the nanoparticle. For soybean
oil systems, the jαj parameter was lower than 4 (3.7 for S1, 3.6 for S2 and
3.5 for S3) implying a rough surface [23]. For Mygliol nanoparticles, the
jαj parameter presents higher value than 4 (4.6 for M1, 4.8 for M2 and 4.8
for M3) suggesting a diffuse surface [23]. The appearance of the extra
peak at qS¼ qM¼ 0,628 nm�1 correlates to distance of 10 nm. This peak
is consistent with an orthorhombic crystal structure observed in similar
systems – a lecithin-stabilized tetracosane lipid nanoparticle system [29],
and a phospholipid stabilizer layer at the solid-liquid interface of
dispersed triglyceride nanocrystals [30]. Nevertheless, in order to
confirm this interpretation, WAXS (wide angle X-ray scattering) mea-
surements and data simulations are necessary.

The idea to use small angle neutrons scattering (SANS) is to investi-
gate the effects of Dox on the structure changes of the SLN made of
soybean oil and Mygliol 812 in a different (large, as mention before) q
range as a complementary technique to small angle scattering (SAXS). As
described above, it was possible to describe the quality of the surface of
the nanoparticle using the scattering intensity IðqÞ for a q range scale
0.9–1 nm. For the SANS measurements (shows in the Figs. 1 and 2), the
exponent present in the scattering intensity IðqÞ � q�β reveals that the
microscopic structure in the range of 1–100 nm can be interpreted as
strongly polydisperse nonfractal objects [34]. As displayed in the Fig. 2,
the exponent coefficient jβj of both systems tends to 4, which can be
explained by the smooth surface of the aggregates in the solution. Also, it
can be clearly observed that when the concentration of the Dox in the
system is increased (Fig. 2(b) and (d)), both systems reach an exponent
coefficient jβj of 4. This is an indication that the increasing of the Dox
concentration causes more ordering in both systems (S and M). For both
systems, S and M, in the absence of Dox, the surfaces are relatively more
diffuse resulting in a high fluctuation in the SANS signal. However, when
we compare the plain carriers (S0 and M0), we noted that the surface
fractal structure of the aggregates for the S0 is more pronounced than the
M0. One hypothesis for this difference could be related to carbon-carbon
bonds of soybean oil containing 86% of unsaturated fatty acid in its
composition and Mygliol 812 which has 99% of saturated fatty acid.
Further measurements using other techniques (like transmission electron
microscopy (TEM)) need to be performed to confirm these results.

Fig. 3 shows a SANS temperature dependence study of the 6 formu-
lations used in this study for 25 (storage temperature), 37 (body tem-
perature) and 40 �C. It is possible to observe a peak at q¼ 1.4 nm�1 for
systems with Dox (S1, S2, S3, M1, M2, M3), and also for a M0 plain
carrier. In the case of soybean (S0) plain carrier, no peak is observed
(Fig. 3(a)). The presence of this peak, indicates a periodic structure of
4.5 nm. This spacing can be associated with the thickness of the lamellae,
as observed in similar systems as nanostructures of complexes formed
between the redox-active lipid bis(n-ferrocenylundecyl) dimethy-
lammonium bromide (BFDMA) and DNA [31,32]. Observe that Dox in-
duces more order in the systems, being more pronounced in the soybean
(S) oil SLN systems than in the Mygliol (M) SLN system. The absence of
the peak in S0, can be related to the fact of soybean oil contains 86% of
unsaturated fatty acid in its composition and consequently the lamellae
structure is disordered, showing no peak in the SANS data. This obser-
vation corroborates with the decreasing of fluctuation in the SANS data
when Dox concentration increases, inducing the SANS curves to flatten
out to jβj ¼ 4 as display in the Fig. 2. However further measurements, like



Fig. 2. SANS data comparison for (a,b) Mygliol 812 SLN, and (c,d) Soybean oil SLN, for different Dox concentrations. Observe that the effect of the Doxconcentration in the S(SLN) systems
is more pronounced than the M(SLN) system. ((d) and (b), respectively).
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X-day diffraction and pair distribution function (PDF) analysis need to be
performed in order to confirm these results.

As shown in Fig. 3, Dox causes increased ordering in the mygliol (M)
and soy bean (S) systems. This is evident not just by the appearance of the
peak at 1.4 nm�1 but also because the SANS curves decay flattens out to
q�4 power law slope as the concentration of Dox increases (decreasing
the SLD-Scattering Length Density fluctuations). The closer it is to q�4

slope the smoother the surfaces and sharper the interfaces. Without Dox,
both systems present relatively diffuse surfaces, with deviations from the
q�4 behaviour over a wide range of q. A similar decreasing of SLD fluc-
tuations has been observed in other systems such as, starch [35], where
the crystallinity behaviour is more pronounced than the amorphous one.
194
Furthermore, we emphasize that the SLD fluctuations are also affected by
the concentration of the salt in these systems. In our study, we observe a
decreasing of the SLD fluctuations when the concentration of a salt (Dox)
is increasing, as opposed to systems like chondroitin sulfate (a poly-
saccharide) [36] and poly(N-isopropylacrylamide) (PNIPAM) (a chain
polymer) [37]. These two references show that the increasing of con-
centration of salts, increases the fluctuation in the SANS curves, and
consequently affect the ordering of these systems.

4. Conclusion

The development of alternative drug delivery carriers, with a focus on



Fig. 3. Temperature dependence of SANS measurements for (a) S0, (b) S1, (c) S2, (d) S3, (e) M0, (f) M1, (g) M2 and (h) M3. Observe the appearance of a small reflection at q¼ 1,4 nm�1

that vanishes at higher temperature (37 and 40 �C). Also, note that this peak is not detected in the S0 system.
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cancer treatment with reduced side effects, is a primary goal of recent
cancer research. In this study we performed structural analysis of soy-
bean oil or Mygliol 812 solid lipid nanoparticle (SLN) based drug de-
livery systems using the combination of complementary scattering
techniques: small angle neutron scattering (SANS) and small angle X-ray
scattering (SAXS). Combining both scattering techniques revealed
structural characteristics of these systems, such as the cubic structure and
195
the surface fractality via SAXS measurement, and also observe a strongly
polydisperse nonfractal objects that varies with the concentration of the
Dox in these systems (via SANS measurement) in a large q range, as a
complementarily technique to SAXS data. Indications of an unusual
orthorhombic structure (observed via SAXS) and the presence of an extra
peak that may indicate the thickness of the lamellae (VSANS), as well as
the behaviour of the systems as a function of temperature, still need to be
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confirmed with other techniques (like WAXS and PDF analysis). More-
over, in order to obtain a more accurate model for these SLN systems,
further analysis also needs to be performed combining SANS and
SAXSdata of the SLN systems for soybean oil and Mygliol 812.
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