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Synthesis and Biotriborheological Characterization of Shea Butter
Solid Lipid Nanoparticles in Topical Formulation

by
Jose lvan Aviles Castrillo

Abstract

Solid Lipid Nanoparticles (SLN) are pharmaceutical delivery system and
pharmaceutical formulation that provide great biocompatibility and efficiency of
encapsulation. The current challenge is the storage of these due to the time they
agglomerate reducing their properties. An effective way to validate its stability in
storage is conducting rheology studies. Shea Butter SLN is used, with the purpose
of having a higher antioxidant effect. It has been performed the synthesis, by hot
homogenization technique, with an excellent stability. We validated its penetration
capacity and perform different characterizations as for example Atomic Force
Microscopy (AFM), Confocal Microscopy, Scanning Electron Microscopy (SEM),
DSC, DLS and Zeta potential. It gave us an mean particle size of 213 nm, with a zeta
potential of -40 mV and obtaining a circular morphology; Therefore, we can affirm
that a correct synthesis of these nanoparticles was carried out, due to their size and
stability since after 3 months of storage they did not show significant growth.
Because of Confocal Microscopy studies, due to their property that SLNs are auto-
flowering, it was possible to validate that Shea Butter Solid Lipid Nanoparticles can
penetrate the epidermis. Triborheological studies were carried out such as
Oscillatory stress sweep, Viscosity/shear rate profile, Normal stress profile and
Sliding speed sweep in this way we identify and quantify the impact of Solid Lipid
Nanoparticles in topical formulations. It was discovered that SLNs had lower
Coefficient of Friction than those containing bulk lipids. SLNs in topical formulations
have potential applications in the cosmetic as anti-aging agents this due to its
antioxidant properties, skin occlusion, increased skin hydration and potential anti-

inflammatory properties.
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Chapter 1

Introduction

1.1 Introduction

Solid Lipid Nanoparticles (SLNs) are pharmaceutical delivery systems that
allow the nanoencapsulation of drugs, offering highly efficient protection of their
constituents due to their thermochemical stability, compared to liposomes [1],
emulsions [2], and polymeric nanoparticles [3]. They offer significant such skin
occlusion, enhanced skin moisture and elasticity, inhibit UV rays effects, drug
targeting, and improved durability of drug agents [3-6]. As in the synthesis, organic
solvents are not employed and the safety of the compounds used for their synthesis,

are approved by FDA [7].

The hot homogenization technique is a method for the synthesis of SLNs in
which the raw lipid is heated from 5 ° C to 10 ° C above the lipid melting temperature,
producing that viscosity decreases and smaller particle size can be generated.
Afterward, the hydrophilic surfactant is added, and a co-surfactant can be joined to
improve the stability of the SLNs, at the identical temperature of the lipid, achieving
a pre-emulsion. Using a high shear device, the emulsion is formed, this can be
repeated several times to obtain the desired PDI and size. This technique is the most
used to synthesize SLNs, due to its easy industrial scalability and its efficiency in

terms of particle sizes and PDI [8].

Currently, maintaining SLNs is a challenge. Various methods have been
performed to investigate particle stability, such as zeta potential measurement,
which is an analysis of the magnitude of the electrostatic, charge repulsion or affinity
between particles [9]. When nanoparticles are unstable, they tend to agglomerate,

causing clusters of particles, and increase their particle size; generating that these
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SLNs lose their properties, and sometimes a phase separation can be detected
[10,11].

The stability of colloidal nanoparticles is operated by the equilibrium of
electrosteric forces of the charged particles; thus, it can be examined employing zeta
potential analysis [12]. The evaluation of the variations in zeta potential values
through changes in pH and ionic concentration must be studied thoughtfully, as it
does not rely on a simple relation [13]. Due to rise electrostatic repulsion,
agglomeration is inhibited; a suspension of particles possessing a great absolute
value of zeta potential is more stable concerning those with a lower absolute zeta

potential [14].

Oxidants, although chemically unstable and highly toxic to cells, are produced
under standard conditions inside cells. Therefore, a healthy metabolism is a source
of free radicals. Oxidants can come from outside, either directly or as a consequence

of the metabolism of certain substances [15].

Oxidizing substances can act on any molecule. The interaction of oxidants
with these molecules ,aka oxidative stress, causes structural modification, which

leads to altered functionality [16].

Harman established in 1956 [15] that aging was caused by the oxidative
action of free radicals. Therefore, antioxidants can be administered to decrease the

effects of aging.

Shea butter is known to have favorable effects on health owing to their
antioxidation capability, inflammatory reduction, inhibition of DNA damage, and

induction of insulin production in the pancreas [17-20].

Shea butter is obtained from the seeds of Karité (Vitellaria paradoxa), mainly
located in western Africa [21]. Its melting point is 37-39.5 ° C, and its main
compounds are palmitic acid (3—4%), stearic acid (40—-45%), oleic acid (44—47%),
linoleic acid (5.5-6%) and Vitamin E (5-15 %), having great anti-inflammatory and

antioxidant properties [22].
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The skin is the most extensive organ of the human and possesses selective
permeability. It is formed of three different functional layers (Fig. 1); epidermis,

dermis, and hypodermis[23].

Epidermis, hair follicles, dermis and sweat glands make up the skin, the
stratum corneum is the most external lipid layer, producing a powerful obstacle to
the admission of substances into the body. An encouraging approach to increase
the diffusion through the stratum corneum is to utilize nanosystems as their

lipophilicity facilitates crossing the entire lipid layer [24].
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Fig. 1 Skin layers diagram

As the peripheral organ of our body, our skin is a defense defending us from
dangerous vulnerability to solar ultraviolet radiation and air pollutants. This
susceptibility ends in harm to the nucleus of the cell itself and in the production of
reactive oxygen species that respond with relevant molecules in connective tissue

and cell membranes [25].
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Habitual UV-induced damage outcomes in the manner of precipitate aging of
the epidermis with wrinkles, a dry, leather-like texture, and lack of elasticity. It is

possible to have inflammatory skin diseases like atopic dermatitis [26].

The skin typically employs a diversity of antioxidants that associate with varied
levels of oxidative processes to scavenge and eliminate free radicals and oxidatively
spolied molecules [27]. Several kinds of investigations advise that oxidative stress
may produce the creation of proinflammatory cytokines, which, in tum, may promote

the cellular levels of ROS.

This wicked cycle ends in the continuous accrual of oxidative stress and
inflammation throughout consecutive skin aging. Consequently, oxidative stress and
inflammation seem to be a role in age. Nevertheless, this antioxidant protection is
conquered by the oxidative stress of excessive UV exposure, aside from external
factors [28].

Opportunely, employing high concentrations of natural, local antioxidants can
succeed and fix this damage. Utilized topically, far higher densities are accomplished
in the skin than regularly possible. Moreover, once incorporated, the antioxidants
cannot be removed, exuded, or rubbed off giving strength for up to numerous days,
through improving sunscreens that must be implemented periodically. Aging process
cannot be shifted as yet, it is reasonable to pause its onset by fighting the increase

of ROS and inflammation by reservoirs of antioxidants (Fig. 2) [29].
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Fig. 2 Antioxidant mechanism over skin

Atopic dermatitis is a usual recidivist chronic inflammation of the skin. The
term atopic means the acquired tendency of sufferers from this disease to generate
immunoglobulin E antibodies in answer to environmental or food allergens such as

house dust, pollen, mites, and unusual ingested proteins.

Because of the potential of this disease to originate relapsing episodes of
extreme pruritis in dermatitis, it could be a major problem of psychosocial difficulties
for the patients and their families. One way to treat this condition is through emollient
agents [30-34].

The emollient effect is the physiological consequence of producing a light
layer on the epidermis surface to limit moisture dissipation to preserve the hydration
and the skin’s flexible capacity. The perfect emollients for the epidermis are sebum
and lipids, which shield moisture by forming a lipid coating on the epidermis surface
[35].
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Pharmaceutical products that include emollients conserve the moisture in the
stratum corneum and are applied as essential skincare products to maintain the skin
silky. Emollient topicals are the most usual examples of these products. Emollient
creams are similarly named night creams, moisturizers, or moisturizing creams. Most
emollient topicals utilize water in oil (w/o) type emollients that keep a moderately

high quantity of oil for an extraordinary occlusion effect [36].

To stop signs that are correlated to dehydration like skin lines and
unevenness, active chemicals such as retinol, several vitamins, and astaxanthin are

also incorporated to improve the products’ effectiveness [37,38].

Nanotechnology-based therapeutics, such as nanoparticles, nanogels, lipid
nanoparticles, nanoemulsions, nanomixtures and other nanocarriers, have been

investigated as possible therapies for atopic dermatitis [39—41].

Nanoparticles and nanocarriers show to have great rheological

characteristics, antimicrobial results, and capacity to repair skin diseases [42-51].

Few studies proved the penetration of the SLNs through the skin, or their

reaching circulatory system or passing through hair follicles [52].

Shea butter SLNs were shown to cross the stratum corneum and thus have a
higher antioxidant effect and long-term stability. They can be used as anti-aging and

anti-inflammatory factors in diseases such as colitis [7].

Triborheology is a new science that combines rheology and tribology
characterization. Rheology is the research of strain and flux of matter. Rheological
evaluation of materials provides an overall conception about the viscoelastic flow
performance of the system. It is recognized that rheology is very relevant to each
material because the rheological behavior is intimately associated with the ultimate

compositions of the system [53,54].

Tribology implies the examination of the aspects associated with the surface
of a solid or the interface among two covers. Friction, roughness, wear, etc. denote
the tribological aspects. Friction signifies the force opposing the relevant movement

among pair surfaces slipping toward respective others, while wear is the destruction
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of matter or strain of material while a pair of surfaces in touch have the corresponding
movement among them. Between both lowering events, friction delivers the
performance of mechanical arrangements that include sliding surface association. It
is additionally subject to wear, which is frequently the restrictive mechanism of
machine assistance life. Therefore, reduction of friction and wear results essential
where high performance and more extended equipment life imply a requirement
[565,56].

The knowledge of the tribological features of systems possesses a huge
financial and technological interest. The losing owing to energy spread and material
erosion adds up to billions of dollars yearly in all nations. Precise knowledge of
tribological processes is able to present a base on which to promote standards of
design and improve manufacturing efficiency. This owns previously had a notable

influence on energy maintenance problems that involve the future of humankind [57].

Even if tribology has conventionally implied correlated among the surface
interplay of production systems, ideas of tribology should further implied essential in
the investigation of living systems. Biotriborheology denotes an example of the most
innovative areas to appear in the study of tribology [58]. Biotriborhelogy works with
every features of tribology involved with biological/natural systems. It is accepted as
an example of the most significant factors in several biological systems, giving to the
perception of how our natural systems operate. Besides, it helps in explaining how

conditions advance and how therapeutic interventions should be implemented [59].

Biotriborheology is an example of the most impressive domains of tribology
analysis and is an example of how it influences numerous characters of our usual
experiences, from skin injuries to synthetic joints and contact lenses. In numerous
situations, intercommunication with our atmosphere is dictated by tribology and in
special our answer to understood friction. The performance of touch to estimate
surface roughness moisture and grip is an outstanding example [60].

Furthermore, several papers have shown the efficiency of using nanoparticles
as lubricant additives, the smaller the particle size, the lower the coefficient of friction.
[61-66]. There are several lubrication mechanisms for nanoparticles: Rolling
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mechanism, sliding mechanism, , polishing/exfoliation mechanism, mending

mechanism, and protective film (Fig. 3) [67,68].

[FTY (11}

(d}

Fig. 3 Different mechanisms for improving tribological performance using nanoparticles (a)
rolling mechanism; (b) mending mechanism; (c) polishing mechanism; (d) protective film [67]

One of the objectives of the topical formulations is to reduce skin scratch since
it increases skin damage, this is achieved by increasing its lubricating properties,
and thus reducing allergic reactions and skin irritation [69]. Thanks to the
triborheological properties, the perception of topical creams can be evaluated, the
nanoparticles tend to improve the lubrication properties obtaining systems with a

lower COF (Coefficient of Friction), therefore the topical will have a silkier feel [70].

Additionally, with biotriborheology, the occlusion and moisture of topical
formulations can be validated, and how nanoparticles influence to have
triborheological behaviors which indicate that the skin has greater moisture, such as
the formation of thinner and more protective layers, providing a better occlusion [69].
It should be remarked that biotriborheology studies of SLNs have never been

performed, to evaluate their effect in creams or as lubricants.
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In this work, the synthesis of Shea Butter SLNs with different particle size,
was carried out through a hot homogenization technique, as well as our main
objective which was to investigate the triborheological properties of Shea Butter
SLNs in topical formulations. To have a better understanding of the physical
properties of Shea butter SLNs, it is necessary to perform an in-depth
characterization of their structure, flow, and lubrication [71].
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Chapter 2

Materials and methodology

2.1 Materials

Shea butter was acquired from Lottush. Tween-80, triethanolamine, and
Span 80 were purchased by Sigma-Aldrich. Lanolin, stearic acid, mineral oil, cetyl
alcohol, propylparaben, methylparaben and glycerin were obtained from Drogueria

Cosmopolita.
2.2 Synthesis of Shea Butter SLNs

The preparation is carried out by the hot homogenization method, using an
in-line homogenizer to improve polydispersity and particle size [72]. The organic
phase comprising 4.2% shea butter (w/v), was heated to 10 °C higher than its melting
temperature; then, 1.5% Span 80 (w/v) was added while preparing the aqueous
phase at the same temperature involving the lipid, Milli-Q water, and 1.5% Tween-
80 (w/v) [73].

Subsequently, the organic phase was mixed to the aqueous phase by dripping
to produce a pre-emulsion, which was stirred for 5 minutes and deposited into the
in-line homogenizer (Fig. 4) from 5 to 20 minutes at 16,000 rpm. Finally, it was cooled

to room temperature.
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Fig. 4 Diagram of the synthesis of solid lipid nanoparticles
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2.3 Characterization of Shea Butter SLNs

2.3.1 Nanoparticle size analysis

The mean diameter and polydispersity index were measured at 25°C, with 10
min of equilibrium and 90° detection angle by dynamic light scattering (DLS) using a
Beckman Coulter N4 PLUS particle size analyzer. Samples were diluted to 1:1000
of the previous analysis to control the saturation. Measurements were performed in

triplicate and analyzed it.
2.3.2 Electrophoretic light scattering (ELS)

The zeta potential measurements were conducted with 2 min equilibrium
using a Malvern Zetasizer, nano ZS (Fig. 5); the samples were diluted to 1:100 with

Milli-Q water at 25°C. All samples were analyzed in triplicate.

Fig. 5 Malvern Zetasizer, nano ZS

2.3.3 Atomic Force Microscopy (AFM)

The AFM images were obtained in a Multimode-8 Bruker (Fig. 6) using a
cantilever RTESP-300 to scan the samples in tapping mode. Shea butter SLNs were

diluted to 1:100 and 1:1000, respectively. Samples were added to the sample
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holders and dried at 3 °C for 12 hours. The analysis was carried out at room
temperature (25°C). The roughness was calculated using Nanoscope Analysis 1.5

from Bruker, given by:

= Z =11z — Z| (1)

RMS =0 = \/%Z’,Ll(z,- —2)? (2)

There are some examples where the surface roughness must depend on
surface roughness where the rougher surfaces gave higher friction coefficients. But
other factors of the material must be taken, such as whether the surface is soft or

hard or hydrophilic or hydrophobic, to have a better study of the material [74,75].

Fig. 6 Multimode-8 Bruker
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2.3.4 Scanning Electron Microscopy (SEM)

The SEM analysis of two samples of shea butter SLNs, with the smallest
nanoparticle size (213 nm) was performed at several times (0-3 months). The
samples 1: 1 and 1: 100 JEOL JSM 6360 (Fig. 8) was used at 20 kV. The samples
were dried at 3 °C in the sample holder, to prevent agglomeration. The formulations
were coated with gold on a JEOL JFC-1100E (Fig. 7).

Fig. 7 JEOL JFC-1100E
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Fig. 8 JEOL JSM 6360

2.3.5 Differential Scanning Calorimetry (DSC)

The calorimetry study was carried out employing a Q20 DSC calorimeter (TA
Instruments) (Fig. 9). SLNs were freeze-dried before the DSC measurement, 5 mg
SLNs powder were weighed for every sample, sealed in aluminum pans with a
mechanical press and scanned at a fixed rate of 5 °C/min under nitrogen from 0 to
250 °C. Temperature and energy were calibrated employing indium as a reference.

For more transcendent reproducibility, it was carried out by triplicate.

26



Fig. 9 Q20 DSC calorimeter, TA Instruments

2.4 Triborheological Testing of Shea Butter SLNs

The rheology was performed using a TA Instruments Hybrid Rheometer DHR-
3 with Cone on plate fixture and a Peltier system acting under the lower plate at a
temperature of 25 °C. 3 ml of shea butter SLNs (213nm). The suspension viscosity
was measured as a function of shear rate from 0.01 to 1000 1/s. The experiment

was performed by triplicate for reproducibility.

The cone-on-plate viscometer comprises a cone-shaped covering and a
smooth plate. Both of these surfaces can remain switched. The space that separates
the cone and the plate is loaded with the lubricant and the cone angle guarantees a
uniform shear rate in the gap space. The benefit of this viscometer remains that a
very tiny specimen amount of solution is needed for the analysis. It could be

controlled, the temperature of the fluid sample through experiments. This is
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accomplished by flowing preheated or reduce the temperature of the external liquid
by the Peltier plate of the viscometer. The schematic diagram of this viscometer is

presented in Fig. 10 The dynamic viscosity can be calculated from the equation:
n=— 3)

Where 3 is the dynamic viscosity, M is the shear torque on the cone, k is the

viscometer constant, regularly provided by the company and w is the angular velocity

|>aT

Rotating Cone
Fluid Sample \‘ R Sensor

R=2cm Peltier Element

Fig. 10 Schematic diagram of a cone on plate viscometer [76].

Furthermore, triborheology of shea butter SLNs with a half-ring plate fixture
was performed from 0.001 to 100 rad/s with 1 N and 3 N in the TA Instruments Hybrid
Rheometer DHR-3 using a temperature of 25 °C and 3 ml of shea butter SLNs.

The frictional performance of slipping surfaces obeys a well-established
model represented by the Stribeck curve. This associates the Coefficient of Friction
to a series of circumstances, compared to the surfaces and the lubricant that divides
them. It occurs when the determined Coefficient of Friction among both solid
surfaces continues to decrease that the liquid is expressed as a lubricant. This

decrease in friction or lubrication occurs in diverse methods. These can be easily
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explained as boundary, fluid-film, and mixed lubrication. In watery systems, the word

fluid-film lubrication is named hydrodynamic lubrication [77-79].

The distinctness among the several varieties of is lubrication and their impact
on the frictional opposition to sliding remains described by a Stribeck curve. As
aforementioned, the difference in the Coefficient of Friction plots as a function of the
Sommerfeld number. The Stribeck curve (Fig. 11.) explains the difference in the
Coefficient of Friction in words of sliding speed (v), the normal force (N), and solution
viscosity (n). These three determinants regularly develop as an individual number
named the Sommerfeld number, where L is associated with a touch dimension of
the sample. [80,81].

=
S—NL 4)

Boundary lubrication is determined by the sliding rugosities are separated by
a slim molecular layer of lubricant so that the chemical and physical characteristics
of the surfaces and the lubricant are of primary concern. In boundary lubrication, the
lubricant is usually competent of being adsorbed on the surfaces. In opposition, at a
high Sommerfeld number, the contrary both solid surfaces are fully insulated by
lubricant in the fact of fluid-film or hydrodynamic lubrication. As a consequence,

friction shifts very moderately.
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Fig. 11 Stribeck Curve

Several techniques have been recommended for examining the friction (u)

and wear. The postulate for arranging the Coefficient of Friction is the corresponding

between the diverse approaches in that it is the determination of the rate of frictional

force to the normal load implemented on the specimen in the frictional movement.

Nevertheless, it is usually challenging to define the value of u for biological materials

owing to their complex configuration. The underlying postulates implicated in the

resolution of the Coefficient of Friction are shown in Fig. 12 [81,82].
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Motion
Friction Force or Tangential

Fig. 12 Schematic of involved forces

The static friction coefficient (u) among two hard surfaces is defined as the
rate of the tangential force (F) needed to generate sliding separated by the normal

force among the surfaces (N):
F
n= (5)

If we want to calculate the coefficient of friction with the ring on plate geometry

we use the follow formula to construct the Stribeck curves [83,84].

p=t (6)
Where t is the shear stress and ¢ is the normal stress.

2.5 Preparation of Evanescent Cream (Base Cream)

It was prepared by adding 0.85% lanolin (w/w), 3.40% stearic acid (w/w),
14.87% mineral oil (w/w), 1.02% cetyl alcohol (w/w), and 0.05% propylparaben

(w/w), and heating at 75 ° C with constant stirring.

Subsequently, the aqueous phase was prepared with 0.20% methylparaben
(w/w), 0.85% glycerin (w/w), and 76.67% water (w/w), also heating at 75 °C with

constant stirring.

Both phases were mixed at a stirring rate of 350 rpm for 10 min, 1.52%

triethanolamine (w/w) was added and stirred until cooled.
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2.6 Triborheological Testing of Shea Butter SLNs in

Evanescent Cream

Different percentages of shea butter SLNs were added to the evanescent
cream; in addition, the same concentrations were added of bulk shea butter to

assess the difference among them.

Rheology was performed using a TA Instruments Hybrid Rheometer DHR-3
with Cone on plate fixture and a Peltier system acting under the lower plate at 25 °C.
For 3 milliliters of Shea Butter SLN in evanescent cream, rheology experiments were

performed as reported for shea butter SLNs.

Triborheological characterization was performed on TA Instruments Hybrid
Rheometer DHR-3 with a half-ring plate fixture from 0.001 to 100 rad/s with 1N and

3N at 25 °C with 2 ml of Evanescent cream with and without SLNs.

2.7 Biotribo-rheological Test of Shea Butter SLN in

Evanescent Cream

At First, skin from the outside of the pig’s ear without thermal treatment was
used, it was cleaned and separated from the cartilage with a scalpel, the excess fat
was removed, and the hair was cut. Subsequently, it was cut with dissecting scissors

of a size of 4cm x 4 cm. Samples were stocked in a freezer at —20 ° C.

After the samples were defrosted, they were placed in the DHR-3 rheometer
using a half-ring fixture (Fig. 13). Two comparative studies were performed, one
accompanied by 2 ml cream among different percentages of shea butter SLNs and
the other one with 2 ml cream alongside different percentages of bulk shea butter.
Experiments were carried out at velocities from 0.001 to 100 rad/s with normal forces
of 0.2 N, 1 N and 3 N was used, at 25 °C.
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Shea Butter Solid Lipid Nanoparticles

Porcine skin
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Fig. 13 Biotriborheological system
2.8 Confocal Microscopy

Confocal microscopy was performed on Zeiss LSM800, by a run of flow
sweep with 2 ml of shea butter SLNs for 5 to 20 min at 25 °C; then, the skin was
washed with PBS solution fine-cut with a dermatome and then taken to the

microscope (Fig. 14).

At the same time, in another cut of porcine skin, shea butter SLNs were added
without rubbing for 5 to 20 min, no axial force was applied, by Franz diffusion cells.
It was washed in the same way with PBS solution and fine—cut with a dermatome for

confocal microscopy observation.
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Fig. 14 Porcine skin cut with dermatome

A 480 nm filter was used, due to shea butter SLNs are autofluorescent at this
wavelength and 3D z-stack function is used with layers, to validate the penetration
of SLNs.

Fig. 15 Zeiss LSM800, Confocal Microscope
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2.9 Statistical analysis

For statistical analysis, Minitab 19 software (2020 Minitab, LLC.,
Pennsylvania, USA) was used by using one-way analysis of variance, the data was

evaluated at least in triplicate, and a P-value of 0.05 was regarded as significant.
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Chapter 3

Results and Discussion

3.1 Nanoparticle size

To validate the particle size and its storage stability of SLNs, DLS and zeta
potential studies were performed. Different particle sizes were obtained according to
the time in which the homogenization was performed, the smallest size was 213 nm
with the highest homogenization time (25 min). As expected, the sizes are shown in

Table 1 with their PDI, homogenization time, and zeta potential.

Table 1. Physicochemical characteristics of Shea Butter Solid Lipid Nanoparticles

Batches Time (min) Size (nm) PDI Zeta Potential
(mV)
1 5 320+ 10.1 0.513+£0.27 -24.7+0.18
2 10 276 £ 8.6 0.424 +0.22 -25.6 £0.26
3 15 232+3.5 0.374+£0.12 -28.6 +0.34
4 20 221+£2.2 0.406 + 0.23 -35.7+0.22
5 25 213 £2.1 0.357+0.1 -41.2£0.58

The stability of SLNs was visualized for 3 months; in Fig. 16; the first 2 months
showed an increase in the mean size (40 nm); the third month, a further rise in the
mean size (80 nm). This is mainly due to the nature of nanoparticles which constantly
tend to agglomerate over time, but these results showed that they have good stability
for 3 months, confirming the synthesis of stable SLNs. For this reason, we have a
steric mechanism of stability of the nanoparticles due to the addition of surfactants
allowing a spatial repulsion and a reduction in the surface hydrophobicity [85-88].

This can be proved in Fig. 17, where SEM images are presented at different times
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(1-3 months), indicating how the SLNs start to agglomerate, rising their particle size
[89].
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Fig. 16 Stability of Shea Butter SLNs, Mean Size in nanometers per week of each

corresponding batch +s.d. (n=3)

This agglomeration is confirmed in previous studies [90-92], which mention
that even with the use of surfactants after a prolonged time, nanoparticles tend to
change their size. This is owing to Van der Waals forces, producing collision of

disperser deserted particles, producing larger nanoparticles.
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Fig. 17 SEM images of Shea Butter Solid Lipid Nanoparticles at different times, A) 1 month,
B) 2 months and C) 3 months of synthesis to validate it stability

3.2 Atomic Force Microscopy

To confirm the particle size and obtain surface roughness parameters of
nanoparticles, AFM characterization was executed. We selected the sample with
smaller particle size (213 nm) and analyzed it in the AFM. They have a round
morphology with an approximate mean size of 145 nm (Fig. 18), which agrees well
with DLS measurements since DLS measures the hydrodynamic radius and small
variation in the nanoparticle size is expected [93]. Although an agglomeration of
SLNs can be observed, due to the characteristics of the nanoparticles that tend to

agglomerate [90].
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Fig. 18 AFM Images of Shea Butter SLNs with different magnifications, (a,b) top view of
Shea Butter SLNs (1:1 and 1:100) ,(c) phase image, (d) Height histogram distribution based
on AFM

Moreover, we have that the obtained roughness parameters are RMS = 1.13
nm, Ra = 0.662 nm and Rmax = 17.3 nm, for an area of 2 x 2 ym? (Fig. 19). By
comparing them with previous studies [94], it is conclude that the Shea Butter SLNs
have smaller parameters, indicating that they own a lower roughness since a lower
general roughness of the sample results in the lower RMS observed [95]. This helps
nanoparticles to have a lower coefficient of friction as they have a lower general

roughness.
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Fig. 19 3D AFM image surface roughness analysis

3.3 Scanning Electron Microscopy

It was performed Scanning Electron Microscopy to validate the morphology,
formation of SLNs layers on the surface, and previous AFM and DLS
characterizations. The images confirm the circular morphology of Shea Butter SLNs,
furthermore, the mean particle size of SLNs can be verified (approximately 215 nm).
The difference between one concentration and the other one is that with a greater
concentration of SLNs, the number of agglomerates and characteristic layers of the
SLNs increase[96]. Agglomeration is visualized caused by Van der Waals forces
owing to the proximity of nanoparticles to each other during the drying process (Fig.
20) [97].
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Fig. 20 SEM Images of Shea Butter Solid Lipid Nanoparticles (A,C) 1:1 and (B) 1:100, with

different magnifications

In Fig. 20C, it is validated that the lipid nanoparticles tend to form layers, as
reported in the literature [98], these layers help the formation of films on the surface
producing a reduction in friction as it will be confirmed later in the article, with

triborheological studies.
3.4 DSC characterization

To establish the correct formation of the nanoparticles and the decrease in
crystallinity, DSC characterization was carried out. The thermal behavior of shea
butter SLNs compared to bulk shea butter was investigated. Fig. 21 shows DSC
thermograms, where bulk shea butter presents an endothermic peak at
approximately 37.5 °C appropriate to its melting point, however, SLNs melting point

had a shift at a inferior temperature with a maximum point at 33.5 °C. This behavior
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has already been reported previously in the literature [73,99,100]. This can be
described by the colloidal behavior of the lipid compared to the lipid in bulk [101].
Existing studies showed that this is because of SLNs forming a different crystal
structure [16]. At these points we can observe a change in the enthalpy energies
from —-53.10 J/g to —38.88 J/g, indicating the formation of nanoparticles [102].

—— Shea Butter SLN
| — Shea Butter Bulk

Heat Flow (W/g)

] ] ] ] 1 ] ] ] ]
0 50 100 150 200 250

Temperature (°C)

Fig. 21 Thermal analysis of Shea Butter SLNs and Bulk Shea Butter from DSC
3.5 Triborheological Tests of Shea Butter SLNs

To verify the shear-thinning rheological behavior of SLNs and the effect of

particle size on their lubrication properties, triborheology studies were accomplished.

3.5.1 Rheological Testing of Shea Butter SLN
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Fig. 22 shows that an increase in shear rate decreases its viscosity, as
observed in previous studies [99,102]. This indicates that nanoparticles are stable

due to their rheological behavior, shear thinning with a slight slope [99].
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Fig. 22 Comparison of Viscosity with Shear rate of Shea Butter SLNs (213 nm)

The elastic and viscous properties of nanoparticles are important for skincare
applications. The visualized curve is of a non-Newtonian fluid due to shear-thinning
[103]; thus, it results in a homogenous application of SLNs and this explains its good
occlusion, however, when the topical is applied on the skin, less viscosity is needed

to improve its penetration, hydration and occlusion [69].
3.5.2 Triborheological Testing of Shea Butter SLNs

Fig 23a. shows that the lowest friction coefficient is the one with the smallest

particle size (213 nm), mainly because smaller particle sizes favor the formation of
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more uniform layers on the surface, producing a lower coefficient of friction by

reducing asperities.
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Fig. 23 Friction Coefficient curve with Velocity measured with half ring on plate test of Shea

Butter Solid Lipid Nanoparticles at (a) 1N and (b) 3N of each corresponding batch
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In Fig. 6b, a similar behavior to that under 3 N is observed since shea butter
SLNs with a lower coefficient of friction are the smallest (213 nm). At different normal
forces, these nanoparticles have similar behavior, precisely because of the formation

of layers on its surface.

All these behaviors are similar to those previously reported for nanoparticles
[104], considering having a smaller particle size; improving their lubrication
properties, reducing their coefficient of friction and anti-wear property compared to

their bulk material [68,105]. Principally due to the formation of nano-films [106].

3.6 Triborheological Testing of Shea Butter SLNs in

Evanescent Cream

The triborheology of evanescent cream with SLNs was performed to validate
the effect it has on its rheology, further to validate how the amount of SLNs added in
the topical formulation affects its lubrication properties. To have a better

understanding of how these enhance the properties of the evanescent cream.

Fig. 24a shows that the cream with shea butter SLNs has shear thinning
behavior, since it is a colloidal suspension; should the shear rate increases, stress

increases due to the interactions of the particles.

In Fig. 24b, the shear thinning behavior is observed as well as the fluid
viscosity moves from a higher viscosity at a low shear rate to a lower viscosity at a
high shear rate. Furthermore, we can see that at higher concentrations, the viscosity
decreased, Being with 15% SLNs the lowest viscosity value. While for low shear
rates the highest viscosity is observed at 1% and 2% of SLNs, this is mainly due to

a higher concentration of nanoparticles which tend to agglomerate [106—-109].

When an axial force of 1 N was applied, the formulations that have shea butter
in bulk behave progressively in terms of their COF, while those with SLNs decrease
to a certain percentage, with 2.5% of shea butter SLNs, and then increases its COF
(Fig. 25). Consequently SLNs at higher quantities tend to agglomerate due to their

proximity between them and their high surface energy [110,111].
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Fig. 24 (a) Shear Stress against shear rate and (b) Comparison of Viscosity with the Shear
rate for Evanescent Cream with Shea Butter SLNs (213 nm) at different concentrations
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It is also observed that the one with the highest COF is the formulation which
has 0.5% shea butter in bulk, while the one with the lowest COF is the formulation
with 2.5% shea butter SLNs.

While at 3 N the topical formulation which has better lubrication properties are
those having 0.5% of shea butter SLNs and the one with a higher COF 1-2% of shea
butter bulk. Similar to the previous 1 N test, increasing its COF to a higher amount

of shea butter SLNs and with greater amount of shea butter bulk its COF decreases.

Essentially this occurs because nanoparticles have a smaller size than bulk
materials, allowing to reduce the surface roughness and lower the coefficient of
friction, however but when it has a higher number of nanoparticles they tend to
agglomerate and begin to form jagged layers on the surface; thus, the coefficient of
friction is lower whereas that in bulk but greater than such of a moderate amount of
SLNs [63].

It can be observed that at 3N at low speeds has an inverse behavior
concerning viscosity, obtaining the highest COF value with the highest percentage
of SLNs, while the lowest COF value has the lowest percentage of nanoparticles.
Therefore, the one with the highest viscosity, at a medium shear rate, would be the
one with the lowest COF, at low speeds at 3N, Fig. 24b and Fig. 24b.

The relationship with tribology at 1N is the value which has the lowest COF at
medium and high speeds (2.5% SLNs), this concentration of SLNs is the one that
has a medium viscosity at medium to high shear rates, which means that we consider
the topical cream is applied at an axial force of 1N and at medium speed. Here, the
topical cream that would be easier to apply and may form a more protective layer

being the one with 2.5%, due to its medium viscosity and low COF.
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Table 2. Triborheological properties of Topical cream with shea butter SLNs

Topical Zero Shear Zero Shear COF at 10 COF at 100
cream with Viscosity (Pa) Stress (Pa.s) rad/s, IN rad/s, IN
shea butter
SLNs (%)

0.5 262.119+1.23 2.62763 £0.05 0.72756 £0.1  0.56690 = 0.012
1 441.409+1.12 442108 £0.03 0.63221+£0.09 0.53753 +£0.013
2 299.629+£1.05 3.00216 £0.04  0.6334+0.07 0.46219+0.011

2.5 219.277+1.06 2.1953+0.08 0.61712+0.05 0.35632 = 0.012
5 207.525+1.15 2.0797+0.09 0.69517+0.06 0.45681 +0.013
10 105.488 £1.34  1.0563+0.02  0.76381 £0.08 0.79167 + 0.022
15 71.9537+145 0.72064 £0.04 0.765517+0.1  0.72471 £ 0.015

In Table 2. we can observe a comparison between the topical cream with

shea butter SLNs at different percentages. It is validated that the lowest COF at low

and high speeds is with 2.5% of nanoparticles, we also have a medium viscosity that

gives us a stable cream and will give us excellent penetration properties, obtaining

uniformity of this cream on the skin.

It must be taken into account that creams which also have a silky feel are

those which have lower coefficients of friction at low speeds, meaning that although

in some cases SLNs have a final coefficient of friction equal to or greater than bulk

lipid formulations, all SLNs formulations at low speeds have a lower coefficient of

friction, indicating that they have a more silky feel than those composed of bulk lipids

[70].
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Fig. 25 Friction Coefficient curve with Velocity measured with half ring on plate test of Shea
Butter Solid Lipid Nanoparticles (213 nm) and Bulk Shea Butter at (a) 1N and (b) 3N
In Fig. 25, behaviors dissimilar to a normal Stribeck’s curve can be observed

due to the generation of lipid layers on the surface. These layers are growing
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roughly, and as the speed increases these layers cause a raise in the coefficient of
friction owing to their irregularity; as the speed increases, a homogeneous layer is

re-formed on the surface.

This behavior is visible when grease lubricants are used because shea butter
has fat formed by lipids, which easily tend to form layers on the surface, Fig. 20C
[112]. For this reason, the lubrication mechanism of the SLNs is with a protective film
(Fig. 26), being when the nanoparticles form a lubricating layer (physical film) on the
surface, reducing the contact area [67,113,114]. Increasing the lubricating properties
of the topical formulation, resulting in greater occlusion, hydration, protection against

external agents, reduction of skin irritation, and high emolliency.

Fig. 26 Lubrication mechanism of Shea Butter SLNs, protective film
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3.7 Biotriborheology of Shea Butter SLNs

To prove the penetration of SLNs through the skin and the occlusive/moisture
effect of topical cream with SLNs, studies of biotriborheology, and confocal

microscopy were conducted.

At 0.2 N, the cream with the lowest coefficient of friction was that with 0.5%
shea butter SLNs and the highest coefficient of friction was that with 15% shea butter
SLNs (Fig. 27a).

At 1 N, it can be seen that formulations with SLNs at low speeds have a higher
coefficient of friction than such of bulk shea butter, this is principally due to at low
speeds, the higher COFs in biotribology are related to greater hydration in the skin
[60,115]; the one with the lowest COF is that with an SLNs percentage of 10%,
whereas the highest COF is the one which involves 2% of bulk shea butter at medium
and higher speeds (Fig. 27b).

The formulation with 5% shea butter SLNs possesses the lowest coefficient
of friction, and 2 % SLNs shea butter at 3 N has the highest coefficient of friction
(Fig. 27c¢). It can be seen that they have different behavior than the aluminum surface
because SLNs penetrate the skin. Although the decrease of COF and the formation
of a homogeneous layer were not completely achieved, in all three cases, shea

butter SLNs had the coefficient of friction lower than those of the bulk lipid.
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Table 3. Biotriborheological studies of Topical cream with SLNs and raw shea butter

Raw shea butter Shea butter SLNs
Topical COF at 10 COF at 100 COF at 10 COF at 100
cream (%) rad/s, IN rad/s, 1IN rad/s, IN rad/s, 1IN
0.5 1.1308 £0.03  0.8063 +£0.012 | 1.0587+0.04  0.71832+0.012
1 1.06767+0.05 0.8101 £0.014 | 0.96671 £0.04 0.71187+0.011
2 1.22994+0.01 0.8868 £0.019 | 1.16935+0.07 0.81111£0.016
2.5 1.25183 £0.02 0.8696 £0.014 | 1.25944+0.02 0.73919+0.016
5 1.20948 £0.04 0.8853+0.011 | 1.25393+0.05 0.80593 £0.027
10 1.15940£0.02  0.8273 +£0.013 | 0.83625+0.01 0.60444 = 0.022
15 1.10328 £0.03  0.7503 = 0.014 | 1.09928 £0.01  0.85877 = 0.024

Table 3. shows that the highest COF among all topical creams at low speeds

were with SLNs 2.5% shea butter topical cream, which best moisturizes the skin. At

the same time, we can observe that the lowest COF at high speeds was 10% of the

SLN of shea butter, which indicates that there is penetration into the skin that follows

in an irregular formation of lipid layers in the skin, therefore does not exist a

relationship in the COFs. at high speeds.
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Fig. 27 Friction Coefficient curve with Velocity measured with half ring on porcine skin test
of Shea Butter Solid Lipid Nanoparticles (213 nm) and Bulk Shea Butter at (a) 0.2N, (b) 1N
and (c) 3N

3.6.1 Confocal Analysis

In Fig. 28 it can be confirmed that shea butter SLNs are fluorescent in
coumarin- 6 green color, and that porcine skin does not exhibit any kind of
fluorescent effect in this wavelength, also we can confirm the increase of the

fluorescence effect of the nanoparticles.

Performing Z-stack from 0 nm to 10 ym, with 2.5 pym slide-cuts, considering
that the maximum thickness of porcine skin that would be observed is 10 um. It can
be seen that the decrease in coumarin-6 green color indicates less number of
nanoparticles, meaning reduced penetration, according to this study the penetration

was successful up to 10 uym if there is the same number of nanoparticles included in
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each layer. Furthermore, the formation of layers in the skin can be observed through
these confocal images, as confirmed in Fig. 20C. In response to this, it is seen that
with the Franz cells at 25 min, there is a penetration of up to 10 um. By using an
axial force, those at 20 min can be compared with a force of 0.2 N, 15 min with a
force of 1 N and at 10 min with a force of 3 N, as shown in Fig. 29. It is observed that
the longer the exposure time, the fluorescence increases for all SLN samples [116—
118].

Fig. 28 Confocal microscopy images a) shea butter SLNs in porcine skin, b) bulk shea butter,

c) contrast of shea butter SLNs with porcine skin and d) porcine skin.

In Fig. 30. Stribeck curves of shea butter SLNs in porcine skin are shown,
observing that greater axial force the coefficient of friction decreases, additionally at
1 N and 3 N at 15 and 10 minutes respectively, both have an intermediate COF, due
to the penetration of the SLNs and the formation of the lipid layer, but at 0.2 N it is
observed that at 20 minutes, which is the greatest penetration, it has the highest
COF, this is due to the irregular formation of lipid layer on the skin, in
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contradistinction to 1 N and 3 N, which has a more homogeneous formation of this

layer, similar behavior to the previous ones.

In the literature, it is found that the smaller the mean particle size, the more
reliable the penetration of the SLNs [86,119—-123]. Additionally, by exerting a greater
axial force, it is deduced that these nanoparticles penetrate in less time. It is also
shown that when an axial force (1 N) is exerted on the skin with SLNs, results in a
better distribution of the nanoparticles, but if we exert a force of 3 N, this distribution
concentrates in certain grooves depending on the geometry. For this reason it is

inferred that the best application force isat 1 N

Through the penetration of the shea butter SLNs, it is deduced that the
biotriborheology graphs are different from the triborheology graphs due to the
formation of inhomogeneous lipid layers, as in the case of triborheology, forming
unequal layers due to the axial force. It should be noted that this is the first time that
the triborheology study of SLNs is carried out on porcine skin (biotriborheology) and
how the force exerted affects on them was evaluated. In the same way, the
biotriborheology of the SLNs in base cream is a new study. A diagram of the

proposed biotriborheology system can be visualized in Fig. 13.
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Fig. 29 Penetration of Shea Butter SLNs (green coumarin) at several times with Confocal
Images in Porcine Skin a) Franz Cells (ON) and Tribology at b)0.2N ¢)1N and d) 3N
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Fig. 30 Friction Coefficient curve with Velocity measured with half ring on porcine skin test
of Shea Butter Solid Lipid Nanoparticles (213 nm) for 5 min to 30 min at different axial forces
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Chapter 4

Conclusions

SLNs of a size of approximately 220 nm were obtained. A round and smooth
shape is confirmed by SEM and AFM. The stability of the nanoparticles was
confirmed, since the SLNs did not increase in size for a month, and after 3 months,

they did not grow significantly.

From the triborheological studies, it was obtained that the formulation which
has the lowest COF at 1 N is 2.5% SLNs (w/w) and for 3 N, itis 0.5% SLNs (w/w);
this is mainly because nanoparticles having a smaller particle size allow them to
adhere better to the surface, creating a more homogeneous layer, which reduces
friction (protective film mechanism). Nevertheless, should more SLNs be added, they
agglomerate and begin to increase in size, obtaining a COF similar to the

formulations without SLNs.

The penetration of SLNs can be confirmed due to biotriborheology and
confocal microscopy. During penetration, the layers in the skin are not formed in the
same way, producing a different behavior than having an aluminum surface, due to
the layer of the lipid generates not homogenously, as it is in the case of the
triborheology that the behavior was obtained of the formation of these lipid layers,
which is better explained. Moreover, the best axial force to have a better distribution
of SLNs is 1 N, which can enhance penetration. Furthermore, the impact that SLNs
have on topical formulations is confirmed, since they improve penetration, have
better occlusion and allow the formation of smaller lipid layers, producing a reduction
in the COF, better lubrication properties related to enhancement in hydration,

occlusion and emollient effect .
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