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HIGHLIGHTS GRAPHICAL ABSTRACT

e Novel chitosan/collagen peptides stable
Pickering emulsions were developed.

e The produced emulsions have shown
shear-thinning and elastic gel-like
behaviour.

Tracking of the nanoparticles

e The fate of the nanoparticles after
emulsion  skin  application = was
investigated.

e Skin tracking of the nanoparticles
showed their deposition in deep skin
layers.

e Skin penetration is affected by the
nanoparticle concentration and expo-
sure time. Novel chitosan/collagen peptides

Pickering emulsions

ARTICLE INFO ABSTRACT
Keywords: Pickering emulsions based on biopolymeric particles are gaining increasing research recognition in numerous
Pickering emulsions applications due to their biocompatibility and eco-friendliness. In this work, chitosan/collagen peptides nano-

Chitosan/collagen peptides
Skin applications
Rheology

Emulsion stability
Nanoparticles tracking

particles were applied to stabilize Pickering emulsions for potential cosmetic applications. The nanoparticles had
a contact angle of 78.02° + 2.04°, reflecting their hydrophilic nature. Their average size and zeta potential were
32.27 nm and +59.7 mV, respectively. Confocal laser scanning microscopy (CLSM) showed that the nano-
particles become well-adsorbed at the oil-water interface. The emulsions displayed shear-thinning viscosity and
gel-like texture. Their average droplet size ranged between 7.63 pm and 15.72 pm. CLSM skin tracking of the
nanoparticles, after ex vivo skin application of the Pickering emulsions, revealed the ability of the emulsion
droplets to penetrate the stratum corneum and deposit in deeper skin layers. The penetration degree depends on
the concentration of the nanoparticles in the emulsion and on the contact time with the skin. These results
provide new insights into the fate of the nanoparticles used to stabilize Pickering emulsions following their skin
application.
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1. Introduction

Sustainable cosmetics are gaining increasing interest in the industrial
and academic sectors due to consumer demands towards safe and
environmentally-friendly products with a “clean-label” [1]. Cosmetic
emulsions, in the form of creams, lotions and gels are manufactured on a
wide scale. These formulations contain surfactants that are used to
disperse and emulsify the oil phase. Among the most commonly used
surfactants in cosmetic emulsions are sodium lauryl sulfate, sodium
dodecyl sulfate, sodium laureth sulfate, polyethylene glycol ethers,
polysorbate 80, and sorbitan oleate (Span 80) [2]. Although these sur-
factants are very popular in cosmetic formulations, recent studies have
shown that they have adverse effects on both the environment and
human health as they have been reported to cause cytotoxicity and
hemolysis [2,3]. Moreover, many surfactants that are used as emulsifiers
or detergents can induce/evoke adverse skin reactions, such as inflam-
mation and contact dermatitis [4].

Pickering emulsions are emulsions stabilized by solid particles that
become adsorbed at the oil/water interface [5-7]. They are considered
eco-friendly alternatives to the classical emulsion-based systems due to
their emulsifier-free nature [7,8]. Pickering emulsions are finding
increasing attention in the food and cosmetic applications [9-13].
Pickering emulsions based on biopolymeric particles, in particular, are
increasingly becoming attractive vehicles in cosmetic and skin appli-
cations due to their non-toxic, biocompatible, and biodegradable prop-
erties [14-17].

Chitosan is a linear polysaccharide obtained from the deacetylation
of chitin, which is a natural polymer that occurs in the exoskeleton of
crustaceans. It is a copolymer that consists of D-glucosamine (deacety-
lated units) and N-acetyl-D-glucosamine (acetylated units) linked by
-(1,4) glycosidic bonds [18]. Chitosan is classified as GRAS (Generally
Recognized As Safe) [19]. Recently, chitosan-based particles have been
used as successful Pickering emulsion stabilizers in various applications
[14,17,20-23]. Chitosan has been used widely in cosmetic and skin
formulations owing to its antibacterial, antioxidant, and skin regenera-
tive properties [24,25], and also to enforce the circular economy prin-
ciples for a sustainable cosmetic market [24]. It has also been used to
enhance the stability of cosmetic formulations by acting as a stabilizer
and a viscosifier (rheology modifier) [26]. Additionally, chitosan, when
in the protonated form, has been reported to improve the cutaneous
penetration of drugs and cosmeceuticals due to its ability to interact
with the negative charges in the tight junctions of the stratum corneum
(the outermost layer of the skin) [12,27-29]. Studies have also shown
that chitosan changes the structure of keratin in the skin, decreases the
cell membrane potential, and promotes cell membrane fluidity which
leads to improving the cutaneous penetration [28].

Pickering emulsions stabilized with polysaccharide/protein complex
particles have gained increasing research recognition as they demon-
strate high stability and long shelf life [30]. Collagen peptides (collagen
hydrolysates) are produced by the enzymatic, acidic or alkaline hydro-
lysis of collagen, the main structural protein present in the skin, bones
and connective tissues [31]. Their low molecular weight has been re-
ported to increase their bioavailability compared to their parent pro-
teins. The utilization of collagen peptides in food supplements, cosmetic
and pharmaceutical products is rapidly increasing [31,32]. The incor-
poration of collagen peptides in commercial cosmetic formulations has
recently become exceptionally trendy due to their anti-aging properties.
Collagenase enzyme is known to hydrolyze the collagen present in the
skin, leading to dehydration and gradual loss of skin elasticity, and,
subsequently, to the formation of wrinkles. Collagen peptides have been
reported to have anti-collagenase activity, and thus help in preserving
the indigenous skin collagen [33]. They have also been reported to
possess anti-inflammatory and antioxidant properties [34].

Recent studies on Pickering emulsions developed for cosmetic and
skin applications focused chiefly on tracking the fate of the active agent
(the drug/cosmeceutical compound) that is incorporated/encapsulated
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in the dispersed phase [12,17,35,36]. However, to date, studies that
explore the fate of the nanoparticles that stabilize Pickering emulsions
intended for dermal and/or transdermal delivery are very scarce in the
literature. Such studies are relevant to show how deep the nanoparticles
of the Pickering emulsions can penetrate the skin. Additionally, these
studies can open new dimensions for the use of the nanoparticles; as they
can be tailored/designed to provide skin healing and therapeutic effects,
alongside their primary function which is the stabilization of the
emulsion. Unlike the case of Pickering emulsions, tracking of the
nanoparticles and investigating their skin penetration and distribution
has been tackled by several studies in which the particles acted indi-
vidually as dermal and/or transdermal delivery vehicles [28,37-39]. In
these studies, confocal laser scanning microscopy (CLSM) has proved to
be a successful technique for the tracking of the particles.

The objective of this work is to develop novel stable Pickering
emulsions stabilized with chitosan/collagen peptides nanoparticles for
potential cosmetic applications. The work aims to investigate the
microstructure, stability, and rheological properties of the produced
Pickering formulations. Besides, since both polymers used in the pro-
duction of the nanoparticles have skin benefits, the work aims to
investigate the fate of the nanoparticles after skin application by
tracking their skin distribution following the penetration of the emulsion
droplets. To the best of our knowledge, this is the first study that ex-
plores the fate of chitosan-based particles after the topical application of
Pickering emulsions.

2. Materials and methods
2.1. Materials

Chitosan (ChitoClear®) with a molecular weight of 100—200 kDa,
and a degree of deacetylation of 96 % was a kind gift from Primex ehf,
Iceland. Collagen peptides (the hydrolysed form of collagen type I), with
a molecular weight of 5000 Da and an isoelectric point of 5.2, were
obtained from HiMedia Laboratories, India. Olive oil (highly refined,
low acidity), sodium tripolyphosphate (technical grade, 85 %), Nile Red
and Nile Blue A (certified by the Biological Stain Commission) were
purchased from Sigma Aldrich. Acetic acid (0.1 N standardized solution)
was supplied by Alfa Aesar. The porcine skin samples were a kind gift
from Grupo Primor, Portugal.

2.2. Preparation of the chitosan/collagen peptides (CH/CP) nanoparticles

The CH/CP nanoparticles were produced by polyelectrolyte
complexation followed by ionic gelation as described by Anandhakumar
et al. [40], with some modifications. Dispersions with different con-
centrations of the nanoparticles were prepared; namely with 1%, 1.5 %,
2% and 2.5 % (w/v). Briefly, and taking the 1.5 % w/v nanoparticles
dispersion as an example, the preparation method comprised the next
steps. Firstly, 0.75 g of chitosan was left overnight to dissolve in 50 ml of
0.1 N acetic acid with magnetic stirring at 800 rpm. Thereafter, a so-
lution of collagen peptides (pH = 6-6.2) was prepared by dissolving
0.75 g (the same amount as chitosan) in 15 ml of deionized water and
added to the chitosan solution (pH = 4.2) under continuous stirring to
prepare chitosan/collagen peptides (CH/CP) complex mixture
(pH = 4.7). Finally, 0.014 g of sodium tripolyphosphate (TPP) was
dissolved in 35 ml of deionized water and added dropwise over 30 min
to the CH/CP mixture under continuous stirring at 600 rpm. The mixture
changed into an opalescent dispersion indicating the formation of the
nanoparticles through the ionic gelation of the CH/CP complex mixture
by TPP [40]. The produced opalescent nanoparticle dispersion was kept
under the same stirring rate for one hour. The pH of the produced CH/CP
nanoparticle dispersion was 5.08. All the steps were carried out at room
temperature (25 °C). The amount of TPP was always kept at a content of
1.8 % relative to the chitosan amount in all the produced CH/CP
nanoparticle dispersions (1%, 1.5 %, 2%, and 2.5 % w/v). This low
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concentration of TPP was enough to form opalescent dispersions of
nanoparticles. Higher concentrations of TPP relative to chitosan resulted
in undesired precipitation.

2.3. Preparation of the Pickering emulsions

The emulsions stabilized with CH/CP nanoparticles of different
concentrations (1%, 1.5 %, 2%, and 2.5 % w/v) were prepared by
emulsifying 40 ml of the nanoparticle dispersion with 60 ml of olive oil
using a high-speed homogenizer (Ultra-Turrax Digital T25, IKA, Ger-
many) at 13,500 rpm for 6 min. The oil was added slowly in a portion-
wise manner.

2.4. Characterization of the produced CH/CP nanoparticles

2.4.1. Morphology and size of the nanoparticles

Transmission electron microscopy (TEM) was used to examine the
morphology and size of the produced nanoparticles. The sample was
prepared by mounting 10 pL of the nanoparticle dispersion on Formvar/
carbon film-coated mesh nickel grids (Electron Microscopy Sciences,
Hatfield, PA, USA). Afterward, negative staining was done by adding
10 pL of 1% uranyl acetate onto the grids and left standing for 10 s.
Visualization was carried out with a JEOL JEM 1400 TEM at 120 kV
(Tokyo, Japan). Images were digitally recorded using a CCD digital
camera Orious 1100 W (Tokyo, Japan). The average size of the nano-
particles was determined by using ImageJ software.

2.4.2. Zeta potential of the nanoparticles

The zeta potential of the produced CH/CP nanoparticles (1.5 % w/v),
chitosan solution (0.75 g/50 ml), CP solution (0.75 g/15 ml), and CH/
CP complex mixture (obtained by mixing chitosan and collagen peptides
solutions) was determined using a Zetasizer Nano ZS ZEN3600 (Malvern
Instruments Ltd., UK). The concentration of the samples was the same as
the concentration of their solutions used in the production of the
nanoparticle dispersion. The results were reported as the average of
three runs for each sample.

2.4.3. Wettability of the nanoparticles

The wettability of the nanoparticles was determined using Data-
physics OCA15 Plus equipment (Dataphysics, Germany). All the mea-
surements were conducted at room temperature (25 °C). For the
wettability experiments, homogenous films of CH/CP nanoparticle
dispersion were prepared by depositing the dispersion (1.5 % w/v) on
glass slides, which were left to dry at room temperature. The contact
angle of the nanoparticles was determined by injecting deionized water
droplets (4 pl each) onto the surface of the dried films. The shape of the
droplet was photographed after 30 s for equilibrium [41,42] using a
digital camera coupled to the equipment. The Young-Laplace equation
was applied by the software to fit the profile data of the droplet. Mea-
surements were taken as the average of at least 3 droplets on 2 different
films of the same nanoparticle dispersion. The contact angle of chitosan
and collagen peptides was also measured using the same method.

2.4.4. Dynamic interfacial tension

The interfacial tension was measured by the pendant drop method
using the Dataphysics OCA15 Plus device (Dataphysics, Germany).
Briefly, a drop of the CH/CP nanoparticle dispersion (1.5 % w/v) was
formed by a submerged syringe inside a cuvette filled with olive oil. The
interfacial tension was measured between CH/CP nanoparticle disper-
sion and olive oil over 2400 s and was calculated by the pendant drop
shape with the Young-Laplace equation using the equipment software.
The measurements were also conducted between CH/CP complex
mixture and olive oil, as well as between chitosan solution and olive oil,
and between collagen peptides solution and olive oil.
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2.5. Characterization of the Pickering emulsions

2.5.1. Droplet size

The Pickering emulsion average droplet size was measured by a laser
diffraction particle size analyzer (LS 230, Beckman Coulter, USA). The
refractive indexes were set as 1.46 for olive oil and 1.33 for water. The
measurements were done in triplicate for each sample.

2.5.2. Creaming index

The Creaming Index (CI%) was determined for freshly prepared
emulsions and after storage for two months to investigate the level of
any potential phase separation. The emulsions were kept in sealed
bottles to prevent water evaporation. CI% was calculated using the
following formula [43,44]:

H
Cl% :Fj % 100

where Hg is the height of the serum layer and H; is the total height of the
emulsion.

2.5.3. Microstructure

The microstructure of the Pickering emulsions produced with
different nanoparticle concentrations was analyzed using a Leica DM
2000 optical microscope equipped with a Leica Application Suite
Interactive Measurement imaging software. The images were acquired
at a magnification of 10 x .

Confocal laser scanning microscopy (CLSM) was used to examine the
interfacial microstructure and confirm the type of the obtained Picker-
ing emulsions. A fluorescent dye solution in isopropyl alcohol was pre-
pared by mixing Nile Blue (0.1 % w/v) and Nile Red (0.1 % w/v) dyes.
The Pickering emulsion samples were stained after their preparation by
mixing 1 ml of the fluorescent dye mixture with 35 ml of the emulsion.
Nile Blue was used to stain the CH/CP nanoparticles, whereas Nile Red
was used to stain the oil phase. The analysis was conducted using a Leica
TCS SP5 CLSM (Leica Microsystems Inc., Germany). The applied exci-
tation wavelengths were 633 nm and 488 nm for Nile Blue and Nile Red,
respectively.

2.5.4. Rheological properties

The rheological properties of the Pickering emulsions were investi-
gated using a Kinexus Pro Rheometer (Malvern, UK). For the steady flow
assays, the apparent viscosity (1) was measured versus shear rate
(ranging from 0.1-100 s 1). These measurements were conducted using
a cone plate with a diameter of 40 mm, an angle of 4°, and a fixed gap of
0.15 mm. The frequency sweep measurements were conducted at a
constant strain amplitude of 1 % (within the linear viscoelastic region)
using a parallel plate of a diameter of 20 mm with a fixed gap of 1 mm.
The storage modulus (G") and loss modulus (G”) of the produced Pick-
ering emulsions were measured over a frequency range of 0.01—-10 Hz.
All the measurements were conducted at 25 °C.

2.6. Ex vivo skin application studies and tracking the fate of the
nanoparticles

2.6.1. Skin preparation and Pickering emulsions application

Dorsal porcine skin samples were obtained from pigs slaughtered at a
local slaughterhouse with permission from the General Directorate of
Food and Veterinary Medicine (DGAV, Portugal). The skin samples were
shaved by an electric shaver (LS7140 Grundig, Grundig Intermedia
GmbH, Germany). The subcutaneous fat layer was carefully removed
with a surgical scalpel according to the OECD guidelines [45]. The skin
samples were then rinsed with water, wrapped in parafilm and
aluminum foil, and stored at —20 °C until used.

The produced Pickering emulsions stabilized with 1% and 2% w/v
CH/CP nanoparticles were stained by Nile Blue (0.1 % w/v) by mixing
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1 ml of the dye solution with 35 ml of the emulsions. The stained
emulsion samples were then applied to the skin using Franz diffusion
cells (PermeGear, USA). Briefly, the skin samples were left to thaw at
room temperature for 1h before the experiments. They were then
mounted between the donor and the receptor compartments of the Franz
diffusion cells, with the stratum corneum side facing the donor
compartment. Afterward, a sample of 300 pl of Pickering emulsion
formulation was added to the donor compartment and spread uniformly
on the skin. The receptor fluid consisted of a 1:1 mixture of ethanol and
PBS (pH 7), which was kept under magnetic stirring. The addition of
ethanol to the receptor fluid is in accordance with the OECD guidelines
for the ex vivo skin permeation experiments [45], and with previously
reported methodologies [28]. The experiment was conducted under
occlusive conditions to prevent water evaporation from the formula-
tions, as previously reported [46,47]. The temperature was kept at 32 °C
using a thermostatic water bath. The contact time of the formulations
with the skin (the duration of the experiment) was set as 6 h, as well as
24 h for each formulation. At the end of the experiment, the skin samples
were collected, rinsed with water thoroughly (to remove any residual
formulation remaining on the surface), placed in a tissue freezing me-
dium (Killik®, Bio-Optica), and kept in an ultra-low temperature freezer
(—78 °C) until cryo-sectioning.

2.6.2. Skin distribution and tracking of the CH/CP nanoparticles

Confocal laser scanning microscopy (CLSM) was used to track the
nanoparticles and explore their distribution in the skin after the topical
application of the emulsion formulations. For this purpose, the skin
samples treated with Pickering emulsions stabilized with 1% and 2% w/
v CH/CP nanoparticles (labeled with Nile Blue) were cryo-sectioned
using a cryostat (Cryostat Leica CM 3050S) to sections with a thick-
ness of 20 um. The skin sections were visualized with CLSM at an
excitation wavelength of 633 nm.

2.7. Statistical analysis

The results were presented as the mean + standard deviation using
Microsoft Excel 365. The statistical comparisons were performed using
one-way analysis of variance (ANOVA) and the independent sample t-
test (with the level of significance at p values < 0.05) [48].

3. Results and discussion
3.1. Production and characterization of CH/CP nanoparticles

3.1.1. Morphology, size and zeta potential of the nanoparticles

CH/CP nanoparticles were prepared by complexation between the
positively charged chitosan polymer chains and the negatively charged
collagen peptides, followed by ionic gelation between the positively
charged CH/CP complex mixture and the polyanions of sodium
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tripolyphosphate (TPP) [40]. TEM images (Fig. 1) show that the pro-
duced CH/CP nanoparticles have an average size of
32.27 nm =+ 10.14 nm, with a minimum measured size of 14.40 nm and
a maximum one of 59.39 nm. The images also show that the nano-
particles are irregularly spherical and oval.

The produced CH/CP nanoparticles are positively charged and have
an average zeta potential of +59.7 + 2.66 mV, as shown in Table 1. It
was also observed that the collagen peptide solution has a negative zeta
potential (-16.1 + 0.361 mV), which allowed the polyelectrolyte
complexation with the positively charged chitosan. The complexation
between the two polymers occurs mainly through hydrogen bonding
between chitosan and collagen peptides [40], as well as via the elec-
trostatic interaction between the oppositely charged chitosan and
collagen peptides, which was evident in the observed decrease in the
zeta potential of chitosan solution from +79.4+3.71mV to
+62.3 £ 2.1 mV during the CH/CP complex mixture formation. The
CH/CP nanoparticles were then obtained by the ionic gelation between
the polyanions TPP and CH/CP complex mixture which decreased the
zeta potential slightly from +62.3 +2.1mV to +59.7 + 2.66 mV.
Although the amount of the used TPP is small, which is reflected in this
slight decrease in the zeta potential value, the step of the ionic gelation
by TPP was important for the production of the nanoparticles. The
addition of TPP resulted in the transition of the transparent CH/CP
complex mixture into an opalescent nanoparticle dispersion.

3.1.2. Wettability of the nanoparticles

Solid particles that are used as emulsion stabilizers should have
adequate wettability to allow them to be available at the oil/water
interface. The wettability of the particles is calculated by the contact
angle value which determines their hydrophilic or lipophilic nature, and
hence the type of the Pickering emulsion they can stabilize. Particles
that have a contact angle less than 90° are hydrophilic and produce o/w
Pickering emulsions, while particles with a contact angle higher than
90° are hydrophobic and form w/o emulsions [49-51]. Particles with a
contact angle of 90° are wetted equally by the oil and water phases, and
theoretically, result in the formation of emulsions with optimized sta-
bility. However, in practical terms, it has been reported that emulsion
stability is enhanced when a slightly greater part of the particle is placed
in the continuous phase, i.e., when the particle has a slightly higher

Table 1
Zeta potential values of chitosan and collagen peptides solutions, complex
mixture, and nanoparticles.

Sample Zeta potential (mV)
Chitosan (CH) solution +79.4 + 3.71
Collagen peptides (CP) solution —16.1 +£0.361
CH/CP complex mixture +62.3 £ 2.1
CH/CP nanoparticles +59.7 + 2.66

Fig. 1. TEM images of chitosan/collagen peptides nanoparticles at a magnification of (A) 100000X, scale bar = 100 nm, and (B) 50000X, scale bar = 200 nm.
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affinity to the external phase [50]. In this work, it was observed that the
contact angle of the CH/CP nanoparticles was 78.02 + 2.04° (Fig. 2),
which reflects their hydrophilic nature. It was also observed that the
contact angle of the produced CH/CP nanoparticles was higher than that
of chitosan (63.89 + 1.08°) and also higher than that of collagen pep-
tides (33.67 + 2.92°). These values suggest that the interaction between
collagen peptides and chitosan to form the nanoparticles decreased the
hydrophilicity of both polymers, which would enhance their ability to be
adsorbed at the oil/water interface and hence produce more stable
emulsions. It has been reported that during the formation of complex
chitosan/collagen peptides nanoparticles, the long chitosan chains fold
around the collagen peptides and form a new phase complex having
properties different from the ones of the individual components [40].
The process was stated to occur mainly via hydrogen bonding. In this
work, the decreased hydrophilicity of the produced CH/CP nano-
particles could be attributed to the preferential orientation of the hy-
drophobic units of chitosan (N-acetyl-D-glucosamine units) towards the
nanoparticle surface since the hydrophilic groups become internally
involved in the hydrogen bonding with the collagen peptides.

3.1.3. Interfacial tension

The dynamic interfacial tension measures the degree of the assem-
bly/adsorption of the nanoparticles at the oil/water interface [52-54].
Fig. 3 shows that the pure collagen peptides (CP) solution has lower
interfacial tension than the chitosan (CH) solution, indicating that the
CP solution is more interfacially active than the CH solution. It can also
be observed that the CH/CP nanoparticles and the CH/CP complex
mixture have lower interfacial tension than the chitosan solution,
reflecting that the interaction between collagen peptides and chitosan
enhanced the interfacial properties relative to chitosan. This observation
suggests that the interaction between the two polymers exposed more
hydrophobic domains/moieties facilitating the adsorption at the oil/-
water interface (as discussed previously in Section 3.1.2). It has been
reported that the exposure (uncovering) of the non-polar N-acetyl-D--
glucosamine units of chitosan confers some hydrophobic features to the
chitosan particles and improves their surface activity [55]. Fig. 3 also
shows that the CH/CP nanoparticles exhibited slightly lower interfacial
tension than that of the CH/CP complex mixture throughout the
experiment indicating that CH/CP nanoparticles have higher adsorption
ability at the oil/water interface than the CH/CP complex mixture.

3.2. Production and characterization of the Pickering emulsions

3.2.1. Visual appearance and average droplet size of Pickering emulsions
The formulation of cosmetic products containing sustainable and
biodegradable materials can be extremely challenging due to instability
constraints [1]. The stability of emulsions is determined by the creaming
index (CI%) and the size variation of the emulsion droplets during
storage [56]. Pickering emulsions are generally known to have higher
stability than classical emulsions. Digital photographs of freshly
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Fig. 3. Dynamic interfacial tension at the olive oil/water interface with the
adsorption of chitosan (CH) solution, chitosan/collagen peptides complex
mixture (CH/CP complex), chitosan/collagen peptides nanoparticles (CH/CP
NPs), and collagen peptides (CP) solution.

prepared and stored Pickering emulsions stabilized by CH/CP nano-
particles with concentrations of 1 %, 1.5 %, 2 %, and 2.5 % w/v are
shown in Fig. 4A. No phase separation was observed in the freshly
prepared formulations (CI% = 0), which was maintained after two
months of storage except for the formulation stabilized with nano-
particle concentration of 1% w/v. Unchanged CI% after storage in-
dicates excellent Pickering emulsion stability [41]. The formulation
stabilized with 1% w/v CH/CP nanoparticles showed a CI% of 9.09 %
after a storage period of two months, implying low water retention
ability due to the weak structural network of the formed Pickering
emulsion. However, CI% values were unchanged ( = 0%) as the nano-
particle concentration increased due to the presence of a stronger and
more compact network structure, leading to better water retention, and
hence to higher stability [57]. It is noteworthy that the used chitosan to
collagen peptides mass ratio of 1:1 was used since it resulted, based on
preliminary studies, in the formation of both stable CH/CP nanoparticles
and stable Pickering emulsions.

Fig. 4B shows the average droplet size of the produced Pickering
emulsions measured directly after preparation, and after a storage
period of 2 months. The freshly prepared emulsions were characterized
by an average droplet diameter ranging between 7.63 + 0.20 pm and
15.72 + 0.19 pm, which increased slightly to 10.19 + 0.46 pm and
17.19 £ 0.98 pm after storage. It can be noticed that the size of the
emulsion droplets is much larger than the size of the nanoparticles (as
shown previously in the TEM images in Fig. 1), which is in agreement
with the prerequisite that the size of the particles should be at least one
order of magnitude smaller than the oil droplets for the Pickering
emulsions to be formed [56]. Additionally, Fig. 4B shows that the

33.67 £ 2.92°

63.89 £ 1.08°

78.02 + 2.04°

Fig. 2. Contact angle in the air environment of A) Collagen peptides, B) Chitosan, and C) Chitosan/collagen peptides nanoparticles.
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droplet size of the produced Pickering emulsions significantly decreased
as the nanoparticle concentration increased. At a fixed oil fraction, the
dispersed phase is initially broken into small droplets by homogeniza-
tion to the same extent. These droplets tend to coalesce to reduce the
interfacial area. At higher particle concentrations, more particles are
available to adsorb at the oil/water interface preventing the droplets
from coalescence and resulting in the decrease of the droplet size [41].
Fig. 4B also shows a significant difference in the average droplet size of
some formulations after storage (p < 0.05). However, this variation is
noticeably low which suggests that the produced Pickering emulsions
are less susceptible to aggregation or coalescence [58], and implies good
storage stability as evidenced by the absence of phase separation after
storage.

M Fresh emulsions
m Stored emulsions

1% 1.5%
CH/CP NPS concentration (w/v%)
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Fig. 4. (A) Photographs of Pickering emulsions
stabilized with chitosan/collagen peptides
nanoparticles prepared with concentrations of
1%, 1.5 %, 2 %, and 2.5 % (w/v): (i) Freshly
prepared emulsions and (ii) Emulsions stored
for two months at room temperature with the
corresponding creaming index value (CI%). The
arrow (if present) shows phase separation. (B)
The average emulsion droplet size of the pro-
c* duced Pickering emulsions. Different uppercase
letters (A-C) indicate significant differences in
the average droplet size between the fresh
C emulsions prepared with different CH/CP NPs
concentrations (p < 0.05), different lowercase
letters (a-c) indicate significant differences in
the stored emulsions with different CH/CP NPs
concentrations (p <0.05), and * (if present)
indicates significant differences between the
fresh and stored emulsions with the same CH/

2% 2.5% CP NPs concentration (p < 0.05).

3.2.2. Morphology and interfacial structure of Pickering emulsions
Optical microscopy images (Fig. 5) show that the droplets of the
produced Pickering emulsions were all intact and spherical. It can be
observed that the droplet size decreases as the CH/CP nanoparticle
concentration increases, which is in agreement with the results of the
average droplet size shown in Section 3.2.1. Moreover, the optical mi-
croscopy images show that the microstructure of the formulations be-
comes more compact as the nanoparticle concentration increases. This
could be explained by the fact that by the increase of the nanoparticle
concentration, more nanoparticles were available to become adsorbed at
the oil/water interface and form a dense network structure resulting in
the decrease of the emulsion droplet size [57,59]. Additionally, this
compact/dense network structure hinders the collision of the droplets,
preventing their coalescence and Ostwald ripening, and hence enhances

2.5% w/v

Fig. 5. Optical microscopy images of Pickering emulsions prepared with chitosan/collagen peptides nanoparticles at concentrations of 1 %, 1.5 %, 2 % and 2.5 % w/

v. Scale bar = 20 pm.
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the emulsion stability [57].

The interfacial structure of Pickering emulsions stabilized with CH/
CP nanoparticles (1.5 % w/v) was investigated by the CLSM. The images
(Fig. 6) show that the nanoparticles form a dense layer (appears in red)
around the oil droplets (appear in green), indicating efficient nano-
particle adsorption at the oil/water interface. The CLSM images also
confirm that produced Pickering emulsions stabilized with CH/CP
nanoparticles are o/w emulsion type.

3.2.3. Rheological properties

The rheology of topical Pickering formulations is an important
quality parameter [60]. In this study, the apparent viscosity of the
produced Pickering emulsions decreased with the increase of shear rate
from 0.1-100 s~! as shown in Fig. 7A, indicating that the emulsions
demonstrate a shear-thinning and non-Newtonian fluid behavior [61].
The shear-thinning behavior is a desirable feature for topical formula-
tions as it facilitates the application of the product on the skin [62], and
leaves a smooth sensorial feeling [2]. It can also be observed that the
apparent viscosity of the produced emulsions increased with the in-
crease of CH/CP nanoparticle concentration from 1% w/v to 2% w/v.
This increase in the apparent viscosity subsequently leads to higher
stability due to the formation of a network structure that restricts/limits
the emulsion droplet movement and hence prevents aggregation, coa-
lescence, and creaming [57].

The strength of the network structure can be determined from the
storage modulus (G’) which indicates the elastic properties of the
emulsion, and the loss modulus (G”) that indicates the viscous properties
of the emulsion [63]. The results of the dynamic oscillatory measure-
ments of the Pickering emulsions with the frequency ranging from
0.01-10 Hz are shown in Fig. 7B. It can be noted that the values of G’ and
G” increased by increasing the CH/CP nanoparticle concentration,
which can be attributed to a higher particle adsorption rate leading to
the formation of a stronger network structure [57]. Additionally, it can
be observed that the values of G’ were higher than G” for both formu-
lations, implying the formation of an elastic gel-like network in the
formed Pickering emulsions. Higher values of G’ than G” also indicate
that the reversible deformation of the emulsion droplets is greater than
the irreversible deformation because of the dominating elastic gel-like
behavior [10].

3.3. Skin distribution and tracking of the CH/CP nanoparticles

The skin distribution of the nanoparticles stabilizing the Pickering
emulsion formulations was investigated after 6 and 24 h of skin appli-
cation. Fig. 8 shows the CLSM images of porcine skin sections treated
with Pickering formulations stabilized with 1% and 2% w/v CH/CP
nanoparticles. Higher fluorescence intensity was observed in samples
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Fig. 7. The rheological profiles of Pickering emulsions stabilized with 1% w/v
and 2% w/v chitosan/collagen peptides nanoparticles: (A) Apparent viscosity
versus shear rate, and (B) Frequency sweep curves showing values of the
storage modulus (G’) and loss modulus (G”).

treated with the Pickering formulation stabilized with 2% w/v CH/CP
nanoparticles (Fig. 8C and D) compared to the samples treated with the
formulation stabilized with 1% w/v nanoparticles (Fig. 8A and B).
Moreover, it is noticeable that the highest fluorescence intensity was
observed through the entire skin layers (stratum corneum, viable
epidermis, and dermis) for the formulation stabilized with 2% w/v CH/
CP nanoparticles after 24 h of skin exposure. This observation indicates
that a higher degree of penetration was achieved with prolonged skin
contact time.

Fig. 6. Confocal laser scanning microscopy images of Pickering emulsions stabilized with chitosan/collagen peptides nanoparticles (1.5 % w/v); (A) The emulsion
droplets stained with Nile Red, (C) The adsorbed nanoparticles stained with Nile Blue appearing as red rings, and (B) An overlay of images (A) and (C) combined

using LAS X software. Scale bar = 10 pm.
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Fig. 8. CLSM images of skin sections showing the distribution of chitosan/collagen peptides nanoparticles from Pickering emulsions: (A) Formulation stabilized with
1% w/v nanoparticles after 6 h; (B) Formulation stabilized with 1% w/v nanoparticles after 24 h; (C) Formulation stabilized with 2% w/v nanoparticles after 6 h, and
(D) Formulation stabilized with 2% w/v nanoparticles after 24 h. Scale bar = 50 pm.

It has been reported that polymeric microparticles/microspheres
made of natural and synthetic polymers with a diameter ranging be-
tween 3 pm and 10 pm penetrate the skin mainly through hair follicles
and to a less extent via diffusion through the stratum corneum. Micro-
particles with sizes smaller than 3 pm penetrate easily by diffusion
through the stratum corneum in a high concentration as well as the hair
follicles, while those with sizes larger than 10 pm remain on the skin
surface [64]. However, that study did not discuss the other physico-
chemical properties of the particles that can influence their penetration
at non-follicular regions of the stratum corneum, and it only dealt with
aqueous dosage forms as carriers of the particles. In fact, aside from the
size, other particle properties such as the surface charge and hydro-
phobicity have been reported to play an essential role in their penetra-
tion through the stratum corneum and deposition in the skin tissue [38].
The size that allows the penetration of the particles through the stratum
corneum can be different for particles dispersed in an oil vehicle (such as
the case of Pickering emulsions) since the surface of such particles be-
comes more hydrophobic than the particles dispersed in an aqueous
vehicle. This increased hydrophobicity of particles permits them to
easily penetrate the stratum corneum through its lipid extracellular
pathway [65].

Studies on the skin distribution of the nanoparticles in the viable

epidermis and dermis layers resulting from topical Pickering emulsions
penetration are very scarce in the available literature. The skin pene-
tration of the Pickering emulsion droplets stabilized with modified cel-
lulose nanocrystals was evaluated in a very recent study [66]. The
presence of the nanocrystals in the viable epidermis and dermis was
detected 24 h after skin application. It was concluded that the Pickering
emulsion droplets penetrated through the stratum corneum with the
nanocrystals adsorbed on their surface due to the small average size of
the droplets (< 3 pm).

The skin penetration of the particles from Pickering emulsions is
either achieved through the penetration of the intact emulsion droplets
(with the particles being adsorbed on their surface) and/or through the
possible breaking up of the emulsion droplets on the skin surface during
application, which leads to the releasing of the previously adsorbed
particles that eventually penetrate the skin easily [65].

In the present study, the ability of the emulsion droplets stabilized
with chitosan/collagen peptides nanoparticles to penetrate the stratum
corneum and reach deeper skin layers is attributed mainly to the domi-
nating positive charge of the adsorbed particles (as was discussed in
Section 3.1.1). The positively charged chitosan has been reported to
open the epidermal tight junctions and disorder the intercellular lipid
bilayer as a result of interacting with the negatively charged cells of the
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stratum corneum, which was evident in the slight loosening of the surface
layer and the creation of minute microscopic pores (cavitations) in the
stratum corneum [67]. Therefore, in the present work, it is suggested that
the charge of the cationic chitosan/collagen peptides nanoparticles
adsorbed on/stabilizing the Pickering droplets facilitated the passage of
the small emulsion droplets through the stratum corneum to deeper
layers. Increasing the concentration of the nanoparticles provided a
higher positive charge on the surface of the emulsion droplets, and
hence led to a deep penetration which was evident in the higher fluo-
rescence intensity in the viable epidermis and dermis (that can be
observed in Fig. 8C and D). Furthermore, higher nanoparticle concen-
tration results in a decrease in the droplet size of the produced Pickering
emulsion (as discussed previously in Section 3.2.1), and hence allows
higher penetration of the emulsion droplets that are smaller in size.
Additionally, free particles that can be present in excess in the external
phase of Pickering emulsions easily penetrate the stratum corneum due to
their small size [65]. The higher concentration of the CH/CP nano-
particles (2% w/v) results in the presence of a greater number of
available nanoparticles. Some of these nanoparticles could have existed
freely in the external phase, and eventually penetrated the stratum cor-
neum and reached the deeper skin layers.

It is noteworthy that the higher viscosity of the Pickering emulsion
formulation stabilized with 2% w/v CH/CP nanoparticles, compara-
tively with the formulation stabilized with 1% w/v, did not hinder the
penetration of the droplets to deep skin layers. It is suggested that the
influence of the positive charge and the smaller droplet size predomi-
nated over the higher viscosity effects that could have hindered the
penetration.

It is also important to mention that no fluorescence was detected in
samples withdrawn from the receptor fluid for both formulations (1%
and 2% w/v) indicating that no nanoparticles or emulsion droplets
permeated the skin, but they were rather retained/localized in the skin.
A similar observation was reported by the CLSM tracking of chitosan
nanoparticles designed for transdermal delivery [28]. Moreover, it has
been reported that nanoparticles designed for topical applications
require to be dispersed in a semisolid carrier/vehicle such as hydrogels
to ensure the adherence of the nanoparticles to the skin. At the same
time, the chosen semisolid vehicle should not interfere with the char-
acteristics of the dispersed nanoparticles system [29]. Therefore, the
present study suggests that Pickering emulsions could act as effective
platforms for the nanoparticles dermal delivery since the CH/CP nano-
particles were able to penetrate the stratum corneum and deposit in the
viable epidermis and dermis.

4. Conclusions

Chitosan/collagen peptides nanoparticles acted as effective bio-
polymeric stabilizers for Pickering emulsions. The produced nano-
particles have shown enhanced wettability and a higher ability to reduce
the interfacial tension compared to that of chitosan alone, suggesting
that the interaction of chitosan with collagen peptides introduced and/
or exposed more hydrophobic moieties. The produced Pickering emul-
sions demonstrated excellent storage stability, which increased as the
nanoparticle concentration increased. No phase separation was
observed in the Pickering emulsions stabilized with CH/CP nano-
particles at concentrations above 1% w/v during the storage evaluation
period of 2 months. The produced Pickering emulsions have shown a
shear-thinning behavior and a gel-like structure. Tracking of the CH/CP
nanoparticles by CLSM after the skin application of the Pickering
emulsions confirmed the presence of the nanoparticles in deeper skin
layers and not just in the stratum corneum. The degree of skin penetration
increased as the concentration of the nanoparticles stabilizing the
Pickering emulsions increased. The higher viscosity of the Pickering
emulsions, related to the higher nanoparticle concentration, did not
influence the degree of skin penetration. Moreover, the degree of skin
penetration increased as the contact time of the emulsions with the skin
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increased. These findings reveal, for the first time, the effective depo-
sition of the chitosan-based nanoparticles in skin layers, which was
achieved through the developed Pickering emulsions formulations.
These results will be helpful for future studies to expand the application
of the produced Pickering emulsions as prospective cosmetic vehicles/
candidates, or as dispersion medium/carriers for the topical delivery of
functionalities after evaluating the toxicological profile of the
formulations.
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