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Mesoporous silica are widely utilised as drug carriers due to their large pore volume and surface area, which
facilitate effective loading. Additionally, they can be used to enhance drugs stability and protect against enzy-
matic degradation due to their silica framework. However, without the addition of a capping material, the loaded

;zigi:sg cargo may be prematurely released before reaching the target site. This work reports the functionalisation of a
Autofluorescence commercially available silica microparticle (SYLOID XDP 3050) with stearic acid at various stearic acid loading
Crystals concentrations (20-120 % w/w). Scanning electron microscopy (SEM) analysis revealed that the pores were

capped with stearic acid, with the filling ratio increasing proportionally to the loading concentration. Notably,
needle-like structures appeared when the stearic acid amount exceeded 80 % w/w, surpassing the calculated
theoretical maximum pore filling ratio (64.32 %). The molecular interactions were highlighted using Fourier-
transform infrared spectroscopy (FTIR), as the intensity of the CHj3 increased with increased stearic acid
loading concentrations. The needle-structures phenomenon was corroborated by 3D confocal imaging. It utilised
the autofluorescence properties of stearic acid to demonstrate its presence within the carrier, with fluorescence
intensity increasing alongside the stearic acid concentration. Differential scanning calorimetry (DSC) indicated
the crystalline nature of these needle structures, which was further confirmed by X-ray diffraction (XRD) anal-
ysis, validating the crystallisation of the stearic acid needles. Moreover, nitrogen porosimetry was employed to
assess the pore volume and surface area, where the formulation containing 120 % stearic acid exhibited the
lowest pore volume (0.59 cc). This value was smaller than unloaded SYLOID (2.1 cc), indicating near-complete
filling of the carrier. This newly developed SYLOID-stearic acid carrier will now be used to enhance formulation
development as a platform to enhance protein oral drug delivery.

1. Introduction

Mesoporous silica are widely used as carriers for different materials
as they possess adjustable porous structure, high loading capacity, and
tuneable surface area, as well as relatively high silanol density [1]. The
chemical stability of SiOp matrices, despite their non-biodegradable
nature, makes the abundant pores in mesoporous silica ideal for ac-
commodating various molecules. Their exceptional biocompatibility
further supports applications in drug delivery, bioimaging, and bio-
sensing, enabling safe and efficient interactions with biological systems
[2]. In addition, mesoporous silica are employed for oral delivery and
tailored for targeting purposes through the optimisation of their shape
and surface properties. This can be achieved by surface modifications
via numerous functional groups and active targeting [3]. Their rigid
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silica framework enhances drug stability, protecting sensitive thera-
peutics like proteins and peptides from enzymatic degradation and pH
fluctuations, which improves bioavailability while minimising systemic
toxicity [4]. Despite their advantages, mesoporous silica carriers may
encounter challenges such as premature drug release before reaching the
target site, making them susceptible to cellular uptake and potentially
reducing the effectiveness of the carried active pharmaceutical ingre-
dient (API). These drawbacks can be addressed using silica capping with
the application of gatekeepers that control the pore opening and release
of loaded materials through stimuli-responsive interactions [5,6]. The
addition of gatekeepers such as peptides and lipids enhances the surface
characteristics of silica particles, as some of these keepers are added to
target a specific tissue or organ, enhancing the interaction with tissues
[7,8]. There are several types and strategies for silica-capping, where
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lipids can be used as gatekeepers, and the cargo release mechanism is
based on the oxidation and reduction of the lipid [9]. Additionally, using
lipid-based materials as capping agents enables an easy surface func-
tionalisation of the silica carrier with numerous ligands [10].

As mentioned above, mesoporous silica capping can be achieved
using different materials, and one of the promising candidates is stearic
acid [11]. According to the International Union of Pure and Applied
Chemistry (IUPAC), stearic acid or octadecanoic acid is a long-chain
saturated fatty acid containing 18 carbon atoms as in the molecular
formula C;g8H3¢05, with a molar mass of 284.48 g.mol’l. Stearic acid is
highly biocompatible and possesses low cytotoxicity [12,13]. Like many
lipid-based materials with a crystalline structure, stearic acid displays
polymorphism. A case in which different crystal forms are constructed
depending on the arrangements of molecules [14]. While there are four
polymorphs of stearic acid, the majority of peer-reviewed literature
typically refers to it as a three-polymorph material (A, B, and C). Poly-
morph C is often considered the most stable and is obtained through
crystallisation with a polar solvent [15,16].

Stearic acid has been reported as a capping material for mesoporous
silica nanoparticles (MSNs) to enhance drug delivery or change silica’s
properties [17]. An example is the incorporation of chitosan-stearic acid
micelles with doxorubicin into MSNs [18]. There are several formula-
tion techniques to incorporate stearic acid into mesoporous silica,
including solvent evaporation. Santa Barbara 15 (SBA-15) mesoporous
silica was used to construct stearic acid —SBA composites through
ethanol solution impregnation to make SBA-15 retain the loaded cargo
[19]. Another example of mesoporous silica-stearic acid complexes was
investigated using tannic acid-MSNs to design a phase-changing mate-
rial for energy storage and heat transfer applications [20]. Additionally,
stearic acid has been reported to be used as a hydrophobic coating for
MSNs to overcome the barriers to protein’s oral delivery, considering
that hydrophobic surfaces are preferred for better internalisation into
the cells [21]. Functionalising MSNs with stearic acid can be helpful for
drug delivery and interaction with cells, as it was found that lipids tend
to enhance cellular penetration in a non-destructive manner [22].
However, despite the numerous advantages of MSNs, they face several
drawbacks in regard to accumulation in tissues after oral ingestion due
to their small size. Microparticles are superior to nanoparticles for drug
delivery in specific contexts due to their localized action and minimal
systemic effects [23,24]. Among these microparticles, is SYLOID, an
amorphous porous microparticle, with an average pore size of 25 nm
and a large surface area of 320 m?/g [25]. Therefore, these properties
make stearic acid and SYLOID XDP 3050 great candidates to construct a
novel carrier for peptide delivery.

This study aims to create a novel lipid-mesoporous hybrid carrier for
oral peptide delivery. This carrier will be made from a mesoporous
carrier particle (SYLOID XDP 3050) and stearic acid via an ethanol
evaporation method. This includes investigating stearic acid loading
over a range of concentrations while characterising the morphology and
size of the developed carrier using SEM imaging. In addition, DSC and
laser diffraction will be used to confirm the crystal behaviour of stearic
acid within SYLOID. Additionally, the autofluorescence properties of
stearic acid will be used to detect its presence on the carrier’s surface,
while nitrogen porosimetry will be implemented to evaluate the pore
volume and surface area changes with the increase in stearic acid
concentration.

2. Materials and methods
2.1. Materials

Stearic acid with bulk density 400-500 kg/m® and ethanol absolute
99.8 % (HPLC grade) were purchased from Sigma-Aldrich (Dorset, UK).
Mesoporous silica SYLOID ® XDP 3050 (average size of 59 pm, specific
surface area of 310 m2/g, average pore size of 25 nm, and pore volume
of 1.74 ¢cm®/g) was kindly provided by W.R. Grace and Co (Worms,
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Germany).
2.2. Methods

2.2.1. Preparation of mesoporous SYLOID-stearic hybrid formulations

The SYLOID-stearic hybrid carrier was made using a modified
ethanol evaporation method reported by Fan et al., where we reported
modifications to the loading time and temperature [26]. Stearic acid was
suspended in ethanol at concentrations ranging between 0.6 — 14 mg/ml
and left on a magnetic stirrer while covered for 10 min at 25 °C until
complete dissolution. SYLOID XDP 3050 was added to the stearic acid-
—ethanol solution and left to stir for 2 h at 25 °C while also being
covered, where the amount of stearic acid to SYLOID ranged between
20-120 % w/w. These concentrations were chosen to systematically
investigate its effect on the silica carrier morphological properties. This
range was selected to ensure sufficient coverage at the lower end and to
assess potential saturation or excess effects at the higher end. The sus-
pension mixture was spattered on a watch glass and left to dry in a
laboratory oven at 50 °C for 1 h. After drying, the samples were kept in
glass vials for post-formulation characterisation.

2.2.2. Morphology of the hybrid SYLOID- lipid particles

The morphology of the particles was assessed via Scanning electron
microscopy (SEM) imaging. The surface of the drug-loaded mesoporous
silica particles was examined by Philips XL30 ESEM FEG (Hillsboro, OR,
USA), operating at 10 kV under a high vacuum. Before SEM imaging,
samples were coated with gold by a sputter coater. Approximately 1 mg
of each sample was placed onto a double-sided adhesive strip on a
sample holder. SEM images were captured at different magnifications.

2.2.3. Particle size analysis using laser diffraction

Sympatec laser diffraction (Sympatec, Germany) was used to deter-
mine the particle size of the formulations. The instrument was equipped
with the vibratory feeder VIBRI, RODOS/L dispersion unit, and the
compact laser diffraction sensor HELOS/BR. The used lens was the R3
Fourier lens (f = 100 mm) with a measuring range between 0.5-175 pm.
The analysis parameters were as follows: PAQXOS 5.0 was employed as
the software to analyse the results, the dispersion pressure was set to 1
bar, vacuum to 22 mbar, the feed rate as 50 %, and the optical con-
centration > 1 %. All size analysis runs were done in triplicate for all
formulations.

2.2.4. Thermal characterisation of silica-stearic formulations

The thermal properties of samples were characterised by the Dif-
ferential Scanning Calorimetry DSC instrument TA Q200 (New Castle,
DE, USA). Each sample was accurately weighed into a Tzero low-mass
aluminium pan. The sample weight was 2.5 + 0.1 mg, and the sample
was heated in the range of 25-100 °C at a scanning rate of 10 °C/min
under a nitrogen flow of 50 ml/min. Tzero low-mass pans and Tzero
aluminium lids were used. TA universal analysis 2000 software (version
4.5) was employed to analyse the resulting DSC thermograms.

2.2.5. Fourier-transform infrared spectroscopy (FTIR) analysis
Investigation of molecular interactions was assessed using Nicolet™
iS™ 5 FTIR (Thermofisher, Waltham, USA) equipped with an ID5 dia-
mond attenuated total reflectance (ATR) accessory. Before scanning, a
background scan was collected, and approximately 30 mg of the pow-
ders were placed on the diamond plate. The spectrum was obtained by
taking 36 scans in the region 500-3500 cm ™! at 4 cm ™! resolution. At-
mospheric suppression and advanced ATR corrections were imple-
mented after scanning. OMNIC™ was used for spectra analysis.

2.2.6. X-ray diffraction

XRD data were collected on a 3rd generation Malvern Panalytical
Empyrean equipped with multicore (iCore/dCore) optics, providing Cu
Kal/2 radiation, and a Pixcel3D detector operating in 1D scanning mode
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Fig. 1. SEM imaging of unloaded SYLOID XDP 3050 at different magnifications, presenting the particle morphology (a), and pores (b). The red circles and arrow

identify the mesopores.

at a range between 5-65 26, step size of 0.05° and a count time of 1 s. For
low-angle measurements, a beam knife was used to reduce the air
scatter. Data were analysed using OriginPro 2021b software.

2.2.7. Helium pycnometry

The amorphous density of stearic acid was determined based on the
method of Bavnhoj et al. [27]. Prior to analysis, the material was heated
in a Heratherm oven (Thermo) at 10 °C above the melting point for 30
min, followed by quench cooling following the sample removal from the
oven. The samples were grounded and weighed into the aluminium
sample holder for analysis. A multipycnomter from Quantachrome In-
struments (USA) was used for amorphous density determination, and the
samples were purged with dry helium. Three consecutive measurements
were taken, and the results are presented as mean =+ SD.

2.2.8. Theoretical monolayer coverage and maximum pore loading
calculation

The theoretical monolayer is the required amount of the adsorbate to
cover the carrier in a monolayer coverage of the carrier (SYLOID) [28],
and it can be calculated using the following equation:

S8, x 10%° x Mw

X
" Se X Nu

@

where X, is the required stearic acid quantity to cover the adsorbate
(SYLOID) in a monolayer (g/g), SSa is the specific surface area of the
adsorbate (m?%/ g), Mw is the molecular weight of stearic acid (g/mol), S,
id the molecular surface area of the adsorbent (AZ), and Ny is Avogadro’s
number. Another aspect to consider is the theoretical maximum pore
loading it refers to the maximum theoretical amount of the material that
is loaded into the porous carrier [29], and it can be calculated using the
following equation:

TML = {M} x 100% @
1 + VP X Pstearic

where TML is the theoretical maximum load of the porous carrier, V}, is
the pore volume of the silica carrier (cc/g), and pstearic is the true density
of the loaded material (stearic acid).

2.2.9. Nitrogen porosimetry

The formulations * specific surface area, pore volume, and pore size
were determined using NOVAtouch LX2, Quantachrome instruments
(Anton Parr, USA). Prior to analysis, samples were degassed for 18 h at
30 °C. Specific surface area was acquired using standard BET (Brunauer,
Emmett, Teller) model by means of Nitrogen adsorption at 1 bar nitro-
gen gas with a relative pressure p/po in the range 0.05-0.3. Pore volume

was determined using BJH (Barrett, Joyner, and Halenda) adsorption
and BJH desorption methods. Kurk-Jaroniec-Sayari model [30] was
used to calculate the pore size distribution of the carrier, considering
that it is suitable for mesoporous silica carriers. Touchwin software
(version 1.2 x) was used to retrieve data.

2.2.10. Fluorescence imaging

Confocal microscopy (TCS SP8, Leica Microsystems, GmbH) was
used for imaging. A 405 nm diode laser and a white light laser at 70 %
power were used to image fluorophores AlexaFluor 532. The excitation
and emission wavelengths for stearic acid were 520-739 nm. HYD de-
tectors were used for each channel, 20X dry APO lens was used for
imaging, and all images were taken at 2048*2048 resolution with the
imaging speed set at 200 Hz. The laser powers, gain, and emission
wavelengths were kept consistent for quantification purposes. 3D image
for the particle is generated, where the two planes are merged. For
image analysis, LAS X 3.0 (Leica Microsystems GmbH) and Fiji [31]
software applications were used.

2.2.11. Statistical analysis

Statistical analyses of data were performed with SPSS 28 program by
using one-way Analysis of Variance (ANOVA) coupled with a Tukey
post-hoc test. All experiments were conducted in triplicate. All data was
presented as mean + SD, and P-value < 0.05 is considered statistically
significant.

3. Results and discussion
3.1. Morphology of the obtained hybrid SYLOID-lipid particles

The design of a novel mesoporous silica carrier with a needle-like
formation of stearic acid on its surface commenced via investigating
different stearic acid loading concentrations. Scanning electron micro-
scopy (SEM) imaging was used to study and define the structure and
morphological properties of the resulting stearic acid-capped SYLOID
particles. SYLOID has a particle size of 59 pm, with an average pore size
of 25 nm and a surface area of 320 m?/g as reported in the literature
[25,32]. The unloaded SYLOID particle structure and pores are high-
lighted in Fig. 1, where the red circles and arrow point.

To explore stearic acid effect on the porous structure of SYLOID after
loading in different concentrations, images were taken at high magni-
fications for all formulations and presented in Fig. 2, while low magni-
fication images were taken to check the particle’s surface (Fig. 3). The
silica pores seemed to be increasingly capped upon higher stearic acid
loading, and nano-sized masses of stearic acid precipitated on the sur-
face where the red arrows pointed. In formulations where loading is 100
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Fig. 2. High magnification SEM imaging for samples containing different stearic acid concentrations: 20% (a), 40% (b), 60% (c), 80% (d), 100% (e), and 120% (f).
Red arrows identify mesopores that are capped with stearic acid increase.
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Fig. 3. Low magnification SEM surface imaging for SYLOID-stearic particles in different concentrations, where 20% (a), 40% (b), 60% (c), 80% (d), 100% (e), and
120% (f) focusing on the particle surface and identifying needle-like structures.
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Fig. 4. FTIR profile for formulations containing different concentrations of stearic acid.

and 120 % w/w (Fig. 2 e-f), the pores appeared more capped with less
prevalence of the darker areas representing less pore availability than
formulations with less amounts of stearic acid (20-80 % w/w) as in
(Fig. 2a-d). This could be attributed to the higher amounts of stearic
acid, in which stearic acid nanoparticles occupied the pores and capped
them. Even though the pores in (Fig. 2b) visually appear larger than the
ones in (Fig. 2 a), this is related to the used carrier (SYLOID), being a
non-ordered mesoporous silica microparticle that has a non-uniform
pore distribution and sizes. As such, the visible appearance of the indi-
vidual particles does not represent pore size distribution. This was
evaluated using nitrogen porosimetry and reported in section 3.6.

As seen in Fig. 3 below, the surface of the silica carrier appeared
highly similar to the unloaded SYLOID (Fig. 1 a) in the formulations that
contained stearic acid in concentrations between 20-60 % w/w. How-
ever, when the amount increased to 80 %, small crystal-like structures
were evident on the surface, even though they were not very apparent.
However, when stearic acid concentration (w/w) increased to 100 %,
needle-like structures started to appear on the surface of silica particles,
which was attributable to stearic acid crystallisation (Fig. 3 e-f). These
structures are consistent with stearic acid crystal habits observed in the
literature [16], where needle-like formations are expected. According to
the SEM investigations, this observation of needle-like morphologies at
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concentrations exceeding 100 % was probably related to the capping of
mesopores, as the two phenomena seem to coincide [17].

Furthermore, it can be observed that silica particles with higher
stearic acid loading presented a more significant needle-like structure
population area and larger crystals. This can be seen by comparing
figure (3 e and 3f), where the amounts of stearic acid were 100 % and
120 %, respectively. When stearic acid was overloaded, in this case,
more than 100 % w/w regarding the carrier, it blocked the pores or
capped them, followed by the remaining stearic acid crystallising on the
surface of the carrier.

The analogy of this would be a container filled to its total capacity,
and the remaining liquid/material beyond capacity started to overflow.
Stearic acid within pores was expected to be inhibited from significant
crystallisation due to spatial confinement [33]. However, the excess on
the surface was free to crystallise into large crystals. One possible hy-
pothesis is the formation of nano stearic acid aggregates in the meso-
pores upon drying, as described below.

3.2. Theoretical minimum monolayer coverage and maximum pore
loading

These stearic acid nanoparticles within the pores solidified and
interconnected to close the pores. In contrast, the remaining stearic acid
then used the near-surface nuclei of stearic acid to grow into directional
needle-like shapes, similar to stearic acid and stearyl alcohol needle
formations in oleogels [34]. It could be noticed that the stearic acid
crystals were mostly perpendicular in their formation plane to that of the
carrier surface. This constituted preliminary evidence supporting the
notion that these crystals originated from the near-surface nuclei of
stearic acid, as opposed to independently crystallising outside the carrier
and subsequently adhering to it. If the latter were true, then most stearic
acid particles would be seen lying flat on the surface of the carrier rather
than perpendicular to it due to a preferable adhesion profile in that flat
orientation.

To further support this finding, the theoretical amount for monolayer
coverage and the theoretical maximum load of the carrier were calcu-
lated. These values are beneficial in presenting an idea of the theoreti-
cally required amount of the adsorbate to cover the carrier in a
monolayer and the theoretical amount that will present a maximum
pore loading [28].

The surface area of stearic acid was calculated using the largest two
dimensions of the stearic acid molecule, which were 5.59 and 9.36 A
based on the short and long axis length [35], making a total theoretical
molecular surface area of 52.32 A2, By applying Eq.(1) and assuming
that the entire surface area of SYLOID was accessible for stearic
adsorption, the stearic acid quantity for monolayer deposition was
0.2591 g/g. This amount meant that for achieving a theoretical mono-
layer coverage of SYLOID using stearic, the loading ratio would be
25.91 % (w/w). As for the theoretical maximum pore loading, by
applying Eq.(2), the TML value was 64.32 %, which indicated that at a
loading concentration of 64.32 % (w/w) of stearic acid, the theoretical
maximum loading of the SYLOID pores could be potentially reached.
The loading method could have affected the actual drug load of the
carrier, where the slow evaporation of the loading solvent facilitated
nucleation inside the pores of the carrier, occupying the pores in the
process [36].

Even though formulations with low stearic acid amounts did not
exhibit needle-like formations, stearic acid could still be located within
the pores. FTIR analysis was conducted to investigate the presence of
stearic acid in the different formulations. In addition, particle size dis-
tribution was assessed to determine the effects of stearic acid concen-
tration on the size of the SYLOID-stearic hybrid particle.

3.3. FTIR analysis and particle sizing

As seen in Fig. 4 below, for the spectrum of SYLOID, a broad band at
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ticle size mean (Y axis). Error bars represent standard deviation (n = 3) and (*)
representing significant difference (p < 0.05).

1075 cm™! corresponded to the asymmetric stretching of the siloxane
group (Si-O-Si). In addition, the peaks at 800 cm™* and 970 cm ™! cor-
responded to the symmetric stretching vibration of Si-O and Si-OH,
respectively [37]. For the spectrum of stearic acid, the strong bands at
2850 and 2925 cm ™! were related to the symmetric and antisymmetric
stretching of the methylene group, while the band at 1700 cm™! was
associated with the carboxylic group [38]. For the spectrum of SYLOID-
stearic acid formulation, the intensity of the CH3 group increased as the
stearic acid amount in the formulation increased (20-120 %). Also, the
carboxyl group intensity increased from 100 % stearic acid w/w.
Additionally, the increased intensity is related to the presence of stearic
acid inside the porous structure and on the surface. Furthermore, the
intensity of the peak at 1075 cm™! seemed to decrease with higher
concentrations of stearic acid, indicating an interaction between the
drug molecules and the negatively charged siloxane groups and forming
bonds, which was reported previously with other drugs such as octreo-
tide acetate [39].

To elaborate further on the effects of stearic acid’s increased con-
centration on silica, particle size analysis was conducted using laser
diffraction, which is presented in Fig. 5 below.

Indeed, the particle size of the prepared particles significantly
increased (ANOVA, p < 0.05) as the amount of loaded stearic acid
increased. The volume mean diameter (VMD) for the empty carrier
(SYLOID) was 44.74 + 3.36 pm, and has significantly increased to 58.41
+ 0.19 when the stearic acid amount was 120 % w/w. The increase in
size could be related to the formation of needle-like structures on the
surface of the particles. These needles could have increased the size of
the carrier particles by an average of 14 um, as seen in the above SEM
images. To further support the presence of stearic acid needle-like
structures at a specific concentration, confocal imaging was employed
to detect stearic acid, considering its autofluorescence properties.

3.4. Confocal microscopy

Some lipids produce autofluorescence due to oxidation, absorbing
long wavelengths and enabling fluorescence excitation across a broad
spectral range [40]. For this reason, confocal microscopy was employed
to highlight the presence of loaded stearic acid in the porous structure.
Fig. 6 presents 3D-generated images for SYLOID-stearic formulations.
SYLOID XDP 3050 is a non-fluorescent mesoporous carrier. However, as
shown in figure (6 a-f), its surface exhibited minor fluorescence due to
stearic acid (6 a). Increasing the stearic acid amount made the fluores-
cence more apparent (6 a-d). When the stearic acid exceeded 100 %,
non-uniform needle-like structures appeared on the carrier’s surface (6
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Fig. 6. 3D confocal imaging of SYLOID-stearic in different concentrations (w/w) showing stearic auto fluorescence; SYLOID-stearic 20% (a), SYLOID-stearic 40% (b),
SYLOID-stearic 60% (c), SYLOID-stearic 80% (d), SYLOID-stearic 100% (e), SYLOID-stearic 120% (f).
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Fig. 7. DSC profile of SYLOID-stearic formulations in different concentrations identifying the melting points of stearic acid in its unloaded form and within SYLOID.

e). Further increases beyond 100 % enhanced fluorescence and crys-
tallise clusters of fluorescent materials related to these needles (6f),
supporting previous findings that higher concentrations of stearic acid
(100 %) formed needle-like structures on SYLOID.

3.5. Thermal and solid-state properties of SYLOID-stearic formulations

DSC was used to investigate the loading and thermal properties of
stearic acid within silica (Fig. 7). The DSC profiles were acquired at
temperatures below 100 °C to avoid sublimation of stearic acid [41].

Stearic acid has three polymorphs, A, B, and C, with the C polymorph
being the most stable [15,16]. Different polymorphs indicate potentially
different physiochemical properties, including melting points [42]. In
Fig. 7 above, stearic acid showed a melting point of 71.96 °C, which is
similar to the melting point of pure C form (69.9 °C) previously reported
in the literature [43,44].

According to FTIR results, the 20 % stearic acid-SYLOID formulation
presented a characteristic peak of stearic acid but did not present an
endothermic peak. This indicated either no presence of stearic acid in
the formulation or low amounts. Upon increasing the percentage of
stearic acid, an endothermic activity was evident, indicating the melting
of stearic acid, and its intensity increased as the percentage of stearic
acid increased within the formulation. Yet, the melting point was around
62 °C, which differed from stearic acid’s (71.96 °C). This indicated that
the loaded stearic acid within the carrier could be amorphous, consid-
ering SYLOID’s ability to convert materials from the crystalline to
amorphous form [45].

However, the endothermic peak became sharper and more apparent,
seen in formulations containing 100 % and 120 %, indicating that the
incorporated stearic acid could be in a crystalline form. This finding
supported the SEM results, which showed crystal-like structures in for-
mulations with stearic acid percentages exceeding 100 %. Moreover, the
formulations containing 100 % and 120 % presented another

endothermic activity with a melting point similar to stearic acid, indi-
cating the presence of stearic acid in an amorphous form and crystal
(needle-like structures). The second endothermic activity supported the
observation in SEM results, where crystal-based needle-like formations
were observed on the surface of silica.

DSC data confirmed the presence of stearic acid within SYLOID pores
and the crystal behaviour of formulations with stearic acid amounts
exceeding 100 % w/w, where needle-like formations were observed
using SEM. However, the endothermic event in DSC for formulations
containing 80 % stearic acid w/w and less was not confirmed to be
crystal-related. Therefore, XRD analysis was used for further clarifica-
tion of solid-state properties.

As seen in Fig. 8 above, SYLOID had no Bragg peaks and presented a
halo which is supported by literature considering its amorphous form
[37]. Stearic acid diffractogram contained several Bragg peaks around
6°, 21°, and 36° confirming the crystal structure of the lipid. Addition-
ally, the peak at 21° was associated with polymorph C [46], indicating
stearic acid’s crystal structure and supporting the data from DSC. For-
mulations containing stearic acid presented a reading with a halo, rep-
resenting SYLOID [47]. Also, all SYLOID-stearic acid formulations
presented a Bragg peak at 21°, indicating the presence of crystalline
stearic acid in the formulations. This finding supported DSC results for
formulations containing 100 and 120 %, indicating that the second peak
in the thermogram represented the needle-like formations on the surface
first observed via SEM. As for formulations containing (20—80 % stearic
acid w/w), the peak indicated the presence of stearic acid crystals, and
in this case, nanocrystals, which could have formed during the evapo-
ration process. These crystals could have caused the endothermic event
in DSC, even though they were not evident in SEM, considering the high
sensitivity of XRD analysis. These previous findings confirmed the
crystal structure of stearic acid and that the needle-like formations on
the surface of silica particles were stearic acid crystals.
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Fig. 8. XRD analysis for SYLOID-stearic acid formulations in different concentrations presenting the Bragg peaks associated with stearic acid crystal form.

Table 1
Surface area, pore volume, and pore size of SYLOID-stearic acid formulations in
different concentrations.

Formulation Surface area Pore volume Pore size
(m®/g) (co) (nm)

SYLOID XDP 3050 340.44 2.10 15.49

SYLOID-stearic 20 % w/  229.90 1.99 13.15
w

SYLOID-stearic 40 % w/  215.08 1.48 13.13
w

SYLOID-stearic 60 % w/  210.19 1.46 12.87
w

SYLOID-stearic 80 % w/  168.54 1.12 12.75
w

SYLOID-stearic 100 % 93.19 0.62 12.27
w/wW

SYLOID-stearic 120 % 93.26 0.59 12.01
wW/W

3.6. Surface area and pore volume

Nitrogen porosimetry was utilised to assess the surface area, pore
volume, and pore size of SYLOID-stearic acid formulations and to
examine how increasing the stearic acid amount would affect them.

SYLOID XDP is a non-ordered mesoporous silica carrier that pre-
sented the surface area and pore volume of 340.44 m?/g and 2.1 cc,
respectively. As seen from Table 1 above, the increase in stearic acid
loading led to a decrease in the surface area, pore volume, and pore size
of the carrier due to the occupation of the mesoporous channels inside
the porous matrix with stearic acid molecules [29]. This indicated that
stearic acid populated the pores and covered the surface of silica.
Moreover, the decrease in the surface area upon using 20 % stearic acid
aligned with the calculated amount of stearic acid to cover the carrier
surface in a monolayer (25.91 %). The pore volume of SYLOID-stearic
20 % was lower than SYLOID’s, but not as other formulations, which
indicated that stearic acid has only partially incorporated the porous
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structure. Furthermore, the pore volume and surface area of SYLOID-
stearic formulations decreased as stearic acid concentration increased,
indicating that the pores of SYLOID were being filled with stearic acid,
and the surface was covered. The same observation applied to the pore
size as it decreased with the stearic acid increase due to the latter’s
capping of SYLOID’s pores. This was further supported by SEM (Figs. 2
and 3), as well as confocal imaging (Fig. 6 a-f). In addition, the lowest
pore volume surface area and pore size values were associated with the
formulation containing 120 % stearic acid, which was related to stearic
acid needle-like structures crystalising on the surface.

4. Conclusion

We reported the development of a mesoporous silica-lipid hybrid
carrier using SYLOID XDP 3050 and stearic acid via ethanol evaporation
in ascending concentrations (20-120 % w/w) as a novel approach for
oral delivery. SEM analysis revealed increased pore capping with higher
stearic acid concentrations, where above 80 %, needle-like structures
formed on the silica surface due to stearic acid crystallisation. The size of
the hybrid carrier increased with more stearic acid, as shown by laser
diffraction. FTIR confirmed stearic acid inside the silica carrier through
the detection of the carboxylic group, while confocal microscopy sup-
ported the presence of needle-like structures via autofluorescence. DSC
identified stearic acid in two states, and a second melting peak was
evident at concentrations above 80 % due to the melting of surface
needle-like structures. XRD analysis confirmed the crystalline nature of
stearic acid within the carrier. Nitrogen porosimetry demonstrated that
pore volume, surface area, and pore size decreased with higher stearic
acid amounts, with the lowest values at 120 % w/w (0.59 cc). This newly
developed SYLOID-stearic acid carrier will now be used for peptide
delivery as future work will focus on using this platform for enhancing
protein oral delivery.
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