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Current protein-based therapies often rely on intravenous and subcutaneous injections leading to patient
discomfort due to the need for frequent administration. Oral administration route presents a more patient-
friendly alternative, but overcoming the challenge of low drug bioavailability remains paramount. This limita-
tion is primarily attributed to protein degradation in the harsh gastric environment, enzymatic breakdown, and
poor intestinal permeability. With their unique properties, such as high porosity and surface area, and easy
scalability, aerogels offer a promising platform for oral delivery of therapeutic proteins. This study focused on the
development and characterization of both conventional and core-shell aerogels derived from natural poly-
saccharides for the oral delivery of insulin, utilizing Humulin R® U-100 as the insulin source for the first time.
Aerogels were produced via supercritical carbon dioxide (sc-CO3) drying of alginate gel beads. Scanning Electron
Microscopy (SEM) images confirmed that the core-shell aerogels had higher uniformity in size and a more well-
defined porous structure in comparison to conventional aerogels. Structural differences of two alginate sources
were evaluated by Fourier Transform Infrared (FTIR) spectroscopy. A notable difference in encapsulation effi-
ciencies was observed between conventional (12 %) and core-shell (53 %) aerogels, highlighting the superior
carrier characteristics of the latter ones. In vitro insulin release profiles from the core-shell aerogels demonstrated
their potential suitability for delivering regular/short-acting insulin therapeutics since only 30 % of insulin was
released in Simulated Gastric Fluid (SGF) after 120 min, whereas 60 % of insulin was released in Simulated
Intestinal Fluid (SIF) within the first hour followed by a sustained release stage.

1. Introduction primarily enzymatic degradation within the gastrointestinal tract and

limited absorption across the intestinal epithelium (Cikrikci et al.,

Insulin, a critical hormone responsible for regulating blood glucose
levels, has long been administered via subcutaneous injections. How-
ever, the current standard of subcutaneous insulin injection (Alam et al.,
2024) has been a source of distress and discomfort for many patients,
highlighting the need for alternative delivery methods like oral and
intranasal administration routes (Bashir et al., 2023). Namely, oral in-
sulin delivery offers the potential to mimic the physiological insulin
secretion patterns, improve patient compliance, and reduce the risk of
hypoglycemia associated with injectable formulations (Arbit & Kidron,
2017; Khodaei et al., 2020).

Despite its potential, oral insulin delivery faces significant obstacles,
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2018). To address these challenges, nanocarriers such as lipid-based and
polymeric nanoparticles, can enhance the oral bioavailability of insulin
(Iyer et al., 2022; Limenh, 2024; Zhang et al., 2021). Lipid nanocarriers,
such as nanoemulsions and self-nanoemulsifying drug delivery systems
(SNEDDS), can improve the permeability and stability of insulin, leading
to increased intestinal absorption and reduced enzymatic degradation
(Siram et al., 2019). Additionally, strategies like PEGylation and lipid-
ization were employed to further enhance the oral delivery of insulin
and GLP-1 receptor agonmists (Poudwal et al., 2021). In another
approach, polymeric nanoparticles can be designed to target specific
transcytosis pathways in the intestinal epithelium, facilitating the
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transport of insulin and other therapeutic agents across the gastroin-
testinal barrier and into the systemic circulation (Zhang et al., 2021).

Aerogel carriers are herein regarded as an alternative for the oral
delivery of insulin. Aerogels are highly porous, lightweight materials
with a high surface area, making them suitable for drug encapsulation
and controlled release (Garcia-Gonzalez et al., 2011; Illanes-Bordomas
et al, 2023). Compared to traditional silica-based aerogels,
polysaccharide-based aerogels can offer improved mechanical proper-
ties and enhanced biological functionality. The typical process for pro-
ducing aerogels from polysaccharides includes producing a hydrogel, a
solvent exchange (typically to ethanol), and the subsequent drying of the
gel using supercritical carbon dioxide (sc-CO3). Sc-CO; drying is a
crucial step, as it allows for the removal of the liquid phase from the gel
structure without causing significant shrinkage or density increase,
resulting in the preservation of the high porosity and a low density in the
final aerogel (Ajdary et al., 2021). In this context, polysaccharide-based
aerogels have emerged as a promising platform for the oral delivery of
drugs, including insulin (Abdul Khalil et al., 2023; Garcia-Gonzalez
et al.,, 2021, 2015). In the case of aerogels for insulin oral delivery,
chitosan and alginate aerogels possess mucoadhesive properties (Amin
and Boateng, 2022; Ways et al., 2018), which can enhance the residence
time of the insulin-loaded aerogels within the gastrointestinal tract,
thereby improving drug absorption.

Conventional drug-loaded aerogel production includes the loading of
the drug into the aerogel structure uniformly (Garcia-Gonzalez et al.,
2021). The production of conventional aerogels involves a multi-step
process that begins with gel formation, usually achieved dropping the
solution containing the gel precursor and the drug into the crosslinking
bath via automatic syringe pump and the resulting gel undergoes sc-CO»
drying. An innovative approach is the development of core-shell aero-
gels with a biopolymer-based core and a functionalized shell as drug
delivery systems offering several benefits. The co-axial prilling tech-
nique is the primary method for fabricating core-shell aerogel particles.
Using co-axial prilling and sc-CO;, drying, De Cicco et al. produced
core-shell aerogels loaded with doxycycline utilizing alginate and
amidated pectin for wound healing (De Cicco et al., 2016). The core—
shell structure enabled controlled or delayed release profiles, achieving
favorable encapsulation efficiencies, high surface area, and enhanced
pore structure provided by sc-CO, drying. These characteristics high-
light the suitability of the core-shell structure for drug delivery
applications.

This work evaluates the potential of polysaccharide-based aerogels
as novel drug carriers for oral delivery of insulin. This is the first sys-
tematic study to explore the feasibility of using polysaccharide-based
aerogels for the oral delivery of regular/short-acting insulin. Core-
shell aerogel beads, which were used as oral drug delivery agent for
the first time, loaded with insulin in the core were produced, and their
performance was compared to that of insulin uniformly loaded in con-
ventional alginate aerogel particles. The physicochemical characteriza-
tion (SEM microscopy, nitrogen adsorption—desorption analysis, FTIR
spectroscopy) of polysaccharide-based core-shell and conventional
aerogels from different alginate sources, their ability to encapsulate
(drug loading efficiency by HPLC), and the evaluation of in vitro insulin
release profiles of core-shell aerogels (in SGF, SIF and SCF media) were
carried out.

2. Materials and methods
2.1. Materials

Sodium alginate denoted as ALG-1 (alginic acid sodium salt from
brown algae, medium viscosity, M/G ratio: 1.56, degree of polymeri-
zation: 400-600, MW: ca. 250-350 kDa) was purchased from Sigma
(Irvine, UK). Sodium alginate denoted as ALG-2 (sodium alginate, M/G
ratio: 1.56, MW: ca. 12-40 kDa) was purchased from Merck (Darmstadt,
Germany). Calcium chloride anhydrous (MW: 110.99 g/mol) was
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Table 1
Active pharmaceutical ingredient and excipients of Humulin R® in 10-mL vials
(U.S. Food and Drug Administration, 2011).

Human Insulin (rfDNA origin)
Meta-cresol

Glycerin

Endogenous Zinc

Water for injection

100 units/mL (3.5 mg/mL)
2.5 mg/mL

16 mg/mL

0.0015 mg/100 units
Total volume of vial

purchased from Scharlau (Barcelona, Spain). Chitosan was purchased
from Merck (deacetylation degree 75-85 %, MW: ca. 190-300 kDa,
Darmstadt, Germany). Humulin R® U-100 (Eli Lilly & Company, Indi-
anapolis, IN, USA) was purchased from a local pharmacy in the form of
10-mL vials containing human insulin (see composition in Table 1) and
used for all drug-loaded particles. Carbon dioxide (CO3 > 99.8 % purity)
was supplied by Nippon Gases (Madrid, Spain) and Linde (Gebze,
Tiirkiye). Absolute ethanol from Merck (Darmstadt, Germany) and
ISOLAB Laborgerate GmbH (Eschau, Germany), acetic acid glacial from
Scharlau (Barcelona, Spain) and ISOLAB Laborgerate GmbH (Eschau,
Germany), potassium dihydrogen phosphate and sodium dihydrogen
phosphate from Merck (Darmstadt, Germany) were used throughout the
experiments.

2.2. Preparation of blank and drug-loaded conventional gel beads

For blank conventional gel beads, two different alginate aqueous
solutions with concentrations between 1.5-2.5 % w/v were prepared
and tested for bead formation. 1.5 % w/v for ALG-1 and 2.0 % w/v for
ALG-2 were selected as they provided better control on the bead size and
shape using the automatic syringe. Then, two different aqueous cross-
linking baths (CB-1, chitosan (0.4 %, w/v) and 0.5 M CaCl; dissolved in
1 % v/v acetic acid; CB-2, 0.5 M CaCl, solution in distilled water) were
prepared in deionized water. CB-1 solution was prepared by using
UltraTurrax T-18 (IKA, Staufen im Breisgau, Germany) for 2 min and
stirred for at least 2 h at room temperature. Then, CaCl; was added and
stirred at room temperature until it dissolved. For the CB-2 solution,
CaCl;, was added to distilled water and stirred at room temperature until
CaCly dissolved (ca. 30 min). 20 mL of the alginate solutions were
dropped into 100 mL of CB-1 or CB-2 gelation baths using an automatic
syringe pump (Inovenso, Boston, MA, USA) at a flow rate of 3 mL/min.
Hydrogels were immediately formed after contact with the alginate
solution droplets in the gelation baths. After 10 min in crosslinking baths
for aging, hydrogel particles were removed, washed gently with water,
and put into ethanolic baths of 10 mL. Hydrogels were sequentially
placed into 50 % v/v and 80 % v/v ethanol baths for 10 min. Then, gels
were put into absolute ethanol for 48 h to obtain the alcogel beads.

To produce drug-loaded hydrogel beads, ALG-1 was dissolved in 10
mL Humulin R® (100 units/mL) so that the ALG-1 and insulin concen-
trations were 1.5 % w/v and 3.5 mg/mlL, respectively. The solution
containing the insulin was dropped using an automatic syringe at 3 mL/
min into the CB-1 and CB-2 baths. A similar process for ALG-2 with
concentration of 2.0 % w/v and CB-1 bath for crosslinking. The
following steps were the same as those for the production of blank
conventional alcogel beads.

2.3. Preparation of blank and drug-loaded core-shell gel beads

A co-axial prilling nozzle system (Encapsulator Unit Var J1, Nisco
Engineering AG, Zurich, Switzerland) was used to prepare the core—shell
gel beads as it is seen in Fig. 1. ALG-1 solution at 1.5 % w/v was prepared
as core solution, and ALG-1 was prepared at 2.0 % w/v as shell solution.
CB-1 was used as the crosslinking bath. Alginate core solution was
pumped at a rate of 0.058 g/min, and a pressure of 0.9 bar through the
inner orifice (0.35 mm) of the co-axial nozzle, and the alginate shell
solution was pumped at a rate of 0.66 g/min and a pressure of 1.2 bar by
the outer orifice (0.80 mm) of the same nozzle. The compressed air flow
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Fig. 1. Sketch showing the core-shell aerogel production process.

rate was set to 1.5 L/min. The obtained droplets were crosslinked
immediately after contact with the gelation bath and aged for 10 min.
Afterwards, the obtained hydrogel beads were taken from the bath, and
a similar solvent exchange procedure was followed as in Section 2.2.

To produce drug-loaded core-shell hydrogel beads, 0.6 g of ALG-1
was dissolved in 40 mL Humulin R® (100 units/mL, Table 1) so that
the ALG-1 and insulin concentrations were 1.5 % w/v and 3.5 mg/mlL,
respectively. The resulting solution was kept under magnetic stirring
(80 rpm, 2 h) until further use. After the drug was entirely dissolved in
the alginate solution, the same procedure was followed to obtain the
insulin-loaded core-shell gel beads as for the blank core-shell beads
abovementioned.

2.4. Supercritical COy drying for aerogel production

For the drying of conventional alcogel beads via sc-COq, the alcogel
beads were dried using a supercritical dryer with a 500 mL extraction
column (Superex F-500, Konya, Tiirkiye). The drying process involved a
sc-COz flow rate of 3.3 g/min for 1.5 h, conducted at a temperature of
35 °C and a pressure of 200 bar.

For the drying of core-shell alcogel particles with sc-COg, the
different batches of alcogels were introduced into paper cartridges and
subsequently placed into a 100 mL high-pressure autoclave (Waters-
Thar Process, Pittsburg, PA, USA). Then, the autoclave was pressurized
until 120 bar at 37°C, and the gel samples were supercritical dried for
3.5 h at a flow rate of 5-7 g/min (Carracedo-Pérez et al., 2024). Then,
the autoclave was depressurized.

In both drying cases, the aerogels were collected from the autoclaves
preserving the original porous structure and removing the ethanol
completely. The notation of the aerogels used in this study and their
corresponding short names are given in Table 2.

2.5. Characterization and performance evaluation

2.5.1. Fourier-Transform Infrared spectroscopy (FTIR)

FTIR analysis was performed for raw alginates, chitosan, CS-B and
CS-D by using Shimadzu IRTracerTM-100 Fourier Transform Infrared
Spectrometer (Shimadzu Corporation, Kyoto, Japan) in the 4000-400
cm ™! wavenumber range at a resolution of 16 cm ™! and 32 scans.

2.5.2. Rheological measurements of alginate solutions
Viscosity measurements were conducted at 25 °C using a Brookfield

Table 2

Aerogel formulation notation.
Aerogel formulation Codes
Core-shell blank aerogels CS-B
Core-shell drug-loaded aerogels CS-D
Blank conventional aerogels with ALG-1 in CB-1 CA-11B
Blank conventional aerogels with ALG-1 in CB-2 CA-12B
Blank conventional aerogels with ALG-2 in CB-1 CA-21B
Drug-loaded conventional aerogels with ALG-1 in CB-1 CA-11D
Drug-loaded conventional aerogels with ALG-1 in CB-2 CA-12D
Drug-loaded conventional aerogels with ALG-2 in CB-1 CA-21D

Ametek RST-CC Rheometer (Middleborough, MA, USA) equipped with a
bob-and-cup geometry (bob radius: 12.5 mm, cup radius: 13.56 mm,
angle: 120°). The experiments covered a shear rate range of 0.10 to
1200 s7!. Shear stress (o in Pa) and apparent viscosity (Pa-s) results were
measured. Data were fitted to the Power Law model (Eq. (1)):

c=Kxy" €D)
where y is the shear rate (1/s), K is the flow consistency index (Pa's™),
and n is the flow behavior index (Balmforth and Craster, 2001).

2.5.3. Scanning Electron microscopy (SEM)

SEM imaging was performed on the aerogel formulations using a
QUANTA 400F Field Emission SEM (Hillsboro, OR, USA) at an acceler-
ating voltage of 5 kV and a magnification of 40,000x. Prior to imaging,
aerogels were coated with gold and mounted on conductive tape.

2.5.4. Nitrogen adsorption-desorption analysis

Prior to analysis, the aerogel samples underwent a degassing pro-
cedure under vacuum (<1 mPa) at 50 °C for 24 h, and then nitrogen
adsorption—desorption analysis was performed at 77 K (ASAP 2000,
Micromeritics Inc.; Norcross, GA, USA). Brunauer-Emmett-Teller (BET)
model was used for specific surface area determination, and the Barrett-
Joyner-Halenda (BJH) model was used for specific pore volume and
mean pore size distribution determinations.

2.5.5. Drug loading capacity (DLC) and encapsulation efficiency (EE)

Insulin-loaded aerogels (ca. 18 mg) were dissolved in 10 mL of PBS
solution (pH 7.4), and the insulin content was analyzed in reverse-phase
high-performance liquid chromatography RP-HPLC (Shimadzu Sci. Ins.,
Kyoto, Japan) consisting of ReproSil-Pur 120 C18-AQ column to deter-
mine the amount of insulin. A flow rate of 1.0 mL/min was maintained
for isocratic elution using a mobile phase composed of acetonitrile and
10 mM phosphate buffer (pH 3.0) in a 50:50 v/v ratio. A 20 pL sample
volume was injected, and UV detection was performed at the wave-
length of 214 nm. 10.0 mM phosphate buffer was prepared by dissolving
1.56 g of sodium dihydrogen phosphate (NaH;PO4) in approximately
800 mL of water, adjusting the pH to 3.0 with o-phosphoric acid, and
bringing the final volume to 1000 mL with water (Nenni, 2021). The
insulin concentration was calculated based on a calibration curve made
with different concentrations of the drug (2.5 % to 15 %) in PBS pH 7.4
medium with R2=0.993. Drug loading capacity (DLGC) and encapsulation
efficiency (EE) (Zatorska et al., 2020) were used for the loading per-
formance evaluation using Eqgs. (2) and (3), respectively.

DLC% — Mass of drug in aerogel %100 @
Total mass of aerogel
Experimental drug mass in aerogel
% —
EE% ( Theoretica ldrug mass added 100 ®

2.6. Drug release experiments

Since initial findings indicated that enzymes in the release media led
to the swift breakdown of insulin, simulated gastric fluid (SGF),
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simulated intestinal fluid (SIF), and simulated colonic fluid (SCF) media
were prepared without enzymes (Cikrikci et al., 2018). To prepare the
SGF medium, 3 g NaCl was dissolved in 1450 mL water and adjusted pH
to 1.2 with diluted HCI. For the SIF medium, 6.8 g KH,PO4 dissolved in
250 mL water, then 77 mL 0.2 N NaOH was added, and the final volume
reached 1 L with a pH of 6.8. For the colonic environment, the solution
pH was adjusted to 7.4 using the same procedure used in SIF.

Drug-loaded aerogels were put into 30 mL of SGF medium at 37 °C
and 100 rpm, and aliquots of 1 mL were taken using a pipette at different
time points (15 min, 30 min, 1 h and 2 h). To assess insulin release in SIF
medium, drug-loaded aerogels were put into 30 mL of SIF medium at
37 °C and 100 rpm, and aliquots were taken at different time points (30
min, 1, 2, 3, 4, 5 and 6 h). To assess insulin release in SCF medium, drug-
loaded aerogels were put into 30 mL of SCF medium at 37 °C and 100
rpm, and aliquots were taken after 30 min, 1, 2, 3, 4, 5 and 6 h. After
taking aliquots, the same amount of fresh release medium was added in
all cases. Release tests were carried out in triplicate for the three release
media used and ca. 0.1 g of drug-loaded aerogels were used for each test.

All aliquots from the release tests were analyzed by RP-HPLC, with
the method described in Section 2.5.5. The insulin concentration in the
different release media was calculated with calibration curves of insulin
in all three release media, previously prepared with known concentra-
tions (2.5 % to 15 % w/v) of insulin drug standard solutions and m-
cresol (R% = 0.995 in SGF, R% = 0.999 in SIF and R? = 0.998 in SCF). All
HPLC measurements were performed in at least three replicates.

2.7. Statistical analysis

Data were analyzed using one-way ANOVA tests in Minitab v19.1
(Coventry, UK) software. Significant differences between groups were
determined using Tukey’s post-hoc comparison test with a significance
level of p < 0.05. The assumptions of ANOVA tests were verified before
conducting the analysis. Different letters in the figures and tables
represent statistically significant differences between the experimental
sample groups.

3. Results and discussion
3.1. Chemical and rheological characterization of alginate solutions

Fig. 2 shows the FTIR spectra of ALG-1 and ALG-2. Both alginates
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showed similar main absorbance bands. The band at around 1000-1100
cm ™! reflects the C-O-C stretching vibrations typical of glycosidic bonds,
the chemical links within polysaccharides (Valentin et al., 2007).
Furthermore, both showed a peak around 1600 cm ™! that represents the
symmetric stretching vibration of carboxylate O-C-O and around 1400
em™! related to the symmetric stretching vibration of the carboxylate
group (Rashedy et al., 2021). Both alginates had broad peaks around
3200-3500 cm~!. This represents hydrogen bonding and hydroxyl
groups available (Nandiyanto et al., 2023) for interactions which could
affect the gel formation and drug encapsulation. To better compare the
spectra based on intensities, they were adjusted based on the C-O
stretching band (1020-1080 cm™1). This band represents the unchang-
ing backbone of alginate and serves as a stable reference point (Pereira
et al., 2011), minimizing intensity variations between samples. Subse-
quently, spectra showed that the chemical structures of ALG-1 and ALG-
2 were very similar. Therefore, both alginates were considered alter-
native polysaccharides in aerogel production.

The rheological behavior of the two different alginate solutions at
two different concentrations has a considerable effect on hydrogel pro-
duction and further aerogel properties. The flow behavior of alginate
solutions results (Fig. 3) showed that the consistency index, K values
were 5.45 and 17.70 Pa's" for ALG-1 and 0.08 and 0.11 Pa's" for ALG-2,

ALG-1 (1.5% w/v)
ALG-1 (2% w/v)
CIALG-2 (1.5% wiv)

£ 250 § WALG-2 (2% wiv)

b

% 200 = 5.4499y0.4957

g REZ09914 ot
R D

E o b e

T

S0 & £ 0000 ool e
#1001 o 0T8O e
R?=0.9997

W
(=}

0 200 400 600 800 1000 1200
Shear Rate, y (1/s)

Fig. 3. Rheological analysis of ALG-1 (1.5 % w/v and 2 % w/v) and ALG-2 (1.5
% w/v and 2 % w/v) aqueous solutions.

= ALG-1
—— ALG-2
I T I T I ! I I T I N I T 1
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Fig. 2. FTIR spectra of ALG-1 and ALG-2. Highlighted grey areas mark main absorbance bands.
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at concentrations of 2 % w/v and 1.5 % w/v, respectively. In addition,
the flow behavior index (n) values were 0.50 and 0.41 for ALG-1 and
0.83 and 0.87 for ALG-2 at the same concentrations. Thus, ALG-1 so-
lution showed a significant increase in shear stress with increasing shear
rate, while ALG-2 solution showed a much more gradual increase in
shear stress with increasing shear rate. ALG-1 solution indicated a strong
correlation and suggested a non-Newtonian behavior, specifically shear-
thinning (n < 1), where the viscosity decreases with increasing shear

International Journal of Pharmaceutics 669 (2025) 125038

rate. On the other hand, ALG-2 solution indicated an almost linear
behavior (n being close to 1) but still shear-thinning to a lesser extent
than ALG-1 solution. The significant shear-thinning behavior suggests
that ALG-1 solution would provide better control on the bead size and
shape than ALG-2 solution at both concentrations.

The solutions of ALG-1 showed a significantly higher K value
compared to ALG-2. Higher K value in alginate solutions leads to a
denser and more stable gel network, which might improve the

Fig. 4. SEM images of (1) CS-B, (2) CA-21B, (3) CA-12B, and (4) CA-11B aerogels. Scale bars: 1 mm (left), 500 pm (middle), 5 pm (right).
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encapsulation efficiency but can also make the drug-loading process
more challenging due to increased resistance to mixing.

The rheological properties provided a deeper understanding of the
different performances of ALG-1 and ALG-2 in drug encapsulation pro-
cesses. Shear thinning fluids exhibit a decrease in viscosity with
increasing shear rate, a property that can be particularly beneficial in the
co-axial prilling process (Levato et al., 2020). The shear-thinning nature
of the polymer solution benefits the extrusion and co-extrusion process.
As shear forces increase during prilling, the viscosity of the fluid de-
creases, allowing for smoother flow. Therefore, ALG-1 and ALG-2 solu-
tions were both used to produce conventional aerogels, whereas ALG-1
was used for the core part of the core-shell aerogel production with the
concentration of 1.5 % w/v since the tips of the nozzles were clogged
with higher concentrations due to their higher viscosities.

3.2. Morphological characterization of aerogels

As preliminary tests, 1.5 % w/v and 2 % w/v concentrations of
alginate solutions (both ALG-1 and ALG-2) were dropped into the
crosslinking bath (CB-1) with an automatic syringe pump for hydrogel
production. The alginate concentrations of 1.5 % w/v for ALG-1 and 2.0
% w/v for ALG-2 were selected for ulterior conventional gel formation
tests according to the criterion of giving a more spherical hydrogel
shape. Following the successful formation of spherical hydrogel beads
using these concentrations, both core-shell and conventional aerogels

1600

—l— Desorption

(a) —e—Adsorption
1400 +

1200 T+
1000 +

800 +

Volume adsorbed (cm3/g STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, (P/Po)

3500

(C) —e—Adsorption ——-Desorption

3000 + |
2500 +
2000 +
1500 +

1000 +

Volume adsorbed (cm3/g STP)

500 T+

04 IR0 h |
t T t t

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, (P/Po)

International Journal of Pharmaceutics 669 (2025) 125038

were produced via sc-CO5 drying.

Fig. 4 shows the SEM images of CS-B, CA-21B, CA-12B and CA-11B
providing a visual representation of the aerogel characteristics:
morphology (left), representative spherical particles (middle), and
porous structure and surface roughness (right). CS-B aerogels are the
best choice due to its high uniformity in size, more spherical shape, and
better porous surface, all required for consistent and efficient drug
loading. CA-21B and CA-12B aerogels also showed good uniformity and
a relatively smooth and porous surface, making them a strong drug
delivery candidate among conventional aerogels.

All the isotherms of the aerogels (Fig. 5) obtained by nitrogen
adsorption—desorption analysis show a hysteresis loop providing evi-
dence that these aerogels possess a predominantly mesoporous structure
(Awoke et al., 2020). Mesopores can significantly impact drug loading
capacity and efficiency. Their high specific surface area facilitates
increased drug adsorption or encapsulation, while the tunable pore sizes
accommodate a wide range of drug sizes, enhancing loading capacity
and enabling controlled release via diffusion-controlled mechanisms
(Tkalec et al., 2016).

The pore size distribution plot (volume vs. pore diameter) was
calculated from the desorption data by the BJH model (Fig. 6). CS-B
exhibits a predominantly mesoporous structure with uniform pore
sizes, indicated by a sharp peak at small diameters. This suggests a high
surface area, beneficial for applications like small molecule adsorption
like insulin. Conversely, CA-11B and CA-12B displayed broader peaks,
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with CA-12B shifted towards higher diameters, suggesting larger mes-
opores and some macropores. Table 3 provides the specific surface area,
mean pore diameter, and specific pore volume for the different blank
aerogels. An increased surface area for an aerogel of similar composition
usually correlates to a higher capacity for drug adsorption, as the higher
surface provides more potential binding sites for the drug molecules
(Garcia-Gonzalez et al., 2021). The core-shell aerogel (CS-B) exhibited a
higher surface area than conventional aerogels and is anticipated to
demonstrate a higher capacity for drug loading. The pore diameter can
affect the rate at which the drug is released. Larger pores, like CA-11B,
may facilitate faster drug release rates, which might be beneficial for
drugs requiring rapid-acting insulin. Smaller pores can provide a more
controlled and sustained release, which would be advantageous for
maintaining therapeutic levels over time such as for regular/short-
acting insulin analogs, like Humulin R®.

3.3. Evaluation of the performance of the insulin-loaded aerogels

The experimental insulin amount in the aerogels was determined by
HPLC analysis, and the DLC and EE values of the aerogels were calcu-
lated (Table 4) to evaluate the loading process performance. The
changes in alginate source (ALG-1 or ALG-2) and crosslinking bath (CB-1
or CB-2) on conventional aerogels did not show significant differences
regarding their effect on DLC and EE values.

Significant differences in DLC and EE were obtained between cor-
e-shell drug-loaded aerogels (CS-D) and conventional drug-loaded aer-
ogels (CA-11D, CA-12D and CA-21D). CS-D aerogel exhibited the highest

Table 3
Results of nitrogen adsorption-desorption analysis of blank (unloaded) alginate
aerogels.

Aerogel BET-Specific BJH-desorption BJH-desorption Specific
Type Surface Area Average Pore Diameter Pore Volume (cm®/g)
(nm)
(m®/g)

CS-B 337.7 +£17.0 25.44 +£1.27 2.21 £0.11

CA-11B 245.5 +£12.0 36.55 + 1.83 3.53+0.18

CA-12B 293.2 +£12.0 33.27 £1.66 5.05+0.25

CA-21B 287.8 + 14.0 33.65 £ 1.68 3.62+0.18

Table 4
EE and DLC values for insulin of the drug-loaded aerogels.
Aerogel type DLC (%)* EE (%)*
Core-shell drug-loaded aerogels CS-D 5.9+ 53.7 +
0.44% 4.00?
Drug-loaded conventional aerogels with CA- 23+ 129 +
ALG-1 in CB-1 11D 0.15" 0.86"°
Drug-loaded conventional aerogels with CA- 25+ 13.3 +
ALG-1 in CB-2 12D 0.27° 1.54°
Drug-loaded conventional aerogels with CA- 3.4+ 12.6 £
ALG-2 in CB-1 21D 0.20° 0.74°

" Different letters indicate significant differences among the aerogel formu-
lations (p < 0.05).

DLC and EE values (Table 4). The core-shell structure likely provides a
more controlled environment for drug encapsulation, reducing drug loss
after the gelation step, namely during the aging, solvent exchange, and
drying processing steps to obtain the aerogels. The results demonstrated
the superior ability of core-shell aerogels to incorporate and retain the
drug compared to conventional aerogels.

Core-shell aerogel type was chosen for Humulin R® release investi-
gation as a result of its 4-fold higher insulin encapsulation efficiency, the
highest surface area obtained from Ny adsorption-desorption analysis
among the formulations tested and its mesoporous structure. Although
the presence of chitosan in crosslinking baths did not make a significant
contribution to the encapsulation efficiency and aerogel morphology,
the production of CS-D was continued with CB-1 as the presence of
chitosan can provide a pH-responsive behavior (Shu and Zhu, 2002) that
would be beneficial for controlling drug release.

FTIR analysis was employed to confirm the successful incorporation
of insulin into the core-shell aerogels by examining the spectral features
of CS-D and CS-B, as it is shown in Fig. 7. CS-B spectra exhibited char-
acteristic peaks of ALG-1 and chitosan. The subtle peak observed around
1690 cm ™! in the CS-B spectrum could be attributed to the amide I band
of chitosan (Namli et al., 2023) from the crosslinking bath, a charac-
teristic not present in alginate. While CS-D retained alginate functional
groups, significant changes were observed in the amide I and II regions.
Amide T (~1650 cm ') associated with C = O stretching and amide II
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Fig. 7. FTIR spectra of chitosan, ALG-1, blank core-shell aerogels (CS-B) and drug-loaded core-shell aerogels (CS-D).

(~1550 cm 1) related to N-H bending and C-N stretching in proteins
(Sarmento et al., 2006). The notable change especially in the amide II
regions confirmed the presence of insulin and indicated interactions
between insulin and the aerogel matrix, likely through electrostatic in-
teractions or hydrogen bonding involving C = O and N-H groups
(Jamshidnejad-Tosaramandani et al., 2023). These findings confirm
insulin loading without compromising the structural integrity of the
aerogel.

Fig. 8 shows the cumulative insulin release profile from core-shell
aerogels in three different in vitro simulated (gastric, intestinal and
colonic) environments: SGF pH 1.2, SIF pH 6.8 and SCF pH 7.4.

In this study, the insulin release in SGF medium remained relatively
low and constant, reaching a plateau at about 35 % after 120 min. In
environments mimicking the low pH of the stomach, alginate alone can
effectively limit drug release (Ching et al., 2008). This is because the
carboxyl groups within the alginate structure become protonated in
acidic conditions, causing the alginate to shrink and become more
compact. The literature highlights research exploring how modifying
alginate or incorporating another polymer influences drug release from
nanoparticulate and microparticulate forms (Cao et al., 2019; El-
Sherbiny, 2010; Kulkarni et al., 2012; Li et al., 2022). Specifically, a
total amount of drug released in SGF medium in the 14-30 % range was
reported. Therefore, the low release in SGF medium herein observed
indicates that the core-shell aerogels are stable in acidic conditions. This
stability is crucial for protecting the loaded insulin in the particles, so
CS-D can effectively shield the insulin and prevent premature release,

which is essential for oral drug delivery systems aiming to deliver active
pharmaceuticals beyond the stomach.

In the SIF medium, the release profile showed a burst insulin release,
reaching approximately 60 % within the first hour. Then, the drug
release continued at a lower pace from 60 to 360 min, suggesting that
the remaining insulin was released more slowly, likely from the core of
the aerogel. Under exposure to environments with a neutral or slightly
basic pH, pure alginate matrices demonstrated a notable increase in drug
release (Uyen et al., 2020). This enhanced release was attributed to the
ionization of carboxyl groups within the alginate structure. This ioni-
zation led to increased water uptake and swelling, creating a more
porous matrix that facilitated drug diffusion. However, studies investi-
gating drug release from alginate-based particles in SIF medium showed
a wide range of results in the literature (Bensouiki et al., 2020; Cao et al.,
2019; Imanishi et al., 2024; Thomas et al., 2021). Typically, chemical
modifications made to the alginate and the use of different copolymers
led to a drug release ranging from 40 % to 80 % within the initial two
hours, i.e., within the range of this work. The combination of an initial
burst insulin release followed by a sustained release stage optimizes
therapeutic outcomes and enhances patient compliance, making it a
suitable delivery system for Humulin R®. The initial rapid release phase
observed in the core-shell aerogels can be particularly beneficial for
rapidly or short-acting insulins like Humulin R®, the insulin source in
this study, designed to start lowering blood glucose levels within 30 min
of administration. The peak hour of release in the SIF medium was
approximately the third hour, which is consistent with the expectation
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Fig. 8. Insulin release profiles from core-shell aerogel particles in (a) SGF, (b) SIF and (c) SCF media.

that the peak time for Humulin R® is typically between 2 and 3 h
(Mayfield and Russell White, 2004).

The insulin release in the SCF medium takes place much faster than
in SIF and reached 100 % within the first 120 min and slightly exceeded
100 % over time. The slight overshoot over 100 % could indicate mea-
surement variability or a certain insulin degradation in slightly alkaline
pH, while HPLC measurements lasted prolonged hours (Fagan et al.,
2024). HPLC analysis confirmed the absence of chemical degradation of
insulin in the aerogel formulation. In the next step of the study, after the
optimization of the core-shell aerogel production process, the confor-
mational stability of insulin will be checked using Circular Dichroism
(CD) analysis to address this important aspect. Release results in SCF
medium are consistent with previous studies with alginate-based car-
riers (Feyisa et al., 2023; Uyen et al., 2020; Wu et al., 2020). The effi-
cient release in SCF medium highlights the potential of these aerogels for
targeted colonic delivery. The drug delivery directly to the colon is
promising for treating localized intestinal conditions and achieving
systemic effects. Colon delivery might not be as efficient as absorbing
drugs in the small intestine, but it offers some unique advantages,
including a longer time for absorption, less enzyme activity that could
break down drugs, and a better response to substances that enhance
drug permeability (Illanes-Bordomas et al., 2023). These factors make
the colon a potentially attractive route for improving the delivery of
protein-based drugs like insulin. Given that colon-targeted insulin de-
livery is a relatively new area of research, this study represents a pio-
neering effort to examine how insulin (and other protein-based drugs/
peptides) would be released in a simulated colonic environment.

Overall, the core-shell aerogels showed promising results for oral
insulin delivery, with the ability to protect insulin in the stomach and
release it effectively in the intestines and colon. Also, this is the first
study to underscore the potential of aerogels as carriers for oral
administration of insulin with targeted release in the colon.

4. Conclusions

Alginate-based core-shell aerogels show strong potential as effective
carriers for oral insulin delivery, offering a non-invasive alternative to
insulin subcutaneous injections. Results highlight the superior perfor-
mance of the CS-B aerogel, attributed to its high specific surface area,
optimal pore structure, and protective core-shell morphology. The
release profiles of the drug-loaded core-shell aerogels in simulated
gastric, intestinal and colonic fluids emphasized the controlled release
capabilities of these aerogels. The minimum insulin release in SGF me-
dium indicated robust stability and protection against the harsh acidic
environment of the stomach. In SIF medium, an initial rapid release
phase was observed followed by sustained release. This pattern aligns
well with the pharmacokinetic requirements of regular/short-acting
insulins like Humulin R®, effectively maintaining therapeutic insulin
levels. The complete and rapid release in SCF medium suggests the po-
tential for targeted colonic delivery, opening avenues for specific ther-
apeutic applications for both regular/short-acting and rapid-acting
insulin. The fine-tuning of alginate by the blending with chitosan used in
this work has the potential to further enhance the performance of cor-
e-shell aerogels. Further research should focus on assessing their
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scalability and increasing drug encapsulation efficiency to advance
core-shell aerogel formulations towards clinical translation. The scope
of this investigation can be expanded to include the encapsulation and
release of other therapeutic agents (e.g., monoclonal antibodies for
colorectal cancer) to determine the versatility of core-shell aerogels for
diverse drug delivery applications.
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