
Full Length Article

Pristine and cross-linked gelatin aerogels of pH-responsive hydration 
and swelling

Attila Forgács a,* , Madalina Ranga a , Andreea Ranga a, László István Orosz a, Geo Paul b ,  
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A B S T R A C T

Protein aerogels, derived from natural sources such as plants and animals, are sustainable and biocompatible 
advanced materials with significant potential for applications in the environmental, food, and pharmaceutical 
industries. In this study, food-grade gelatin was used to produce highly porous aerogels. Gelatin was employed 
either in its native form or chemically cross-linked with glutaraldehyde (GTA). Hydrogels were synthesized 
through a simple sol-gel process, transferred to methanol, and then dried using supercritical CO2 to obtain 
mesoporous aerogels. The chemical structure of the aerogels was characterized using solid-state nuclear mag
netic resonance (ssNMR) and infrared (IR) spectroscopy methods. Their nanoscale morphologies were explored 
by scanning electron microscopy (SEM), N2-sorption porosimetry, and small-angle neutron scattering (SANS). 
The macroscopic water uptake and swelling of the gelatin aerogels were investigated at different pH values, 
while the corresponding nanoscale hydration and wetting mechanisms were explored using NMR relaxometry. 
Lastly, the drug loratadine was impregnated into the pure gelatin aerogel to assess its potential for drug delivery 
applications. The rate and mechanism of in vitro drug release exhibit a strong correlation with the pH-dependent 
swelling and dissolution of the aerogel. These findings suggest that pure gelatin aerogels are promising candi
dates for pH-sensitive oral drug delivery systems.

1. Introduction

Aerogels represent a distinctive class of porous materials in which 
gas replaces the liquid component within the pores without altering the 
structure of the material. Over the past decade, interest in aerogels has 
grown significantly due to their remarkable and unique properties. 
These highly porous, lightweight materials are characterized by low 
density, high surface area, and exceptional low thermal and electrical 
conductivities [1,2] Typically, aerogels consist of a network of inter
connected nanoparticles or nanofibers, forming a complex 
three-dimensional architecture. One of the latest research directions 
involves the use of aerogels as drug delivery systems [3–6] The 

application of aerogels as host matrices for biomaterials has expanded 
significantly in recent years [3,5,7–9] Supercritically dried aerogels 
provide promising platforms for drug delivery, particularly in oral and 
pulmonary applications [10–12] Their advantageous hydration prop
erties make them highly effective for drug delivery, with biopolymer 
aerogels emerging as one of the most significant subcategories [5–7,13]

Importantly, aerogels can be formulated from biomaterials that are 
already used in pharmaceutical technology [14,15] The field of 
biopolymer aerogels is rapidly expanding, attracting significant scien
tific interest due to their advantages over traditional synthetic polymers. 
Derived from natural and renewable sources, such as plants and animal 
tissues, biopolymer aerogels are sustainable advanced materials. They 
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are biocompatible and safe for use in the pharmaceutical and food in
dustries [16,17] Biopolymer aerogels can effectively be impregnated 
with active compounds through adsorptive precipitation using super
critical CO2, a method that retains the active ingredient in an amorphous 
state within the porous system [18–21] From a therapeutic perspective, 
controlling the release kinetics is crucial for optimizing drug delivery 
efficacy, whether by accelerating or slowing down drug release [22]

Mehling et al. demonstrated the effectiveness of drug loading and 
release from starch and alginate aerogels, showing promising results for 
delivering drugs such as paracetamol and ibuprofen [23] Their findings 
revealed that aerogels made from certain types of biopolymers with 
higher porosity enabled faster drug release, highlighting their potential 
for responsive delivery systems. Kéri et al. investigated the release of 
ketoprofen and ibuprofen from silica-gelatin aerogels, demonstrating 
that the gelatin content significantly influenced drug release from the 
pore system [18] Loratadine is classified in the international Biophar
maceutical Classification System (BCS) as a class II drug, meaning that it 
displays poor water solubility, but rapid biosorption. The bioavailability 
of such drugs largely depends on their release rate from the formulation. 
One approach to increasing solubility is loading the drug into a porous 
carrier [24–27] Lovskaya et al. studied the impregnation of loratadine 
into alginate-based aerogels, achieving >20 % drug loading [28] Sta
bility tests indicated that the amorphous loratadine content remained 
stable, suggesting that alginate-based aerogels are suitable carriers.

Gelatin is a biopolymer obtained through the thermal denaturation 
of collagen, a natural protein of animal origin. It consists of long, flexible 
polypeptide chains that form coils and loops, held together by hydrogen 
bonds and hydrophobic forces in a three-dimensional network [29,30] 
This structure enables gelatin to form stable solvated gels with water and 
other protic solvents, such as alcohols. Due to its excellent biocompat
ibility, biodegradability, and non-immunogenicity, gelatin is widely 
used as a natural macromolecule in biomedicine [31–33] Furthermore, 
extracting gelatin from agricultural waste plays a crucial role in maxi
mizing the utilization of animal byproducts, contributing to a zero-waste 
food economy [34,35] The amino acid chains in gelatin can undergo 
crosslinking reactions with aldehydes that modify its gelling properties 
and introduce new physical characteristics, such as enhanced durability, 
thermal stability, water insolubility, and altered chemical reactivity 
[36–38] Glutaraldehyde is commonly used as a crosslinker for proteins 
and polypeptides, particularly gelatin, due to its ability to form stable 
covalent bonds with amino groups. This process enhances protein sta
bility and functionality for various applications [39,40]

This study explores newly synthesized aerogels composed entirely of 
natural gelatin, as well as, glutaraldehyde (GTA) cross-linked gelatin. 
These supercritically dried, high-porosity gelatin aerogels have never 
been investigated as pH-responsive drug delivery systems. The aerogels 
were characterized using various techniques, including SEM, N2-poros
imetry, IR spectroscopy, SANS, NMR relaxometry, solid-state NMR, 
water uptake measurements, and compressive strength testing. The 
pristine gelatin aerogel was loaded with the model active ingredient 
loratadine, and its release behavior was investigated as a function of pH. 
Finally, the drug release profiles were correlated with the aerogel’s pH- 
dependent water uptake and swelling properties.

2. Materials and methods

2.1. Materials and solutions

The gelatin used in this study was obtained as food-grade gelatin 
sheets from Dr. Oetker. It is type A gelatin derived from porcine sources, 
with a mean molecular weight of 150 kDa and a Bloom strength of 240. 
Its consistent quality control and high purity make it suitable for 
research purposes. Glutaraldehyde (GTA) and HPLC-grade methanol 
were purchased from Sigma Aldrich. Aqueous solutions were prepared 
using ultra-filtered, double-deionized water (Elga PureLab Classic sys
tem). Supercritical CO2 was prepared from 99.5+% purity gas from 

Linde. Ph.Eur. grade loratadine from Cadila Healthcare Limited was 
used for the experiments.

2.2. Preparation of pristine gelatin aerogels

Gelatin aerogels were prepared using the sol-gel method. Gelatin 
sheets were cut into small pieces, and the required amount (Table 1) was 
dissolved in 25 mL of water at 60–70 ◦C. The dissolution process was 
carried out under stirring at 50 rpm for 15 min, followed by an increase 
to 150 rpm for an additional 10 min. Once the gelatin was fully dis
solved, the mixture was allowed to cool to room temperature while 
being continuously stirred at 300 rpm. The resulting mixture was then 
poured into cylindrical plastic molds, sealed airtight, and aged in a 
refrigerator at 4 ◦C for 16 h.

2.3. Preparation of cross-linked gelatin aerogels

The required amount of gelatin (Table 1) was dissolved in 20 mL of 
water as described in the previous section. Various concentrations of 
GTA solutions were prepared by dissolving solid GTA (Table 1) in 5 mL 
of water. The two solutions were then mixed at room temperature and 
stirred at high rate for 20 to 45 s to ensure homogenization. Finally, the 
mixture was quickly poured into molds, sealed, and refrigerated at 4 ◦C 
for 16 h.

For both the pristine and the cross-linked gelatins, the preparation 
was followed in the same way. First, a three-step solvent exchange was 
performed to replace water with methanol in the gels. To remove the 
residual water from the porous structure, a continuous-mode solvent 
regeneration and extraction distillation unit was used. Finally, methanol 
was extracted using supercritical CO2 at 100 bar and 40 ◦C to obtain 
aerogels [41]

The aerogels were coded based on their gelatin and GTA content in 
the gelation mixtures, as indicated in Table 1. The total volume of each 
reaction mixture was consistently maintained at 25 mL.

Images of the as-prepared aerogel monoliths are provided in 
Figure S1 in the Supplementary Information (SI). The preparation of 
the presented aerogels are highly reproducible and scalable. Table S1 in 
the SI shows the structural characteristics of samples from different 
batches prepared ca. 8 months apart.

2.4. Characterization methods

The infrared (FT-IR) spectra of the samples were recorded using a 
PerkinElmer Spectrum IR-ES instrument. Data analysis was performed 
with Spectrum IR-ES version 10.7.2.1630 (PerkinElmer). Spectra were 
taken at a resolution of 2 cm⁻1, with an accumulation of 8 scans.

Solid-state NMR spectra were acquired on a Bruker Avance III 500 
spectrometer equipped with a wide bore 11.75 T magnet, operating at 
frequencies of 500.13 MHz for 1H and 125.77 MHz for 13C. A 4 mm 
triple-resonance probe in double-resonance mode with magic angle 
spinning (MAS) was used in all experiments. For optimal sensitivity, the 
rotor was fitted with Teflon inserts, defining a volume of 50 µL. The 

Table 1 
Codes of the prepared aerogels and their composition.

Code Gelatin amount (g) GTA amount (g)

RM.03.000 3.0 –
RM.04.000 4.0 –
RM.06.000 6.0 –
RM.03.010 3.0 0.10
RM.04.010 4.0 0.10
RM.04.025 4.0 0.25
RM.04.050 4.0 0.50
RM.04.075 4.0 0.75
RM.03.100 3.0 1.0
RM.04.100 4.0 1.0
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samples were packed into a zirconia rotor and spun at a MAS rate be
tween 10 and 15 kHz. The radio frequency (RF) field strength was 100 
kHz for 1H NMR. For the 13C cross polarization (CP) MAS experiments, 
RF fields of 55 and 28 kHz were used for initial proton excitation and 
decoupling, respectively. During the CP period, the 1H RF field was 
ramped using 100 increments, while the 13C RF field was kept constant. 
During acquisition, proton decoupling from carbon was achieved using a 
two-pulse phase-modulated (TPPM) decoupling scheme. A moderate 
ramped RF field of 62 kHz was used for spin-locking, while the carbon 
RF field was adjusted for optimal signal. The relaxation delay between 
accumulations was 5 s and the CP contact time was 2 ms. All chemical 
shifts are reported on the δ scale externally referenced to tetrame
thylsilane (TMS) at 0 ppm.

The morphology of the aerogels was examined by scanning electron 
microscopy (SEM) using a ThermoFisher Scientific Scios 2 instrument. 
The as-prepared aerogels were gently fractured, and the freshly frac
tured inner surface of the aerogels were imaged by SEM. No sample pre- 
treatment was applied. The samples were fixed onto vacuum-resistant 
carbon tape. A low acceleration voltage (1–2 kV) was applied to mini
mize charging effects on the aerogels, eliminating the need for sputter 
coating.

Small-angle neutron scattering (SANS) measurements were per
formed using the Yellow Submarine instrument at the Budapest Neutron 
Center (BNC), which is a pinhole-type instrument equipped with a two- 
dimensional neutron detector [13,42] Two sample-to-detector distances 
(1.2 m and 5.3 m) and two neutron wavelengths (4.15 Å and 9.70 Å) 
were used, covering a Q range of 0.010 – 0.446 Å–1. The measured 
scattering intensity was corrected for sample transmission, empty cell 
scattering, detector sensitivity, and background scattering. The struc
tural parameters of the scattering objects were determined through 
mathematical analysis of the corrected intensity versus scattering vector 
(I(Q)) curves. For a broad Q range, where both Guinier and Porod ap
proximations apply to the different sections of the SANS curve, a com
bined approach was used known as the Beaucage model [43] Data fitting 
was performed using the non-linear Levenberg-Marquardt least-squares 
algorithm in the open-source software SasView 5.0.4. Additional details 
on the measurement setup and data evaluation are provided in the SI.

The apparent specific surface area, pore size distribution, and total 
pore volume were measured by N2-sorption porosimetry with a Quan
tachrome Nova 2200e instrument. The as-prepared aerogels were gently 
cut into sub-millimeter sized pieces, and degassed in vacuum at 40 ◦C for 
24 h before starting the addition of N2 for the sorption measurements. 
Data analysis was performed using NovaWin 11.0 software (Quantach
rome Instruments, USA). The specific surface area was calculated using 
the multipoint BET method, while the pore size distribution was derived 
from the desorption curves using the BJH method. The NLDFT method 
was not applied due to the absence of a suitable kernel for the gelatin 
backbone.

Compression tests were carried out using an Instron instrument at 
room temperature, with a crosshead speed of 1 mm•min–1 and a full- 
scale load range of 10 kN. Cylindrical aerogel monoliths (diameter: 15 
mm, height: 22 mm) were prepared, and the tests were performed in 
triplicates. Data was recorded using Instron Series IX Automated Mate
rials Tester v.8.30.00 software. Young’s modulus was determined by the 
software.

The water uptake of the aerogels was monitored over 72 h at four pH 
values (1.0, 2.0, 7.0, and 8.0) adjusted with HCl and NaOH. These pH 
values were chosen to obtain information on the behavior of the aerogels 
covering the whole pH range relevant to natural body fluids. Cylindrical 
samples (diameter: 15 mm, height: 5.0 mm) were weighed and 
measured every 30 min. Changes in size were recorded using a vernier 
caliper, and mass was measured with an analytical balance. To assess the 
effect of sample size on water uptake, smaller aerogel pieces (diameter: 
3.0 mm, height: 2.0 mm) were also tested. The changes in the mass and 
the volume of the monolithic aerogel samples were recorded. The water 
uptake ratio (WUR) was determined using the following formula. 

WUR =
Ww − Wd

Wd
(1) 

Here, Ww is the mass of the wet aerogel, and Wd is the mass of the dry 
aerogel. By measuring changes in height and diameter, the volume 
change was calculated. For the small (3 mm diameter) samples, only the 
mass change was determined.

NMR relaxometry experiments were conducted using a 20 MHz 
Minispec Bruker mq20 relaxometer, employing the classical CPMG 
(Carr-Purcell-Meiboom-Gill) spin-echo pulse sequence. Experiments 
were performed on samples hydrated in multiple steps. For all T2 mea
surements, the CPMG sequence was applied using three echo times (0.08 
ms, 0.12 ms, and 0.16 ms), with parameters optimized based on T1 
relaxation times determined earlier using the inversion–recovery 
method. The water-to-dry aerogel mass ratio was increased from 0 to 2.5 
g/g in 16 incremental steps. Approximately 50 mg of dry aerogel was 
weighed into a relaxometric tube and titrated with water. The wet 
aerogel samples were mixed, sonicated, and stored in a refrigerator for 
24 h to ensure complete equilibration before NMR measurements. One 
sample (RM.04.000) was titrated with a pH = 2.5 HCl solution. In this 
case, measurement settings remained the same, except that the hydra
tion liquid was different.

2.5. Impregnation and release of loratadine

The drug loratadine (Scheme 1) was impregnated into the 
RM.03.000 pure gelatin aerogel in supercritical CO2 by adsorptive pre
cipitation [5,21] This is an advanced technique for loading poorly water 
soluble drugs into hydrophilic porous carrier matrices. This technique 
ensures both the conservation of the high porosity of the carrier, and the 
amorphization of the drug even at high drug contents. These features are 
otherwise inaccessible by other impregnation strategies, as highlighted 
in the literature [5,21]

The aerogel (45 mg) was ground and wrapped in filter paper. Lor
atadine (90 mg) was also wrapped in filter paper and placed in the same 
autoclave as the aerogel. This setup ensured that only dissolved lor
atadine could come into physical contact with the aerogel.

The autoclave containing the wrapped components was filled with 
supercritical CO2 at 110 bar and 40 ◦C, and the system was equilibrated 
under these conditions for 16 h. Finally, the autoclave was depressurized 
at ca. 1 bar/min. The impregnated aerogel was carefully removed from 
the filter paper wrapping and analyzed.

Powder XRD measurements were conducted to assess the crystal
linity of the deposited loratadine in the aerogel, as detailed in the SI.

To determine the active pharmaceutical ingredient (pure loratadine) 
content, the loaded aerogel samples were dispersed in methanol, soni
cated in a water bath at 25 ◦C for 15 min, and further agitated for 8 h. 
The loratadine concentration in the solution was determined using 

Scheme 1. Chemical structure of loratadine.
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HPLC. A Phenomenex Kinetex C8 column was used at 40 ◦C under iso
cratic conditions, with a 4 μL injection volume and a 5 min runtime. The 
mobile phase consisted of a water-to-methanol ratio of 15:85, with a 
flow rate of 0.5 mL/min. UV–vis detection was performed in the 
wavelength range of 210–400 nm.

Drug release kinetic curves were recorded using a customized fast 
kinetics method with on-line UV–vis spectrophotometric detection, as 
described in details in earlier publications [4,18] Briefly, a specified 
amount (0.50 – 1.50 mg) of loaded aerogel was weighed into a dry 
standard quartz cuvette (1.0 cm × 1.0 cm). Spectrophotometric detec
tion was started, and 3.0 mL of the release medium was injected into the 
cuvette. UV–vis spectra were recorded in every 5 s. The system was 
continuously stirred using a magnetic stir bar at 200 rpm, while the 
temperature was maintained at 37 ◦C. The concentration of the released 
nicotinic acid was calculated from the on-line measured absorbance 
values based on a series of external calibration solutions [44] Drug 
release experiments were conducted in two media: pH = 2.5 HCl solu
tion, and pH = 7.4 phosphate buffered saline (PBS). These are the 
generally applied pharmacopeia media for drug release tests simulating 
the gastric fluid, and the intestinal fluid, respectively.

3. Results and discussion

3.1. FT-IR spectroscopy

The characteristic IR bands of polypeptides were identified in the 
spectra of both the pristine and the cross-linked gelatin aerogels (Fig. 1) 
[45–47] The assignments of the most significant bands are as follows: 
3275–3295 cm⁻1 for amide N–H bending, 2900–3000 cm⁻1 for C–H 
stretching, 1590–1690 cm⁻1 for N–H stretching, 1406–1438 cm⁻1 for 
C–H bending, and 1215–1337 cm⁻1 for C–N stretching. However, no 
distinct peaks corresponding to GTA reaction products were observed 
due to overlap with the high-intensity peaks originating from gelatin. 
According to the literature, glutaraldehyde cross-linking of polypeptides 
typically produces detectable peaks only at much higher GTA-to-peptide 
ratios [39,40] A comparison of the various samples revealed no signif
icant differences in the IR spectra, regardless of the gelatin content, or 
the amount of the cross-linking agent used. The IR spectra of gelatin and 
GTA are compared with those of the pristine and cross-linked aerogels in 
Figure S2 in the SI.

Although the IR spectra did not directly confirm successful cross- 
linking, the observed color change in the prepared monoliths (see 
Figure S1 in the SI), along with the morphological alterations identified 
through SEM imaging and N2 porosimetry (vide infra), suggest that 
cross-linking was achieved. Furthermore, the significant differences in 
compressive strength among the aerogels, as well as their distinct be
haviors in water uptake experiments (vide infra) provide additional 

evidence supporting the success of the cross-linking process.

3.2. Solid state NMR

The 13C CPMAS and 1H MAS NMR spectra of gelatin (RM.04.000, 
RM.03.000) and cross-linked gelatin (RM.03.010, RM.04.010) aerogels 
are shown in Fig. 2. In the 13C CPMAS spectra, the broad resonance 
between δ = 155–180 ppm is attributed to carbonyl carbon atoms in 
gelatin. The narrower peaks within 15–70 ppm can be attributed to 
specific amino acids. This includes glycine (Gly) at 42.7 ppm, the most 
abundant amino acid in gelatin; proline (Pro) at 24.9 ppm and 47.3 ppm; 
glutamic acid (Glu) at 29.5 ppm and 54.3 ppm; alanine (Ala) at 47.3 
ppm; and hydroxyproline (Hyp) at 54.3 ppm and 70.5 ppm. Small peaks 
at 120–140 ppm are assigned to aromatic carbons, and the peak at δ =
157.0 ppm corresponds to arginine (Arg). The carbonyl region (163 to 
184 ppm) shows peaks for the carboxylic amino acid side chains in 
gelatin [48] The cross-linking between gelatin and GTA were not 
detected in the 13C CPMAS NMR spectra due to the overlapping of 
carbon peaks in the carbonyl region. However, the 1H-MAS NMR spectra 
showed notable changes between pure gelatin and GTA cross-linked 
gelatin aerogels. The proton peak associated to –NH, –OH groups and 
H2O at 4.6 ppm displayed a narrowing effect upon GTA cross-linking. 
Furthermore, the very broad peak in the down-field region at 7–12 
ppm due to hydrogen-bonding protons, showed a decrease in intensity 
upon GTA cross-linking [49] Essentially, these NMR features confirm the 
partial breakage of the hydrogen-bonding network and the 
molecular-level reorganization of the 3D structure of gelatin upon 
cross-linking.

3.3. Scanning electron microscopy (SEM)

Characteristic SEM images of pristine and cross-linked gelatin aero
gels (Fig. 3 and Figure S3 in the SI) reveal a homogeneous, quasi-fibrous 
morphology with smooth surfaces, free of ridges and cracks. No signif
icant morphological differences are observed between the pristine and 
the cross-linked gelatin aerogels, as both exhibit a dense architecture 
with visible pores in 50 000 × magnification in the SEM images. 
Although, the N2-sorption measurements revealed differences between 
the pore structures of the pristine and the cross-linked gelatin aerogels, 
as discussed in the next section.

3.4. N2 adsorption-desorption porosimetry

Representative N2 adsorption-desorption isotherms of pristine and 
cross-linked gelatin aerogels are shown in Fig. 4. Additional N2-sorption 
isotherms, pore size distribution curves and structural data are given in 
the SI (Figure S4 and Table S2) for supporting the following discussion.

All hysteresis curves correspond to IUPAC category IV with an H2b- 
type loop, which is characteristic of mesoporous materials [50] This 
isotherm type indicates a mesoporous structure with pore diameters 
primarily ranging from 2 to 30 nm, featuring mixed-shaped pores, and 
the presence of some macropores. However, these larger pores that are 
also visible in the SEM images in 50 000 × magnification, cannot be 
filled by condensed N2 during measurement.

A morphological difference is observed when comparing cross-linked 
aerogels to pristine ones. The hysteresis loops of pristine samples 
resemble more of the H1 type, indicating cylindrical pores, whereas the 
H2b feature in the isotherms becomes more pronounced with increasing 
concentrations of the cross-linking agent. Additionally, cross-linked 
gelatin aerogels exhibit a narrower pore size distribution. Mean pore 
sizes and total pore volumes are summarized in Table 2, although these 
parameters are strongly influenced by the presence of macropores that 
cannot be filled by condensed N2.

Apparent specific surface areas, determined by the BET method, are 
significantly higher for pristine gelatin aerogels and decrease as the 
cross-linking agent concentration increases. A similar trend is observed 

Fig. 1. Infrared spectra of the gelatin aerogels, and that of the raw mate
rial gelatin.
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in pore diameter (Fig. 4). Pristine gelatin aerogels maintain a slightly 
higher apparent surface area until a cross-linking agent concentration of 
0.25 g GTA in 5 mL water (RM.04.025), beyond which the surface area 
steadily decreases with further cross-linking.

3.5. SANS measurements

Representative experimental scattering curves together with the best 
fits with the Beaucage model are shown in Fig. 5. The estimated struc
tural parameters are summarized in Table 3. Additional SANS curves are 
shown in the SI (Figure S5).

A comparison of the SANS curves reveals no significant morpho
logical differences between the pristine and cross-linked gelatin aero
gels. This indicates that the nanometer-sized primary structural units of 
the aerogels are practically identical across all materials, regardless of 
the gelatin content or the presence and concentration of the cross- 

linking agent. As shown in Table 3, the Rg and p values are nearly 
identical in all cases. Assuming that the Rg values correspond to the pore 
sizes in this mesoporous material, the estimated pore diameter ranges 
from 34 to 40 nm [51] These sizes align well with observations from the 
SEM images, the N2-sorption results, and the descriptions of similar 
gelatin aerogels in the literature [29,52–55]

Kratky plots were also constructed for each sample. The average 
diameter of the primary nanofibers corresponds to the position of the 
intensity maximum (Qmax) on these plots, which is nearly identical 
across all aerogels (Fig. 5). This indicates that the size of the primary 
nanofibers is consistent in all the aerogels [56] However, as mentioned 
previously, the spatial arrangement of these primary fibers must differ to 
explain the observed variations in porosity and pore size distribution, as 
measured by N2-sorption.

Fig. 2. 1H MAS (left panel) and 13C CPMAS (right panel) NMR spectra of pristine gelatin and cross-linked gelatin aerogels. A MAS rate of 15 and 10 kHz were used for 
1H MAS and 13C CPMAS NMR experiments, respectively. * Spinning sidebands.

Fig. 3. SEM images of pristine gelatin and cross-linked gelatin aerogels in 50 000 × magnification. The scale bars represent 500 nm. (Additional images are shown in 
the SI.).
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3.6. Compressive strength

Experimental strain-stress curves are shown in Fig. 6. The corre
sponding Young’s modulus values, calculated using the classical 
methods by the instrument software, are listed in Table 4.

The monolithic aerogels exhibit three typical stages of deformation 
under compressive stress: elastic deformation, compaction, and densi
fication [57] While few compressive strength measurements have been 

made on bulk gelatin aerogels, previously studied monoliths have shown 
significantly improved mechanical properties when incorporated into 
composite materials [58–60]

Photographs of the monolithic aerogels, taken before and after 
compression (Fig. 7), reveal no surface cracks, indicating that the ma
terial is homogeneous at the macroscopic level. These aerogels display 
impressive mechanical properties and behave similarly to plastics, 
making them promising for load-bearing applications, which is beyond 
the scope of this article. In summary, the gelatin aerogels exhibit sub
stantially higher compressive strength compared to most conventional 
inorganic and organic aerogels [61]

Young’s modulus increases monotonously with the amount of cross- 
linking agent, suggesting that the chemical cross-linking process suc
cessfully strengthened the gelatin network.

3.7. Water uptake of aerogels

Water uptake measurements are essential for evaluating the poten
tial of bio-based materials in specific biomedical applications, as 
swelling and dissolution in aqueous environments are key factors 

Fig. 4. Left panel: Nitrogen adsorption-desorption isotherms of the aerogels given in the legend. Right panel: Pore size distribution curves calculated from the 
desorption isotherms using the BJH method. (Additional data is given in the SI.).

Table 2 
Structural parameters of the aerogels estimated by the BET and the BJH methods from N2 adsorption-desorption porosimetry.

RM.03.000 RM.04.050 RM.04.025 RM.03.100 Data evaluation

Specific surface area (m2 g–1) 567 319 353 220 BET
Mean pore size (nm) 17 ± 1 11 ± 2 13 ± 2 9.6 ± 2 BJH
Total pore volume 

(cm3 g–1)
1.9 0.59 0.73 0.44 BJH

Fig. 5. Left: The experimental SANS curves (markers) together with the best fits (lines) of the Beaucage model. Right: Kratky plots calculated from the scat
tering curves.

Table 3 
Calculated properties derived from the SANS measurements using the Beaucage 
model, and the X2 value describing the goodness of the fit.

Sample Rg (A) dpore (nm) p X2

RM.04.010 153 39.6 4.12 1.33
RM.06.000 131 33.8 4.33 1.88
RM.03.010 130 33.6 4.17 3.79
RM.04.100 133 34.5 4.11 3.19
RM.03.100 152 39.2 4.44 3.73
RM.04.000 134 34.6 4.09 1.97
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influencing material performance [62–64]
The highest water uptake and swelling were observed in the non- 

crosslinked gelatin aerogel (RM.03.000), while the lowest water up
take occurred in the sample with the highest cross-linker content 
(RM.04.100), as shown in Figs. 8 and 9. Naturally, reduced swelling and 
water uptake are expected when introducing chemical cross-links into 
an inherently hydrophilic biopolymer.

When comparing the effects in different media, the highest volume 
change and water uptake were observed under acidic conditions, fol
lowed by neutral and basic pH. At pH = 1.0, even the cross-linked 
aerogels dissolved within approximately 5 h.

Additionally, during the water uptake experiments, the aerogels’ 
yellowish color gradually became transparent. This visual change 
occurred most rapidly under acidic conditions, suggesting that the bonds 
between the gelatin and the cross-linking agent hydrolyze over time.

Comparing hydration rates between small aerogel pieces and larger 
discs revealed that the hydration rate is practically independent of 
sample size. This indicates that the chemical structure of the gelatin 
backbone and its morphology are the primary factors influencing the 
hydration and swelling rates of the aerogel monoliths, rather than their 
macroscopic size.

3.8. NMR relaxometry measurements

The structural characteristics of hydrated aerogels were investigated 
using NMR relaxometry technique. Generally, NMR relaxometry is an 
indirect method for the exploration of water localization in different 
chemical environments within the nanoscale structure of the hydrated 
aerogels [13] The T2 value reflects the interactions between water 
molecules and the solid backbones of the aerogels. The change of the T2 
values provides insights into the hydration and wetting mechanism. 
Already established considerations were used to draw mechanistic 
conclusions [13,51,65,66]

The RM.06.000, RM.04.000, and RM.04.010 aerogels were titrated 
with water stepwise, up to a maximum water-to-aerogel ratio of 2.5 g/g. 
At each step, the T2 values (spin-spin relaxation times of water protons) 
were measured. For titration with an HCl solution, the procedure was 
the same, but the titration was stopped at a maximum water-to-aerogel 
ratio of 1.4 g/g.

Overall, the relaxation data for water titration showed minimal 
variation among the pure gelatin and cross-linked gelatin aerogels, 
regardless of the gelatin content or the amount of cross-linking agent 
used. All hydrated aerogels exhibited three distinct relaxation domains, 
as shown in Fig. 10. The first domain starts at the lowest water content, 
the second at 0.2–0.3 g/g, followed by the third around 0.5 g/g.

The first relaxation domain, with the lowest T2 values (from 0.5 to 
8.0 ms), consists of water molecules that are tightly bound to the gelatin 
macromolecules. These water molecules are strongly associated with the 
gelatin skeleton, specifically merging into the primary nanoscale fibers. 
This water can be considered structural, as it is strongly connected to the 
macromolecular framework. The measured T2 values increase up to a 
water content of 1.5 g/g, after which they level off.

The second domain, with intermediate T2 relaxation times, corre
sponds to the primary, highly ordered hydration shell on the nanoscale 
skeleton. In this domain, water molecules form a structured layer on the 
surface of the nanofibers, creating a primary hydration shell around the 
solid framework. This domain behaves similarly to the first, reaching a 
plateau around a water content of 1.5 g/g.

The third domain, with the highest T2 values, corresponds to water in 
small droplets or puddles confined within the entangled nanofiber 
network. These T2 values are characteristic of water molecules that 
move relatively freely within the pores. As the water content increases, 
the T2 values steadily increase, reflecting decreasing molecular con
straints as the pores fill and quasi-bulk phases form.

When comparing the amplitudes of the three domains, they generally 
follow the same trend as the T2 values. The first and second domains are 
challenging to distinguish mathematically, but they can be separated 
using the MERA algorithm for inverse Laplace transformation [67] This 
is partly due to their smaller amplitudes compared to the third domain. 
Additionally, the amplitudes of the first two domains reach a maximum 
with increasing water content, while the third domain increases linearly 
(Figure S6 in the SI). These results suggest that water exchange occurs 
between the first two domains, while the third domain remains 
well-separated even at high water content.

The RM.04.000 sample was also titrated with an HCl solution (pH =
2.5). The titration was halted at a water-to-aerogel ratio of 1.4 g/g, as 
the sample began to dissolve at this point. The results, shown in Fig. 11, 
were compared with those obtained using water. Notably, only two 
relaxation domains were observed during the HCl titration, as opposed 
to the three observed when titrating with water. The first two relaxation 
domains, associated with strongly bound water, merged under acidic 
conditions, while the third domain, associated with larger puddles, 
behaved similarly in both cases. The merging of the first two domains is 
attributed to the fast exchange of water between the structural water 
and the hydration sphere in the acidic medium, likely due to partial 
dissolution of the gelatin backbone. This behavior aligns with the water 
uptake measurements (Section 3.8), where the pristine gelatin aerogels 
swell dramatically and take up large amounts of water under acidic 

Fig. 6. Representative compressive strain-stress curves characterizing the 
pristine gelatin and the cross-linked gelatin aerogels. The error bars represent 
the standard deviation calculated from triplicate measurements using inde
pendent samples.

Table 4 
Young’s modulus values of pristine gelatin and cross-linked gelatin aerogels.

RM.04.000 RM.04.010 RM.04.050 RM.04.075 RM.04.100

37 ± 1 MPa 61 ± 1 MPa 86 ± 2 MPa 84 ± 2 MPa 107 ± 2 MPa

Fig. 7. Aerogel monoliths before and after the compression tests.
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Fig. 8. Water uptake of monolithic aerogels over time at different pH values. The error bars represent the standard deviation calculated from triplicate 
measurements.

Fig. 9. Volume change of monolithic aerogels over time at different pH values. The error bars represent the standard deviation calculated from triplicate 
measurements.
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conditions, reflecting the extensive hydration of the gelatin skeleton as 
seen in the NMR relaxometry results.

3.9. Impregnation and release of loratadine

Loratadine was impregnated into the RM.03.000 pristine gelatin 
aerogel using the technique of adsorptive deposition in supercritical CO2 
[14] The process was designed to approximate the pure loratadine 
content of solid drug formulations available on the market. The loaded 
aerogel contains 1.7 w/w% pure loratadine, which is close to the content 
found in market-standard formulations, such as the 
Loratadine-Ratiopharm 10 mg tablets (EU market).

Powder XRD measurements indicated that the pristine aerogel is 
amorphous, and the deposited loratadine does not crystallize in the 
loaded aerogel formulations. (XRD diffractograms are provided in 

Figure S7 in the SI.) The amorphous nature of loratadine plays a crucial 
role in determining its release profile.

The dissolution of pure loratadine and its release from the loaded 
aerogel were investigated in HCl solution at pH = 2.5 and in PBS at pH =
7.4. In both media, the amount of pure loratadine in the dissolution cell 
was set to 95 % of its solubility limit at the respective pH. The solubility 
of loratadine is 0.09 mg/ml at pH = 2.5 and 0.004 mg/ml at pH = 7.4 
[68]

Drug release from the loaded aerogel differs significantly from the 
dissolution of pure loratadine in both media, as shown in Fig. 12. At pH 
= 2.5, the dissolution of pure loratadine occurs in two phases: an initial 
rapid phase followed by a slower phase as its concentration approaches 
the solubility limit. In contrast, the release of amorphous loratadine 
from the aerogel follows a single kinetic phase, even near its solubility 
limit. The timeframes for both the dissolution of pure loratadine and the 

Fig. 10. Measured T2 relaxation times as function of water content given in grams of water per grams of dry aerogel. Panels A, B, C show the first, second and third 
domains, respectively, and panel D shows all three domains together. The error bars represent the standard deviation calculated from triplicate measurements.

Fig. 11. Left panel: The T2 relaxation times as the function of water content of the RM.04.000 aerogel measured using pure water (red markers) or a pH = 2.5 HCl 
solution (green markers). Right panel: The corresponding amplitudes of the relaxation domains. The error bars represent the standard deviation calculated from 
triplicate measurements.
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drug release from the aerogel are approximately the same. While the 
solubility of loratadine is extremely limited in PBS, its dissolution rate is 
as fast as in HCl, whereas its release from the loaded aerogel is signifi
cantly slower under these conditions.

Under the applied conditions, the dissolution of loratadine is pri
marily limited by its solubility. However, when encapsulated within the 
aerogel’s pore structure, its dissolution is also influenced by the struc
ture of the aerogel skeleton. The water uptake of the RM.03.000 gelatin 
aerogel is significantly slower at pH = 7.4 compared to acidic condi
tions, proceeding at roughly half the rate (cf. Fig. 8). This behavior is 
clearly reflected in the drug release at different pH values. For com
parison, the pH dependence of the water uptake of the related cross- 
linked RM.03.010 aerogel is given in Figure S8 in the SI. Evidently, 
the pristine gelatin aerogel is more sensitive to the pH than the cross- 
linked ones, and the high pH-sensitivity of the pristine gelatin aerogel 
is an advantageous feature for drug delivery applications, as follows.

Under acidic conditions, where the system is well-hydrated, the 
aerogel carrier has minimal impact on the rate of drug release compared 
to the dissolution of pure loratadine. In contrast, at pH = 7.4, where the 
system is poorly hydrated, the aerogel’s encapsulating effect becomes 
more pronounced, slowing down the drug release compared to the 
dissolution of the pure drug.

The pKa of protonated loratadine is 4.6, meaning that loratadine 
exists as a cation at pH = 2.5, but remains neutral at pH = 7.4 [27] 
Therefore, hydrophobic interactions between loratadine and the gelatin 
backbone can result in the strong binding of the pure loratadine to the 
carrier at pH = 7.4, which can also contribute to the retarded drug 
release [69]

Overall, the gelatin aerogel proved to be a versatile pH-sensitive drug 
delivery system. It effectively encapsulates the drug at near-neutral pH, 

delaying its release, while also serving as a solubilizing aid under acidic 
conditions. This dual functionality makes it highly suitable for oral drug 
delivery, where it can enhance the effective concentration of poorly 
water-soluble loratadine in gastric fluids.

Importantly, it has been demonstrated earlier that gelatin and 
gelatin-derived hybrid aerogels are biocompatible and non-toxic [4,15,
70–72]

4. Conclusions

Gelatin and cross-linked gelatin aerogels can be synthesized via the 
sol-gel method, even at high gelatin concentrations. Glutaraldehyde 
cross-links the gelatin during alcogel preparation, and supercritical CO2 
extraction yields high-porosity aerogels.

The aerogels’ solid backbone consists of fibril-like structures, influ
encing mechanical strength and hydration properties. Nitrogen-sorption 
measurements confirmed mesoporosity, with apparent surface areas up 
to 600 m2/g, and pore sizes of 10–30 nm. The aerogels exhibit high 
Young’s modulus (35–105 MPa), increasing with cross-linker content.

Swelling and water uptake measurements were performed in the 
wide pH range from 1.0 to 8.0. The aerogels showed higher water ab
sorption and faster swelling under acidic conditions. Furthermore, NMR 
relaxometry confirmed the enhanced hydration and partial dissolution 
of the gelatin backbone in acidic media.

Loratadine was incorporated into pure gelatin aerogel via adsorptive 
deposition in supercritical CO2. Drug release studies were carried out at 
37 ◦C in two media: pH = 2.5 HCl solution, and pH = 7.4 phosphate 
buffered saline (PBS). These are the generally applied pharmacopeia 
media for drug release tests simulating the gastric fluid, and the intes
tinal fluid, respectively. The drug release experiments showed that the 

Fig. 12. The dissolution of pure loratadine (API), and the release of the loaded loratadine from the aerogel at pH = 7.4 in PBS (A) and at pH = 2.5 in HCl (B). The 
data points in panel A and B are the average of duplicate measurements. The relative deviation between the duplicates is <10 %. Panel C: Water uptake of the as- 
prepared RM.03.000 gelatin aerogel in different media. The error bars in panel C represent the standard deviation calculated from triplicate measurements.
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aerogel retards loratadine dissolution at neutral pH but enhances solu
bility in acidic conditions, making it suitable for pH-sensitive oral drug 
delivery.

APPENDIX: Supplementary material
The Supplementary Information (SI) related to this article can be 

found in the online version of the article. Additional experimental de
tails are given on the characterization techniques, including the SANS 
and the XRD methods referred to in the text. Additional experimental 
results including SEM, N2-sorption, SANS, XRD, NMR and water uptake 
data are given as referred to in the main text of the article.
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B. Mildner, Z. Knežević, Classification of loratadine based on the biopharmaceutics 
drug classification concept and possible in vitro–in vivo correlation, Biologic. 
Pharmaceutical Bulletin 27 (2004) 1630–1635.

[69] N. Barman, J. Deb, U. Sarkar, Favipiravir drug molecule adsorbed graphyne as a 
promising drug delivery vehicle for anti-viral treatment, Appl. Surf. Sci. 640 (2023) 
158473.
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