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I. Introduction and aim

Aerogels are the world's lowest density solid materials (0.01-0.20
g/cm?) that have extremely high specific surface areas (200-1000 m?/g)
and an open pore structures. Aerogels are characterized by an extremely
low thermal conductivity (0.05-0.10 W/mK), which is why they are
perhaps one of the most promising thermal insulator material families
today. Aerogels have special physical and chemical properties among the
solid materials, that is why they are studied in many research areas (space
research, biomedical applications, construction and building industry).

Aerogels are produced in three main steps that affect their final
structure. The most commonly used method for the preparation of their
skeleton is the sol-gel method. In the first step, nano-sized sol particles
are formed in the reactions of the starting reagents, which then turn into
a gel network. The next step in the production of aerogels is solvent
exchange, and the last step is drying with supercritical carbon dioxide.

The development of synthetic polymer aerogels was partly driven
by the need for new, extremely low-density materials. Polyimide and
polyamide aerogels are characterized by excellent mechanical properties
and moisture stability.

Our research focuses on understanding the interaction of these
porous materials with water, including the moisture content of the air.
Hydration of aerogels is usually associated with microstructural changes,
which also affect their mechanical properties. Due to their high specific
surface area, aerogels are excellent carriers and delivery systems of
drugs. Therefore we impregnated the aerogels with two drugs and then
tested their release in different release media.
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1. Methods

Solvated polymer gels were synthetized using the sol-gel process,
and the last step in the preparation of aerogels was drying in supercritical
COo.. For this purpose, we used a device that does not require a liquid
CO2 pump. The system works with the original pressure of the
submersible-tubed CO> cylinder and the pressure increase that occurs
with the supercritical transition. The characterization of the aerogels was
carried out using different structural analysis methods. We investigated
the morphology of the aerogels with a scanning electron microscope
(ThermoFisher Scientific Scios 2). To determine the specific surface
area, pore size distribution and pore volume of the aerogels, nitrogen
adsorption-desorption porosimetry measurements (Quantachrome Nova
2200e) were performed in accordance with IUPAC recommendations.
The chemical structure of the produced aerogels was confirmed by
Fourier transform infrared spectroscopy (Perkin Elmer Spectrum Two
Spectrometer).

The size distribution of the aerogel particles dispersed in an
aqueous medium was examined using an optical microscope with a 1.3
MP USB camera. The images were analyzed using the ImageJ software
and the size of the particles was calculated from the image analysis. Zeta
potential measurement was performed with MALVERN Zetasizer Nano
ZS equipment with conventional instrument settings and automatically
fine-tuned measurement parameters. The compressive strength of dry and
partially hydrated aerogel monoliths was measured using an Instron 4302
instrument.

The small angle neutron scattering (SANS) measurements were
carried out in cooperation with the researchers of the ELKH-EK Neutron
Spectroscopy Laboratory. The measurements were carried out in the
Budapest Neutron Centre (BNC), on the Yellow Submarine's pin-hole
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type, equipped with a two-dimensional neutron detector. The solid-state
NMR measurements were relaized in collaboration with researchers from
the Amadeo Avogadro University in Alessandria. Solid-state NMR
spectra were recorded on a Bruker Avance 111 500 spectrometer and an
11.75 Tesla magnet at operating frequencies of 500.13 and 125.77 MHz
for H and °C.

The NMR relaxometric measurements were performed with a
Minispec Bruker mg20 relaxometer. The dry and partially hydrated
aerogel samples were characterized by NMR cryoporometry and
diffusiometry at different water contents in a Bruker Avance 11 360 MHz
NMR device.

The impregnation of the aerogels with drugs were carried out in
supercritical CO2, ensuring the appropriate contact time under static
conditions. For the release studies, 2 media (pH = 1.0 hydrochloric acid
and pH = 7.4 PBS) were used and the released amount of drug was
monitored by UV-vis spectrophotometry (Hewlett-Packard 8453
photometer).
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I11. New scientific results

1. We proved that the gold sputtered on the surface of
nanostructured aerogels affects the morphology seen in the images
in the case of scanning electron microscopy (SEM).

1.1) We observed that sputtering even a thin, 5 nm gold layer (as
recommended in the literature) results in the formation of artificial
structural elements on the surfaces of many different types of aerogels,
and the 16 nm thick layer significantly modifies the morphology of all
the studied aerogels (Figure 1).
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Figure 1. LVSEM imags of polyamide aerogel samples. (a) Pristine,
uncoated. (b—d) Sputter coated with 5 nm, 16 nm, 32 nm thick Au layers,
respectively.
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1.2) We have shown that the gold atoms condense on the nanostructured
surfaces of the studied aerogel during sputtering and form mostly
spherical Au nanoparticles (clusters) (Figure 2). The morphology of the
sputtered gold structures could be visualized in the SEM instrument in
high resolution in atomic number based contrast using a backscattered
electron (BSE) detector.

secondary electron (SE) and back scattered electron (BSE) signals of the
32 nm sputter coated Ca-alginate aerogel sample. The two images are
identical, displayed in different color planes: (a) black/white and (b)
red/white. The lighter colored spherical and cylindrical Au nanoparticles
are well visible at the tips of the original Ca-alginate fibers in the images.

2. The hydration of the monolithic polyamide aerogel causes non-
linear changes in its compressive strength. The hydration
mechanism of polyamide aerogel was deduced, which provides an
explanation for this phenomenon.
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2.1) The 3D framework of polyamide aerogel consists of entangled and
interconnected fibers. The thickness and length of the primary fibers vary
greatly on the scale of a few tens of nanometers. Some of these threads
are branched, and in some places, they run together in focal points.

2.2) The nitrogen-sorption isotherms of the polyamide aerogel belong to
IUPAC category IV and are characterized by the H3 type hysteresis loop.
The shape of the isotherms and the presence of a hysteresis loop are
characteristic of mesoporous materials that also contain micropores to a
significant extent. Macropores, that cannot be completely filled with
condensed nitrogen, are also present, which can also be observed in the
SEM images (Table 1).

Table 1. Structural parameters of polyamide aerogel estimated by the
BET and the BJH methods from the N2 adsorption-desorption data.

Parameter Polyamide Data evaluation
aerogel
C-constant 59+3 BET
Specific surface area (m?/q) 251420 BET
Total mesopgore volume 0.7+ 0.1 BIH
(cm?/g)

2.3) Compared to the dry aerogel, the Young's modulus and the
compressive strength increase dramatically with the increase of the water
content of the aerogel, and show a maximum after conditioning at 50%
relative humidity, i.e. a water content of 0.16 g/g (Figure 3). Interestingly,
further hydration of the aerogel causes a steep decrease in these
mechanical parameters.
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Figure 3. Results of monolithic polyamide aerogel compression tests.
Panel A: Representative strain-stress curves of the dry and the partially
hydrated aerogel monoliths. Panel B: The estimated Young’s modulus
and compressive strength of the monolithic polyamide aerogel as a
function of its conditioning in humid air.

In order to explain this phenomenon, the hydration mechanism of
polyamide aerogel was studied using several methods. The processes at
the molecular level were investigated with various NMR methods, and
the changes in the nanostructure were followed by SANS.

2.4) The SANS results confirm the change in the morphology of the
polyamide aerogel as a function of the water content. An increase in Ry
indicates an increase in the size of the pores, which is accompanied by a
smoothing of the surface of the pore walls, which is shown by the value
p = 4 measured at 0.2 g/g water. Above this water content, the pore size
still increases, although the roughness of the pore walls also increases.
According to the SANS data, marked structural changes take place in the
polyamide aerogel at the critical 0.2 g/g water content, and later when
reaching 2.0 g/g water content (Figure 4).



Hydration mechanisms and drug delivery applications of polymer aerogels

00wy - 49 40 T = — 400
+ 0.2g/g 1.8 gig 7z T
+ 04g9/g -+ 21g/g7 o
08glg - 25g/g] = 3.5 -~ — <
— —fit k| 5 / ™Ry s st —’ 5 s’
5 g c 7)) % 300 o
5 2 U o / | N 2
2107, & . < B
s 5 3.0 A. g
— F L N\ c
(€] { @ L X ]
= ] ES “mt200 ®
o 1 0.2-0.44g/g " £
q H o 254 187 - [0)
1A i . U 2.0 g/g
S — . : 20 L—=4 : ‘ 100
107 10" 00 03 06 09 12 15 1.8 2.1
) water content (g/g)

Figure 4. Small angle neutron scattering characterization of partially
hydrated polyamide aerogel. Panel A: The experimental SANS curves
(markers) together with the best fits (lines). Panel B: Estimated structural
parameters as a function of the water content of polyamide aerogel. The
estimated Ry values are uncertain above 300 A. The dashed vertical bars
indicate water contents of special interest.

2.5) The high resolution of the 13C CPMAS peaks measured by the solid-
state NMR method suggests that the orientation of the polymer chains is
somewhat ordered in the fibers after drying in supercritical CO2. The high
intensity shoulder at 10 ppm in the *H MAS spectrum of the dry aerogel
indicates the presence of multiple intermolecular H-bonds between the
polymer molecules, which is typical for linear polyamides. The hydration
of the aerogel does not change the 3C chemical shifts in terms of peak
widths and resolution but causes significant changes in relative peak
intensities, which stabilize around 0.5 g/g water content. In accordance
with this, the *H MAS spectrum of the partially hydrated samples shows
that the extensive intermolecular H-bonding network of the linear
polyamide molecules gradually breaks up with increasing hydration of
the aerogel.
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2.6) During the NMR relaxometric measurements, we observed 3
relaxation domains for the hydrated polyamide aerogel (Figure 5).
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Figure 5. Results of the NMR relaxometry study of partially hydrated
polyamide aerogel. The panels show the values of the transversal
relaxation times (T2) as the function of the water content. The dashed
vertical bars indicate water contents of special interest.

At the lowest water contents, only one relaxation domain can be detected
with very small T, values. This domain corresponds to those water
molecules that interact strongly with polyamide macromolecules in H-
bonding. The 2™ relaxation domain appears at a water content of about
0.19 g/g, with significantly higher T2 values. However, these T2 values
are not high enough to indicate the formation of well-defined water
droplets in the pores. Accordingly, the 2" relaxation domain corresponds
to water molecules still in strong interaction with the polyamide
framework. The 3" relaxation domain corresponds to the formation of
well-defined water droplets and puddles in the focal points of the aerogel
frame.
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2.7) During the NMR diffusiometry measurements, we changed two
conditions: the water content of the polyamide aerogel and the
observation time of the experiments. We have shown that two diffusion
domains always appear at higher water content. The Dqbs values of both
ranges gradually increase with increasing the aerogel water content but
only to a small extent. In addition, we found that the Dons values do not
change by changing the observation time of the NMR experiment,
regardless of the water content.

2.8) We proved that in the case of partially hydrated polyamide aerogel,
a 'H NMR signal can only be measured starting from a water content of
1.0 g/g during the cryoporometry experiments. The cryoporometry
results show that the pores of the hydrated polyamide aerogel are only
partially filled with water droplets at a water content of 2.5 g/g. These
droplets are first separated and enclosed by the hydrated polyamide
nanofibers. However, these droplets coalesce and fill the available gap-
like voids at a water content of 3.4 g/g without significantly changing the
structure of the hydrated framework. The well-expressed decrease in the
freezing point measured during the saturation of the pores shows that the
solid framework remains well defined even in the case of complete
hydration, i.e. the linear polymer molecules are still connected, no
hydrogel is formed. This is consistent with the observations discussed for
relaxometry and SANS.

2.9) Based on the summarized results of the NMR and SANS
measurements, we identified the main steps of polyamide aerogel
hydration, which are graphically summarized in Figure 6. The first water
molecules bind to the surface of the polyamide nanofibers and fill the
empty spaces in the intermolecular H-bonding network of the polyamide

11



Hydration mechanisms and drug delivery applications of polymer aerogels

macromolecules. These water molecules strengthen the H-bonding
network that stabilizes the fibers, which causes the rearrangement of the
nanostructure of the aerogel, which is clearly shown by the SANS results.
In the state between 0.2 g/g and 0.4 g/g water content, the water
molecules enter the entire volume of the polyamide nanofibers, integrate
between the macromolecules and break some intermolecular H-bond
sites. This weakens the strong intermolecular bonds characteristic of dry
aerogel. Further hydration causes partial dissolution of the nanofibers,
further increasing the pore size. This is accompanied by an increasing
surface roughness of the partially dissolved polyamide fibers, as shown
by the SANS results.

Molecular level

Polymer molecules ’\ Polymer struts ~ _ _ _ _ _ Intermolecular H-bond

among polymer molecules

Figure 6. Graphical representation of the different stages of the
hydration of the polyamide aerogel.
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3. We have described in details the hydration mechanism of a
polyimide aerogel.

3.1) A fibrous structure can also be observed in the case of the polyimide
aerogel, however, in the case of polyimide, these fibers are much more
uniform in size, less branched, and more separated. Due to the
crosslinking agent that builds up the polyimide, the polymer itself has a
3D crosslinked chemical structure, which builds up the well-defined
fibers.

3.2) We found that the nitrogen sorption isotherms of the polyimide
aerogel are typical for mesoporous materials being category 1V, and are
characterized by an H3 hysteresis loop, which indicates the presence of
macropores, also seen in the SEM images (Table 2).

Table 1. Structural parameters of polyimide aerogel estimated by the
BET and the BJH methods from the N2 adsorption-desorption data.

Parameter Polyimide Data evaluation
aerogel
C-constant 55+2 BET
Specific surface area (m?/g) 297 + 28 BET
Total mesop30re volume 0.840.1 BIH
(cm®/g)

3.3) The chemical shifts in the solid-state NMR *3C CPMAS and *H MAS
spectra do not change with the hydration of the aerogel. At the same time,
the peak widths and the resolution also remain unchanged, only the dry
sample differs slightly from the samples with different degrees of
hydration. From this, we can conclude that the conformation of the
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polyimide macromolecules does not change significantly as a result of
hydration. The results do not indicate a strengthening segment movement
either.

3.4) During the evaluation of the relaxometric measurements of the
partially hydrated polyimide aerogel, we identified 3 relaxation domains
(Figure 7).
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Figure 7. Results of the NMR relaxometry study of partially hydrated
polyimide aerogel. The panels show the values of the transversal
relaxation times (T2) as the function of the water content. The dashed
vertical bars indicate water contents of special interest.

At a very low water content, only one relaxation domain can be
measured, which is bound to the polymer molecules by a strong
secondary bond, so it can be assigned to water molecules with little
mobility. The 2" relaxation domain can already be detected at a water
content of 0.2 g/g. This is typical of the water located inside the
polyimide nanofibers and partially dissolving them. The 3™ relaxation
domain also appears quickly, already at a water content of 0.8 g/g, which
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shows high T values typical of smaller water drops and puddles and
increases continuously with the water content. This means that, in the
case of polyimide aerogel, larger water layers and droplets appear on the
surface of the fibers or between them, even at a low water content.

3.5) The self-diffusion of water cannot be measured in this system with
at very low water contents. We first get a measurable signal at a water
content of 0.8 g/g, which coincides with the appearance of the 3"
relaxation domain. In this system, therefore, diffusiometry and
relaxometry are consistent with each other.

3.6) We have proven that the droplet sizes calculated from the freezing
curves in cryoporometry show a good agreement with the pore size
distribution calculated from the nitrogen sorption measurements on dry
aerogel for all tested water contents. In the case of samples with a water
content of 2.0 g/g, we can determine based on the shape of the melting-
freezing curves that the water is typically present in the form of spherical
drops, and at a water content of 3.5 g/g, cylindrical water layers become
more characteristic.

3.7) Considering the results of different characterization methods (NMR,
SANS), we developed the hydration mechanism of the polyimide aerogel

(Fig. 8).
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Dry [ 05g/g 1,0 g/g 3,0g/g

Figure 8. Graphical representation of the different stages of the
hydration of the polyimide aerogel.

In the first step of polyimide aerogel hydration, the added small amount
of water is able to form strong secondary bonds with the macromolecules
and integrate into the nanofibers formed by them, which is evidenced by
the existence of the 1% and 2" relaxation domains and the corresponding
small T2 values. Then, adding additional water, the 3" domain that
appears at a water content of about 0.8 g/g can be associated with the
water present on the surface of the fibers and between them. However,
the original 3D structure of the polyimide macromolecules that build up
the aerogel and the morphology of the framework changes only slightly
when hydrated, as shown by SANS.

4. \We proved that polyamide and polyimide aerogels are suitable for
binding different drugs from supercritical carbon dioxide.

4.1) We successfully impregnated polyamide and polyimide aerogels
with ibuprofen and ketoprofen in supercritical carbon dioxide under static
conditions. We have developed the optimal conditions for the
impregnation of polymer aerogels. We determined the total amount of
active ingredient bound by the aerogels in methanol using the UV-vis
photometric method. (Table 3).
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Table 3. The total amount of drugs in polymer aerogels.

Ibuprofen Ketoprofen
Aerogels
[wiw %] [wiw 9%0]
Polyamide aerogel 25,3+ 1,31 3,45+0,17
Polyimide aerogel 15,9 +£0,85 7,97 £ 0,68

4.2) The structure of the impregnated drugs was investigated using X-ray
diffraction spectrometry, and it was established that they are found in an
amorphous form in the mesoporous carriers. Thus, we proved the use of
aerogels as pharmaceutical technology solubilizing agents.

5. We proved that aerogels impregnated with drugs release the drugs
in different ways depending on the pH of the release media. By
analyzing the dissolution profiles and considering the hydration
mechanism of the aerogels, we proposed the mechanisms of drug
release from polymer aerogels.

5.1) In the case of the release of the ketoprofen in a hydrochloric acid,
we found that the hydrophobic interaction between the polymer carriers
and the drug is the controlling factor, which is evidenced by the very
small dissolution percentage (Table 4).

Table 4. The maximum amount of ketoprofen released from the
aerogels is given as a percentage compared to the impregnated amount.

Ketoprofen HCI (pH=1) | PBS (pH=7,4)
Polyamide aerogel 23 % 30 %
Polyimide aerogel 5% 25 %
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Itis likely that a real sorption equilibrium develops between the drug and
the aerogel framework. In addition, the poor solubility of the drug also
contributes to the small amount of dissolved drug in both polymer
aerogels. Based on the zeta-potential values in PBS release medium, at a
pH=7.0, polyamide has most probably a positive surface charge,
polyimide has most probably a negative surface charge, and ketoprofen
is present in deprotonated form, i.e. as an anion. Although the solubility
of ketoprofen increases because of this, the rate of dissolution is
ultimately reduced even at this pH, probably due to the strong interaction
with the polymers.

5.2) During the study of the release of the ibuprofen in hydrochloric acid,
we found that the solubility of ibuprofen is relatively low in hydrochloric
acid. A very small difference can be observed in the drug release of the
two aerogels (Table 5).

Table 5. The maximum amount of ibuprofen released from the aerogels
is given as a percentage compared to the impregnated amount.

Ibuprofen HCI (pH=1) | PBS (pH=7,4)
Polyamide aerogel 38 % 90 %
Polyimide aerogel 47 % 80 %

The hydrophobic interaction is also significant here. The solubility of
ibuprofen in PBS is much better than in acidic media. Both the polyimide
aerogel and the drug have negative charge, which on the one hand
promotes their hydration, and on the other hand, the Coulomb interaction
greatly favors the release, so the active ingredient dissolves instantly.
This case is most favorable for the use of aerogels as solubilizing agents.
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In the case of polyamide aerogel, the reason for the restraining effect is
the Coulomb interaction between the positive surface charge of the
aerogel and the deprotonated drug.

19



Hydration mechanisms and drug delivery applications of polymer aerogels

V. Possible utilization of the results

During our research, we studied the preparation and the
characterization of synthetic polymer-based aerogels, a group of a very
promising material family. We performed a detailed study of two of their
representatives, a polyamide and a polyimide aerogel. Using several
methods, we investigated the changes in the structure of the aerogel
framework due to interaction with water (moisture); and based on the
results, we proposed a hydration mechanism for both aerogels.
Furthermore, we investigated the use of these aerogels as solubilizing
agents in pharmaceutical technology.

If aerogels are designed for use in moist air or aqueous media, such
as for biomedical or engineering applications, it is essential to understand
the mechanism of hydration of the aerogel framework and the resulting
modification of the aerogel structure. The investigation of these
properties contributes to the exploration of additional application areas.
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