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HIGHLIGHTS GRAPHICAL ABSTRACT

e Borosilicate-alginate composite aerogels
and xerogels for oral drug delivery.

e Drug impregnation during solvent-
exchange, and supercritical CO5 assis-
ted drying.

o Different solid gel fabrication strategies
yield distinct drug release properties.

e Morphological and interfacial properties
are related to drug release mechanisms.
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ARTICLE INFO ABSTRACT

Keywords: Different drug delivery systems are formulated from chemically identical borosilicate-alginate xerogels and
Aerogel aerogels. The backbones of these gels are prepared in a common sol-gel procedure, but the loading of the
Xerogel nicotinic acid drug, as well as the final drying of the impregnated wet gels were realized using different stra-
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tegies. It is shown that adding the nicotinic acid during gelation and drying the wet gel under ambient conditions
leads to dense xerogels with high drug loading, which is released in a moderately retarded manner in simulated
gastric and intestinal fluids. Highly porous aerogels are also formulated from the identical wet gels that are

impregnated with nicotinic acid post-gelation and dried using supercritical CO». Nicotinic acid is deposited in an
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amorphous form in these aerogels, and the drug dissolves practically instantaneously in the mentioned simulated
body fluids. Supercritical CO drying is essential to achieve the advantageous drug solubilization feature, because
drying identical gels under ambient pressure yielded xerogels that do not display burst drug release. The thor-
ough characterization (SEM, EDS, Na-sorption, XRD, FT-IR, Raman spectroscopy, {-potential) of the different gel
formulations reveals the most important chemical and morphological features that control the distinct mecha-
nisms of the release of nicotinic acid from the different gels.

1. Introduction

Aerogels and xerogels are two-phase nanostructured solids consist-
ing of interconnected pores penetrating through a 3-dimensional skel-
eton. The starting point of their fabrication is the synthesis of a wet gel
backbone in a liquid that initially fills their pores. Although the chemical
composition and the preparation process of the gel backbone can be the
same for aerogels and xerogels, they develop different final morpho-
logical features according to the drying method used to replace the pore-
filling liquid with air. Xerogels are dried by evaporating the pore-filling
liquid at ambient pressure, while aerogels are dried under supercritical
conditions, usually using supercritical CO5. [1-3] Supercritical drying
enables the replacement of the pore-filling liquid without significant
deformation of the gel backbone, because when the liquid-CO5 mixture
is taken beyond its critical point, surface tension is nullified. During
ambient-pressure drying, the surface tension of the pore-filling liquid
significantly deforms the original pore structure, ultimately leading to a
much denser gel backbone and smaller porosity for xerogels. [4-6]
Therefore, supercritically dried aerogels have characteristically higher
porosities and apparent surface areas than the corresponding xerogels.
[1-3] The versatility of the sol-gel method enables the production of
xerogels and aerogels of various chemical compositions. [1,2,7-10] In
addition to their composition, the morphological features of the gels
play a crucial role in specific applications.

Aerogels and xerogels are promising functional porous materials for
advanced drug delivery devices. [7,8,10] Importantly, the formulation
of the final drug delivery system can be controlled in the different steps
of the sol-gel preparation process, as well as by drying. The xerogels and
aerogels display distinct drug delivery features, even when they have the
same chemical composition. In general, aerogels facilitate rapid drug
release due to their high porosity and open pore network, while xerogels
typically provide prolonged drug release. [11] Besides the preparation
method of the porous carrier, the technique of drug impregnation has a
high impact on the delivery features. Impregnation can be realized
during the sol-gel synthesis of the carrier, e.g. during the gel formation.
This ensures the entrapment of a large amount of drug in the wet gel
network, which has to be conserved during solvent exchange and drying
for an advantageous formulation. Other typical strategies are the
impregnation of the wet gel from a solution before drying (e.g. as part of
solvent exchange), and the impregnation of the dry gel using super-
critical CO,. [11,12] When designing the impregnation strategy, it is
essential to consider the solubility of the drug in each medium that
contacts the gel, as well as, to consider the reactivity of the drug with the
components of the carrier. [11]

Borosilicate glasses are being investigated as bone regenerative
matrices in tissue engineering due to their tunable bioactivity and de-
gradability. [13-15] Their backbone can be synthesized via the sol-gel
method, similar to the processes used for aerogels and xerogels. [13,
15] Supercritical drying can be employed to create a highly porous
structure, enhancing surface area and loading capacity. [16] The
regenerative potential of these materials can be further improved by
impregnating therapeutic agents into their porous networks. [14]

In our previous work, borosilicate — polyvinyl alcohol aerogels were
prepared that demonstrate good biocompatibility. [16] In the present
study, borosilicate-alginate hydrogels were converted into aerogels and
xerogels in a similar sol-gel process. Alginates, most commonly sourced
in the form of sodium alginate are intensively investigated biopolymers

for hydrogel, xerogel and aerogel fabrication, because alginates are
biocompatible, nontoxic, biodegradable, and show pH dependent hy-
dration properties. [17] The combination of the biopolymer alginate
with the inorganic borosilicate phase can result in a hybrid gel network
with unique properties, enhancing biocompatibility and mechanical
stability while providing new surface functional groups. Nicotinic acid
was used as a model drug for impregnation, and testing drug release. The
main objective of this research was to investigate the morphological and
chemical properties of newly synthesized borosilicate-alginate aerogels
and xerogels, and to determine how drying methods and different
drug-loading strategies influence the drug delivery properties of these
solid gels. [10,18,19] We aimed to explore the simplest alternatives for
achieving satisfactory drug impregnation ratios and loadings, such as
impregnation during gelation and during solvent exchange. In order to
establish structure-property relationships, the chemical and the
morphological characteristics of the dry gels were assessed and
compared to the drug release features of the different pharmaceutical
formulations. The differences in the drug release profiles were inter-
preted based on the structural features of the solid gel carriers taking
into account the properties of the impregnated drug, as well. [20]

2. Experimental Section
2.1. Materials

Tetramethyl orthosilicate (TMOS), sodium-alginate (catalogue No.
71238; ~100 - 200 kDa MW, G/M ratio ~ 1:1) [21], ammonium fluo-
ride, nicotinic acid (>98 %, catalogue No. N4126), potassium chloride
and monopotassium phosphate were purchased from Merck. Orto-boric
acid, acetone, hydrochloric acid (37 %) and sodium dihydrogen phos-
phate dihydrate were obtained from VWR. Sodium chloride was pur-
chased from Molar Chemicals Kft. The aqueous solutions were prepared
with doubly-deionized and ultra-filtered water (ELGA PureLab classic
system). Carbon dioxide cylinders (Biogon-C, 99.95 %) equipped with
dip tube were purchased from Linde Gaz Magyarorszag Zrt. (Debrecen,
Hungary).

2.2. Synthesis of pristine and impregnated borosilicate — alginate xero-
and aerogels

The preparation steps of the aero- and xerogels are the same con-
cerning the synthesis of the wet gel skeletons, but differ in the solvent
exchange and drying processes. The impregnation of nicotinic acid is
also different in the different gel formulations. The code names of the
borosilicate — alginate aero- and xerogel formulations along with their
preparation, and their theoretical composition are summarized in
Table 1. The preparation steps are shown in Fig. 1.

The first steps of the synthesis are the same in every case. First,
6.83 mL of tetramethyl orthosilicate (TMOS) was added under gentle
stirring to 4.4 mL of distilled water containing 100 pL of 0.10 M HCI.
After 10 min, 30 mL of 5 w/w% aqueous boric acid, and 30 mL of 5 w/w
% aqueous sodium-alginate solutions were added to the reaction
mixture to ensure the homogeneous distribution of the inorganic and
organic components in the final gel backbone. From this point on, the
synthesis of the different gel formulations diverges, as shown in Fig. 1.

One of the possible methods for the impregnation of nicotinic acid
into the gels is its introduction during the gelation step of the sol-gel
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Table 1

Code names of the borosilicate-alginate aero- and xerogels, together with the
different conditions used for their preparation, and their theoretical
composition.

Code Pore-filling Drying Drug Gel composition

name liquid method impregnation (W/w%) SiO5 :
before method B,0; : Alginate
drying

XS0 Native Ambient - 53:17: 30
solvent conditions

XSN Native Ambient During gelation 53:17: 30
solvent conditions in the synthesis

AAO Acetone Supercritical - 53:17: 30

CO,

AAN Acetone Superecritical During solvent 53:17: 30
containing CO, exchange
nicotinic acid

XAN Acetone Ambient During solvent 53:17: 30
containing conditions exchange

nicotinic acid

synthesis. In one case, after 30 min of stirring the reaction mixture,
0.90 g of nicotinic acid was directly dissolved in the mixture, and stir-
ring was continued for another 30 min (Fig. 1. left pathway). Finally,
1 mL of 1.0 M NH4F solution was added to the reaction mixture to
induce gelation. The mixture was then poured into plastic molds, and
gelation occurred over 24 h. To formulate drug impregnated xerogels
(XSN), the monolithic gels were first cut into pieces to improve drying
efficiency and reduce drying time. Finally, these pieces were dried at
50°C in a laboratory drying cabinet for 30 h. As a reference, identical
xerogel without nicotinic acid (XS0) was also prepared.

For preparing other gel formulations, it has to be considered that
nicotinic acid is soluble in water, as well as in acetone, but practically
insoluble in supercritical CO». [22-24] For aerogel preparation, the pore
filling water in the wet gel has to be exchanged in multiple steps to
acetone. Due to its solubility in acetone, nicotinic acid can effectively be
impregnated into the wet gels during such solvent exchange steps.
[22-24]

Additional xerogel and aerogel formulations were prepared using the
same sol-gel steps as described above until the addition of NH4F, but
without adding nicotinic acid. These wet gels were then subjected to
solvent exchange and different drying methods (Fig. 1. right pathway).
After the gelation of the original reaction mixture by NH4F, the pristine
monolithic gels were soaked in pure acetone for 24 h intervals, changing
the acetone to fresh one 3 times. In the fourth step, the wet gels were
soaked in 500 mL of acetone containing 1.27 g of nicotinic acid for 90 h.
The impregnated wet gels were then divided into two parts, and dried
using different methods (Fig. 1. right pathway). One part was placed in
an autoclave along with the acetone solution containing nicotinic acid,
and the solvated gels were dried to obtain impregnated aerogels (AAN)
using supercritical COy following a previously published pumpless
protocol. [25] The other part of the wet gel was dried in a laboratory
drying cabinet at 40°C for 7 h to produce xerogels (XAN). As a reference,
aerogel without nicotinic acid (AAO) was also prepared. Photographs of
the as-prepared xero- and aerogels (listed in Table 1) are shown in
Fig. S1 in the Supporting Information (SI).

Acetone was chosen as the final solvent because the original
hydrogels showed much lower shrinkage in it than in methanol or
ethanol during solvent exchange. Furthermore, nicotinic acid has only
moderate solubility in acetone, much lower than in the alcohols. Over-
all, acetone showed to be the best compromise for drug impregnation
and gel drying.

2.3. Nicotinic acid content of gel formulations

Nicotinic acid is a weak acid that is highly soluble in water and has
two pK, values of 2.14 and 4.82. [26] To determine the nicotinic acid
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content of the impregnated dry gels, ca. 1.0 mg of powdered gel was
suspended in 10 mL of HCI solution (pH = 2.0) or phosphate-buffered
saline (PBS, pH = 7.4), then sonicated for 20 min, followed by stirring
for ca. 20 h. After stirring, the samples were centrifuged, and the su-
pernatant was separated. The concentration of the nicotinic acid in the
supernatant was determined by UV-vis spectrophotometry with an
Agilent 8453 UV-vis spectrophotometer at 261 nm (pH = 2.0) and
263 nm (pH = 7.4). The total amount of nicotinic acid was calculated
based on its molar absorbance, which was determined from the cali-
bration series recorded in each dissolution medium (see Fig. S2 in the
SI). Based on the amount of dissolved nicotinic acid and the weight of
the solid gel, the weight percentage content of nicotinic acid in the
impregnated xero- and aerogels was determined.

2.4. Structural characterization

The morphological properties of the borosilicate-alginate xero- and
aerogels were investigated using scanning electron microscopy (SEM)
and N2 adsorption-desorption porosimetry. The chemical composition
and structure of these gels were studied using energy dispersive X-ray
spectroscopy (EDS) and Fourier-transform infrared spectroscopy (FT-
IR). The crystalline state of the impregnated nicotinic acid was exam-
ined by X-ray powder diffraction (XRD) and Raman spectroscopy.
Finally, the pristine aerogel was suspended in an aqueous medium, and
the ¢-potentials of the suspended aerogel microparticles were deter-
mined at different pH values using a combined dynamic light scattering
(DLS) and electrophoretic mobility method. [27] The experimental
procedures for sample preparation, instrumental setup, measurement
protocol, and data evaluation are detailed in the electronic SI.

2.5. Drug release tests

The release of nicotinic acid from the impregnated xero- and aerogels
was recorded using a customized fast kinetics method with on-line
UV-vis spectrophotometric detection. [8,28] First, 0.50 — 1.20 mg of
the powdered impregnated aerogel/xerogel was measured into a clean
1.00 cm x 1.00 cm spectrophotometric cuvette, then 3.0 mL of the
dissolution medium was added to it, and UV-vis detection was imme-
diately started. In order to simulate drug release in different organs of
the human body, two dissolution media were tested: pH = 2.0 HCI and
pH = 7.4 PBS solutions. The spectrum of the released nicotinic acid was
recorded in the 200 — 400 nm wavelength range in every 20 s for 30 min
at 37°C, with continuous stirring at 300 rpm using a 3 mm magnetic bar.
The concentration of the released nicotinic acid was calculated from the
on-line measured absorbance values as detailed in Section 2.3. To cor-
rect the measured absorbance of nicotinic acid for the light scattering of
the gel particles, the “double-wavelength” method was applied. [29]
Specifically, the absorbance values measured at 300 nm were subtracted
from the absorbance values measured at 261 nm and 263 nm. The
rationale is that nicotinic acid does not absorb light at 300 nm. There-
fore, any increase in the absorbance at 300 nm is due to light scattering
(extinction) by the gel particles. Thus, the real absorbance of nicotinic
acid can be obtained by subtracting the extinction part from the
measured absorbance value, as validated before. [30]

3. Results and Discussion
3.1. Nicotinic acid content of gel formulations

The nicotinic acid contents of the impregnated xero- and aerogels
were determined following dissolution in different media (cf. Section
2.3), and the corresponding impregnation efficiencies are given in
Table 2. The theoretical maximum nicotinic acid contents are the total
amounts of nicotinic acid used for the different impregnation procedures
(cf. Section 2.2).

The highest amount of nicotinic acid is present in the XSN sample,
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Fig. 1. Schematic representation of the preparation of pristine and impregnated borosilicate — alginate aero- and xerogels. The different pathways leading to xerogel
and aerogel preparations are marked with red and blue arrows, respectively.

Aerogel (AA)
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Table 2 Furthermore, no solvent exchange was performed to obtain the as-
The weight percentage of nicotinic acid in the impregnated gel formulations, prepared XSN. For XAN, the impregnation efficiency is significantly
and the corresponding impregnation efficiencies. lower, because the dissolved drug was impregnated from acetone during
Sample  Nicotinic acid content (w/w)% Impregnation the solvent exchange in the already solidified wet gel skeleton. In this
Determined in HCl Determined in PBS efficiency case, Tucotlmc ac@ .sp?ntaneously adsorbed on the gel skeleton anFl

solution (pH = 2.0) (pH =7.4) established an equilibrium between the solution and gel phases. This

XSN 132401 13510 Tose 10 100 % yielded a considerable amou.nt 9f .n%cotlmc acid bO}lnd to the gel
AAN 38404 38403 16 % network (ca. 3.7 w/w%), but still significantly less than in the case when
XAN 33401 3.7+0.2 16 % nicotinic acid was directly added during the gelation of the carrier (cf.

XSN: 13w/w% nicotinic acid). Finally, the similar nicotinic acid con-
tents of the XAN xerogel and the AAN aerogel prove that flushing the
impregnated wet gels with supercritical CO2 does not decrease the
amount of the adsorbed drug, as the only difference between the prep-
aration of XAN and AAN is using ambient evaporation or supercritical
CO4, extraction for drying, respectively.

while a significantly lower amount of the drug is present in XAN and
AAN. Accordingly, the impregnation efficiency of XSN is close to 100 %,
and much lower in the case of the XAN and AAN samples. This is
rational, because nicotinic acid was directly added to the aqueous re-
action mixture during the gelation step in the case of XSN, and the gel
network entrapped practically the whole amount of the drug.

& HV cur | det | mode WD mag ® ftilt |HFW —1pm——— e |HV cur | det | mode | WD mag ®|[tilt |HFW [—T
2.00kV 25pA T2 |A+B | 2.6877 mm 25000x 0.0° 5.08 ym Thermo Scientific Scios X 1.00kV 50pA T2 A+B | 2.6356mm 25000 0.0°|5.08 ym Thermo Scientific Scios

o [HV curr | det | mode WD Tmag  ®[tit | HFW i ——1pm—
1.00kV 50pA T2 A+B 19850 mm 25000 0.0° 5.08pm Thermo Scientific Scios

. - 5
H curr | det | mode | WD mag R tit | HFW T o HV curr | det | mode WD mag = |tit |HFW
1.00kV 50pA T2 |A+B | 2.9709 mm 25000x 0.0° 5.08 ym e s X 1.00kV 50pA T2 A+B  2.9109 mm 25000 0.0° 5.08um Thermo Scientific Scios

Fig. 2. Low voltage scanning electron microscopy (LV-SEM) images of pristine and impregnated borosilicate — alginate xero- and aerogels (as displayed in the
legend) at 25k x magnification.
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3.2. Chemical composition and morphology of gel formulations

3.2.1. Scanning electron microscopy (SEM)

Representative SEM images of the borosilicate — alginate xero- and
aerogels are shown in Fig. 2. The AA aerogels display the fundamental
morphological features of the classical silica aerogels, i.e. the backbone
is built up by interconnected primary spherical nanoparticles. [16,31]
However, the primary particles form large aggregates in the AA gels, and
large macropores are also present in the network, which is distinct from
the classical silicas. In the solvent-exchanged XA xerogels, similar
morphological features are observed as in the corresponding aerogels,
but a denser backbone is formed due to the shrinkage of the gel skeleton
during the ambient condition drying.

Xerogels dried from their native aqueous medium (XS gels) exhibit
drastically different morphological features. The spherical nanoparticles
characteristic for silicas are absent, and the XS backbone is built from
dense fibrillar and lamellar blocks that resemble to some extent to dry
alginate gels. [21] Aggregates are also present among the fibers, which
could indicate some degree of phase separation between the inorganic
and organic components.

The significant morphological differences among the dry gels are the
direct consequence of the interaction between the pore-filling liquid and
the gel backbone during the different drying procedures. Water interacts
with the hydrophilic gel backbone much stronger than acetone. During
ambient pressure (open air) drying, these interactions play a significant
role in determining the final morphology, because the strong capillary
tension, which develops during solvent evaporation collapses the
nanosized pores. These effects are stronger in the case of water (XS gels)
than in the case of acetone (XA gels) due to the inherently higher surface
tension of water. Furthermore, water was evaporated at moderate
temperature, 50°C, to avoid thermal effects. However, this treatment
took 30 h, which already induced crystallization processes leading to
partial phase separation, as discussed in details later in Section 3.2.4. It
was also shown that a significant amount of water still remains bound to
the xerogel backbone in the XS gels, as discussed later in Section 3.2.5.

In the case of the AA aerogels, supercritical drying eliminates the
deformation effects caused by capillary forces during ambient pressure
drying, which explains the differences in the morphological character-
istics of the AA and XA gels. It is also visible in the SEM images that the
nicotinic acid containing aerogel (AAN) displays fewer macropores and
a more compact skeleton than the pristine one (AA0). The presence of
the relatively large amount of nicotinic acid on the surface of the gel
backbone during drying may cause the noted alterations in the visible
morphology.

2000

cm’/g)

21000 A
&

VqumeS

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/p,)
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3.2.2. Nj-sorption porosimetry

The experimental Ny-sorption isotherms and the calculated pore size
distribution curves of the solvent-exchanged AA and XA gels are shown
in Fig. 3. The calculated morphological parameters are collected in
Table 3. (The skeletal densities were estimated based on literature data
and the composition of the different gel formulations. [16,32]) All of
these gel formulations show IVa-type (IUPAC) Ny-sorption isotherms
characteristic for mesoporous materials, but the shape of the hysteresis
loop is different for each. [33] The hysteresis loop for the AAO aerogel is
a combination of the H2b and H3 types, indicating the complex pore
structure of the aerogel including restricted, ink-bottle shaped meso-
pores, together with a significant number of macropores. The impreg-
nation of nicotinic acid into the pores has a marked effect on the
apparent pore structure of the aerogel, because a typical H3 hysteresis
loop is observed for AAN, which is characteristic for narrowing,
wedge-shaped pores. [34] In this case, the apparent surface area
decreased to approximately half of that of the pristine aerogel, and the
characteristic BJH mesopore size is also reduced ca. to half. This sug-
gests that the deposited nicotinic acid effectively narrows and blocks the
mesopores, and additionally fills some of the macropores, as seen in the
SEM images.

For the XAN xerogel, which was dried from acetone under ambient
conditions, the hysteresis loop is H4 type due to the significant
morphological changes that take place during drying due to the large
capillary forces. A dramatic decrease in total pore volume and a
reduction in the contribution of large pores are evident and are in good
agreement with the morphological features seen in the SEM images.

N2 adsorption-desorption porosimetry was also performed on the
xerogels dried from their native solvents (XS gels); however, the
measured isotherms barely exhibit a hysteresis loop, and the specific
amount of adsorbed N, was much smaller than that for the solvent
exchanged XAN xerogel. This indicates that the XS xerogels do not
display mesoporosity but are built up from large bulk particles where the
interparticle voids form large macropores. Thus, the apparent surface
areas and pore volumes of the XS gels are outside the quantification limit
of this technique.

The reason for the low porosity and low structural integrity of the XS
gels is twofold. First, drying the hydrogels in open warm air causes pore
collapse and extensive macroscopic shrinkage compared to the parent
gel structures. As discussed already in Section 3.2.1, during the evapo-
ration of water from the nano-sized pores, a strong capillary pressure
gradient is built in the pore walls, which collapses most of the pore
volume; an effect known from the literature. [35,36] Second, the high
nicotinic acid content might already block most of the pores of the
parent hydrogel, and during drying, the precipitating nicotinic acid can

0.60 " T -

—eo— AAO
—o— AAN| |
—o— XAN

0.50

—~

0.40

o o
N w
o o
L1

dV(d) (cm*nm/g

o
-
o

0.00
25 50

Pore diameter (nm)

Fig. 3. Experimental N adsorption-desorption isotherms (left) and calculated (BJH method) pore size distributions (right) for the different gel formulations.
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Table 3
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Morphological parameters of the solvent-exchanged aerogels and xerogels calculated from the Nj-sorption porosimetry results.

Sample Bulk density Skeletal density Porosity” BET surf. area Vrotal” av. pore diam.’
dy [g cm™] d; [g em™] P [V/V%] s m*g™] (BJH: V3_150 nm)° [em® g7'1 [nm]

AAO 0.044 217 98 1229 22 (3.0) 10 (72)

XS0 0.954 217 56 10* 0.59 (0.25%) 100* (235)

AAN 0.053 2.14 98 687 18 (2.3) 13 (107)

XAN 0.757 2.14 65 275 0.85 (0.4) 6 (12)

XSN 1.064 2.07 49 10* 0.46 (0.25%) 100* (183)

@ Porosity calculated according to the formula: (ds—dy)/ds, where dg: skeletal density and d;,: bulk density.

b Total pore volume calculated according to formula: 1/d,-1/d,.

¢ Cumulative volume of pores between 3.4 and 150 nm from Na-sorption data and the BJH desorption method.
4 Calculated by the 4 V/s method; V was set equal to the maximum volume of N, adsorbed along the isotherm as p/po — 1.0. For the number in parentheses, V was set

equal to Vrota from the previous column.
" Estimated values for XS xerogels.

form thick deposits inside the xerogel structure that significantly alters
the final morphology and integrity.

3.2.3. Energy dispersive X-ray spectroscopy (EDS)

Representative EDS spectra of the different gel formulations are
shown in Fig. S3 in the SI. The elements that make up the gel backbone,
namely carbon, silicon, sodium, and oxygen, which originate from the
TMOS and sodium alginate precursors, can be observed in each sample.
For the impregnated samples, nitrogen is also detected, further con-
firming the presence of nicotinic acid. In the case of the XS xerogels
dried from their native solvent, boron from the boric acid precursor is
also detected. Boron is difficult to detect with this technique; however,
the compact structure of the XS gels together with the increased crys-
tallinity of the backbone (vide infra) enhances the detection of boron. In
addition to boron, aluminum appears as a contaminant in these samples,
likely originating from the tools used for sample preparation.

3.2.4. X-ray powder diffraction (XRD) and Raman spectroscopy

The XRD patterns of the xero- and aerogels are shown in Figs. S4 and
S5 in the SI. Importantly, no Bragg peaks are detectable in case of the
solvent-exchanged AA and XA gels. This fact shows that both the gel
skeletons, and the loaded nicotinic acid are in amorphous states in these
gel formulations, which is the advantageous consequence of the use of
acetone as the final solvent in their preparation procedure. The amor-
phous state of the nicotinic acid is an important feature that significantly
influences its release from these carriers, as discussed in details in Sec-
tion 3.3.

Characteristic Bragg peaks were detected in the XRD pattern of the
XS0 xerogel that were assigned to crystalline boric acid derivatives. [37]
Additionally, the Bragg peaks of crystalline nicotinic acid were also
detected in the impregnated XSN gels. The formation of the crystalline
phases in these gel formulations are the direct consequence of their
ambient drying from water. This elongated (30 h) drying procedure at
moderate temperature (50 °C) favored the formation of crystalline
phases both in the gel backbone and in the deposited nicotinic acid.

Finally, the XRD study highlights that nicotinic acid, when intro-
duced via impregnation from an acetone solution is deposited in an
amorphous form (AAN and XAN), whereas its impregnation in the
aqueous reaction mixture and subsequent ambient drying results in the
crystalline drug (XSN).

In order to further study the phase of nicotinic acid in the AAN
formulation, Raman spectroscopy measurements were performed. The
Raman spectra of crystalline nicotinic acid, AAO and AAN are shown in
Fig. S6 in the SI. The bands of crystalline nicotinic acid and the gels were
assigned based on literature data, as detailed in the SI. [38-43] As a
summary, while the strong characteristic molecular vibrations of nico-
tinic acid are present in the Raman spectrum of AAN, the bands spe-
cifically characteristic for the crystalline form of nicotinic acid are
absent. This is a further indication together with the XRD results that the
nicotinic acid loaded in the AAN gel formulation does not take a

crystalline form.

3.2.5. Infrared spectroscopy (IR)

The IR spectra of the xero- and aerogels, and crystalline boric acid
and nicotinic acid are shown in Fig. 4. In general, the characteristic
peaks corresponding to Si-O-Si, Si-OH, B-O, and C—=O0 bonds, and that
of the COO™ group appear in the IR spectra of solvent-exchanged XA and
AA samples. The broad band observed between 3690 and 3000 cm™! is
attributed to the stretching vibrations of Si-OH, B-OH, and C-OH
groups. [44-46] The in-plane stretching vibration of Si-O, characteristic
of the Si-OH group, appears at 952 cm™. A very intense and broad band
in the 1270-980 cm™ range corresponds to asymmetric Si-O-Si
stretching vibrations, while the symmetric stretching vibration of
Si-O-Si is present at 796 em™l. [44,45] The band at 1389 cm™ is
assigned to the antisymmetric [BOgs] stretching vibration, whereas the
peak at 663 cm™t corresponds to B-O bending vibrations. [47,48] The
peak near 1700 cm™ is associated with the stretching vibration of the
C=O0 bond. Additionally, the peaks at approximately 1602 em™! and
1412 cm™ correspond to the asymmetric and symmetric stretching
modes of the COO™ group, respectively. [45,46] An additional band at
1637 cm™ is attributed to the presence of adsorbed water. [44,45] Three
new peaks appear in the IR spectra of XAN at 2931 cm ™, 1319 cm ™!, and
741 cm!. The peak at 2931 cm! corresponds to the stretching vibration
of C-H bonds in nicotinic acid and alginate. [46,49] The peaks at
1319 cm™! and 741 em™ correspond to the in-plane bending of the COH
group in nicotinic acid and the out-of-plane bending of the COOH group
in nicotinic acid, respectively. [49] The appearance of these peaks in
XAN can be explained by the more compact structure of the xerogel
compared to the aerogel, which enhances the detection of components
present in lower concentrations.

The IR spectra of the XS xerogels dried from their native solvent show
entirely different bands compared to those of the solvent-exchanged
samples. In the case of XSO, the characteristic bands of boric acid are
dominant, and only the characteristic silica bands are visible alongside
them. In the case of the XSN, new intensive bands appear, characteristic
for nicotinic acid. The difference in the spectra of the samples can be
explained by their crystalline nature, as discussed in Section 3.2.4.
Crystalline phases exhibit much more intensive peaks than amorphous
phases; thus, crystalline boric acid and nicotinic acid contribute more
significantly to the IR signal of the XS xerogels than in the case of the
amorphous XA and AA gels. [45]

3.2.6. ¢-potential of suspended aerogel particles

The {-potential values of suspended AAO aerogel particles are shown
in Fig. S7 in the SI at different pH values. The calculated ¢-potential of
the suspended AAO decreases from —12 mV to —85 mV as the pH in-
creases. In the pH range of 2.0-6.0, the {-potential decreases steeply,
while no further decrease is observed in the pH range of 6.0-8.0. This
change in the {-potential suggests that the surface charge of the gel
particles is primarily governed by the protonation and deprotonation of
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Fig. 4. Infrared spectra (FT-IR) of the different gel formulations. For reference, the spectra of crystalline boric acid and nicotinic acid are also given. The specific
samples are identified in the legends. Panel A: IR spectra of the solvent-exchanged XA and AA gels. Peaks characteristic of different chemical bonds within the gel
backbone are indicated. Panel B: Comparison of the IR spectra of AAO, XSO and boric acid. Peaks characteristic of boric acid are marked with dashed lines, while
those associated with the borosilicate backbone in XSN are indicated with red lines. Panel C: Comparison of the IR spectra of XS0, XSN and nicotinic acid. Additional
peaks corresponding to crystalline nicotinic acid in the XSN sample are highlighted.

the alginate carboxyl groups that have an apparent pK, value between
3.4 and 4.4, depending on the specific polymer structure of the studied
alginate. [50]

3.3. Drug release from different gel formulations

Representative time resolved UV-vis spectra recorded during the
drug release experiments (cf. Section 2.5) are shown in Fig. S8 in the SI.
Dissolution curves representative for the different impregnated gel for-
mulations are shown in Fig. 5. Two release profiles are shown for each
formulation, i.e. total dissolved drug concentration over time, and
released drug percentage over time.

Markedly the highest amount of nicotinic acid is released from the
XSN xerogel at both pH = 2.0 and 7.4, which is natural since this sample
has the highest nicotinic acid content (cf. Section 3.1. and Table 2).
However, only the aerogel formulation is able to deploy all of the
deposited drug in a quasi-instantaneous burst in less than 2 min. In the
case of the xerogels, the rate of drug release is retarded compared to the
aerogel formulation, and somewhat slower at pH = 7.4 than at pH = 2.0.
To explain the differences in the release processes, the crystalline state of
nicotinic acid, the morphological differences among the gel carriers, and
the electrical charge of the components have to be taken into

consideration, as follows.

Nicotinic acid is crystalline in XSN, which leads to its somewhat
slower hydration and release from this xerogel. In contrast, nicotinic
acid is present in an amorphous form in the other formulations, resulting
in faster dissolution and release.

The instantaneous burst from the aerogel can be explained by its
unique morphological features that were revealed by SEM and No-
sorption. The aerogel has an open pore network with large macropores,
allowing the entrance of the dissolution medium and the subsequent
release of the hydrated drug. In contrast, xerogel samples have denser,
more compact structures that hinder fluid transport in the wet gel par-
ticles. [51]

The slight pH-dependence of the drug release rate detectable in the
case of the xerogel formulations can be explained by taking into account
the electric charge of nicotinic acid and the gel surface. [52] Nicotinic
acid has two pK, values: 2.14 for the carboxyl group and 4.82 for the
pyridine nitrogen. [26] At pH 2.0, the pyridine nitrogen is protonated
and the carboxylic group is also partially protonated in equilibrium,
resulting in the dominance of the zwitterionic and the cationic forms of
nicotinic acid at this pH. At pH = 7.4, both groups are deprotonated,
making nicotinic acid anionic. The apparent pKj of alginic acids ranges
from 3.4 to 4.4 (cf. Section 3.2.6). [50] Consequently, the carboxyl
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Fig. 5. Drug release from the impregnated gel formulations in different release media (cf. Section 2.5). Top: Concentration of nicotinic acid released from 1.00 mg
impregnated gel in pH = 2.0 HCI (A) and in pH = 7.4 PBS (B). Bottom: Percentage of nicotinic acid released from impregnated samples in pH = 2.0 HCI (C) and in
pH = 7.4 PBS (D). The continuous lines are fitted release curves using the Weibull model (Eq. 1), as explained in the main text.

groups of alginate in the gel backbone are protonated at pH = 2.0 and
deprotonated at pH = 7.4 governing the {-potential of the surface. Thus,
the faster nicotinic acid release measured at pH = 7.4 can be explained
by the fact that both nicotinic acid and the gel surface are negatively
charged, facilitating the fast and complete dissolution of nicotinic acid
from the gels. At pH = 2.0, the surface charge of the gels is close to zero,
while nicotinic acid is in its cationic and zwitterionic forms. Thus, there
is no electrostatic repulsion between the components under these con-
ditions. Another factor is the fast hydration of the solid skeleton, which
is favored under both acidic and neutral conditions.

The drug release curves of the XSN and XAN formulations were fitted
with the classical release models using a non-linear least-squares
mathematical algorithm. The “First order”, “Higuchi”, “Korsmeyer-
Peppas”, “Hopfenberg”, “Hixson-Crowell” and “Weibull” models were
tested using the restrains given in the literature. [53,54] From these
models, only the Weibull model (Eq. 1) gives adequate fits to the drug
release curves both at pH = 2.0 and at pH = 7.4 (Fig. 5).

M% = 100 [1- exp(—k x tM)] (€))

In this model, M% is the accumulated fraction of drug in the release
medium at time ¢, k is a scaling parameter analogous to a kinetic rate
constant, and n is a power-law constant. As a result of the fitting pro-
cedure, n = 0.5 & 0.1 was estimated for the release curves of both XAN
and XSN measured at pH = 2.0, and n = 0.4 + 0.1 was estimated for
both release curves measured at pH = 7.4. These results highlight that

the mechanism of drug release from the XAN and the XSN formulations
is similar at both pH values, and controlled by the behavior of the gel
matrices as a function of pH. Previous studies suggest that the n = 0.4 —
0.5 values in the Weibull model indicate that the solid gel matrices do
not develop a significant hydrogel boundary layer that would restrict
drug release. [55-57] The dry gels effectively hydrate and erode in both
dissolution media, which enables the fast release of the loaded drug even
from the xerogels. Interestingly, even the structural heterogeneity of the
XSN gel has no detectable influence here. The most distinct structural
properties of the xerogels (XA, XS), and the aerogel (AA) that result in
distinct drug release properties is the significantly higher porosity of the
aerogel, which enables the instantaneous hydration and release of drugs,
while matrix erosion is needed for the liberation of nicotinic acid from
both of the xerogels. (The drug release from the AAN aerogel is practi-
cally complete in the first point of the measurement at both pH values,
thus modelling is not possible in these cases.)

The observations made in the drug release experiments clearly
highlight the features of the different solid gel formulations. Xerogels
impregnated during gelation (XSN) display a very high loading of the
drug, which is released in a moderately retarded fashion both in simu-
lated gastric (pH = 2.0) and intestinal (pH = 7.4) conditions. In contrast,
aerogels impregnated after the formation of the gel skeleton (AAN)
contain a significantly lower amount of drug, but in an amorphous
phase, and its release is practically instantaneous in a wide pH range.
Furthermore, when comparing the related XAN xerogels and AAN
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aerogels, it is evident the burst release behavior of the latter is enabled
by its high porosity and open mesopores, that can only be achieved by
using supercritical drying as the final step of the gel preparation.

4. Conclusions

It was shown that distinctly different drug delivery systems can be
formulated from a given wet gel backbone by tuning the final prepara-
tion steps in a common sol-gel procedure. Borosilicate-alginate gels of
the same chemical composition were synthesized and impregnated with
nicotinic acid. Both the impregnation strategies and the drying of the
impregnated gels were varied to achieve different drug delivery fea-
tures. The chemical and morphological characteristics of the different
gel formulations were analyzed using several techniques (SEM, EDS, N--
sorption, XRD, FT-IR, Raman spectroscopy and {-potential) to identify
the key factors influencing the distinct release mechanisms of nicotinic
acid from the various gels. Drug release from the loaded gel formulations
were investigated at different pH values. When nicotinic acid is intro-
duced during gelation, and the impregnated wet gel is dried from water
under ambient conditions, the resulting xerogel displays a very high
drug loading, which is released in a moderately retarded manner both in
simulated gastric (pH = 2.0) and intestinal (pH = 7.4) fluids. This
xerogel is characterized by a compact macroporous structure and low
apparent specific surface area with a high degree of crystallinity both in
the backbone and in the deposited drug. In contrast, when the same
borosilicate-alginate wet gels are transferred to acetone and impreg-
nated post-gelation, highly porous aerogels can be formulated by using
supercritical CO5 extraction for drying. The effective drug content is
lower in this case, but nicotinic acid is in an amorphous form, and dis-
solves practically instantaneously in the common simulated body fluids.
This feature enables the effective solubilization of drugs, which can be
advantageous for several practical applications. It was finally shown,
that supercritical drying is essential to achieve this advantageous de-
livery feature, because identical, but ambient condition dried xerogels
do not display burst release.
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