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Abbreviation Definition

ACS American Chemical Society

APTMS (3-aminopropyl)trimethoxy silane

ATR attenuated total reflectance

BDP beclomethasone dipropionate

BET Brunauer-Emmett-Teller [theory]

BIPLED bipolar gradients and longitudinal eddy current delay [NMR pulse
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BJH Barrett-Joyner-Halenda [theory]
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BS borosilicate aerogel

BSA bovine serum albumin

BSP borosilicate-PV A hybrid aerogel

BSPH borosilicate-PVA aerogel with added microcrystalline hydroxyapatite

CaAG Ca-alginate aerogel

CAT-B cathepsin B enzyme

CE capillary electrophoresis

CONTIN [CONTIN is a portable Fortran IV package for inverting noisy linear
operator equations: S. W. Provencher, Comput. Phys. Commun. 27,
213-227(1982).]

COSY COrrelation SpectroscopY [2D NMR method]

CPMAS cross-polarization magic angle spinning

CPMG Carr-Purcell-Meiboom-Gill [NMR pulse sequence]

CPTMS 3-chloropropyl-trimethoxysilane

Cu-Clam-AG Cu(II)-cyclam containing aerogel

Cu-Clen-AG Cu(II)-cyclen containing aerogel

DDS drug delivery system

DH dihydroxybenzene

DLS dynamic light scattering

DMA dynamic mechanical analysis

DMEM-HAM’S | nutrient mixture of dulbecco's modified eagle's medium and Ham's F-
12 [cell culture medium]

DNA deoxyribonucleic acid

DSC differential scanning calorimetry

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

EDC 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide hydrochloride

EDS / EDX energy dispersive X-ray spectroscopy

EPR electron paramagnetic resonance spectroscopy

FBS fetal bovine serum

FDA US Food and Drug Administration

FITC fluorescein isothiocyanate
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FSGM fluorescein-labeled silica-gelatin aecrogel microparticles

FT-IR Fourier-transformed infrared spectroscopy
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GEAR [An efficient numerical method for solving stiff ordinary differential
equation (ODE) systems.]
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I. INTRODUCTION

Nanostructured highly porous solids, such as xerogels and aerogels are in the focus of
global research and development efforts in the last decades. Similarly to other nanostructured
materials, the huge specific surface areas of such solid gels provide unique physico-chemical
properties that are distinct from those of their bulk parent materials. Several methods are
published in the literature for the fabrication of solvated gels including the gelation of polymers
and macromolecules, as well as, the in-situ formation of three dimensional solvated networks.
The nanostructured skeleton of such gels can be made of inorganic oxides, metals, carbon,
biopolymers, synthetic polymers; either amorphous or crystalline. The conversion of solvated
gels to dry solid gels is often simply termed “drying”, which process has an additional impact
on the architecture of the final solid skeleton. Intensive research is dedicated to the development
of new functional porous solids for energy, biomedical, environmental and electrochemical
applications with the promise of transformative innovations. In relation to the emergence of
several new deep tech companies specializing in aerogels, the International Union of Pure and
Applied Chemistry (IUPAC) listed “Aerogels” as one of the Top10 Emerging Technologies in
Chemistry in 2022, ranking aerogels research competitive among such hot areas as “Sodium
Batteries”, “Solar Fuels” and “Nanozymes”. In spite of the rapid development in the tailored
fabrication of nanostructured solid gels, the mechanism based understanding of their interfacial
physical and chemical features that determine their application related performance remains
inadequately explored for driving potent innovations in the field. Therefore, our team at
University of Debrecen (UD) defined such research aims that offer a niche direction for the
European aerogels community. Specifically, we intend to contribute to the development of high
performance functional solid gels for drug delivery, advanced catalysis and environmental
technology, while simultaneously harnessing a molecular level mechanistic understanding on
the physico-chemical processes that govern the advantageous features of the new gels in the
targeted application. Our strong background in homogeneous phase reaction kinetics and
mechanistic chemistry provides us the tools to tackle with such challenging experimental
problems as following fast heterogeneous physico-chemical processes in suspensions with high
time resolution, and giving the adequate mathematical description of these phenomena. In the
past years, we adapted advanced techniques for the characterization of porous solids both in
their dry and partially solvated states. We have established strong partnerships with excellent
European research groups to utilize the state-of-the-art in the fabrication of advanced aerogels.
This dissertation is the summary of our results achieved under my supervision between 2015

and 2025 in mechanistic based surface science and materials chemistry focusing on solid gels.
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II. RESEARCH DIRECTIONS AND AIMS

My return to the University of Debrecen (UD) in 2014 was possible by agreeing to
pursue a new research direction besides solution phase mechanistic chemistry, which was the
core topic of my Ph.D. studies. This new research line was preferred to connect with materials
science, as the foundations for the fabrication of nanostructured aerogels were already laid by
the work of Prof. Istvan Lazar and Prof. Istvan Fabian. Thus, I decided to move into the research
of functional porous solids with a focus on novel aerogels addressing commercial applications.
However, | aimed to do so by introducing a rigorous new approach by developing an in-depth
mechanistic understanding the physico-chemical phenomena governing the application related
features of the new aerogels fabricated in our group. Our application oriented aim is to
systematically design, prepare and benchmark novel functional aerogels as i) new stimuli
responsive drug delivery systems, and ii) immobilized redox catalysts with enhanced activity.
In line with these, we aim for delivering mechanistically precise models for 7) the hydration
induced structural changes of functional aerogels, ii) the sorption properties and the surface
reactions of functional aerogels and iii) describing the intimate relationship between the key

structural features and the application related properties of aerogels, as visualized in Scheme 1.
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Scheme 1. The visual summary of our research approach. The design of the novel aerogels is fine-tuned
in a concerted manner with developing an in-depth mechanism-based understanding of their hydration,
sorption and surface chemical properties.
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I developed these research lines in order to coherently increase our knowledge in the
utilization, modification and state-of-the-art characterization of interfacial phenomena taking
place on the solid skeletons of aerogels. The ultimate reason behind this approach is considering
that understanding structure-property-function relationships in these systems will facilitate the
systematic design and timely delivery of new functional aerogels, which in turn will facilitate
their industrial translation. In order to achieve these aims I have integrated chemical, physical
and engineering approaches in our research team. In this regard, I build on my research expertise
in solution phase reaction kinetics, mechanistic chemistry, and coordination chemistry.

In this dissertation, I summarized what I believe to be our key findings in the interfacial
chemistry of functional aerogels. The characterization and the benchmarking of our novel
functional aerogels are discussed in a concerted manner with exploring the mechanisms of key
physico-chemical processes that determine their performance. The results are collected in three
major chapters in the Result and Discussion section of this thesis, as follows.

In the first chapter, the mechanistic aspects of hydration induced structural changes of
selected polymer and silica-polymer hybrid aerogels are detailed together with the application
related consequences. Our achievements in the incremental development of non-conventional
characterization techniques, such as special solution phase, and solid state NMR methods, and
small angle neutron scattering (SANS) of partially hydrated aerogels are also highlighted. The
motivation is that most of the aerogels are utilized in aqueous media (e.g. for drug delivery,
sorption, catalysis), and their hydration and wetting mechanisms are key factors setting the final
gel architectures that in turn determine mass transport characteristics, accessibility of pores,
release of impregnated molecules, kinetic cage effects.

The second chapter focuses on novel aerogels for drug delivery applications, including
their characterization, in vitro biological benchmarking and mechanistic investigations. Details
are given on the improvements we achieved with different alginate aerogels modified either in
their chemical structure or surface properties. Our stepwise endeavor for the preparation and in
vivo evaluation of methotrexate containing hybrid aerogel microparticles is also detailed.

The third chapter focuses on the features and mechanisms of selected sorption processes
taking place on silica aerogels, and catalytic redox reactions taking place on metal-complex
functionalized silica aerogels. High time-resolution kinetic experiments were designed and
performed in these systems in order to gain a molecular level understanding of the processes
involved. Detailed kinetic models are discussed in view of mathematical simulations. The key

aspects of the increased reactivities of the immobilized metal complexes are highlighted.
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ITII. LITERATURE REVIEW

III-1. Introduction to aerogels
III-1.1. Nanoscale structures of aerogels
Aerogels are a family of solid porous materials. [1] They can be regarded as a subtype
of xerogels, but distinguished from the xerogels by the architecture of their solid skeletons.
[1]The skeleton of an aerogel is nanostructured, which is the result of the manner of their
fabrication. Generally, the smallest characteristic size of the main solid structural elements is
in the range of 1-100 nm. Naturally, size is meaningless without defining the shape or more
precisely the morphology of such structural elements. Aerogels show a very wide variety of
architectural elements, depending on the chemical composition of the skeleton and its
fabrication procedure. Typically, silica (SiO2) based aerogels are built of spherical
nanoparticles (dpariicle = 1 — 10 nm) attached together like a pearl-necklace. Biopolymer aerogels
(e.g. cellulose, Ca-alginate, chitosan, gelatin) most commonly constitute of fibrous skeletons,
where the fibers can be branched, entangled and interconnected, usually in an isotropic manner.
Synthetic polymer aerogels can be fabricated in a controlled way in various morphologies
depending on the gelation procedure (Fig. 1). [2] The various nanoscale architectures still yield
some common properties classifying aerogels. Their porosity is characteristically high (> 90%),
their pore structure is open and interconnected, and the characteristic size of the pores is in the
mesoporous range (2 — 50 nm), while some aerogels also display micropores or macropores.

T | det mag @ HFAW  PW
200kv 63pA T1 65000 3.19 ym 2.08

The

Figure 1. SEM images at 65kx magnification of a polyimide (left) and a polyamide aerogel (right). [3]

I11-1.2. Fabrication of aerogels

From the fabrication point of view, aerogels are derived from solvated gels in which the
liquid component is replaced by a gas without collapsing the three-dimensional solid skeleton
of the parent gel. Thus, the fabrication of aerogels starts with constructing the gel network in a

solvent, and the architecture of this gel network is intended to be preserved in the final aerogel.
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The solvated gel can be constructed from already existing macromolecules. In this case, the
homogeneous solution of the macromolecules is perturbed in a way that the macromolecules
attach to each other in a loose but continuous isotropic network dispersed in the solvent. This
process can be induced by changing the temperature, applying an antisolvent, dissolving ionic
substances, acids, bases, or adding chemical agents that react with the macromolecules and
cross-link them. Biopolymer gels are usually constructed this way, termed simply as “gelation”.
The key aspect is finding the right conditions for the formation of phase separated open porous
gel networks, and avoiding the precipitation of the macromolecules in a single dense bulk phase.
For constructing e.g. inorganic oxide and synthetic polymer gels, chemical precursors are
dissolved, chemically initiated, and the desired 3D network of the dispersed solid phase forms
in their reaction. The directed linking of pre-synthesized dispersed nanoparticles has also been
realized. [4,5] The molecular level mechanisms of both the gelation of macromolecules and the
reactive formation of 3D networks from chemical precursors are heavily researched. [6,7] The
reason is that understanding these mechanism gives control over them, enabling the fine tuning
of both the chemical composition and the nanoscale architecture of the gels, resulting distinct
final materials even from the same chemical composition. These processes generally involve
the initial formation of nanosized but individually dispersed objects that later aggregate into a

continuous 3D network. Thus they are generally termed as “sol-gel” processes (Scheme 2).
Supercritical s ey

Solvent exchange drying . :

‘AEROG-ELh

a TN ¥
XEROGEL.

Ambient pressure .

e )

drying

Sol Gel

Scheme 2. The main steps of the preparation of aerogels and xerogels. [8]

The next step in the preparation of aerogels is the treatment of the solvated gels. This
can involve chemical and physical modifications, including impregnation. When necessary, the
mother liquid in which the gel was prepared is exchanged to another liquid. This procedure is
termed as “solvent exchange”. The reason is either the further manipulation of the gel network,
or it is the pre-requisite for the effective removal of the solvent in a way to best conserve the

nanoscale architecture of the solvated gel. Importantly, when the solvent is exchanged, the
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solvated solid skeleton undergoes structural changes. The reason is that the mother liquid
usually well-solvates the skeleton, whereas the new liquid not necessarily does. [9] This has a
pronounced effect on the nanoscale architecture on the skeleton, and it is one of the main
reasons for the difference between the architecture of the original gel and the final aerogel. In
the case of dramatic changes in the nanoscale architecture, the gel macroscopically shrinks (or
swells), which modifies its porosity and macroscopic rheological and mechanical properties.
Additionally, the surface properties of the skeleton can change, because the conformation of
the macromolecules (polymers) can be markedly different in different polarity solvents. If a
given conformation is conserved during drying, it determines the surface properties, e.g.
hydrophilicity of the final aerogel. It is a practical observation that the timeframe of the solvent
exchange is also a key factor and a point in controlling the final architecture. If solvent exchange
is stationary, similar control can be achieved by the gradient composition change of the liquid.

The final step in the preparation of aerogels is the controlled extraction of the liquid
from the parent solvated gel in a way to preserve the architecture of its solid skeleton. Even the
careful evaporation of the liquid leads to some damage because the strong capillary tension that
develops during solvent evaporation collapses some of the nanosized pores. These products are
generally termed xerogels (Scheme 2). The liquid in the gel can be transformed instead to its
supercritical state and then gasified, but the needed high temperature and pressure makes this
process unpractical and hazardous. A more feasible way of extraction utilizes that some organic
solvents (most notably acetone, methanol and ethanol) are well miscible with CO; in a wide
temperature and pressure range. These organic solvents can be extracted with liquid CO>. When
only pure liquid CO> remains in the gel pores, it can be transferred to its supercritical state
(Teriticat = 31 °C, peritical = 74 bar). [10] A more effective process is transforming the organic
solvent—CO, mixture into the supercritical state close to the critical point of CO». In this case,
a continuous supercritical solvent extraction can be realized by pumping CO; through the
system until the gel is free of the organic solvent. In both cases, the remaining supercritical CO2
in the gel is gasified by depressurizing the system, avoiding the formation of a liquid phase.
[11] The CO, assisted supercritical processes for the extraction of solvents are less expensive,
greener and safer than other alternatives, therefore most of the experimental and commercial
aerogels are produced this way. The skeleton architectures are generally well-conserved this
way, which is also a driving force for using acetone, ethanol, or methanol as the final solvent
in the parent gels. Nevertheless, both the choice of solvent and the exact conditions of its
extraction have to be fine-tuned taking into account the chemical composition of the gel

skeleton in order to achieve the desired final aerogel nanoscale architecture.
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III-1.3. Structural characterization of aerogels

The purpose of the structural characterization of aerogels is to meticulously explore both
the chemical composition and the nanoscale morphology of the given aerogel, and necessarily
do so in multiple size scales. [12] In-depth material characterization is often a demanding and
challenging experimental endeavor, yet it is pivotal to provide information for understanding
the connection between structure and properties. One general objective of characterization is to
explain the experimentally determined macroscopic features of aerogels. Another goal is to
provide a basis for understanding the mechanisms of physical and chemical processes that
determine the performance of the given nanostructured material in a specific application.

The chemical structure of dry as-prepared aerogels is most often explored by solid state
nuclear magnetic resonance (NMR) spectroscopy. When necessary, the chemical intermediates
of the fabrication process can be studied in the solution phase using NMR. The as-prepared
aerogels can be studied by infrared (IR) and Raman spectroscopy methods. X-ray photoelectron
spectroscopy (XPS) is often utilized to identify the different bonding states of the atoms in the
skeleton. The elemental composition of an aerogel is usually mapped using energy dispersive
X-ray spectroscopy (EDS), which is often an extra detector option in the scanning electron
microscopy (SEM) instrument. When precise elemental composition is needed, the sample is
solubilized using chemical digestion, and the resulting solution analyzed by atomic emission or
absorption spectrometry methods. The crystalline states of the components in the aerogel are
explored using powder state X-ray diffraction (XRD). The main challenge in the chemical
characterization of aerogels is to distinguish among the components of composites and hybrids,
as they usually produce convoluted and overlapping signals. It is also challenging to identify
small scale chemical modifications, e.g. the formation of new bonds between the components.

The nanoscale imaging of the aerogels is realized by scanning and transmission electron
microscopy methods (SEM and TEM, respectively). With special detector systems, these can
reveal chemical information, as well, e.g. by detecting backscattered electrons in SEM. [3]
Information on the nanoscale structural characteristics of aerogels can be obtained by measuring
the adsorption-desorption isotherms of small sorbates, usually N2, CO, Ar, H>O under strictly
controlled conditions. The challenge is the interpretation of these sorption data. The only more
or less assumption-free theory for this purpose is based on non-local density functional theory
(NL-DFT) calculations. [13] However this is possible only if the model function (kernel) of the
solid surface of the aerogel skeleton is available. Kernel functions are widely available for metal
oxide and carbon surfaces, but are scarce for polymers, especially for biopolymers. In such

cases, the classical models such as the Brunauer-Emmett-Teller (BET) model and the Barrett-
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Joyner-Halenda (BJH) model are accepted for estimating the structural parameters of the porous
sorbents from the experimental sorption isotherms. Importantly, the restrictions and limitations
of these classical models have to be observed when interpreting the experimental data. [14] The
nanoscale architectures of aerogels are commonly studied by small angle X-ray and neutron
scattering (SAXS and SANS, respectively) methods, which is discussed later in this thesis in a
dedicated section. Non-conventional liquid phase NMR methods for exploring the interaction
of small molecular liquids with aerogel surfaces are also discussed later in a dedicated section.

The macroscopic material characteristics of aerogels as envelope density, compressive
strength, tensile strength are measured using the same classical techniques as for bulk materials.
Skeletal density is usually measured using helium gas pycnometry. Phase transitions, chemical
decomposition and other thermal processes are characterized by thermogravimetry (TG) and
differential scanning calorimetry (DSC) methods. Dynamic mechanical analysis (DMA) is a
valuable tool for detecting the change of the mechanical properties of aerogels as a function of
temperature. The precise characterization of the acoustic properties, the thermal conductivity
and the electric conductivity of aerogels require the modification of conventional instrumental
hardware, setup and data evaluation. The reason is that these properties of the aerogels are
drastically different from those of the bulk materials and foams that directed the design and
evolution of the measurement instrumental hardware and software. The details of good practice
for these measurements regarding aerogels are given in dedicated publications. [15-17]

The colloidal properties of suspended aerogel particles are characterized by the classical
methods of colloid chemistry, including laser diffraction light scattering (LDLS), dynamic light

scattering (DLS) and combined electrophoretic mobility measurements. [18,19]

III-1.4. Unique properties and applications of aerogels

Aerogels in general have extremely low envelop density (0.02-0.20 g/cm®), high
porosity (90-99%), and a large specific surface area (400—1300 m?/g). [20] The combination
of these properties makes aerogels a unique family of materials that are versatile in many
modern applications. Naturally, the specific physico-chemical properties of aerogels that
determine their application specific performance is dually determined by their chemical
composition and the nanoscale architecture of their solid backbones. The desired chemical
composition evidently limits the available fabrication strategies together with the available
morphological designs, but careful control in these yield distinctly different material properties
for aerogels of identical chemical composition. [21] The most common types of aerogels are

inorganic oxide aerogels (e.g., silica, titania, alumina) [22], carbon aerogels [23], metal aerogels
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(e.g. gold, silver, platinum) [24], biopolymer aerogels (e.g. cellulose, alginate, chitosan, pectin,
lignin, gelatin, whey protein) [25], and synthetic polymer aerogels (e.g. polyurea, polyurethane,
polyimide, resorcinol-formaldehyde, polyamide) [26-28]. Special attention is dedicated to the
research of multi-component aerogels, where the skeleton forming polymeric components
interpenetrate in the skeleton in the molecular level and join by chemical bonding, which results
in the macroscopic reinforcement of the mechanical properties. [29]

Today, the only industrial scale application of aerogels is in advanced thermal insulation
solutions. Commercial aerogel “superinsulation” panels are available for insulating i) piping in
the chemical and oil industries (Scheme 3), i7) buildings, and ii7) electric vehicle battery packs.
The two globally leading aerogel producers both in production capacity and in capital are Aspen
Aerogels (USA) and IBIH Aerogel (PRC). [30] Future applications under research are drug

delivery devices [31,32], tissue engineering scaffolds [33], environmental separation devices
[34], various catalysts [35], and high performance electrode materials [36]. Recently introduced
novel applications are as stretchable electronics [37], thermal energy storage [38], and solar
water harvesting [39]. Following the global trends, a growing emphasis is put on the sustainable
production of aerogels [40,41], and on additive manufacturing methods as 3D printing and
direct-ink writing [42]. Despite the significant advances, there are still remaining challenges for
the further industrialization of specialty aerogels. The most pressing are high production costs,
limited scalability, mechanical fragility, and poor durability under long-term stress.

Thanks to Prof. Ioannis Michaloudis’ creativity, dedication and expertise, acrogel-based

sculptures, art installations and fashion items are now globally renowned and awarded. [43,44]

All four designs provide the same Expanded Periile
level of thermal protection

Calcium Silicate

Mineral Wool

Pyrogel p4E3

0.8 n. (20 mm)

6 inch pipe at
600°F (315°C)

Ambient conditions = 65 °F, 2 mph wind, 0.1 emissivity

Scheme 3. Comparison of thermal insulation designs for an industrial pipe of 315 °C. Pyrogel® is a
commercially available aerogel product of Aspen Aerogels (source: Aspen Aerogels).
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III-2. Aerogels in drug delivery

There are only a handful of studies published in the literature that report the molecular-
level investigation of the physico-chemical factors that govern the drug delivery properties of
advanced porous materials. [45-50] Very few of the published studies deal with the physico-
chemical investigation of the drug delivery features of mesoporous aerogels. [32,51] A variety
of novel mesoporous inorganic and biopolymer (polysaccharide and protein) aerogels have
recently been prepared only in the last decade. [52-57] Aerogels dried under supercritical
conditions are promising platforms for oral and pulmonary drug delivery applications. [58-60]
Novel administration routes and other biomedical applications are also intensively investigated.
[25,32,61-64] Biocompatible aerogels are emerging vessels for musculoskeletal drug delivery.
[65] Biopolymers and composite systems are now intensively investigated for oral, transdermal
(wound treatment) and nasal delivery. [58,59,66,67] Inorganic-biopolymer hybrid aerogels

have been synthesized for targeting local delivery and tissue engineering. [33,68]

ITI-2.1. Aerogels as advanced drug delivery systems for oral and local administration
Aerogel carriers with high specific surface area and open mesopores are promising drug
solubilizing aids because nonpolar active ingredients can easily be deposited (e.g. during their
preparation, or from supercritical COz) in the pores of these carriers in amorphous forms.
[32,51,61] Subsequent release of the physically deposited amorphous drug can be burst-like,
which can lead to an exceptional increase in bioavailability compared to microcrystalline drugs.
This has high valorization potential for orally administered high potent agents (e.g. Pazopanib).
[69] Retarded drug release can be achieved by hydrogel-forming (e.g. biopolymer) carriers that
could be useful in wound treatment, locally administering antibiotics (e.g. Vancomycin). [70]
Biopolymers (chitosan, hyaluronic acid, casein, gelatin) hybridized with silica offer the control
of hydration and matrix erosion. Another factor is the highly pH dependent hydration and
swelling of the selected biopolymers. [71,72] Furthermore, -NH> and —COOH groups can
relatively easily be grafted into the inorganic component of the hybrid aerogel that can form
specific interactions (e.g. H-bonding, Coulomb interaction) with active ingredients. Finally the
morphology determine the permeability of the porous system and consequently the transport of
the dissolved active ingredient. The combination of these effects are ultimately utilized to
control the rate and kinetics of drug release from the carriers. These unexploited properties were
targeted by our group for developing aerogel-based stimuli responsive drug delivery systems.
In order to optimize the functionality of an aerogel based drug delivery system, it is

necessary to develop feasible strategies for fine-tuning its release properties. One possibility is
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to modify the surface of the carrier and tune its hydrophilicity and/or hydrophobicity, which
directly sets the strength of interaction of the drug with the backbone of the aerogel. [32,33]
Preparing core-shell or coated aerogel carriers has been proved to be a straightforward strategy
to achieve retarded release in the case of otherwise rapid release aerogel systems. [64,73-75]
Coating silica-alginate hybrid aerogel with hydroxypropyl methylcellulose (HPMC) and Ca(I)-
alginate results in ca. 3-times slower drug release compared to the uncoated aerogel. [73] The
coating of silica aerogel with Eudragit introduces pH control. Compared to the uncoated silica
aerogel carrier, the rate of drug release from the coated aerogel is ca. 5-times slower in pH =
1.0 HCI solution, but it is intact in pH = 7.2 PBS. [64,75] Another strategy for the optimization
of carrier functionality is to implement aerogels of hybrid inorganic-organic backbones. The
physico-chemical properties of these hybrids, and thus, their release properties can easily be
tuned by changing the ratio of their constituents. [59,68,74,76-78]

Our idea is that stimuli (pH or redox) responsive hydration and dissolution properties
can be achieved by hybridizing biopolymers (e.g. chitosan, hyaluronic acid, gelatin, denatured
DNA) with biocompatible inorganic oxides (silica) and introducing further functional groups
(-NH2, —-COOH, —SH) to these hybrids using well-establish synthetic strategies. Inorganic-
biopolymer hybrids have been synthesized targeting local delivery and tissue engineering.
[33,68] Surface functionalized and composite aerogels are prepared for numerous applications
for the biomedical and biotech fields. The combination of these strategies have not been
explored in drug delivery and can lead to advanced, yet non-expensive controlled release
devices. It is expected that both the hydration properties and the specific chemical interactions
can be tuned in functionalized hybrid aerogels of controlled hydration properties leading to
controlled release delivery systems with responsiveness towards pH and redox environment.
Biopolymer and biocompatible macromolecule based hydrogels have successfully used for the

development of pH responsive delivery systems. [71,79-81]

IT1-2.2. Adsorptive deposition of drugs in aerogels and consequences in drug release

It i1s well-established that aerogels due to their open mesopores can efficiently be
impregnated with active ingredients by adsorptive precipitation (also termed as adsorptive
deposition) using supercritical CO». This technique yields the highest possible loadings, and
also ensures that the active ingredients condense in their amorphous forms inside the porous
carrier matrices. [82-85] Adsorptive precipitation also ensures the homogeneous distribution of
the active ingredients inside the porous matrices. The distribution of the drug is cooperatively

dictated by the thermodynamics of the multilayer adsorption of the drug molecules on the inner
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pore walls, and the intimate conditions of the pressure-drop induced precipitation of the drugs
from supercritical CO». [83,86,87] In general, the rate of the release of the amorphous active
ingredient from the drug-impregnated carrier is significantly faster than the dissolution of the
(micro)crystalline forms of the same drug. Furthermore, the total drug concentration is also
elevated, because the solution is in quasi-equilibrium with the amorphous solid temporarily, as
its recrystallization and precipitation is slow. Thus, this carrier strategy effectively enables fast
drug dissolution and release, which ultimately leads to temporal concentration increase and
thus, enhanced bioavailability. [62-64,83] As an example, high temporal concentration increase
has been achieved with fat soluble vitamins when loaded into aerogels. [84,88]

The relative rates of the dissolution of the deopsited drug, its diffusion from the porous
carrier and its final recrystallization from solution determine the maximum drug concentration
and the timeframe of the temporal solubilization effect, i.e. the overall drug release profile.
[89,90] When the relative rates of drug dissolution and release are significantly higher than its
recrystallization, a dramatic and long lasting temporal concentration increase is achieved. This
kinetic phenomenon is termed as the “spring effect” in the literature. A mathematical model

was developed by Hirai et.al. to describe such uniques drug release profiles. [91]

II1-2.3. Mechanism of drug release from aerogels

Understanding drug release mechanisms is important to tune the features of carriers and
facilitate the design of new devices with advanced functionalities. General considerations can
be formulated when the drug is physically deposited in aerogels, but such responsive systems
where the active ingredient is chemically conjugated to the backbone have to be evaluated
individually. When the drug is dispersed on the surface and inside the pores of aerogel particles,
drug release can be divided into two main mechanistic steps. The first step is the dissolution of
the drug, which is followed by its transport from the device to the dissolution medium. Both of
these processes are governed by such physico-chemical factors that determine the limiting step
in the mechanism, and eventually the rate of drug release. The most fundamental of these factors
are the following. /) Hydration characteristics of the deposited drug and the carrier matrix,
including erosion and swelling. i7) Specific interactions between the aerogel backbone and drug
molecules. iii) Mass transport processes effective in the hydrated delivery device. These factors
have profound effects on both drug dissolution and transport that should carefully be assessed
in order to get a comprehensive idea on drug release mechanisms and kinetic profiles.

When the drug loaded aerogel particles get in contact with a body fluid, their hydration

starts on the surface and penetrates into the pore network. Consequently, the deposited solid
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drug is also hydrated, which leads to its dissolution; first on the surface of the particles and
afterwards inside the pores. The hydrophilicity of the drug and that of the aerogel carrier can
significantly be different, taking into account that the solubility characteristics of the drug
markedly depend on its crystallinity, as well. When the carrier is hydrated, the chemical
conditions in the release medium (pH, temperature, ionic strength, presence of surfactants) have
profound effects on the nature of specific interactions, via the change of the conformation,
protonation state, effective charge of the drug molecule and the aerogel backbone. Strong
interaction between the drug and the aerogel results in the establishment of dynamic adsorption-
desorption equilibrium between hydrated and bound drug molecules. Importantly, effective
mass transport is governed by the architecture of the wet device, which can be very different
from that of the dry aerogel. As an approximate trend, those aerogels that extensively erode do
not swell or collapse (e.g. silica, alumina, cross-linked biopolymers), and erosion is negligible
in those aerogels that extensively swell or collapse in water (e.g. natural biopolymers).

Simple semi-realistic models can be utilized to describe cumulative drug release from
aerogel carriers only such cases where specific interactions between the aerogel skeleton and
the drug are negligible. In such particular situations where aerogel erosion, swelling or collapse

are very well-defined, the drug release profiles can adequately be modelled. [92-94]

I11-2.4. Metal ion crosslinked alginate aerogels
Alginate is an anionic biomacromolecule, the copolymer of f-D-mannuronate (M) and

a-L-guluronate (G) single carbohydrate (monosaccharide) units, as depicted in Scheme 4.
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Scheme 4. Molecular structure of al_ginate (A), and the structure of the “eggbox” coordination pocket
of the Ca*" crosslinked alginate macromolecules (B). M = B-D-mannuronate, G = a-L-guluronate. [95]
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The molar ration of the G and M units depends on source of the alginate, and can shows a large
variation. Usually brown algae species are processed as biological (marine agricultural) sources
of alginates, resulting in water soluble sodium alginate. The solubility of sodium alginate in
neutral aqueous solutions is good, however the polyanions react with aqueous multivalent metal
cations (typically Ca*", Cu**, Ni*", Co?’, Fe’*, Gd*") that ionotropically cross-link the
macromolecules. Such metal ion crosslinked alginates result hydrogels even in low alginate
concentrations. The coordination pocket of the metal ion that is responsible for the cross-linking
of alginate molecules is usually described as an “egg-box” (Scheme 4). However, these metal
ion crosslinked alginate gels readily dissolve in neutral or slightly acidic (7 > pH > 4) solutions

where the concentration of the cross-linking metal ion is low. [96,97]

II1-2.5. Bioconjugate aerogels as drug delivery systems

The application of biopolymers opens the way of conjugating active ingredients by
covalent bonds and formulating bioconjugate aerogels. [98-100] Several drug delivery
strategies have been developed for methotrexate, which is one of the most widely used agents
in the treatment of some cancers and autoimmune diseases. [101,102] Biodegradable
hydrophilic gelatin microspheres functionalized with MTX provide increased anti-tumor
activity. [103-105] Prodrug approaches and covalent conjugation have also been extensively
studied. It was shown that both strategies were suitable for selective delivery within tissues or
cells. [106-110] Biodegradable MTX-gelatin conjugates were synthesized and studied by
Narayani and Rao. They used I-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to
covalently link MTX to the peptide side chains of gelatin. In the final formulation, hydrophilic
microparticles were prepared from the conjugates. [104,111,112] Ofner et al. prepared novel
gelatin-MTX conjugates that does not release the incorporated MTX under in vitro conditions,
but a complex enzymatic response is necessary for effective delivery. [113-115]

Our idea was to prepare MTX-gelatin conjugates and hybridize them with silica for the
fabrication of MTX functionalized silica-gelatin aerogel microparticles, as microparticles might

be particularly useful in the treatment of diffuse or partially inoperable tumors as suspensions.

I11-2.6. Biological experiments with aerogels

The biocompatibility and biodistribution of all new aerogels intended to be used as drug
delivery systems have to be investigated in order to provide information on their health effects.
[116] In addition, understanding the biodistribution of i.p. injected aerogel particles may

facilitate the development of passively targeted delivery systems. Unfortunately, there are only
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a handful of studies reporting the in vitro biocompatibility of aerogels tested on different cell
cultures, and the number of published in vivo studies is even lower. These mainly focus on the
oral administration of drug-loaded aerogels, and aerogels for tissue regeneration. [117-120]
Thus, one of our aims in full cooperation with Dr. Gabor Kiraly and Prof. Gdbor Szeméan-Nagy
working at the Department of Molecular Biotechnology and Microbiology at UD is to establish

biological experimental strategies for benchmarking aerogels in living environments.

II1-3. Interfacial processes in aerogels

Mechanism based understanding on the functionality of an advanced material demands
the utilization of an array of state-of-the-art physico-chemical methods that are rarely accessible
in one research group. [12] Consequently, very few reports are available in the literature for
such approaches. [121-123] To the best of our knowledge, the combined use of liquid state
NMR, solid state NMR and SANS methods have been introduced for the elucidation of
hydration induced structural changes in aerogels at UD (Scheme 5). [124-129] High resolution
(fast) kinetic methods are rarely utilized for studying heterogeneous sorption/desorption and
redox reactions, which could be a bottleneck in connecting structure and functionality. The
coordination mode of the metal ion in immobilized complexes are often overlooked when
postulating mechanistic models for catalytic reactions. [130] The combination of kinetic
experiments, structural studies and application related benchmarking could lead to the

unprecedentedly deep understanding of the mechanisms of reactions on aerogel surfaces.
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Scheme 5. Complementary information form non-conventional liquid state NMR and SANS methods
for elucidating the hydration properties and consequent structural changes in hydrophilic aerogels. [125]
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III-3.1. Nuclear magnetic resonance spectroscopy (NMR) methods for characterizing gels

Nuclear magnetic resonance (NMR) methods have been proven to be powerful tools for
exploring the physical interactions of water molecules and other molecular liquids with the
nanostructured skeletons of mesoporous materials. This is possible through the exchange of
magnetization between water and the adjacent solid skeleton, the alteration of the translational
(equilibrium) diffusion of water, and the alteration of the phase transition temperatures of water
due to its nanostructuring in confinement in the porous material. These properties of water
molecules can be measured by liquid state NMR relaxometry, diffusiometry and cryoporometry
methods that are complemented by the solid state NMR measurements of partially hydrated
samples providing information on the chemical structure and magnetization dynamics of the

solid skeleton in interaction with water. [131-134]

I11-3.1.1. NMR relaxometry of liquids confined in porous solids

The basic idea of the NMR relaxometric investigation of hydrated porous solids is, that
the spin-lattice (71) and spin-spin (7>) relaxation times of the protons in the water molecules
hydrating the solid backbone fundamentally depend on their localization and chemical
environment in the sample. [135-139] Water molecules that are strongly bound to the solid
backbone (e.g. in the primary hydration sphere) relax significantly faster than water molecules
which form (quasi-bulk) droplets or puddles and are not involved in direct interactions with the
solid backbone. The simultaneous localization of water molecules in different spatially
(magnetically) separated structural regions may yield different relaxation domains depending
on the rate of chemical exchange between these regions. [140-142] If the exchange between the
micro-environments is relatively slow on the timescale of the relaxometric experiments (ca. 1
ms), multiple relaxation domains are observed. [ 122] In contrast, only one relaxation domain is
observed in the case of limiting fast exchange, even for water molecules located in different
micro-environments in the hydrated porous solid.

The relaxation time characteristic for a single domain is the combination of the different
relaxation times of the water protons located in the different micro-environments of the domain
participating in the fast exchange of water among the micro-environments. The characteristic
spin-spin relaxation time of a given domain (72) can be expressed by the following equation in
the simplest case, when water in the bulk of a quasi-spherical droplet is in fast exchange with

the adjacent hydration sphere ("non-freezing" water layer) of the backbone: [135-137]

1 Vs 1 v, 1

= S X — (1)
I, Vo Tos Vo To
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Here, Vo is the total volume of water in the domain, Vs is the volume of water on the surface of
the droplet that is part of the hydration sphere of the backbone, and V1 is the volume of water
in the bulk of the droplet (Vo = Vs + V1). Txs is the relaxation time of water in the hydration
sphere ("non-freezing" water layer), 721 is the relaxation time of bulk water and 7> is the
observed relaxation time of the domain. Usually, 7>s is significantly smaller than 731. In the
case when the relaxation domain consists of a quasi-spherical water droplet in exchange with
the adjacent hydration sphere of the backbone, the observed relaxation time (72) increases with
the increasing water content of the domain (Vo) if the droplet size increases. When the size of
the droplet increases, the ratio of bulk water (V1) over surface water (¥s) also increases, which
in turn results in the increase of the observed 7> according to eq. 1.

This theory assumes the projection of the strong surface relaxation of primary "non-
freezing" water layer into the quasi-bulk water in the pores via fast chemical exchange. It can
be operational in the case of such porous solids, where the structure and the morphology of the
pore wall does not change due to its hydration. This is the case in porous silicas, cements, shale
minerals, etc. In these cases eq. 1 can be re-formulated to include the filling factor (f) parameter,
which shows how much of the available pore volume is filled with liquid water, where /=0 is

empty, and /=1 is completely filled. [137,142,143].

1 1 Spore<1 1)1

—=—4+ 21 _ ) —
TZ TZL Vpore TZS TZL fk

(2)

Here, 7> is the measured relaxation time in pore water, 4 is approximately the thickness of the
fast relaxing primary "non-freezing" water layer on the solid surface, 7>s is the relaxation time
in this layer and 771 is the relaxation time in bulk water. Parameter f'is the fraction of the pore
volume that is filled with water, Spore 1S the total apparent surface area of the porous material
and Vpore 1s its total pore volume. When the solid backbone is hydrophilic and wetted evenly,
the & parameter is 1, but it is lower than 1 in the case of partially hydrophobic skeletons
reflecting the uneven wetting [142,144]. When the amount of water is increased in the solid
porous sample, the filling ratio of the pores is higher.

At higher filling ratios, multiple quasi-bulk regions (puddles) can form atop the primary
"non-freezing" water layer, e.g. in the corners of concave pores. If these puddles are large, the
exchange of water molecules between the quasi-bulk phase and the primary layer can be slow
enough for the observation of multiple 7> relaxation times. [121] Multiple relaxation domains
can also be observed when water is localized in spatially (magnetically) separated spots in the

porous matrix. An example is a mixed micro- and mesoporous matrix that has well separated
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micropores. However, the spatial separation of water is uncommon in highly hydrophilic open
porous solids, because thermodynamics dictates the even wetting of the solid backbone
controlled by the nanoscale morphology (curvature) of the walls. [145] In such cases, the above
described simple, purely geometry-based theories are not valid. [140,141]

The 7> relaxation times are measured using the Carr-Purcell-Meiboom-Gill (CPMQG)
sequence. The different relaxation domains yield individual exponential decay components
(with different 7> relaxation times) in the CPMG intensity decay. Thus, the first step of data
evaluation is the deconvolution of the individual relaxation decays, which is usually done using
the combination of invers Laplace transformation on non-linear model regression. The signal
amplitudes of the individual exponential components of the experimental relaxation decays can
convey additional information. The signal amplitudes can be quantitatively associated to the
individual relaxation processes (i.e. the distinct relaxation domains) when chemical exchange
among the domains is limiting slow. In this case, the signal amplitudes are independent from
one another and directly proportional to the amount of water in the given domain. [136] This
enables the direct quantification of the water contents of the different chemical environments

(relaxation domains) as a function of the total water content of the sample, or filling factor.

II1-3.1.2. NMR cryoporometry theory

The main information in NMR cryoporometry measurements is the melting and freezing
point depressions of probe liquid droplets in nanoscale confinement inside the studied solvated
porous solid. [133,146] This information can be translated to droplet size distribution, which is
equivalent to pore size distribution when the liquid completely fills the pores. [147] In this case,
the dominating shape of the pores is also reflected in the melting — freezing hysteresis curves.

The primary data in the NMR cryoporometry measurements are the relaxation filtered
intensities of the liquid water (or other probe liquid) protons as a function of temperature. Most
commonly, the CPMG spin-echo pulse sequence is applied to eliminate the broad 'H signal of
the solid phase during the echo time. The relaxation delay in the applied CPMG sequence is
long enough to achieve the complete transversal relaxation of the water molecules in the frozen
phase and those in strong interactions with the solid skeleton. [123,148,149] Consequently, only
those molecules contribute to the 'H NMR signal that are situated in quasi-bulk droplets and
puddles confined by the nanoscale components of the solid backbone, because they have high
enough 7> relaxation times to pass the CPMG filter. [150,151] The objective is the detection of
the shift of the phase transition temperatures of water confined in various geometries by the

aerogel backbone by changing the temperature of the sample in small steps. [133,134] The sizes
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and the shapes of these water bodies, referred to as droplets and puddles can be reconstructed
based on the measured shifts of the melting and freezing temperatures. The melting and freezing
points of liquids confined in nanometer wide spaces are lowered, as given by the modified

Gibbs-Thomson equations:

Nnm K,
ATy =Ty — Ty = ——— 3)
p
_ _ anc
ATe=Te =T = — 4)
p

In eq. 3, AT is the melting point depression expressed as a difference between the phase
transition temperature of the bulk (7o) and the confined liquid (7wm). K. is the cryoporometric
constant, nn, 1s the geometric factor describing melting and 7, stands for the average pore radius.
In eq. 4, the symbols denote the corresponding parameters for freezing. The values of ATy and
ATy, and nm and nr are different, because melting and freezing of liquids in confined spaces
show a hysteresis in general. [133,146,150] The hysteresis is due to the different mechanisms
of the propagation of the phase change fronts in the nanostructure as function of temperature.
Thus, depending on the starting point (molten or frozen sample), the structure of the sample is
different at a given temperature. The exact differences are dictated by the geometrical features
of the confining solid skeleton. These geometrical features are in turn reflected in the measured
NMR intensity versus temperature data, termed as the melting-freezing hysteresis curve.

An important aspect of the cryoporometry experiments is that the forming ice crystals
might deform the nanostructured skeleton. This is indicated by the distortion of the melting-
freezing hysteresis loop in repeated subsequent measurement cycles. Data interpretation should
be very careful if these signs are observed.

The size distribution of (water) droplets confined in aerogels is most often calculated
using the methodology of Petrov and Fur6. The measured water peak integrals are plotted
against the temperature, and the intensity versus temperature data are transformed to intensity
versus pore size data using the modified Gibbs-Thomson equations (eqs. 3-4). The numerical
derivation of these yields pore size distribution plots. Importantly, “droplet shape / size”, is
intentionally used instead of “pore shape / size” to indicate that the primary data determined by
this method is the shape and the size of the water bodies that are confined by the solid skeleton.
For instance, the primary fibrils of polymer aerogels passing through larger bodies of water can
change the geometry of confinement, leading to the change of the shape of the melting-freezing

hysteresis loop with the changing water content of the hydrated aerogel sample.
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I11-3.1.3. Pulse gradient stimulated echo (PGSTE) NMR diffusiometry theory

The observed self-diffusion (also termed as equilibrium diffusion) coefficient (Dobs) of
a liquid is altered compared to its bulk phase value, when the liquid is confined in the pores of
a nanostructured solid network. This apparent self-diffusion coefficient characteristic for the
confinement significantly depends on the length of the observation time applied in the diffusion
experiment (4). At limiting-short observation times, the molecules travel shorter distances than
the size of the pores and do not collide with walls. In this case, the observed self-diffusion
coefficient is equivalent to that of measured in the bulk phase. [152,153] At longer observation
times, collisions with the walls reduce the effective distance covered by the molecules, and the
apparent self-diffusion coefficient is lowered. In other words, the effective displacement of the
water molecules in the tortuous network is a function of the observation time, and thus, affects
Dobs. Therefore, information can be obtained on the confinement of the liquid, and on the
permeability and morphology of the solid network by changing the observation time. [153-157]

Furthermore, the observed self-diffusion coefficient (Dobs) depends on the localization
water and the morphology of the porous system at the given hydration level. The behavior of
water molecules can be distinct at different hydration levels depending on the size, geometry
and chemical environment of the different water bodies in partially hydrated aerogels. [152,157]
It is possible that water is found in multiple diffusion domains (e.g. in the primary hydration
sphere and in quasi-bulk phases) in the same nanostructured sample. If the exchange of water
molecules among the different diffusion domains is slow in the timescale of the measurement,
multiple self-diffusion coefficients are obtained for the same sample. [154-157] An important
feature of the liquid phase NMR approaches is that the diffusiometry timescale is ca. 100 ms,
which is much longer than that of the relaxometry experiments.

A stimulated echo sequence is used for measuring the diffusion features including
bipolar gradient pulses, longitudinal eddy current delay and two spoiler gradients. Here, the
single gradient pulses of the PGSTE sequence are split into a pair of two pulses with opposite
signs enclosing a 7 pulse. The time between the two m pulses is the observation time of the
diffusion experiment (A). In the PGSTE sequence, the sample magnetization is longitudinal,
thus the 71 decay is operative during most of the diffusion time, which eliminates most of the
adverse effects arising from sample inhomogeneity. The total time the magnetization remains
in transversal direction (72 decay) is twice the period between the first two 7/2 pulses, which is
approximately equivalent to the length of the gradient pulse (d). The observation time of the
diffusion experiments (A4) is usually varied between 8 and 130 ms. The length of the gradient
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pulse (0) is changed from 2 to 6 ms. The obtained NMR intensity decay data is evaluated using
the general expression: [158,159]

1= Ioexp{_DobsV2 (A- 5/3)5262} (5)

The coefficient Dobs)” is calculated for each experiment by fitting the exponential curve of eq.
5 to the measured echo intensity (/) as a function of G2, and using the known parameters. The
real self-diffusion coefficient (Dobs) is calculated after calibration, which is usually based on
measuring the diffusion of D>0O in water by this method.

When multiple diffusion domains are present in the sample, each domain is represented
by a different single-exponential function of a given Dops according to eq. S, and the observed
decay is the sum of these functions. If the exchange of water is slow between these domains,
the different Dops values can be separated effectively. [152,156,157] In order to determine the
number of diffusion domains, primary data can effectively be transformed by inverse Laplace

transformation using the same algorithms as for the evaluation of NMR relaxometry data.

I11-3.1.4. Magic angle spinning (MAS) solid state NMR spectroscopy of gels

Magic angle spinning solid state NMR spectroscopy methods provide effective tools to
explore the structural changes of synthetic polymer an biopolymer aerogels upon hydration,
mainly by following the '*C and 'H MAS NMR chemical shifts and linewidths as a function of
the water content of the partially hydrated aerogel sample. Starting from the as-prepared dry
sample, primary information is obtained on the chemical composition and molecular structure
of the aerogel skeleton. The primary to quaternary structures of the macromolecules reflecting
their conformation and crystallinity, and the state and extent of hydrogen bonding in the solid
skeleton can be deduced by the careful assignment of the NMR peaks. When water is added to
the aerogels, additional information can be obtained on the state and the localization of water
molecules in the hydrated sample. [160-164] Importantly, the hydration of macromolecules
(e.g. polysaccharides, polyamides) may cause significant changes in their conformations and
crystalline states. Thus, the positioning and the chemical environment of the water molecules
in interaction with the macromolecules can be deduced. In the case of higher water contents,
the separation of macromolecules that were originally bound together in the dry state of the
aerogel by intermolecular ionotropic or hydrogen bonds is well-expressed in the °C and 'H
MAS NMR spectra. [165] Cross-polarization magic angle spinning (CPMAS) experiments can

reveal changes in the segmental motion of macromolecules as a consequence of their hydration.
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In this case, the polarization transfer from the 'H to the 1*C nuclei is less effective, which alters

the NMR peaks proportionally to the increased mobility of that given segment.

II1-3.2. Small angle neutron scattering (SANS) characterization of gels

The SANS measurements were performed at the Budapest Neutron Centre — BNC (part
of HUN-REN Centre of Energy Research) in the Yellow Submarine pin-hole type instrument.
A detailed description of this particular instrument design is given in Ref. [166]

Neutrons scattered coherently in elastic events in less than 10° are analyzed in SANS
experiments. The size range where SANS can yield information on nanostructured sample is
typically 1-100 nm. Any nanosized object, structural element, inhomogeneity, or discontinuity
in the sample that display different neutron scattering length densities (SLDs) are regarded as
different scattering objects. The primary difference in SLDs in dry mesoporous aerogels, i.e.
the contrast, is between the solid backbone and the air filled pores. [150,167] In the case of
composite and hybrid aerogels, the different components of the backbone can also give distinct
contrasts, depending on the spatial separation of the components. Porous materials can be filled
with liquids of different SLDs. In the case of composites and hybrids, this can be utilized to
match the contrast of one of the components, which enables the measurement of the exclusive
scattering of the other component. This “contrast variation” strategy is a powerful tool in SANS
to explore the different components of complicated nanostructured system separately, which
usually reveals extra levels of structural information. Care must be taken however in order to
understand whether structural changes are taking place or not due to the solvation of the solid
skeleton of the sample. Partially solvated samples can be conveniently studied by SANS in
order to reveal nanoscale structural changes. However, when the porous sample is partially
filled with the liquid, both the well-defined liquid droplets, and the solvated nanoscale structural
elements of the skeleton can yield new scattering objects, which complicates data evaluation.

The measured and corrected scattered neutron intensity (/) in SANS is analyzed as a

function of the momentum transfer (Q), which is the magnitude of the scattering vector.

4T 0

Q = TSini (6)

Here, 4 is the wavelength of the monochromatic neutron beam and O is the scattering angle.

The absolute neutron scattering intensity (/) can be given as follows:

dx
1(2,8) = L(DAD)TV - (Q) (7)
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Here, Iy is the incoming neutron flux, AQ is the unit solid angle, #(4) is the detector efficiency,
T and V are the transmission and the volume of the sample, respectively, and d2/dQ is the
macroscopic differential cross section as a function of Q. The mathematical analysis of the
differential cross section is a conventional way for extracting information on the nanoscale
architecture of the studied sample. When measuring the scattering intensity on a relative scale,
and dealing with correlation free scattering objects, the mathematical analysis usually focuses
on the description of only one of the components of d2/dQ termed as the form factor. This can
effectively be performed by the direct mathematical analysis of the corrected /(Q) curves using
more or less sophisticated models to represent the nanoscale architecture of the sample. The
classical assumption free and simple geometrical models are usually effective for aerogels.
The SANS scattering curves of aerogels can be modelled by the combination of Guinier
and power-law approximations, generally referred to as the Beaucage model. This model can
be used to describe the scattering from such nanostructured systems, where different structural
levels appear in different size scales. [168,169] It can provide information on the size and the
shape of scattering objects in the nanometers range, and describe the characteristics (fractal
dimensions and roughness) of the main interfaces in the sample. The first level (eq. 8) or the
second level (eq. 9) Beaucage models were used to cover the entire experimental Q range

depending on the morphologies of the different aerogels.

P1
gy [l ()
1(Q) = G,exp (— %) +B, T\/g +C (8)
g ([ (2}
1(Q) = G, exp (— gl) + Biexp (— g2> 6
3 3 Q
QR 3\ P2
2p2 erf g2
+ G, exp (— §QZ> +B, [ (Q\/g >] +C (9)

Several geometrical models (e.g. based on elongated cylinders) have been explored for
fitting the SANS data for various aerogels with different morphological features. [170,171] In
many cases adequate fitting could not be achieved with the conventional geometric models.

[172] The approach of using multiple levels of the Beaucage or the Porod approximations is
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frequently found suitable to describe the series of SANS curves measured in a given system,
thus enabling the direct comparison of the estimated structural parameters for the same set of
gel samples, e.g. as function of their preparation conditions, pH or water contents.

The radius of gyration in SANS quantifies the distribution of scattering length densities
(SLDs) of the scattering object around its SLD center of mass. Therefore, the radius of gyration
is an important shape-independent parameter, which can be used both for solid and liquid state
samples, if the Guinier approximation conditions are fulfilled (OxRg < 3). In the case of
mesoporous aerogels, when approximating the dominant pore geometry to be spherical; the

mean pore size (dpore) can be estimated from the R, value as follows. [173]
5
dpore = 2Tpore = 2 §Rg (10)

II1-3.3. Sorption processes in hydrated silica aerogel particles

Sorption processes on suspended aerogel particles are usually fast, and thus their
mechanisms are often only semi-quantitatively explored. The reason is that the evaluation of
the experimental data on liquid phase sorption kinetics — either involving suspended particles
or immobilized surfaces — often has to be simplified, because the process usually cannot be
followed with sufficiently high time resolution, i.e. there are not enough data points in the time
resolved experiments for a sophisticated evaluation. The main reason for the low time resolution
is that the kinetic data are collected by off-line analysis in most cases. Measuring a data point
by sampling and analyzing the system off-line takes at least 1 to 5 min, while fast sorption
processes are usually complete in a few minutes. To overcome this problem and follow fast
adsorption processes with high time resolution, specialized on-line analytical techniques such
as quartz microbalance measurements, [174,175] laser optical spectrometry [176,177] and
flow-cell spectrophotometry [178,179] have been implemented.

We aimed to adopt our experience in solution phase reaction kinetics and develop high-
time resolution experimental methods for investigating the intimate mechanisms of the sorption
of representative model compounds from aqueous solution on suspended silica aerogel
microparticles. For these mechanistic studies, the molecular model compound of choice was
methylene blue (MB), while bovine serum albumin (BSA) was chosen as a protein of interest.

The thermodynamic and UV-Vis spectroscopic features of MB adsorbed on silica
surface are well characterized. [180-183] There is a consensus in the literature that MB forms

a monolayer on silica when adsorbed from solutions of high micromolar concentrations at short
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contact times. The UV-Vis spectrum of adsorbed MB shows a blue shift at around 600 nm,
which has been attributed to dimer formation on the surface. This hypothesis is based on a
similar blue shift in the spectrum of solvated dimers. [184]

BSA is a soft protein, therefore its aqueous tertiary structure is significantly influenced
by the pH of the solution. [185,186] This feature is fundamental in understanding its properties
for binding to solid surfaces and transport. [187] The mechanisms of BSA sorption on various
silica surfaces have been studied in the pH range between 3 and 9. [188-190] The protein starts
to unfold only at pH values lower than 4 and higher than 9. BSA first forms protein islands on
a silica surface, and finally completes the monolayer. Multilayer sorption and irreversible
binding have also been observed. Protein sorption and binding on solid surfaces are a complex
processes that are sensitive to the physico-chemical environment (temperature, pH, ionic
strength, etc.), as well as, the chemical characteristics and the morphology of the sorbent.
[189,191] Several authors have proposed a two-state model for the sorption of proteins on solid
surfaces resulting in weaker (reversible) or stronger (irreversible) binding modes. [192-195]
Turbidimetry and UV-vis measurements have been shown to be fundamental in quantifying the

interactions of proteins with surfaces including sorption and aggregation. [178,196]

I11-3.4. Metal complexes immobilized in aerogels showing enhanced catalytic activity
Mesoporous silica materials have high apparent surface areas, highly permeable pore
networks and good mechanical and chemical stabilities that make them ideal catalyst supports.
[35] An important aspect of utilizing porous catalyst supports is that the reactions take place in
confinement inside the pores. Such confinement of the reactants can alter the frequency of the
reactive collisions, which can affect the kinetics of the overall catalytic reactions. This could
lead to the alteration of the specific activity or the selectivity of the immobilized catalyst
compared to the dissolved counterpart. For instance, phenanthroline based dinuclear Cu(II)
complexes immobilized in mesoporous silica have elevated catechol oxidase activity. [197] An
imidazolato-bridged Cu(II)-Zn(II) complex is a functional model of the CuZnSOD enzyme,
which shows elevated SOD activity in a silica support. [198] Generalized theories, such the
“confinement effect”, also termed as the “nest effect” have been proposed to account for the
enhanced reactivities. [199-201] We intend to explore the intimate role of mesoporous catalyst
supports by performing the in depth characterization of selected functionalized aerogels, and

propose a mechanistic model for their reactivities using the tools of reaction kinetics.
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IV. EXPERIMENTAL METHODS

IV-1. Preparation of aerogels

IV-1.1. Materials and solutions: All raw chemicals for the preparation of the aerogels were
purchased from quality assured commercial vendors, such as Sigma-Aldrich, Merck, Fluka and
VWR in the highest available purity, typically above 99%. HPLC grade solvents were used for
the synthesis procedures. Other common chemicals (acids, bases, inorganic salts, etc.) were
purchased from the same vendors in ACS reagent grade, Puriss, or higher. The source of gelatin
was food-grade gelatin sheets from Dr. Oetker. This is a type-A gelatin derived from porcine
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. The source of casein was “MPI
85” casein powder, manufactured and provided by the Hungarian Dairy Research Institute
(Mosonmagyarovar, Hungary). The source of sodium alginate is specified in each of the
preparation procedures. 99.5% pure carbon dioxide gas was purchased from Linde. Ultrapure

water (“Type I grade water”, p = 18.2 MQ cm) was used for all experiments.

IV-1.2. Silica aerogels: Silica acrogels were synthesized by the classical sol-gel process. First,
two solutions (“A” and “B”) were prepared. Solution “A” was made from tetramethyl
orthosilicate (TMOS, 3.00 mL) dissolved in methanol (7.00 mL). Solution “B” contained
methanol (15.0 mL), distilled water (3.00 mL) and aqueous ammonia solution (1.00 ml of 6.2
M). Solutions “A” and “B” were mixed under stirring, then poured into a PTFE-lined plastic
mold and sealed. An alcogel formed in 24 h, which was transferred into a perforated frame and
aged in a mixture of methanol (250 mL) and ammonia solution (25wt%, 20 mL) for one day.
After 24 h, the sample was soaked in 300 ml of methanol twice, then in 300 ml of acetone-
methanol mixtures, in which the acetone content was increased in 25% (v/v) steps. Finally, the
sample was stored in pure acetone. Acetone was extracted from the gel by liquid carbon dioxide
and the gel was dried under supercritical conditions (constant 80 °C, max. pressure 140 bar).
The maximum pressure was maintained for 3 h, then released at a rate of 2 bar/min in a custom-
made autoclave system. [10] In some cases, a calcined form was used produced by heating the

as-prepared silica aerogel at 500 °C for 8 h in a furnace in air.

IV-1.3. Silica-gelatin aerogels: The synthesis of silica-gelatin hybrid aerogels was developed
by Dr. Péter Veres and Prof. Istvan Lazér and first published in Ref. [202]. First, the desired
amount of gelatin (from 0.10 g to 1.0 g) and 70.0 mg of (NH4).CO3 were dissolved in 20.0 g of

hot water. After cooling to room temperature, a second solution containing 3.30 g of TMOS
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and 5.55 g of MeOH was added to the gelatin solution under vigorous stirring. The mixture was
poured in a cylindrical plastic mold for gelation for 24 h. First, the sample was soaked in
methanol for 24 h, then, methanol was replaced by acetone in four 24 h soaking steps, and
acetone was replaced 2 more times after 24 h soaking. Finally, acetone was extracted with liquid

CO2 at 5.4 MPa at ca. 25 °C, and the gel was dried using scCO> at 140 kPa and 80 °C. [10]

IV-1.4. Fluorescein-labelled silica-gelatin aerogels: Both gelatin and silica can be labeled via
linking fluorescein moieties to them with covalent binding. [203,204] First, an aqueous solution
containing 0.10 g gelatin in 20 g water was mixed with 1.8 mg fluorescein isothiocyanate
(FITC) under reflux for 3 h. After this, 70.0 mg solid ammonium carbonate was dissolved in
the mixture. A second solution of 3.00 mL tetramethyl orthosilicate (TMOS) in 7.00 mL
methanol was added after cooling to room temperature, and the mixture was poured into a
cylindrical plastic mold for gelation. Excess FITC does not react with silica moieties under
these conditions. In order to covalently link fluorescein to the silica backbone, a two-step
synthesis route was implemented. First 10.0 mg FITC and 16.25 pL (3-aminopropyl)trimethoxy
silane (APTMS) was mixed at room temperature for 3 h in 7.00 mL methanol, then 3.00 mL
TMOS was introduced into the mixture. A second aqueous solution of 0.10 g gelatin and 70.0
mg (NH4)>COs3 in 20 g water was were added, and the resulting mixture was poured into a
plastic mold for gelation. In this case, the unreacted FITC from the first solution reacts with

gelatin. The gels were solvent exchanged, and dried in scCO> as given above. [10]

IV-1.5. Methotrexate functionalized silica-gelatin aerogel: Gelatin-methotrexate (G-MTX)
conjugate was prepared by following the synthesis route detailed in Ref. [113]. 0.50 g gelatin
was dissolved in 30 mL 0.05 M NaHCOs solution, and mixed with a solution of 150 mg MTX
in 15 mL 0.05 M NaHCOs. The pH of the mixture was set to 6.0 with HCI, and stirred at room
temperature for 2 h. 750 mg 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide hydrochloride
(EDC) was added and the mixture was stirred overnight. The conjugate was purified using 7000
MWCO Dialysis Tubing (Thermo) in phosphate buffer (0.05 M, pH = 7.4), and later in water.
The aqueous medium was replaced after 24 h soaking, and 5 dialysis cycles were performed.
The final, dry G-MTX conjugate was obtained by lyophilization. G-MTX contains ca. 16wt%
MTX by dry weight according to capillary electrophoresis (CE) analysis.

A co-gelation strategy was used to prepare methotrexate functionalized silica-gelatin
hybrid aerogel (SGM). [205,206] 0.55 g G-MTX and 70 mg (NH4).CO3 were dissolved in 20

mL warm water. After cooling to room temperature, a second solution of 3.0 mL TMOS
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dissolved in 7.0 mL methanol was mixed into it. After 24 h gelation, the alcogel was subjected
to multiple step solvent exchange. First, the alcogel was soaked in methanol for 24 h to remove
water. Next, methanol was replaced by acetone in four 24 h soaking steps. The gels were dried
in scCO> as in the case of pristine silica-gelatin gels. [10]

The composition of the hybrid aerogel was estimated by thermal analysis to be ca.
65wt% silica and 35wt% G-MTX. As no leaching of MTX was detected during the preparation
of the hybrid aerogel, the total MTX content of the hybrid material is ca. 6wt% by dry weight.

This means an SGM concentration of 2.0 mg/mL is equivalent ca. 0.12 mg/mL free MTX.

IV-1.6. Silica-casein aerogels: Three reactant solutions were prepared: A, B and C. In solution
A, the silane reagent TMOS (2.5 cm®, 13.7 mmol) was dissolved in methanol (15cm?, 371
mmol). Solution B contained aqueous ammonia solution (1 cm?, 12.1 mmol NH3 and ca. 34
mmol water) and water (1 cm?, 55.6 mmol) mixed with methanol (5 cm?, 124 mmol). In solution
C, 0.05 — 0.40 g of the MPI 85 casein powder was completely dispersed in water (4 cm?, 222
mmol), For the preparation of the hybrid gels, solution B was added to solution A during
constant stirring. After a few minutes of mixing, solution C was also added. The forming gel
was kept in the mold for 3 days. For solvent exchange, the gels were kept in methanol, acetone:
methanol 1:1 mixture, and pure acetone for at least 2-2days. The extraction of acetone was

performed using CO> by the technique described in the case of silica-gelatin gels. [10]

IV-1.7. Borosilicate aerogels: Pristine borosilicate aerogel, (termed as BS), borosilicate-PVA
hybrid aerogel (termed as BSP), and borosilicate-PVA aerogel with added microcrystalline
hydroxyapatite (termed as BSPH) were prepared. [207] Briefly, the synthesis of the skeleton
was achieved by co-gelation in a sol-gel procedure in all cases. Tetraethyl orthosilicate (TEOS)
was dissolved in a water-ethanol mixture. This mixture was slightly acidified and stirred for 1
h before the addition of the boric acid solution. For synthesizing a hybrid skeleton, the aqueous
solution of PVA was added to the TEOS and boric acid solution. In the case of the BSPH,
powdered hydroxyapatite (HAp) was also added under vigorous stirring as the last component.
The final step was the addition of the NH4F catalyst to accelerate the gelation. After 24 h
gelation, the solvent mixture was exchanged to pure ethanol, which was subsequently
exchanged in multiple steps to pure acetone. Acetone was extracted by supercritical CO> in an

autoclave using the procedure given above. [10]
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IV-1.8. Ca-alginate aerogels (TUHH): Aerogel samples were prepared in collaboration with
Prof. Pavel Gurikov at TUHH from sodium alginate purchased from Sigma Life Science
(catalogue no. 71238). Spherical Ca-alginate aerogel (CaAG) beads of ca. 0.2 mm were
synthesized using the jet cutting method. [57,208] 1.0 w/w% aqueous solution of Na-alginate
was dropped into 20 g/L CaCl, solution. The gel beads were subjected to multiple step solvent
exchange: the beads were placed for 24 h into 30, 60 and 90 w/w% ethanol-water mixtures and
then into anhydrous ethanol. The drying procedure was initiated only when the ethanol content
reached min. 98.5 w/w% in order to ensure single phase conditions during supercritical drying.
The gel beads were dried by extraction of ethanol with a continuous flow of supercritical CO>
in a high-pressure autoclave. The autoclave was sealed and preheated to 313 — 323 K. Preheated
carbon dioxide was supplied into the autoclave until the desired working pressure (120 kPa)
was achieved. The outlet flow rate of carbon dioxide was ca. 25 g min~'. The as-prepared

aerogel samples were kept in a desiccator under freshly dried silica gel.

IV-1.9. Fe(Ill)-alginate aerogels (TUHH): Aerogel samples were prepared in collaboration
with Prof. Pavel Gurikov at TUHH from 2 different Na-alginates with high guluronic acid
content (HG; 70:30 G/M ratio) and low guluronic acid content (LG; 30/70 G/M ratio) from
FMC Biopolymer (Norway). The 2 w/w% aqueous solution of either the low G or the high G
alginate was dropped into 0.05 M FeCl; solution (gelation bath). After gelation, the beads were
placed into a fresh 0.05 M FeCls solution for 24 h. This was followed by multiple step solvent
exchange. The alginate beads were placed for 24 h into 30 V/V%, 60 V/V%, 90V/V% ethanol-
water mixtures and two times into pure ethanol. The samples were dried with supercritical CO>

at 45 °C and 140 bar using a continuous flow process, as given above.

IV-1.10. Ca-alginate aerogels (USC): Aerogel samples were prepared in collaboration with
Prof. Carlos A. Garcia-Gonzalez at USC from sodium alginate (guluronic acid/mannuronic acid
ratio of 70/30, My, =403 kDa) from Sigma-Aldrich. Alginate aerogel powder was prepared by
a prilling gelation method using a compressed air-assisted spraying equipment. An aqueous
sodium alginate solution of 1.75% (w/v) was transferred to a nozzle for spraying into 200 mL
of an aqueous 150 mM CaCl; solution. Ageing of alginate hydrogels took place for 2 h in the
CaCl; solution before solvent exchange with ethanol. The hydrogels were directly placed in
absolute ethanol, which was changed three times in every 24 h. Alginate alcogels were dried

using scCO2 (40 °C, 120 bar) at a flow of 5 g/min during 3.5 h in an autoclave.
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IV-1.11. Polyurea cross-linked X-Ca-alginate aerogels: Two different types of polyurea
cross-linked X-Ca-alginate aerogels (X-Ca-alg-N3300 and X-Ca-alg-RE) were kindly provided
by Prof. Patrina Paraskevopoulou together with the parent Ca-alginate aerogel as a reference.

The preparation procedures and material characteristics are reported in Refs. [209,210]

IV-1.12. Aerogel from Kevlar-like linear polyamide: The full preparation procedure was
taken from a previous publication and reproduced without any modification. [211] Briefly,
CaCl; (2.25 g, 20.3 mmol) and p-phenylenediamine (3.45 g, 31.9 mmol) were dissolved in
NMP (90.0 mL) and cooled to 0 °C. Solid terephthaloyl chloride (6.32 g, 31.1 mmol) was added,
which resulted in the formation of a transparent homogeneous yellow solution. After 5 min of
stirring, the solution became cloudy and the viscosity increased due to the formation of
polyamide. The thick suspension aged for 16 h at room temperature. The gel monoliths were
soaked in anhydrous ethanol for 5 days with the solvent replaced with fresh each day. Once this

solvent exchange process was complete, the gels were dried using supercritical CO». [10]

IV-1.13. Cu(Il)-cyclen and Cu(II)-cyclam functionalized silica aerogels: The functionalized
silica aerogels were prepared using sol-gel synthesis procedures adopted from the literature and
optimized. [212] The choice of the ligands limited the synthetic options for immobilization. (3-
glycidoxy-propyl)-trimethoxysilane (GPTMS) based arms were attached to cyclen and (3-
chloropropyl)-trimethoxysilane (CPTMS) based arms were attached to cyclam. These synthetic
precursors were isolated, re-dissolved in the appropriate solvents and characterized in the
solution phase by NMR and MS techniques. The complexation of Cu(Il) could be achieved in
good yields only in the solution phase using the as-prepared macrocyclic precursors. Finally,
the functionalized precursors were hydrolyzed and condensed with TMOS using basic catalysts.
The functionalized alcogels were transferred to acetone, and dried using scCO,. [10] The

chemical structures of the aerogels are discussed in the Results and Discussion section.

IV-2. Classical characterization of as-prepared aerogels

IV-2.1. Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS): Low voltage scanning electron microscopy (LV SEM) methods were optimized to study
the morphology of aerogels. [3] The images were taken in a ThermoFisher Scios 2 instrument
under special conditions using very low accelerating voltage and small electron beam current
in order to eliminate the charging effects of the aerogel samples. These measurement conditions

made it possible to examine the fresh fracture surfaces of the aerogels in their pristine states. A
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vacuum-resistant carbon tape was used to fix the aerogels, but no further sample treatment was

applied. 10 kV accelerating voltage and long measurement time was used for the EDS analysis.

IV-2.2. N2-sorption porosimetry: Nitrogen adsorption-desorption isotherms were recorded in
a Quantachrome Nova 2000e instrument at 77 K. The powdered samples (20 — 80 mg) were
degassed under vacuum at different temperatures (50 — 100 °C) depending on the sensitivity of
the given aerogel for 24—48 h before the measurements. Based on the measured isotherms, the
specific surface area, the pore size distribution and the pore volume of the aerogels were
calculated using NovaWin 11.0 software. The p/po = 0.05 — 0.30 range was used as input data
for the multi-point BET method for calculating the apparent surface area. The pore size
distribution and the pore volume were determined by the BJH method using the instrument

controlling software. NLDFT calculations were performed in the case of silica-based aerogels.

IV-2.3. Fourier-transformed infrared spectroscopy (FT-IR): The infrared spectra (FT-IR)
of the samples were measured with an Agilent Cary 630 FT-IR Spectrometer using a universal
ATR head. The measurements were performed on powdered samples that were pressed onto

the diamond surface. The IR spectra of the samples were recorded by averaging min. 16 scans.

IV-2.4. X-ray powder diffraction (XRD): Diffraction patterns were collected under Cu-Ka
radiation (Kal=1.54059 A)using a Rigaku SmartLab 9.0 kW X-ray diffractometer (XRD) with
200 mA. The measurements were carried out in Bragg-Brentano geometry, between 5 and 90

(26) with 5.0 degree/min scan rate, and between 5 and 60 (26) with 1.0 degree/min scan rate.

IV-2.5. Compression tests: The compressive strength of dry and partially hydrated aerogel
monoliths was measured using an Instron 4302 Universal Strength Testing Apparatus. The
crosshead speed of the probe was 1.0 mm/min. A standard strength testing head of 1.0 kN was
used. Monolithic test objects of regular cylindrical shape were used with the length of ca. 30
mm and the diameter of ca. 20 mm. Extra care was taken to use monoliths with parallel top and
bottom sides. The specimen-to-specimen relative standard deviation of the measured data is ca.

15%. Young’s modulus was calculated by the instrument controlling software.

IV-2.6. Size of suspended aerogel microparticles: The size distribution of aerogel particles
was measured by using a hemocytometer in a light-microscopy after wet grinding the samples

by a Potter-Elvehjem tissue grinder (10 min) and sonication (5 min). [126,127] Images were
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taken from ¢ = 0.5 mg/mL suspensions with a microscope camera. The Imagel software was
used for calculating the size distribution of the particles. In some cases, the size distribution of

aerogel particles was measured using a laser diffraction light scattering instrument (LDLS).

IV-2.7. Zeta potential of aerogel particles: Aerogels were wet ground by a tissue grinder (see
above), and the electrophoretic mobility of the suspended particles was measured at a final
aerogel concentration of 0.1 mg/mL in a MALVERN Zetasizer Nano ZS instrument using
conventional instrument setup and operation. The Zeta potential values were calculated from
the measured electrophoretic mobility and dynamic light scattering data by the instrument

controlling software based on the Smoluchowski approximation.

IV-3. Controlled hydration and wetting of aerogels

For preparing partially hydrated aerogel samples, general, the as-prepared dry aerogel
sample was gently broken to small pieces, placed onto an analytical balance (min. 50 mg) and
aliquots of liquid water were added. Water content is defined as grams of liquid water added to
grams of dry aerogel (g/g). The partially hydrated samples were gently mixed and sonicated for
using a bath type sonicator. It was tested that sonication does not cause any structural change
in the hydrated samples. Each sample was prepared in the corresponding sample holder (e.g.
NMR tube), and sealed airtight for a 24-48 h equilibration period before the measurements.
The characterization measurements were reproduced in duplicates in such way that the same
water content was set by different methods in duplicate samples; either by directly hydrating
the dry aerogel, or by adding additional aliquots of water to samples of lower water contents.

Another procedure to prepare partially hydrated aerogel samples was the equilibration
of aerogel monoliths with humid air for 84 h in sealed desiccators. The humidity of air was
controlled placing saturated solutions of appropriate inorganic salts in the desiccators. [213]
The water contents of the samples were calculated from the weight loss after drying at 90 °C.

The macroscopic swelling of aerogels due to hydration and wetting was studied in 5 mm
NMR tubes. The dry aerogels were compacted in the tubes by gently pressing the sample and

vibrating the tubes. The height of the aerogel column was measured after hydrating and wetting.

IV-4. Liquid phase nuclear magnetic resonance (NMR) methods
The theory of these methods is discussed in details in the Literature Review section.
IV-4.1. NMR relaxometry: The measurements were performed in a Minispec Bruker mq20

relaxometer instrument. Typically, ca. 50 mg dry aerogel was weighed into an NMR tube, and
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titrated with water. [132,135,137] The water / dry aerogel mass ratio was increased from 0.1
g/g to 4.0 g/g. The measurements were performed typically at 6 dB. The 71 (spin-lattice) and
the 7> (spin-spin) relaxation times were determined for every sample. The CPMG (Carr-Purcell-
Meiboom-Gill) sequence was used with at least 3 different echo times (0.08 — 0.16 ms) for the
T>» measurements. The parameters of the CPMG sequence were optimized according to the 71
relaxation times determined using the inversion-recovery method.

The number of exponential functions in the primary CPMG decays was determined by
inverse Laplace transformation using the MERA (Multi-Exponential Relaxation Analysis)
algorithm on the basis of the CONTIN method in MatLab v.8.5 (MathWorks Inc., USA). After
determining the number of exponential decay components, the raw data was fitted by a non-
linear Levenberg-Marquardt algorithm using the probe function with the appropriate number of
exponential components. As a verification, every experimental data set was additionally fitted
with one less exponential component, and the results compared. In the case of ca. the same

goodness of fit, the probe function of the least number of exponential components was accepted.

IV-4.2. NMR cryoporometry: Partially hydrated aerogel samples were characterized by NMR
cryoporometry at different water contents in a Bruker Avance II 360 MHz NMR instrument.
The Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence was applied as a relaxation
filter. Before every measurement, the length of the 90° pulse was determined (ca. 10 ps). The
optimization of the echo time was performed by systematically changing its value between 0.5
and 1.5 ms and monitoring 'H signal intensity in hydrated mesoporous silica aerogel at 265 K
as a reference material. Thus, the recorded signal intensity is proportional to the amount of
liquid water confined in the porous system. Every aerogel sample was mixed with the proper
amount of water, and the mixture was frozen at —20 °C. Multiple melting-freezing cycles were
measured between —15 °C and +6 °C in 0.2 — 0.5 °C steps. When the results of the first two
cycles were identical within experimental error, the expansion of ice does not damage the
aerogel backbone architecture. Temperature was calibrated using glycol and methanol. [214]
The size distribution of the confined water bodies, referred to droplets and puddles, was
calculated using the methodology of Petrov and Furd. [133] The measured NMR intensities
were plotted against the temperature calculated as the difference (A7) from the freezing point
of bulk water (273 K). Intensity versus A7 data were transformed to intensity versus droplet
size (daroplet) data using the modified Gibbs-Thomson equations and estimating the geometric
factors (spherical, cylindrical or slab-like) from the shape of the melting-freezing hysteresis

loop. Density distribution curves were calculated by estimating a log-normal distribution.
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IV-4.3. NMR diffusiometry: The self-diffusion of water was studied in partially hydrated
aerogel samples at 298 K. A stimulated echo pulse sequence (PGSTE) was used for the
measurements featuring bipolar gradients and longitudinal eddy current delay (BIPLED), as
described previously. [131,215] The observation time of the diffusion experiments (4) was
varied between 8 and 120 ms. The length of the gradient pulse (J) was changed from 2 to 4 ms.
The pulsed gradient strength (G) increased in 32 or 64 square distant steps.

The spectra were transformed with the MestReNova 9.0 software and evaluated
according to the classical expressions. When multiple diffusion domains are present in the
sample, each domain is represented by a single-exponential function of a given Dobs. In order
to determine the number of diffusion domains and the corresponding Dobs values, the primary

data were treated using the same algorithms as for the evaluation of the NMR relaxometry data.

IV-5. Magic angle spinning (MAS) solid state NMR measurements

Solid-state NMR spectra were acquired on a Bruker Avance III 500 spectrometer and a
wide bore 11.75 Tesla magnet with operational frequencies for 'H and *C of 500.13 and 125.77
MHz, respectively. A 4 mm triple resonance probe in double resonance mode with magic angle
spinning (MAS) was employed. In order to optimize the sensitivity of the probe, the rotor was
fitted with Teflon inserts to define a 50 ml volume. [216] The partially hydrated aerogel samples
were prepared directly in the 4 mm ZrO> rotor. The amount of the dry aerogel was always kept
constant, therefore, the NMR spectra are treated as mass-loading normalized data. The rotor
was spun at a MAS rate of 15 and 10 kHz for 'H MAS and '°C CPMAS NMR experiments,
respectively. For the 1*C cross-polarization (CP) MAS experiments, proton radio frequencies
(RF) of 55 and 28 kHz were used for initial excitation and decoupling, respectively. During the
CP period the 'H RF field was ramped using 100 increments, whereas the '°C RF field was
maintained at a constant level. During the acquisition, the protons were decoupled from the
carbon using a Spinal-64 decoupling scheme. A cross polarization contact time of 0.5 ms, and
a 5 s delay between scans were used. A moderate ramped RF field of 55 kHz was used for spin
locking, while the carbon RF field was matched to obtain optimal signal (40 kHz). Spectra were

recorded with a spectral width of 42 kHz and 8k transients were accumulated at 298 K.

IV-6. Small angle neutron scattering (SANS)
The measurements were performed by Dr. Adél Len, Dr. Zoltan Dudés and Dr. Zoltan
Balogh. Dry, powdered aerogel samples were introduced into 2 mm-thick quartz cuvettes and

measured without any pre-treatment. Some samples were wetted either with DO or with H,O
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— D>O mixtures of different composition. The water / dry aerogel mass ratio was at least 3.5 g/g
to completely fill the pores of the aerogels. After homogenization, the wet samples were stored
for 8 — 24 h at room temperature before SANS measurements.

The measurements were performed at the Budapest Neutron Centre in the Yellow
Submarine pin-hole type instrument equipped with a two-dimensional neutron detector. [166]
Two sample-to-detector distances (1.2 m and 5.4 m) and two wavelengths (1 =4.38 A and 10.23
A) were used. The beam diameter was 8.0 mm. The samples were measured for 60 — 180 min
at room temperature. The O range of 0.0065 — 0.4000 A~! was covered by altering the neutron
wavelength and the sample-detector distance. The measured scattering intensity was corrected
for sample transmission, empty cell scattering, detector sensitivity and background scattering.

The nano- and microstructural parameters of the scattering objects were estimated by
the mathematical analysis of the corrected /(Q) curves. The general considerations used for data
evaluation are given in the Literature Review section. Data fitting was performed using non-

linear Levenberg-Marquardt least-squares regression algorithms in the SasView 5.0.3 software.

IV-7. Impregnation of aerogels with active pharmaceutical ingredients

The technique of adsorptive precipitation (adsorptive deposition) was utilized in scCO»
for impregnating the active pharmaceutical ingredients (drugs) into the different as-prepared
aerogels, which facilitates the physical deposition of drugs in amorphous state. [61,82,83,205]

Milled and sieved (dparticle < 125 pm) silica-gelatin aerogel powders were impregnated
with ibuprofen and ketoprofen. The process was realized in an autoclave. Impregnation was
performed in scCO; at 45 °C and 200 bar in a stirred reactor for 6 h. The depressurization rate
was 2 bar/min in order to avoid crystallization of the drugs. [205] Drug content was determined
with RP-HPLC after soaking 5.0 mg loaded aerogel sample in 10.0 mL methanol for 2 h.

In one set of experiments the Fe(Ill)-alginate aerogel beads (TUHH) were impregnated
with ibuprofen alone, in another set of experiments the beads were simultaneously impregnated
with ibuprofen and ascorbic acid. Weighted amounts of aerogel beads and active ingredients
were wrapped separately in filter paper and placed into an autoclave. The vessel was warmed
up to 45 °C and scCO> was pumped into it until 200 bar. These conditions were kept for 6 h.
The pressure was released first by a 120 bar pressure drop in 10 s, and from there the pressure
was released at ca. 3—4 bar/min. The amount of ibuprofen and ascorbic acid were determined
by UV-vis spectrophotometry after soaking the loaded aerogel samples in methanol.

As-prepared Ca-alginate aerogel microspheres (USC) were loaded with Beclometha-

sone dipropionate (BDP). Aerogel (0.40 g) and BDP (0.040 g) powders were poured in separate
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paper cartridges and placed in a 100 mL autoclave previously loaded with 5 mL (5V/V%)
acetone. Impregnation was conducted at 65 °C and 215 bar in scCO» using different contact
times. The depressurization rate was 1 CO> g per minute. The BDP-loaded Ca-alginate aerogels
were immersed into acetonitrile-water (65-35V/V%), followed by sonication to release all BDP.

The BDP concentration was measured by HPLC.

IV-8. High time resolution in vitro drug release tests

Drug release from the impregnated aerogels was studied using a customized fast kinetics
method with on-line UV-vis spectrophotometric detection. The drug loaded aerogel was gently
crushed, and sieved to uniform size (dpariicte <200 pm) to avoid any particle size-related kinetic
effects. This aerogel powder was weighted with 0.01 mg precision into a carefully dried 1.00
cm x 1.00 cm spectrophotometric cuvette. The cuvette was thermostated at 37.0 = 0.1 °C. On-
line detection was started, and 3.0 mL pre-heated release medium was introduced into the
cuvette. The suspension was stirred at 300 rpm by a 2 X 8§ mm PTFE coated magnetic stir-bar.
The UV-vis absorbance change was followed typically in the 200 — 800 nm wavelength range
for at least with a time resolution of 1.0 s. As the drug dissolved from the aerogel its
characteristic UV-vis spectrum was detected. The concentration of the released nicotinic acid
was calculated from the on-line measured absorbance values. It is important to note, that the
light scattering (extinction) of the aerogel suspension was taken into correction by subtracting
it from each recorded spectrum using the “dual-wavelength method” developed by Liu and Zhu.
[178,217] As a verification method, drug release was also followed by HPLC for sustained
release systems. Cumulative drug release is given as the percentage of the total amount of
loaded drug in the aerogel. All experiments were performed in replicates. Kinetic model fitting

was performed based on well-established theories using a non-linear algorithms.

IV-9. In vitro cell viability and cytotoxicity tests, in vivo experiments

The in vitro and in vivo experiments were performed by Dr. Gébor Kirdly and Prof.
Gabor Szeman-Nagy at the Department of Molecular Biotechnology and Microbiology at UD.

Generally, the as-prepared aerogel samples were sterilized with UV light for 48 h before
the biological experiments. Dry, ground and sieved particles were placed in UV transparent
plastic containers and spread to a maximum thickness of 1 — 2 mm. Sterilized aerogel samples
were wet-micronized in a laminar box in sterilized PBS and kept there before use.

For the in vitro experiments, suspensions (200 uL) of the selected cell lines (2.5 x 10°

— 5.0 x 10° cell/mL) were seeded in 96-well plates and incubated at 37 °C, 5 % CO;
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concentration and 100 % relative humidity. After 24 h, the aerogel suspensions were added to
the cells in 200 pL fresh medium. Each microplate contained controls: 1) cells without any
treatment, 2) cells treated with pristine silica aerogel. Typically, three different incubations
lasting for 24, 48 or 72 h were used. Cell numbers were counted using a hemacytometer and
trypan blue dye exclusion. In addition, the MTT viability test was also applied. Percentage of
cell growth was expressed relative to control cells. Time-lapse video-microscopy imaging was
performed by modified and inverted upright microscopes (Olympus) in a SANYOMCO18-AC
COz incubator. The selected cell cultures were grown to ca. 40% confluence, then the cells were
treated with the aerogel suspensions (1.0 mg/ml) for 48—72 h. The raw image sequences were
evaluated using the ImageJ software. After obtaining the series of x and y positions of the
separate cells, the path length and the velocity of their position-changes were determined. All
in vitro experiments were performed in triplicates.

Micronized silica-gelatin hybrid aerogel particles suspended in physiological saline
were injected carefully into the upper abdominal cavity of 15-22 weeks old C3H mice. Two
different concentrations were applied: 52 or 104 mg aerogel in dry weight per kilogram body
weight. The control group received an equivalent volume of saline administered in the same
way. These experiments aimed to investigate the short-term biodistribution of silica-gelatin
microparticles in order to determine their applicability as vehicles for antimetastatic drugs. The
histological studies of the abdominal organs and lymphatic tissues were performed at the

Department of Pathology of the Kenézy University Hospital of UD.

IV-10. Kinetic experiments in aerogel suspensions

On-line UV-vis spectrophotometry and turbidimetry measurements were carried out in
an Agilent 8453 diode array instrument equipped with a built-in temperature control unit and
magnetic stirrer to follow fast chemical reactions, and sorption equilibria. A standard quartz
cuvette of 1.00x1.00 cm was used for all measurements. All experiments were carried out at
constant temperature and under constant stirring using a cuvette sized magnetic stirring rod.
Standard external calibration series for UV-vis spectrophotometry and turbidimetry were
prepared for the components of the given system. For the time-resolved (kinetic) experiments,
1.0 — 3.0 mL of aerogel suspension was placed in the thermostated spectrophotometric cuvette;
and stirring and detection was started. The process was started by promptly injecting the
reactant or the sorbate to the aerogel suspension in the cuvette. The absorbance (extinction)
change characteristic for the process was followed with a time resolution of 1.0 s. Data

evaluation is detailed individually for each system in the Results and Discussion section.
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V. RESULTS AND DISCUSSION

V-1. Hydration mechanisms of aerogels, structures of hydrated aerogels [P1-P7]

When aerogels are designed to be used in aqueous media, e.g. in biomedical or
environmental engineering applications, it is essential to understand the mechanism of their
hydration and the consequent changes in the aerogel structure. The most important questions
are the following. 1) Does the extensive hydration of the backbone cause the erosion of the
aerogel monolith? 2) Does the aerogel retain its original morphology and pore structure when
hydrated? 3) Are the pores of the aerogels permeable in water, or does the porous structure
collapse due to the extensive deformation of the hydrated backbone? 4) What is the stable
particle size and surface-layer charge of the hydrated aerogel? Evidently, the answers to these
questions are indispensable to understand the properties of hydrated aerogels related to mass

transport, adsorption-desorption properties, and suspension stability. [45,47,48,145,218,219]

V-1.1. Hydration and wetting of silica-gelatin hybrid aerogels — relationship between
aerogel structure and drug release kinetics [P1, P2]

The mechanistic background of the drug delivery features of silica-gelatin hybrid
aerogels were investigated and compared to that of pure silica aerogel using ibuprofen (IBU)
and ketoprofen (KET) as model drugs. [202] Importantly, the carriers with low gelatin contents
are rapid release systems, while the hybrid aerogels of high gelatin-content show sustained
release properties. The factors governing the drug loading and release characteristics were
explored by simultaneously investigating the pore structure, surface properties and hydration
behavior of the aerogels. Dry aerogels were characterized by scanning electron microscopy
(SEM), N> adsorption-desorption porosimetry and small-angle neutron scattering (SANS). The
mechanism of wetting and hydration is investigated by non-conventional nuclear magnetic
resonance (NMR) methods, such as cryoporometry, diffusiometry and relaxometry, and
complemented with SANS measurements. The structural information was correlated to high

time-resolution drug release experiments.

V-1.1.1. Structural characteristics of silica-gelatin aerogels

First, the structural characteristics and wetting properties of silica and silica-gelatin
aerogels are compared. The studied aerogel samples were prepared by the same synthetic
procedure, thus, the differences between the aerogels can exclusively be attributed to the

incorporation of gelatin into the silica backbone.
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V-1.1.1.1. Pore structure and morphology of dry aerogels

Scanning electron microscopy. The fundamental morphologies of the silica and silica-gelatin
aerogels are analogous (Fig. 2). It is known that silica-based aerogels are built from primary
spherical nanoparticles, but these primary particles are not visible in the SEM images, because
their size is ca. 5-10 nm (as measured e.g. by SAXS). Some pores are visible in the aerogels,
but their sizes cannot be quantified based on the SEM images. It is observable that both the
number and the size of macrospores increase with increasing gelatin content. This was further

investigated by N»-adsorption desorption and SANS measurements.
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Figure 2. Scanning electron micrographs (SEM) of a pristine silica aerogel (A) and a silica-gelatin
hybrid aerogel (B) of 24wt% gelatin content. The scale bars represent 1.0 um.

Nz-adsorption-desorption porosimetry. All of the experimental hysteresis curves are [UPAC
type IV with a H2 loop, which is characteristic for mesoporous materials (Fig. 3A). The steep
rise of the isotherms at p/po = 1 indicates the presence of macropores. [ 14] The apparent specific
surface area (Sser) of the hybrid aerogels systematically decreases with increasing gelatin
content (Table 1). The pore size distribution curves of the aerogels calculated by the BJH
method are shown in Fig. 3B. The total specific pore volume (V},) corresponding to dpore < 200
nm systematically decreases with increasing gelatin content (Table 1). Pores larger than 200
nm are excluded from the N> porosimetry analysis, as a consequence of the working principle
of the technique. Thus, the V), value is representative only when the macropore contribution is
small. This is further discussed in connection with NMR cryoporometry.

According to the combined SEM and N> porosimetry results the increasing amount of
incorporated gelatin in the backbone results in the opening and loosening of the dry aerogel
matrix resulting in a number of macropores. The contribution of micropores was estimated for
each aerogel by using the #-plot method, based on the de Boer model of statistical thickness.

[220] This indicates that there are no pores present below dpore = 2 nm in any of the aerogels.
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Figure 3. Nitrogen adsorption-desorption isotherms (A) and BJH pore size distribution curves (B) of
silica and silica-gelatin hybrid aerogels of different gelatin content (given in the legend as wt%).

Table 1. Morphological data of silica and silica-gelatin hybrid aerogels derived from N, gas adsorption-
desorption porosimetry data (cf. Fig. 3). Mean = SD values represent 3 replicate measurements.

SBET (M?/g) ¥ Ve (em3/g) P dpore (nm) © C-constant
silica 812+ 61 6.20 (198 nm) 32 89
4wt% gelatin 799 £ 72 4.95 (161 nm) 25 73
1 1wt% gelatin 627 + 60 4.48 (205 nm) 32 92
18wt% gelatin 416 + 46 2.31 (213 nm) 17 87
24wt% gelatin 285 +32 1.69 (194 nm) 20 85

a) BET specific surface area; b) Total specific pore volume (upper threshold of pore diameter included
in the calculation); ¢) Mean pore diameter: estimated at the maximum of the distribution curve.

Morphology of dry aerogels by SANS. Nanometer sized material inhomogeneities (scattering
objects) that have neutron scattering length densities different from their surroundings yield
informative SANS curves. The primary difference in neutron scattering length densities in dry
mesoporous aerogels, i.e. the contrast, is between the solid backbone and the air filled pores.
[146,150,167] In the case of hybrid materials, the different components of the backbone can
also give distinct contrasts. All of the SANS curves of the dry aerogels (Fig. 4A) can adequately
be fitted with the Beaucage model (eq. 8). As seen in Table 2, the value of the p exponents are
between 3 and 4 for silica aerogel and for hybrids of low gelatin content (4wt%). Such p
exponents are characteristic for surface fractals. The value of the p exponent is ca. 4 for hybrid

aerogels with moderate and high gelatin content (11 — 24wt%), meaning that the boundary
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between objects of different contrasts is sharp and smooth. [221] This can be attributed to the
high number of macropores. For macropores, the area of the pore walls is high and their
apparent curvature is low compared to micropores and small mesopores. In line with this
explanation, the gyration radius (Rg) is the highest in the case of the aerogel with the highest
gelatin content. Thus, the results of the SANS measurements are in excellent agreement with

those of the N2 porosimetry and SEM.

Homogeneity of the hybrid backbone by SANS. The primary observation is that the scattering
curves of the dry silica and silica-gelatin aerogels do not show distinct features, i.e. there is no
secondary contrast in the hybrid materials. The simplest explanation for this phenomenon is
that there is no spatial heterogeneity in the solid silica-gelatin backbones. [222] The hybrid

backbones scatter as homogeneous materials, and contrast is the sole result of porosity.
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Figure 4. Small angle neutron scattering (SANS) curves of silica and silica-gelatin hybrid aerogels
measured in their dry states (A) and when completely hydrated (B) by 1:2 H,O:D,0 mixture (3.3 g liquid
/ g dry aerogel). Solid lines represent data fitting to the Beaucage model (eq. 8). Estimated structural
parameters for the dry aerogels are given in Table 2.

In order to verify this theory, contrast-variation SANS experiments were performed. Silica and
silica-gelatin aerogels were hydrated (3.3 g liquid / g aerogel) with 1:2 H>O:D>0O mixture. The
SLD of this mixture is ca. equivalent to that of silica. [167] The scattering of such a hydrated
silica aerogel is practically equivalent to the background. Interestingly, almost identical,
uninformative scattering was measured for the hydrated hybrid aerogels as well, regardless of
their gelatin content (Fig. 4B). The most feasible explanation is that the contrast of the silica-
gelatin matrix approximately matches that of the pure silica. This is a strong indication that the

hybridization of the silica-gelatin backbone is homogeneous at molecular level. [222]
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Table 2. Structural parameters estimated by fitting the SANS curves of silica and silica-gelatin hybrid
aerogels (cf. Figs. 4 and 11) with the Beaucage model (eq. 8).

dry hydrated (D20)
. R;=368 A R;=319A
silica
p=3.28 p=3.87
) R.=373A R =303 A
4wt% gelatin
p=3.44 p=3.97
) R;=36.4A R;=282A
11wt% gelatin
p=3.98 p=>5.15
) R.=54.0 A Ryt N/A
24wt% gelatin
p=4.22 p=2.71

V-1.1.1.2. Pore structure and morphology of hydrated aerogels

Water readily interacts with both silica and silica-gelatin aerogels. Importantly, no
macroscopic swelling is detectable for any of the materials. Yet, two concerted processes take
place. The backbone is hydrated, and the monolithic structure disintegrates to microparticles.
[126,127] Hydration can take different extents based on the composition of the aerogel
backbone, which can lead to the alteration of the morphology and the pore structure. The
disintegration of the aerogel monoliths is the result of breaking the bonds between the primary
building blocks in the solid network due to the surface tension of water and minor hydrolytic
reactions. As a result of the two coupled processes, aerogel microparticles form in water. The
pore network of these wet particles either retains the original structure of the dry solids, or gets
distorted due to the extensive hydration of the backbone. The kinetics of hydration of the silica
and silica-gelatin aerogels is fast, and complete in a few seconds when the solid matrices are

flooded with water.

Particle size and Zeta potential of hydrated aerogels. Particle size distribution of silica and
silica-gelatin aerogels were measured after wet grinding the samples using a standardized
protocol ensuring that the difference in particle size is exclusively due to the different
composition of the aerogels. Both the position of the maximum and the width of the particle
size distribution curve decrease systematically with increasing gelatin content (Fig. 5). In
hybrid aerogels, the covalent silica network is disrupted by the incorporation of gelatin protein

molecules that are bound to each other only by weak secondary forces.
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Besides the size of the hydrated aerogel microparticles, the charge of the surface layer
has a fundamental influence on the drug delivery properties, because it controls the electrostatic
interactions between the aerogel backbone and the drug molecules. The isoelectric point of
silica is at ca. pH = 3.5 (Fig. 6), which is in good agreement with previously reported values.
[223] The Ez of the hybrid aerogels systematically increases with their increasing gelatin
content at all pH values. The proportionality between £z and gelatin content is well-expressed
at acidic pH (positive Ez values), but not at neutral pH (negative Ez values). The isoelectric

point of Type A gelatin is at ca. pH = 5.5 [224], which is consistent with the present results.
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Figure 5. Particle size distribution of wet silica and silica-gelatin hybrid aerogel particles measured by
laser diffraction light scattering (LDLS).
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Figure 6. Zeta potential (Ez.w) of silica and silica-gelatin aerogel microparticles as function of pH.

NMR cryoporometry. NMR cryoporometry measurements were conducted with wet silica and

silica-gelatin aerogels containing enough water to completely fill their pores. In the case of the
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silica aerogel, the cryoporometry curves indicate that the pore structure of the hydrated aerogel
is nearly identical to that of the dry gel. [126,127] The general conclusion is that during the
hydration of silica aerogels, the monoliths disintegrate into microparticles (cf. Fig. 5), but the
silica network and the pore structure of the microparticles remain intact. [126,127]
Interestingly, no meaningful NMR cryoporometry curves could be recorded for fully
hydrated silica-gelatin hybrid aerogels, regardless of their gelatin content. A melting — freezing
hysteresis loop was present in the case of the aerogel with the lowest (4wt%) gelatin content,
but well-expressed steps were absent (Fig. 7). [126,127] In the case of the hybrids with higher
gelatin content, practically no melting and freezing point depressions were detected. Thus,
NMR cryoporometry measurements verify the presence of a strong, specific interaction
between water and silica-gelatin hybrid aerogels, which alters the pore structure, but no well-

defined water droplets were detected in the nanoscale confinement of a solid skeleton. [149]
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Figure 7. NMR cryoporometry melting (red) and freezing (blue) curves of silica-gelatin aerogel (4wt%)
dispersed in water. The absence of inflection points and plateaus on the curves indicates the dense
hydrogel like structure of the dispersed aerogel particles with no well-defined pore size distribution.

In order to prove that the observed collapse of the pore network can be attributed to the
hydration of the hybrid aerogels, cyclohexane was implemented for cryoporometry. [149] The
1:2 ratio appearance of the melting-freezing hysteresis (Fig. 8) suggests the dominating
presence of spherical pores in all aerogels. [133] The pore size distribution curves calculated
from cyclohexane NMR cryoporometry are in excellent agreement with those measured by N»
porosimetry for the dry aerogels (cf. Figs. 3B and 8B). This means that the pore structures of
the dry aerogels are preserved upon solvation by cyclohexane. Total specific pore volume
(Vp"MR) was calculated from the primary NMR cryoporometry data, specifically from the height

of the step associated with the freezing/melting process (see integral values in Fig. 8A). [126]
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The results show that macropore contribution significantly increases with the increasing gelatin
content of the hybrid aerogels. The estimated specific pore volumes (¥, R) of the silica-gelatin
aerogels are approximately the same regardless of their gelatin content (Table 3). This is only
an apparent contradiction with the N> porosimetry data, where V), decreases with increasing
gelatin content (cf. Table 1). Unfortunately, the V}, value is not representative when the
macropore contribution is high, because pores larger than ca. 200 nm are excluded from the N
porosimetry analysis. Thus, it is more realistic to accept the V"R values measured using

cyclohexane to represent the specific pore volumes of the silica-gelatin aerogels.
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Figure 8. NMR cryoporometry of silica-gelatin hybrid aerogels in cyclohexane. The filling of the pores
is complete, and the amount of the bulk-liquid and the pore-liquid is ca. equivalent. Panel A: melting —
freezing hysteresis curves. Panel B: Volume equivalent pore size-distribution curves calculated from the
data in panel A. The calculation is based on the modified Gibbs-Thompson equations.

Table 3. Structural parameters of silica-gelatin hybrid aerogels estimated from the primary and the
derived NMR cryoporometry data (cf. Fig. 8).

Vo"MR (em3/g) @ | %mesopore® | % macropore®
4wt% gelatin 34+0.5 38 62
11wt% gelatin 45+0.5 <10 >90
24wt% gelatin 43+0.5 <10 >90

a) Total specific pore volume; b) Cumulative volume equivalent mesopore and macropore contributions
derived from pore size distribution.

NMR diffusiometry. When the pores of silica aerogel are completely filled with water, only
one characteristic diffusion domain is present. [127] The value of the single observed Dgps is

set by the ratio of confined water in the pores and bulk water. This indicates that i) the primary
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hydration sphere of the silica network is not large enough to form an independent diffusion
domain in the sample, and i7) the interchange of water in the pores and in the bulk phase is
facile. Accordingly, the pore network of hydrated silica aerogel is open and permeable. [127]
The apparent self-diffusion coefficient of water (Dobs) in hydrated silica-gelatin aerogels
was measured by PGSTE NMR experiments. The effect of 2 variables was tested: i) the water
content of the hybrid aerogel samples, and i7) the observation time of the diffusion experiments.
[158,159] First, it was established that the Dobs values are independent of the observation time
at 4 > 40 ms in all hydrated silica-gelatin aerogels. Thereafter, the effect of water content on
Dobs was measured using high observation times. Two diffusion domains were detected for
aerogels of lower gelatin content (4 — 11wt%) at water contents below 2.0 g/g (Fig. 9). The
slower diffusion domain is characteristic for water molecules in the primary hydration sphere
of the hybrid backbone, [225] while the faster domain represents water molecules moving more
freely inside the pores. The 2 domains are in slow exchange with each other, and the slower
diffusion domain vanishes when the water content of the sample is increased. After the
saturation of the hydration sphere, most of the water diffuses in the pores and this phase
dominates the NMR signal. Interestingly, only 1 diffusion domain is present in the hydrated
24wt% gelatin aerogel, regardless of the water content of the sample (Fig. 9). This single Dobs
value systematically increases with increasing water content. Hydrogels typically show this
behavior. [226] At high water contents, all hydrated silica-gelatin aerogels display the same,
single apparent self-diffusion coefficient for water, independently of the gelatin content of the
matrix (Fig. 9). The highest observed self-diffusion coefficient of water is ca. 2.0x107> cm?s™!

in the aerogel samples, while that is 2.3x107> cm?s™! in the pure bulk phase at 25 °C. [227]
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Figure 9. NMR diffusiometry of hydrated silica-gelatin hybrid aerogels. Two diffusion domains are
present in aerogels of low gelatin content (4 — 11wt%) at low water content (< 2.0 g/g), and this is
reduced to a single diffusion domain at high water content. Only one diffusion domain is present in the
hydrated 24wt% gelatin aerogel, regardless of its water content. See legend for gelatin content in wt%.
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These results indicate, that hybrid aerogels with lower gelatin content retain a more or
less permeable pore structure when treated with water, but hydrated 24wt% gelatin aerogel

attains hydrogel-like characteristics even at low water content.

NMR relaxometry. Relaxometry measurements were performed with hydrated silica and silica-
gelatin aerogels of different water contents (Fig. 10). In accordance with the classical theory,
we propose that the faster relaxation domain represents the hydration sphere of the aerogel
backbone, and the slower relaxation domain represents water situated farther from the pore
walls, e.g. in puddles forming in focal points of the aerogel network. The reciprocal value of 7>
is plotted as function of the reciprocal value of filling factor f(Fig. 10B). The total specific pore
volumes of the wet aerogels, representing the unity filling factor (= 1), were estimated from
NMR cryoporometry data and are referred to as V,"™R (Table 3). The 1/7> vs. 1/f plots are
meaningful only when constructed for the uppermost water layer, i.e. for the slowest relaxation
(high 72) domain. As seen in Fig. 10B, the 1/7> vs. 1/fplots are linear, and thus, follow equation
(4). [137] Thus, the filling of the pores of the aerogels is assumed to be a continuous process,
which begins with the formation of a uniform, thick adsorption layer of water throughout the
solid network. At higher water contents, puddles appear inside the pores. The £ = 1 value
suggests that there is a strong interaction between the homogeneous hydration layer and the
puddles filling the pore interiors. This is reasonable, since both silica and silica-gelatin are
extremely hydrophilic. [225] As seen in Fig. 10C, the normalized amplitudes of the two
domains are in close correlation with each other in every aerogel sample, especially at low water
content (< 2.0 g/g). According earlier considerations, this can be attributed to a moderately fast
exchange between the 2 relaxation domains of water in wet aerogels. [136,228]

One remarkable difference can be observed between the hydration mechanism of silica
and silica-gelatin aerogels. The observed trend for the 7> values of hydrated silica aerogel is
typical for solid, hydrophilic mesoporous materials that retain their open pore structures,
characteristic at their dry state, even when completely filled with water. [135] In contrast, there
is an upward break in the trend of the 7> relaxation times of silica-gelatin samples at around 2.0
g/g water content, as seen in Fig. 10A. At water contents lower than this threshold value, the
wetting process of silica and silica-gelatin is practically the same, and can be attributed to the

hydration of a hydrophilic mesoporous solid network.
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Figure 10. NMR relaxometry of hydrated silica and silica-gelatin hybrid aerogels. Two relaxation
domains are present for each aerogel at mass ratios higher than 0.5 g water / g acrogel. Panel A: T, as
function of water content. Panel B: reciprocal 7> as function of reciprocal filling factor (f) for the fast
relaxation domain. Panel C: normalized amplitude of each relaxation domain (cf. panel A).

At high water contents, the 7> values steeply increase in silica-gelatin samples for both of the
interchanging relaxation domains. This indicates that water is no longer bound to well-defined
solid surfaces or confined in well-defined pores in these samples. Thus, it is reasonable to
propose that at higher water content (> 2.0 g/g), silica-gelatin matrices reach a critical level of
hydration that induces the formation of hydrogel-like structures, which is parallel to the
extensive deformation of the hydrated aerogel backbone. This process is also well-expressed
by the noted increase of the observed single self-diffusion coefficient of water by increasing

water content in the case of the 24wt% gelatin aerogel (cf. Fig 9).

SANS of hydrated aerogels. The SANS curves obtained for silica and silica-gelatin aerogels

saturated with 3.3 g/g D>O are shown in Fig. 11. No hydration microdomains were observed.
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[229] All scattering curves can be fitted with the Beaucage model (cf. Table 2). Obvious
structural changes can be observed above 11wt% gelatin compared to the dry state. The SANS
curve of the hydrated 24wt% gelatin hybrid contains information only in the Porod region
meaning that the characteristic mesoporous network does not exist anymore in the sample. This

is in-line with the structural information deduced from NMR diffusiometry and relaxometry.
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Figure 11. SANS curves of silica and silica-gelatin hybrid aerogels completely filled with D,O (3.3 g
liquid / g aerogel). Solid lines represent data fitting to Beaucage model (cf. Table 2).

V-1.1.1.3. Summary of structural characterization

The SANS, SEM and N porosimetry results of the dry aerogels are in good agreement.
All techniques suggest that the solid frameworks of the hybrid aerogels are somewhat looser
and less barred than that of the parent silica aerogel. The number of macropores is higher, and
the total mesopore volume decreases with increasing gelatin content. Contrast variation SANS
experiments prove that silica-gelatin is hybridized on the molecular level. Thus, gelatin does
not form an outer “layer” on the inner pore walls, or shows any spatial preference in the matrix.

NMR and SANS measurements showed that the well-defined mesoporous structure of
pristine silica aerogel is preserved when the material is immersed into water, but the pore-
structures of silica-gelatin hybrid aerogels significantly change upon hydration. At low gelatin
content (4—11wt%), the structure is permeable and open, yet not as open, as it is in its in dry
state. Hybrid aerogels with high gelatin content (18—24wt%) show hydrogel-like characteristics

in water, as their open pore structure collapses due to the extensive hydration of their backbones.

V-1.1.2. Mechanism of drug release from aerogel carriers
Structure of active ingredient in aerogel. Silica and silica-gelatin aerogels were impregnated

with ibuprofen and with ketoprofen by using the well-established technique of adsorptive
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precipitation in supercritical CO». [83,126,205] The ibuprofen content of the loaded aerogels
varies between 19 and 24wt%, and the ketoprofen content varies between 11 and 15wt%. It is

proved by XRD that the active ingredients are amorphous in the loaded aerogels.

Kinetics of drug release. The rate of drug release from the hybrid aerogel of the lowest gelatin
content (4wt%) is one order of magnitude higher than the rate of drug release from the parent
silica aerogel carrier. A possible explanation for this phenomenon is that the facile hydration
and erosion of the 4wt% gelatin matrix is the driving factor leading to the rapid desorption and
dissolution of the drugs. [126] The kinetics of drug release displays an obvious correlation with
the gelatin content of the hybrid aerogel carriers as seen in Fig. 12. High gelatin content (11—
24wt%) alters both the rate and the mechanism of drug release. The initial stage of release
becomes significantly slower, and the overall shape of the kinetic curve reveals a diffusion
limited release mechanism. The release curves were fitted with widely accepted semi-empirical
models. [92,93] Drug release curves in the case of the 4—11wt% gelatin aerogels can be fitted
using the Hopfenberg model, which is a semi-empirical model used to describe drug release
from eroding carriers where a zeroth order surface detachment is the limiting step of the release:

M
Mmax

=1- (1 - kobslt)n1 (11)

Here, M; and M., are the cumulative absolute amounts of drug released at time ¢ and at infinite
time, respectively. The rate constant is kobs1, which depends on the concentration of drug in the
system and on the physical dimensions of the carrier. Parameter n1 is a shape factor representing
the geometry of the carrier: spherical (n1 = 3), cylindrical (n1 = 2) or slab (n; = 1). The shape
factor was fixed at n1 = 3 for fitting release curves in the case of the aerogel carriers. In the case
of the aerogels of low-gelatin content, the kinetic curves start with a steep increase, i.e. burst
release in the first 30 s. An initial burst, such as this is characteristic for the release curves of
erosion driven delivery systems. On the other hand, it is natural to assume that gelatin forms a
hydrogel, thus using it as a matrix component leads to slower, diffusion limited drug release.
An empirical model to describe diffusion controlled release is the Peppas model:

M, —k
Mmax — Mobs2

¢n2 (12)

The rate constant is kobs2, Which incorporates the structural and geometric characteristics of the
delivery system. The limiting value of the n2 exponent changes with the geometry of the carrier

vehicle and it also depends on the particle size distribution of the delivery system. Drug release
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curves measured in the case of the 18-24wt% gelatin hybrid aerogel carriers cannot be fitted
using the Hopfenberg model, but adequate fits were obtained using the Peppas model at fixed
n2 = 0.43 value until ca. 65% cumulative release. (The limit of 65% is naturally set by the model
itself, because the Peppas model is a short-time approximation.) [230,231] It is evident by
examining the first 30 s of the experimental kinetic curves, that the erosion controlled initial

burst release is also suppressed in the case of the high-gelatin hybrid aerogel carriers.
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Figure 12. Drug release experiments. The dissolution of ketoprofen (KET) and ibuprofen (IBU) from
silica-gelatin hybrid aerogels containing 4 — 24 wt% gelatin in pH = 2.0 HCI solution (A) and in pH =
7.4 PBS (B). Continuous lines represent model fitting: yellow — Hopfenberg, red — Peppas. Mass of
loaded aerogel: 1.50 mg, volume of release medium: 3.0 mL, T = 37.0 °C, 300 rpm stirring.

Mechanism of drug release. The main point of the present study is to show that the shifting of
the drug release mechanism from erosion facilitated to diffusion controlled in the hybrid
aerogels is the direct consequence of the hydration induced structural changes in the backbone
in correlation with its gelatin content. [45,47] At low gelatin contents (4—11wt%), erosion and

hydration facilitated fast release takes place. The initial aerogel monoliths disintegrate to
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microparticles, and the adsorbed amorphous drug gets in contact with the release medium
through the open pores. The strong interaction between the water molecules and the aerogel
backbone repels the adsorbed drug leading to its fast release, as evidenced by the initial burst
in the release curves. [126,219] Water hydrates the silica-gelatin backbone, but the gelatin
content is too low for the formation of a dense hydrogel at 4-1wt% gelatin. The pores remain
open and permeable for the drug molecules. Higher gelatin content (18-24wt%) significantly
alters the release mechanism. The disintegration of the monoliths also takes place, but now the
gelatin content is sufficiently high for the formation of a continuous hydrogel that practically
entraps the loaded drug, and the hindered diffusion of the drug through this hydrogel becomes
the rate limiting factor. The formation of the hydrogel also suppresses the initial burst release.

The rate of drug release depends on pH, because the strength of the interactions between
the drug molecules and the aerogel skeleton is pH-dependent and changes with the effective
charges of these. [46,232] Protonated molecules form hydrogen bonds with polar surface
groups, therefore their release is slower than that of the deprotonated species. [46,232] The
kinetic curves recorded at pH = 7.4 stop at ca. 90% even at the long time-scale. This suggest
that the adsorption-desorption equilibrium of the active ingredient between the carrier and the

aqueous medium has an additional influence on drug release at pH = 7.4. [233]

V-1.2. Hydration of hybrid silica-casein aerogels — intact backbone architecture [P3]

One particular characteristic of silica-biopolymer hybrid aerogels is, that the extensive
hydration of the biopolymer components in water causes the distortion and the swelling of the
backbone, which leads to the partial or complete collapse of the open porous structures.
[126,129,234] The collapse of the pores leads to the decrease of the specific surface area and
the hindrance of mass transport in the hydrated aerogel particles. Thus, designing hybrids that
do not display these adverse hydration properties is in high demand.

In order to meet the above detailed requirements, we synthesized silica-casein hybrid
aerogels of casein contents varying from 5wt% (SC5) to 30wt% (SC30). The dry aerogels were
characterized by SEM, FT-IR, Na-sorption porosimetry and SANS. The interaction of the silica-
casein aerogels with water was thoroughly investigated by SANS and NMR techniques. [123]

V-1.2.1. Morphology of dry aerogels
Representative SEM images of pristine silica-casein hybrid aerogels are shown in Fig.

13, and corresponding N> adsorption-desorption isotherms are shown in Fig. 14.

— 55—



V. RESULTS AND DISCUSRIGY mar . | ozsef @ci ence. uni deb. hu 362

('ﬁ) HV a det | mode WD HFW mag ® [tk  PW
IXT 2.00kV 50pA T2 A+B 2.5mm 2.54pm 50000x 0.0° 1.65nm

Figure 13. SEM images of silica-casein hybrid aerogels A: Swt% casein content, B: 30wt% casein
content. Magnification is x50k, and the scale bar shows 500 nm.
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Figure 14. Panel A: Nitrogen adsorption-desorption isotherms of pristine silica-casein aerogels. Panel
B: pores size distribution curves calculated from the desorption isotherms using the BJH method.
Estimated structural parameters are summarized in Table 4.

All Na-sorption hysteresis curves can be classified as [UPAC IV category with a H3
type loop, which is characteristic for mesoporous materials with a small number of macropores.
[14] There is no steep rise in the isotherms at p/po = 1, which indicates that the contribution of
macropores is negligible. According to the #-plot method, the contribution of micropores is also
negligible to the total porosity. [220] The specific surface area of the hybrid aerogels decreases
with the increase of their casein content (Table 4). The pore size distribution curves are

practically equivalent for all aerogels with a mean pore size of ca. dpore = 20 nm (Fig. 14).
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Table 4. Structural parameters of silica-casein acrogels estimated by the BET and the BJH methods

from N, adsorption-desorption porosimetry data (cf. Fig. 14).

Parameter SCs SC30 | Data evaluation
C-constant 70.7 58.3 BET
Specific surface area (m?/g) 750 612 BET
Average pore size (nm) 17.3 19.9 BJH
Total pore volume (cm?/g) 3.22 3.03 BJH

V-1.2.2. Structural characteristics of hydrated aerogels
The morphology of the hydrated hybrid aerogels was investigated by SANS, while the
spatial localization and mobility of water was probed by NMR relaxometry, cryoporometry and

diffusiometry. Importantly no macroscopic swelling was detectable for any of the materials.

Morphology of hydrated aerogels by SANS. Silica-casein aerogels were hydrated by adding
3.5 gH>O to 1.0 g aerogel. This amount of water fully hydrates the backbone and fills the pores,
as shown by NMR cryoporometry (vide infra). The corresponding SANS scattering curves (Fig.

15) are practically identical to those measured in the dry states of the aerogels.
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Figure 15. Small angle neutron scattering (SANS) curves of fully hydrated silica-casein aerogels. Panel
A: Silica-casein aerogels hydrated by H,O (3.5 g liquid / g aerogel). Panel B: Silica-casein aerogels
hydrated by H,O:D,0 2:1 mixture (3.5 g liquid / g aerogel). Solid lines represent data fitting with the
Beaucage model. The estimated structural parameters are given in Table 5.

The structural parameters (Rg and p) estimated with the Beaucage model are given in Table 5.
The value of the power law exponent (p) does not change significantly by the hydration of the
aerogels, while the value of the gyration radius slightly increases for all hybrids. However, the

increase of the value of Ry is negligible compared to the hydration induced alteration of the Ry
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values of such silica-gelatin aerogels that significantly swell on the microscopic level. [129] In
the case of the silica-casein aerogels, the minor increase of the Ry value is attributed to the
formation of an extensive hydration sphere on the solid backbone, which is well expressed in
the NMR relaxometry data (vide infra). Thus, the high similarity of the SANS curves of the dry
and the hydrated silica-casein aerogels indicates that the porous structures of the hybrids are

practically not altered upon hydration. [167,229]

Table 5. The values of the gyration radius (Rg) and the power law exponent (p) for dry and hydrated
silica-casein aerogel samples. Parameters were estimated by fitting experimental small angle neutron
scattering (SANS) curves with the Beaucage model (eq. 8).

dr hydrated hydrated
y (H20) (2:1 H20:D:0)

SCSF Ry=67+2A | R,=T77+3A Rg=59+2
p=2.6=%0.1 p=28=%0.1 p=3.0=x0.1

SC30 R.=78+2A R;=93+£3A Ry =68 +2
p=3.1+0.1 p=25+0.1 p=2.6+0.1

R;=81+2A R;=98+3 A R;=70+2

SC30F p=3.0£0.1 p=2.6=£0.1 p=2.6%0.1

Homogeneity of aerogel backbone by SANS. Contrast variation experiments were performed
by filling the silica-casein aerogels with a H2O:D>0 2:1 (64wt% H>0 and 36wt% D>0O) mixture,
because this liquid has the same SLD value as casein. [235,236] The scattering intensities of
the hybrid aerogels filled with this mixture were one order of magnitude lower than those of
the aerogels filled by pure H>O (Fig. 15). Nevertheless, the scattering curves are still structured,
and can be fitted with the Beaucage model. The values of the power law exponent (p) are similar
to those that are characteristic for the silica-casein aerogels in the dry sate, while the R, values
are slightly lower than those measured in the dry state (Table 5). This indicates, that the main
structural features and the spatial distribution of the silica component in the hybrid backbone is
practically the same as in the dry state of the material. When the contrast is reduced, the
scattering pattern does not change significantly, suggesting that silica and casein do not form

separate nanometer-sized domains and their hybridization is complete.
NMR cryoporometry. The size of the confined water puddles in the silica-casein backbone were
determined by NMR cryoporometry at water contents of 5.0 g H2O / 1.0 g dry aerogel. A

representative melting-freezing curve is shown in Fig. 16 for SC5. The ratio of the height of
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the two steps in the cryoporometry curve indicates that the ratio of pore water and bulk water
is ca. 1:1.7 in the sample of 5.0 g/g water content. The difference between the melting and the
freezing points of pore water and bulk water gives a 2:3 ratio, which indicates the dominating
presence of spherical pores in the hydrated aerogel. [133,146,150,151] Similar hysteresis curves
were obtained for each hybrid aerogel. Pore size distributions (Fig. 16B) were calculated by
using K. = 30 nm K! for water in the Gibbs-Thompson equations (eqs. 3-4). [149,237,238]
The pore size distribution curves of the hydrated aerogels are in good agreement with those
measured by N> porosimetry in the dry states of the aerogels (cf. Fig. 14). Overall, NMR
cryoporometry shows that the porous structures of the silica-casein hybrid aerogels remain
intact even when the matrices are fully hydrated and the pores are completely filled by water.

[127,147,148] This conclusion is in complete agreement with the SANS results.
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Figure 16. NMR cryoporometry of hydrated silica-casein aerogels. Panel A: Intensity of the water signal
as function of temperature during the melting (blue) and the freezing (black) processes of the hydrated
SCS5 aerogel. Panel B: Pore size distributions calculated using the Gibbs-Thompson equations (eq. 4).

NMR relaxometry. Silica-casein aerogels were gradually hydrated until the saturation of the
pores at ca. of 3.4 g/g water content. In general, the NMR relaxometry data is almost identical
for all silica-casein aerogels. Two relaxation domains can be detected in all hydrated aerogels
even at the lowest water content (Fig. 17). The domain with the smaller 7> is attributed to
solvent molecules in strong interaction with the surface of the aerogels, i.e. the primary
hydration sphere of the silica-casein backbone. [239,240] Accordingly, the value of the smaller
T relaxation time only slightly changes with the water content of the aerogel. [241] The higher
T> values are attributed to the average relaxation of water molecules moving more freely inside
the pores. The higher 7> increases monotonously with increasing water content, because the

constraint of the molecules decreases due to the formation of quasi bulk phases by filling the
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pores. [121,135-138,154] The amplitudes of the 2 relaxation domains are in correlation with
each other (Fig. 17B). The most feasible explanation for this phenomenon is that water
molecules exchange between the 2 domains within the timeframe of the relaxation experiment,
but their signals remain mathematically separable. [240] In the case of limiting slow exchange,
the amplitude of the high 7> domain representing the puddles are expected to monotonously

increase with increasing water content. [135-137]
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Figure 17. NMR relaxometry of hydrated silica-casein aerogels. Panel A: Experimental T2 relaxation
times of water as function of water content of hydrated aerogels. Panel B: The normalized amplitudes
corresponding to the relaxation processes shown in panel A.

The above described hydration mechanism is typical for hydrophilic mesoporous silica
materials. [122] When water content increases, the puddles (higher 7>) are connected into a
coherent fluid layer inside the pores, and partially fill these. The reciprocal filling-factor (1/f)
plots suggest that the subsequent saturation of the pores by water is monotonous. [137,142]

By compiling the results of NMR relaxometry, two main conclusions can be drawn. 1)
The hydration mechanism of all hybrid silica-casein aerogels is practically the same as that of
archetypical mesoporous purely silica materials. 2) The amount of the incorporated casein has

no detectable effect on this hydration mechanism.

NMR diffusiometry. The self-diffusion of water in the hydrated aerogels were measured by
varying the observation time between 10 and 140 ms. [156,157,242] Only one diffusion domain
was detected in all samples independently of the observation time, and also independently of
the water content of the hydrated aerogels (Fig. 18). However, this single Dobs value increases
with the increasing water content of the hydrated aerogels, regardless of their chemical

composition. This indicates that water molecules of different spatial localization are in fast
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exchange with each other in the timescale of diffusiometry. [243] These results strongly suggest
that the porous structure of the hydrated silica-casein aerogels are open and highly permeable,

as it is in the case of the hydrated parent silica aerogel. [127,153]
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Figure 18. Self-diffusion of water in hydrated silica-casein aerogels measured by NMR diffusiometry.
Panel A: Observation time dependence of the self-diffusion coefficient (Dobs) of hydrated SCS5 (red) and
SC30 (blue) aerogels at two different water contents (open symbol: 0.6 g/g; filled symbol: 3.1 g/g).
Panel B: Dependence of Dgps on the water contents of the hybrid aerogels.

The Dobs values are lower at high casein content. As the pore size distributions and the
hydration mechanisms are practically the same for all the hydrated silica-casein aerogels, the
decrease in Dobs 1s attributed to the assumable higher tortuosity of the high casein content
aerogels. For comparison, the Dobs value measured in the completely filled parent silica aerogel

is 1.9x107 cm? s7!, while this is 2.3x107° cm? s! in bulk water. [127,227]

Unique hydration and wetting of silica-casein aerogels. As a summary of the characterization
of silica-casein aerogels in their wet states, it can be stated that the structural properties of these
hydrated hybrids are almost identical to those of the hydrated parent silica aerogel. [127,135]
The hydrated silica-casein aerogel particles retain their open mesoporous structures even when
completely filled with water. Interestingly, this unique feature of a hybrid inorganic-biopolymer
aerogel is almost independent of its casein content. Even partial hydration induces the fast
disintegration of the silica-casein aerogel monoliths into microparticles (dparicle = 15 pm), but
the pores of the hydrated particles remain intact and highly permeable for water. This is highly
unusual for inorganic-biopolimer hybrids. [126,129] The hydration of the protein components
usually causes the extensive swelling and deformation of the solid backbone of the hybrid,

which results in the partial or complete collapse of the pore structure. [154,225,226,228]
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V-1.3. Hydration and wetting of borosilicate-PVA hybrid aerogels [P4]

Silica-based hybrid aerogels are of special interest in biomedical research, because of
the unique combination of the properties of the inorganic and organic parts that can be utilized
in drug delivery and tissue regeneration [244,245]. Borosilicate — polyvinyl alcohol (PVA)
hybrid aerogels synthesized previously in our laboratory show promising biological activity
when interacting with dental pulp stem cells [207]. This generated the need for the in-depth
characterization of the hybrid aerogel microparticles in their fully hydrated states representative
to the conditions in bio-fluids. The combination of liquid phase NMR methods and SANS
techniques were used [134,246,247]. Three aerogels were studied: pristine borosilicate aerogel
(BS), borosilicate-PVA hybrid aerogel (BSP), and borosilicate-PVA hybrid aerogel containing
embedded hydroxyapatite (HAp) particles (BSPH). No macroscopic swelling could be detected

when wetting these aerogels.

V-1.3.1. Structural characteristics of the dry aerogels

Chemical structures of aerogels. A comprehensive IR and ssNMR study was conducted to
investigate the chemical structures of the aerogels [207]. These results show the presence of
silica, boria and PVA in the hybrid skeletons, but the existence of Si-O-B or Si-O-C bonds
could not be verified unambiguously. [248,249]. Nevertheless, the nanoscale homogeneity of
the hybrid skeleton was proved using contrast-variation SANS measurements, as detailed in the
next section. Representative TEM-EDS images that display the incorporated HAp particles in
the skeleton of the BSPH aerogel are shown in Ref. [207]

Morphologies of dry aerogels. All of the studied aerogels display the classical morphology of
silica-based aerogels [127] with few macropores also visible in the SEM images (Fig. 19). The
hybridization of borosilicate with PVA causes the formation of large aggregates in the skeleton
of BSP and BSPH, which results in the formation of a significant number of macropores. A

similar effect has been observed earlier when silica was hybridized with biopolymers.

magnification. The scale bars are 300 nm.
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Interestingly, the incorporation of HAp does not cause any further visible change in the
morphology. The explanation is that the shape and the size of the incorporated HAp particles
are very similar to those of the aggregates in the hybrid skeleton of BSPH. [207]

Representative N>-sorption isotherms are shown in Fig. 20. All of the hysteresis curves
are IUPAC type IVa with H3 class hysteresis loops. These isotherms are characteristic for
dominantly mesoporous materials with different proportions of macropores. [ 14] The structural

parameters calculated from the isotherms are given in Table 6.
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Figure 20. Panel A: N, adsorption-desorption isotherms of the as-prepared aerogels. Panel B: pore size
distributions calculated from the desorption isotherms using the BJH theory.

Table 6. Morphological parameters of the as-prepared aerogels calculated from the N-adsorption-
desorption data. (The £values are the corresponding standard deviations.)

Code Apparent | Characteristic Apparent pore
name surface area _mesopore volume (cm?/g)
(m?/g) / 1000 | diameter (nm)
BS 1.3+0.1 17 57+0.2
BSP 1.0+0.1 28 6.7+0.3
BSPH | 0.52+0.05 42 2.6+0.1

The morphological features of BS are practically the same as those of a typical silica
aerogel. The aggregation of the primary particles in the hybrid skeleton of BSP shifts the pore
size distribution toward the macropore range, but most of the pores are still smaller than 100
nm. However, the mesoporosity of BSPH is significantly reduced by the incorporation of HAp.
The dominant pore sizes are in the macropore range, and mostly outside of the quantification
limit of the N»-sorption technique. This causes the consequent decrease of the apparent surface

area and the apparent pore volume in the case of BSPH.
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The morphologies of the as-prepared aerogels were additionally studied by SANS. The
scattering curves are dramatically different from each other in the low Q region, because this
region is sensitive to the presence of large (50 — 100 nm wide) scattering objects. Such objects
are present in the backbones of BSP and BSPH in the form of aggregates and HAp particles,
but missing from the parent BS. In order to interpret these dual-scale structural features of the
aerogels, the primary data were fitted by the two-level Beaucage model. The data at high O
values correspond to the primary particles and the mesopores of the backbone, while the data
at low Q values describes the aggregates and the macropores. Characteristic scattering object
sizes were calculated from the gyration radius (Rg) values assuming spherical geometry. The
object sizes in the high Q region are in good agreement with the pore sizes measured by N»-
sorption, and those in the low Q region correspond roughly to the sizes of the aggregates and
the HAp particles in the aerogel skeletons. The p exponent values close to 3 in the high O region
indicate that surface fractals dominate the mesoporous lower structural scale, while the values
close to 4 at the higher scale show that the large objects have smooth surfaces. [250,251]

The nanoscale architectures of the hybrid skeletons were further investigated by contrast
variation SANS measurements. [207] The aerogels were filled with H>O:D>O liquid mixtures,
in which the H>O:D-O ratio was systematically varied. The contrast of the hybrid skeleton was
matched with a single liquid composition (52V/V% D;0), which has a theoretical scattering
length density (SLD) value between those of borosilicate and PVA. This is a strong indication

that the hybrid backbone is homogeneous at the low nanometer scale.

V-1.3.2. Hydration and wetting mechanism of borosilicate-PV A aerogels

Morphology of hydrated aerogels. The possibility of hydration induced morphological changes
in the aerogels was studied by SANS. All aerogels were completely filled with DO, and in
another set of experiments with a mixture of 8V/V% D0 and 92V/V% H>O. The latter mixture
has an SLD value equivalent to that of air, therefore, it is frequently denoted as a zero-SLD
probe. [252,253] Unfortunately, it was not possible to carry out conclusive measurements with
wet BS, because of the very low hydrolytic stability of this aerogel. In the case of BSP and
BSPH, the experimental scattering curves of the hydrated aerogels are very similar to those of
the pristine ones (Fig. 21). All curves were fitted with the two-level Beaucage model as
explained in the previous section. The estimated structural parameters are collected in Table 7.
Both the shapes of the SANS curves and the estimated structural parameters suggest that only

minor morphological changes take place upon the hydration of the hybrid aerogel skeletons.
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Figure 21. Small angle neutron scattering (SANS) curves of the as-prepared and the hydrated BSP (A)
and BSPH (B) samples. Markers: experimental data, lines: results of fitting.

Table 7. Structural parameters estimated from the SANS data using the two-level Beaucage model.
Scattering object sizes and p exponents of the as-prepared and the hydrated aerogels. (The + values are
the corresponding standard deviations.)

Mean object Mean object
. D exponent . D exponent
Sample size (nm) high Q region size (nm) low Q region
high Q region 8 & low Q region &
BSP 18+1 29+0.1 74 +5 3.8+0.2
dry
BSP
D0 18+1 29+0.1 83+5 34+0.2
BSP
D>O/H>0 18 +4 3.0+£0.2 97+ 14 3.1+0.2
BSPH - - 52+1 3.2+0.1
dry
BSPH
D20 - - 49 +2 3.0+0.1
BSPH
D2O/H-0 - - 52+1 3.2+0.1

NMR cryoporometry measurements were conducted on the wet aerogels with 2.5 g/g
water contents to gain further morphological information on their pore systems. [125] The
shapes of the melting-freezing hysteresis loops are different for BSP and BSPH (Fig. 22). The
ratio of the freezing and melting temperature depressions (A7t¥/ATw) is close to 2/1 in the case
of BSP, which is characteristic to continuous water bodies confined in elongated cylindrical
pores. This ratio is 3/2 in the case of BSPH indicating the presence of spherical water droplets
confined in the pore system [95,128]. This difference is reasonable in view of the N>-sorption

and SANS results, because both of these methods showed significant morphological differences
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between these aerogels. It is reasonable to assume that water can form elongated continuous
bodies in the smaller interconnected pores of BSP, while the separation of larger spherical

droplets is favored in the macropores of BSPH.
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Figure 22. NMR cryoporometry of hydrated BSP and BSPH at 2.5 g/g water contents. Panels A and B:
Experimental melting-freezing hysteresis curves. The data points shown are the average of two series
of independent experiments. Panel C: Size distributions of water bodies in the aerogels. The empty
markers were calculated from the freezing curves, and the filled markers from the melting curves.

The NMR cryoporometry based size distributions resulting from the melting and the
freezing curves are practically the same in both systems (Fig. 22B). [149,237,238,254] These
sizes are in good agreement with the pore size distributions of the dry aerogels calculated from
the N>-desorption isotherms, and with the mesopore sizes estimated from the SANS data.

As a summary, the SANS and the NMR cryoporometry results are in good agreement
with each other and prove in a complementary manner that the original open and interconnected
mesopore networks of the aerogels are conserved in water, because the nanoscale architectures

of their hybrid skeletons are practically independent of hydration.
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Localization of water in hydrated aerogels. The localization of water in the different chemical
environments present in the hydrated aerogels was investigated using NMR relaxometry. [128]

In general, the sorption of water on amorphous silica surfaces starts with the formation
of a 1-3 molecular layer thick film where the water molecules are strongly bound by H-bonds
with surface silanol (Si-OH) groups. This primary water layer is termed in the literature as
“strongly bound” or “non-freezing” surface water. Additional water forms a second layer atop
the strongly bound molecules, which still displays restricted mobility and high molecular level
order. Finally, bulk-like liquid forms on the ordered layers. [255,256]

Several studies investigated the formation of thin water film inside the nanoscale pores
of silicas as the first step of the pore-filling process, and described the structure of confined
water. By the combination of solid state and liquid phase NMR relaxometry, cryoporometry,
differential scanning calorimetry (DSC), FT-IR spectroscopy and neutron diffraction analysis,
a semi-ordered water layer was identified in the pores, which is distinct from the strongly bound
water. [134,247,257-259] This secondary (termed also as “freezing”) water layer was detected
even when the pores of amorphous silicas were completely filled with water.

When the wetting (pore-filling) process of controlled-porous silicas was investigated
using liquid-phase NMR relaxometry, a distinct relaxation domain was detected with
characteristically low 7> values, different from the liquid-like pore water even close to the
saturation of the pores. [135,246,260-262] This domain was identified as the semi-ordered
water layer atop of the strongly bound water. It was shown that this semi-ordered water layer
is in slow exchange with the bulk-like pore water on the timescale of the relaxometry.

In the case of the cited examples of controlled-porous silicas, the presence of physically
separated pores of well-defined sizes (e.g. separated micropores and mesopores) are not
possible, thus, the fluid in each pore cannot be considered to be magnetically isolated [143,263].
Therefore, the separate relaxation domains arise not because of the difference in the geometrical
confinement in the separate pore regions, but because of the different chemical environments
of the water domains in the interconnected pores. Naturally, the situation is completely different
in other material families (e.g. in concretes or natural minerals) due to the distinct chemical
compositions and nanoscale morphologies [264,265]. This is the reason why purely geometry
based generalization is not possible for the interpretation of relaxometry data, which is
emphasized in the literature [143,263].

The general tendency in the wetting and pore-filling of silica based mesoporous aerogels
is as follows. [126,127] The strongly bound water molecules in the primary layer on the solid

aerogel skeleton are not detectable by the presented liquid-phase relaxometry approach, but the
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protons in the semi-ordered water layer atop the primary layer are detectable and have
characteristically low 7> relaxation times [95]. After the saturation of the semi-ordered layer at
higher water contents, bulk-like water builds up forming droplets in the void spaces (pores)
defined by the solid skeleton. The mean 7> relaxation times in these droplets can be magnitudes
higher than in the semi-ordered surface layer depending on shape and size. Generally, the signal
amplitudes of the domains are proportional to the amounts of water localized in them. [129]

In the present study, two relaxation domains were identified at low water contents in
BS. The T, values are 2 = 1 ms and 12 + 4 ms at 0.6 g/g water content, but the low hydrolytic
stability of this material prevented its full scale investigation. The hydrated hybrid aerogels
display three relaxation domains (Fig. 23). The 7> relaxation times measured under the same

conditions in related silica-based aerogels are also shown in Fig. 23 for comparison. [125,129]
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Figure 23. NMR relaxometry of hydrated aerogels. The 7> relaxation times measured in hydrated silica
and silica-casein aerogels (A), [125] and those measured in hydrated BSP and BSPH (B) as a function
of their water contents. The y-axis scales are the same for better comparison. The data points shown are
the average of two series of independent experiments. The difference between results from the repeated
experiments was less than 10%.

The 1% relaxation domain with the lowest 7> values is associated with the semi-ordered
surface water layer on the aerogel skeleton. These water molecules form only a thin layer, which
saturates already at low water contents. Therefore, the 7> and the amplitude values of this
domain are characteristically small, and remain constant even with the dramatic increase of the
water contents of the aerogels. These features are typical of nanostructured porous silicas,
including the pure silica aerogels (cf. Fig. 23A) [129,135,246,260-262].

The 3™ relaxation domain of BSP and BSPH with the highest 7> values is associated
with quasi-bulk water droplets filling the pore system. Both the 7> values and the corresponding

amplitudes of this domain increase systematically with the increase of the water contents of the
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aerogels. This is rational, because after the saturation of the semi-ordered water layer, all
additional water is expected to accumulate in the droplets. In hydrophilic silicas, this is reflected
in the steady growth of the droplet sizes until the complete filling of the pores, which causes
the consequent increase of the associated 7> values, as well as the amplitudes. One of the most
frequently used theories in the case of silicas is based on the projection of the strong surface
relaxation of water into the bulk of the pores by fast exchange. [137,142-144] The
corresponding filling-factor (1/7> vs. 1/f*) plot gives the expected linear trend in the case of
BSP when £ = 1. However, the ca. 2 = 0.08 nm value resulting from eq. 2 based on this plot is
physically not realistic. The same plot gives a large negative intercept in the case of BSPH.

This deviation from the geometry based theory is explained by the presence of an
additional relaxation domain in the hybrid aerogels compared to the pure silica aerogel. The 7>
value of this new domain (denoted as 2"¢ domain) is 2 ms at low water contents that increases
to 7 ms at high water contents. A relaxation domain with similar 7> values has been observed
in other hybrid silica-polymer aerogels (cf. Fig. 23A) [125,129]. Furthermore, this domain is
also missing from the parent BS aerogel. Based on these observations, the new domain in BSP
and BSPH is assigned to the secondary hydration sphere of the hybrid skeleton, which consists
of water molecules bound mainly to the hydrophilic PVA polymer chains. Such a secondary
hydration sphere grows in size with the increase of the water content of the aerogel due to the
extensive hydration and partial dissolution of the polymer chains, explaining the increase of 7>
with increasing water content. This phenomenon has been identified in the case of the hybrid
silica-gelatin and silica-casein aerogels, as well [125,129].

In the case of the hybrid borosilicate-PV A aerogels, the solid nanoscale architecture of
the aerogels is practically intact even when completely hydrated, as shown by the SANS and
NMR cryoporometry results. In spite of this, the wetting mechanism of the borosilicate-PVA
hybrids is distinct from that of pure silica. The water molecules in the secondary hydration
sphere (2" domain) and those in the droplets (3" domain) exchange with each other, but still
yield mathematically separable decays. The amplitudes were estimated using a pre-set number
of exponential functions for fitting, and were found to be commeasurable for the last two
domains, showing that the amount of water is ca. the same in the secondary hydration sphere
and in the droplets. Interestingly, despite the extensive hydration of the hybrid backbone, the
semi-ordered water layer (1% relaxation domain) is still distinguishable in the borosilicate-PVA
aerogels, similarly to pure silica aerogels [135].

Overall, the extensive hydration of the backbone accounts for the deviation of the

operative pore-filling mechanism from the purely geometry based theory. The reason is, that
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such theories were laid down for nanostructured inorganic skeletons where hydration takes

place only on the surface and water cannot penetrate the surface.

Unique hydration and wetting of silica-PVA aerogels. The conservation of the pore structures
of the borosilicate-PV A aerogels resemble to that of pure silica, which was unexpected, because
the pores of a number of biopolymer-silica hybrids (e.g. silica-gelatin) close in water due to the
extensive hydration of the backbone. In the case of the present borosilicate-PVA aerogels, the
polymer component develops an extensive hydration sphere starting at low water contents,
which exists along the semi-ordered water layer that is characteristic to amorphous silicas.
When the water content of the hybrid aerogel is increased, water droplets start to form on the
hydrated skeleton. This naturally alters the pore-filling mechanism of the hybrid aerogels
compared to pure silicas. Nevertheless, the nanoscale architectures and morphologies of the
hybrid skeletons are not altered by this extensive hydration. These conclusions also apply even

when nanosized hydroxyapatite particles are incorporated into the hybrid skeleton.

V-1.4. Detailed mechanism of hydration and hydration induced structural changes in an
archetypical calcium alginate aerogel [P5]

Polysaccharide (celluloses, starch, alginate, chitosan) aerogels are advanced materials
that are prepared by the controlled gelation and subsequent supercritical drying of solvated gels.
[25,32,54,56,57,59,61,63,64,67,78] The key properties of advanced porous materials in
practical applications are directly determined by their microstructures. [76,266-271] One of the
most common conditions that can alter the microstructures of the highly hydrophilic aerogels
is the hydration of their backbones, which is usually accompanied with significant structural
changes that can cause volume reduction, stiffening, and, in extreme cases, the collapse of the
pores. [266,272,273] These significant structural changes take place not only when the aerogels
get in direct contact with liquid aqueous media, but also at a certain level of relative humidity
in air. Our primary aim in this study is to understand and describe the intimate nature of the
molecular level structural changes taking place upon the hydration of an archetypical
polysaccharide aerogel, specifically calcium-alginate. Light microscopy images of as-prepared

(dry) and hydrated Ca-alginate aerogel (CaAG) beads are shown in Fig. 24.
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Figure 24. Microscopy images of Ca-alginate aerogel (CaAG) beads. a: Dry, as-prepared aerogel; b:
Hydrated CaAG of 0.32 g/g water content; ¢: Hydrated CaAG of 2.0 g/g water content.

V-1.4.1. Characterization of the dry Ca-alginate aerogel

The molecular structure of the dry as-prepared CaAG was determined by magic angle
spinning (MAS) NMR spectroscopy. Alginate is an anionic copolymer of B-D-mannuronate
(M) and a-L-guluronate (G) units. The mole fraction of G is 0.48 in this copolymer. The solid
backbone of CaAG is built from alginate polyanionic macromolecules bound together by
ionotropic interactions with Ca** ions and hydrogen bonds. This structure is archetypical of
metal ion cross-linked alginates at full degree of cross-linking. The Ca-alginate macromolecules
are randomly ordered and immobile, and the aerogel backbone is amorphous.

The backbone of CaAG is built from fibrillar blocks that have a characteristic diameter
of 25 + 3 nm (Fig. 25). Very few macropores are visible in the SEM images. This morphology
of CaAQG is archetypical for metal ion crosslinked alginate aerogels. [274-276]

The N»-sorption isotherms (Fig. 26) are characteristic for mesoporous materials, and
indicate that there are practically no macropores in the aerogel. [14] The pore size distribution
of CaAG calculated by the BJH method is narrow and symmetrical with a mean pore size of 42

nm (Fig. 26B). The structural parameters of CaAG are compiled in Table 8.
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Figure 26. N, adsorption-desorption isotherms (A) and pore size distribution (B) calculated from the

desorption isotherm using the BJH method.

Table 8. Structural parameters of as-prepared CaAG estimated by the BET and the BJH methods from
N, adsorption-desorption porosimetry data (cf. Fig. 26).

Parameter Value Evaluation
Specific surface area 544 + 70 m?/g BET
Pore diameter 42+ 11 nm BJH
Total pore volume (cm3/g) | 7.5+ 0.2 cm’/g BJH

V-1.4.2. Morphology by small angle neutron scattering
Calcium alginate aerogel was gradually hydrated with D>O in a stepwise manner up to

a water content of 1.9 g/g. The shapes of the scattering curves change in a gradual manner with
the increase of the hydration level of CaAG until reaching the water content of 0.6 g/g (Fig.
27). At this point, the additional uptake of even a small portion of water causes the dramatic
transformation of the scattering curve. After this transition, the shape of the scattering curve
changes again in a gradual manner when the water content is increased. The SANS curves of
the samples of low hydration levels (< 0.6 g/g) can be fitted to the Beaucage model (eq. 8)
reasonably well, yielding estimates for both the gyration radius (Rg) and the power exponent
(p). The shape of the scattering curves changes at water contents of ca. 0.6 — 0.7 g/g in the
investigated O range. The shape changes from the Guinier type to the power-law type tendency,
which is accompanied by the radical transformation of the Beaucage model variables. Another
equivalent interpretation is that the Guinier feature is increasing in gyration radius, and shifting
to lower Q outside the experimental range. Therefore, at water contents higher than 0.6 g/g, the

power-law model was used for fitting SANS curves instead of the full Beaucage model, and

—7 -



V. RESULTS AND DISCUSRIGY mar . | ozsef @ci ence. uni deb. hu 362

only the values of the power exponent were estimated (Fig. 27B). Other models have been
tested for data fitting, but only the Beaucage approximation is suitable to describe all the SANS
curves, thus enabling the direct comparison of the estimated structural parameters for all

hydration levels. [173,277,278]

B|
5 7 =
g A 5
5 1 v 5135
— . s o o |
g 0.1 % o e
§ 01 7 | 2130
£ ] / | o [ =
] / §¥, o
0.014 7 Ty
1 : Z — 125

04 08 12 16
QA water content (g/g)

Figure 27. Panel A: SANS curves of CaAG samples of different water contents. The curves are offset
for better visibility. The arrow shows the direction of the increase of the water content of the samples
that are given in the legend in g/g unit. Panel B: The values of the power exponent (p) and the gyration
radius (R,) estimated by the Beaucage model. The dotted vertical lines indicate the approximate water
contents where significant structural changes occur.

The gradual change of the shapes of the SANS curves together with the systematic
variation of the encoded structural parameters are consistent with the gradual transformation of
the aerogel structure with the increase of hydration until a critical water content of 0.6 g/g. [276]
Complementary techniques (NMR relaxometry, cryoporometry, PGSTE NMR; vide infra)
indicate as well the dramatic transformation of the aerogel structure at these conditions.

The as-prepared CaAG is a surface fractal (p =3.5), but the 4.0 — 4.1 values of the power
exponent at 0.2 — 0.5 g/g water contents indicate that there is a smooth border including a
transition zone between the fluid component and the solid scattering objects of these samples.
[221] The increase of the power exponent is accompanied by a significant increase of the
gyration radius of the hydrated samples compared to that of the dry aerogel; from 81 A (dry
state) to 378 A (at 0.6 g/g water content). This is most likely due to the hydration driven gradual
modification of the tertiary and quaternary structures of the Ca-alginate macromolecules
forming the aerogel backbone, which is detected by solid-state NMR (vide infra). As a
consequence, the primary Ca-alginate fibrils rearrange into fibers or fascicles with the
increasing hydration level of the aerogel that, in turn, results in the smoothing of the

nanostructured surface, the increase of the fractal dimension of the system, the opening of the
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pore network and the significant increase of the pore sizes. [279] The proposed mechanism is
visualized in Scheme 6 in the context of the SANS measurements. However, this mechanism
does not account for the marked change of the SANS curves due to the minor increase of water
content in the 0.6 — 0.7 g/g region. Only significant structural modifications can account for

these observations.

Volume fractal (3 < p < 4) Smooth transition (p 2 4)

rd N
~dry aerogel 0.2 g/g water 0.5g/g water

Scheme 6. The schematic representation of the structural changes that take place upon the hydration of
CaAG up to a critical water content of 0.6 g/g. The filled circular markers represent the aerogel
backbone. The red circle shows the theoretical observation window of the SANS technique. The
structural changes induced by the increase of the hydration level are reflected in the increase of the
values of both the power exponent and the gyration radius. (The intimate features of the hydration
mechanism are given later in Scheme 7 and in Table 9.)

The most reasonable explanation is the collapse of the pore structure of CaAG due to
the formation of extensive well-hydrated structural regions at this critical level of water content.
[276] The well-defined solid backbone ceases to exist as the previously separated Ca-alginate
fibers get in close contact with one another and merge into a quasi-homogeneous, dense 3D
network of hydrated Ca-alginate macromolecules of hydrogel-like characteristics. [280] These
features explain the significant shifting of the Guinier-region and the sudden drop of the value
of the power exponent of the SANS curves at 0.7 g/g water content and above.

By the additional uptake of water, the extension of the quasi homogeneous 3D network
of the well-hydrated Ca-alginate macromolecules increases, and finally encompasses the whole
amount of CaAG at ca. 1.0 g/g water content. From this point on, the morphology of hydrated
CaAG does not change significantly, in analogy with a common hydrogel taking up additional
water. Consequently, the shape of the SANS curve and the value of the power exponent changes
only slightly with the increase of water content from 1.0 to 1.9 g/g.

It should be noted, that the macroscopic distribution of water can slightly be different
among the aerogel beads in the sample holder, which causes an uncertainty in the scattered

neutron intensities close to the critical hydration level, i.e. between 0.7 and 0.9 g/g.
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V-1.4.3. Liquid phase and solid state NMR spectroscopy

A very meticulous interpretation of the NMR results is required, because adding more
and more water to the aerogel not only alters the localization of water molecules in the porous
matrix, but simultaneously causes extensive structural changes in the CaAG backbone. These
structural changes in turn alter the immediate chemical environment of the water molecules
localized in the different structural regions that changes their apparent physico-chemical

properties (self-diffusion, rotational correlation times, melting point depression, etc.).

NMR relaxometry. Four different relaxation domains were identified during the gradual
hydration of CaAG by the inverse Laplace transformation of the primary NMR data. Panels A
and B of Fig. 28 show the 7> relaxation times of water protons in the individual relaxation
domains (marked by different colors) as a function of water content. The data set is the same in
these two panels, the only difference is the enlarged y-scale in panel B. Panel C of Fig. 28 shows
the water content of each domain calculated from the corresponding relaxation amplitudes. The
different relaxation domains belong to water localized in different structural regions of hydrated
CaAQG. Fast chemical exchange does not take place between these micro-environments. The
different domains appear and become saturated in a consecutive manner with increasing water
content. The mechanism of hydration of CaAG and the hydration induced modification of the
aerogel backbone manifest in the properties of these relaxation domains.

The amplitudes and the 7> relaxation times of the domains generally increase with the
increasing hydration level of CaAG. The T values of the 1% domain (GREEN in Fig. 28) are
very small (ca. 0.1 ms), and can only be measured with a relative standard deviation of ca. 30%.
Still, the presence of this domain is unambiguously verified by the MERA algorithm. The 7> of
the 2" domain (RED in Fig. 28) increases with the increasing hydration level and reaches a
limiting high value (ca. 3 ms) at ca. 1.2 g/g water content. The 7> of the 3™ domain (GRAY in
Fig. 28) and that of the 4™ domain (BLUE in Fig. 28) are high and increase steadily with
increasing water content. The amount of water localized in the 1% relaxation domain increases
with increasing water content, and reaches saturation at ca. 0.4 g/g (Fig. 28C). Simultaneously,
the amount of water extensively increases in the 2" domain and saturates only at a relatively
high water content, at ca. 1.2 g/g. Most of the water in the aerogel sample is localized in the 2"
domain at water contents higher than 0.4 g/g. The 4™ domain appears when an extensive amount
of water is localized already in the 2" domain, at water contents higher than 0.7 g/g. The filling

of the 2", 3" and 4™ domains are quasi simultaneous.
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Figure 28. NMR relaxometry of hydrated CaAG. Four different relaxation domains are present in the
hydrated aerogel as a function of its hydration level. The relaxation domains are numbered as they appear
with increasing water content. (1) Green: structural water; (2) Red: primary hydration sphere; (3) Gray:
droplets; (4) Blue: extensive puddles. Panels A and B: Observed 75 relaxation times of the different
domains as a function of water content. The data set is the same in these two panels, but the scales of
the y-axes are different. Panel C: The water content of each domain as a function of the extent of
hydration, calculated from the relaxation amplitudes.

The relaxation domains are assigned to the structural regions of hydrated CaAG by
comparing the characteristics of the domains with those of previously investigated systems
published in the literature, and by taking into account the SANS, the cryoporometry and the
diffusiometry results (vide infra). [121,129,135] Based on these considerations, the 1%
relaxation domain represents strongly bound structural water that is directly associated with the
Ca-alginate macromolecules. The 2" relaxation domain represents the primary, highly ordered
hydration sphere of the Ca-alginate chains. The 3™ domain is loosely bound water that form

droplets and puddles in the focal points of the fibrillar backbone. The 4™ domain is quasi-bulk
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water filling the large cavities of the well-hydrated Ca-alginate network and the hydrogel-like

matrix. The intimate hydration mechanism will be presented later in view of the compiled data.

NMR cryoporometry. Cryoporometry measurements were performed with CaAG samples of
different water contents (Fig. 29). The correct interpretation of the NMR cryoporometry data
is possible only by taking into account the structural information deduced from the SANS and
the NMR relaxometry measurements. Importantly, hydrated CaAG retains its well-defined
porous structure at 0.3 g/g water content. Based on the NMR relaxometry results, water can be
localized in the aerogel in 3 different structural regions at this hydration level: i) structural water
associated to Ca-alginate macromolecules (1% relaxation domain), ii) in the primary hydration
sphere (2™ relaxation domain), and iii) in small droplets and puddles (3™ relaxation domain).

The T relaxation time of the water molecules in the 1% domain is too small to pass the
relaxation filter of the pulse sequence of the NMR cryoporometry measurements. Water in the
2" relaxation domain has long enough 7> to pass the relaxation filter, but ice formation is not
feasible in the primary hydration sphere due to the strong interaction of water with the
backbone. An important feature of the cryoporometry data is that the 'H NMR signal intensity
converges to a non-zero value at low temperature. This verifies that there is a substantial amount
of water in the hydrated sample that does not freeze even at 256 K and has a long enough 7>
relaxation time to pass the relaxation filter of the pulse sequence. [148,149,237]

Water in droplets (3™ relaxation domain) confined in the focal points of the aerogel
network freezes and melts between 256 K and 273 K, thus, the well-defined hysteresis of the
'H NMR signal in Fig. 29A is assigned to the phase transformations of water in these droplets.
The inflection points on the hysteresis curve define a 2:1 ratio of the depressions of the melting
and the freezing temperatures of pore water (Fig. 29A). This indicates that water droplets
undergo phase transitions in spherical confinement in the hydrated CaAG of 0.3 g/g water
content. The size distribution of these droplets [149,237,238] are given in Fig. 29B. According
to the SANS results, the pores of hydrated CaAG of 0.3 g/g water content are significantly
larger than the original pores of the dry material. (R, = 81 A and 294 A, which translates into
dpore = 210 and 760 A for the dry and the hydrated aerogels, respectively.) Thus, the mean size
of the water droplets (ca. 25 nm in Fig. 29B) confined in the focal points of the hydrated

network are significantly smaller than the pores of the deformed backbone.
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Figure 29. NMR cryoporometry characterization of hydrated CaAG samples. Panel A: The 'H NMR
signal intensity of the water protons as a function of the temperature at 0.3 g/g water content. Red
markers: melting. Blue markers: freezing. The vertical lines show the phase transition temperatures.
Panel B: Size distribution of the water droplets in hydrated CaAG of 0.3 g/g water content (reconstructed
from the melting curve in Panel A). Panel C: NMR cryoporometry curves at different water contents.
There is no well-expressed hysteresis curve in the case of the sample of 1.4 g/g water content. Horizontal
lines indicate the limiting low 'H NMR intensities.

The melting-freezing features significantly change by the increase of the hydration level
of CaAG. In the case of the well-hydrated CaAG sample of 1.4 g/g water content, the 'H NMR
signal intensity does not show hysteresis as a function of temperature (Fig. 29C). Such
cryoporometry data indicate that there are no confined, geometrically well-defined water
droplets in the sample in the size range between 10 nm and 200 nm. [147,148] These findings
are in good agreement with the structural information deduced from the SANS and the NMR
relaxometry data, i.e. Ca-alginate aerogel of 1.4 g/g water content has hydrogel like
characteristics. At this hydration level, water is dominantly localized in the primary hydration

sphere of the Ca-alginate chains (2™ relaxation domain) and as quasi-bulk water (4™ relaxation
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domains). Water in the primary hydration sphere does not form ice crystals even below 260 K,
therefore, it is responsible for the non-zero intensity of the '"H NMR signal at low temperatures
(Fig. 29C). Quasi-bulk water in the hydrogel-like structure of the well-hydrated sample is

practically free of confinement, therefore its phase transition cannot be differentiated by NMR.

NMR diffusiometry. It should be noted, that the results of the PGSTE measurements cannot be
interpreted correctly using only the conventional approaches of data evaluation for NMR
diffusiometry. This is evident by examining the NMR spectra of the hydrated CaAG samples.
Fig. 30 shows the 'H NMR spectra of CaAG samples of different water contents next to their
PGSTE NMR spectra recorded using 0 = 2 ms gradient pulse length and 4 = 60 ms diffusion
time. Two peaks can be identified in the 'H NMR spectrum of CaAG of 0.2 g/g water content,
and this is replaced by one dominant peak in the case of samples of higher hydration. The
PGSTE NMR spectrum of the aerogel of 0.2 g/g water content also displays 2 peaks.
Interestingly, the intensities of all PGSTE NMR peaks decrease significantly with the increase
of the water content of the sample, and completely diminish at 0.4 g/g water content (Fig. 30B).
When the water content of the sample is increased further, a new well-defined peak appears in
the PGSTE NMR spectrum with a minor shoulder at lower chemical shift, which is persistent

even in the case of the well-hydrated samples.
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Figure 30. NMR spectra of hydrated CaAG recorded at different hydration levels, as given in the legend.
The assignment of the signals is displayed on the figures using the same color code as in the case of
NMR relaxometry (cf. Fig. 28). Panel A: '"H NMR spectra. Panel B: PGSTE NMR spectra of
diffusiometry experiments recorded using minimum gradient field strength, 6 = 2 ms gradient pulse
length and 4 = 60 ms diffusion time.

The key differences between the two types of NMR measurements are the total time of

the experiment and the shifting of the magnetization of the sample. [155,281] The '"H NMR
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spectrum is recorded in ca. 0.01 ms, while the PGSTE NMR spectrum is recorded in ca. 60 ms.
In the PGSTE NMR experiment, the sample is magnetized in the transversal plane only during
the length of the gradient pulse (6 = 2 ms), otherwise it is magnetized in the longitudinal plane.
The information content and the difference of the 'H NMR and PGSTE NMR spectra can be
interpreted based on the results of the NMR relaxometry experiments. The major peak of the
'H NMR spectra in Fig. 30A is assigned to water in the primary hydration sphere (2™ relaxation
domain), because structural water built into the solid backbone (1% relaxation domain) barely
gives a signal in liquid phase NMR spectroscopy. The minor peak at lower chemical shift in the
"H NMR spectrum measured at 0.2 g/g water content is assigned to small water droplets that
form in the focal points of the solid pore network (3" relaxation domain). The peak at higher
chemical shift is very small in the PGSTE NMR spectrum of the sample of 0.2 g/g water content
(Fig. 30B). The reason is that the transversal relaxation of the protons of water in the primary
hydration sphere (2" relaxation domain) is almost complete in 2 ms. The relaxation of water is
much slower in the droplets; thus these water molecules yield a signal in the PGSTE NMR
spectrum at lower chemical shift. When the hydration level of CaAG increases, its 'H NMR
spectrum becomes unstructured, because the chemical shift values of the water molecules
localized in the different structural regions are not significantly different. On the other hand,
the PGSTE NMR spectrum remains structured even at high hydration levels, because the major
signal of the water protons in the extensive primary hydration sphere is not present due to fast
transversal relaxation (7> filtering effect). Importantly, the chemical exchange of water within
the ca. 60 ms timeframe of the PGSTE NMR measurement has a significant effect on the
spectra, and causes the disappearance of the signal when the water content of the sample is
between 0.4 and 0.6 g/g. Two counteracting effects are operational. One effect is the increase
of the signal intensity, and the other effect is the increase of the rate of exchange between low
T> water in the primary hydration sphere and high 7> water in the droplets. The exchange of
water transfers the relaxation effect of the Ca-alginate backbone from the primary hydration
sphere to the droplets and causes the diminishing of the corresponding PGSTE NMR signal
(transfer of 7> filtering effect). The increasing rate of water exchange and relaxation transfer
overcompensate the increasing signal intensity by the addition water until ca. 0.6 g/g. At water
contents higher than 0.7 g/g, the PGSTE NMR spectrum is dominated by the signal of water
molecules forming a quasi-bulk phase in the hydrogel-like network (3™ and 4" relaxation
domains). In this case, the effect of relaxation transfer is overcompensated by the increase of
the 7> values and the water contents of these domains. Thus, the intensity of the PGSTE NMR

signal has a minimum as a function of the water content of CaAG (cf. Fig. 30B and Fig. 31).
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The self-diffusion properties of water in hydrated CaAG were characterized as functions
of the hydration level of the sample and the observation time of the diffusion measurement.
[156,157,242] Only one diffusion domain is detectable in hydrated CaAG regardless of its water
content (Fig. 31), because of the fast exchange of water among the structural regions in the
timeframe of the experiment. [127,153] At low water contents, the size of the droplets where
diffusion is detected increases with the hydration level of the aerogel, therefore, the value of
Dqbs increases. This increase continues even after the formation of the hydrogel with the dilution

of the Ca-alginate macromolecule network that facilitates mass transport.
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Figure 31. The self-diffusion properties of water in hydrated CaAG samples. Corresponding PGSTE
NMR spectra are shown in Fig. 30. Panel A: The experimental self-diffusion coefficient of water (Dobs)
as a function of the hydration level of the aerogel. Strong relaxation effects cause the diminishing of the
PGSTE NMR signal between 0.4 and 0.7 g/g of water contents. Panel B: The value of Doy as a function
of the observation time of the diffusion experiment (4) recorded in samples of different water contents,
as shown in the legend. The dashed line highlights the trend in the data points.

The value of Dops is independent of the observation time of the diffusion experiment (A1)
when the water content of CaAG is below 0.7 g/g, but Dops decreases with the increase of 4 at
high water content (Fig. 31B). On the basis of this trend, it is possible to approximate the
physical dimensions of the confinement of water molecules in the well-hydrated CaAG using
the established theories of diffusiometry. [156,157] This boundary of confinement was found
to be 220 um in the case of CaAG of 1.2 g/g water content, which is in excellent agreement

with the approximate diameter of the hydrated CaAG beads (cf. Fig. 24).

Magic angle spinning (MAS) NMR spectroscopy. The assignment of the 3°C CPMAS NMR

resonance peaks (Fig. 32) was performed as described in earlier literature. [282,283]
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Figure 32. The 3C CPMAS (left panel) and the 'H MAS (right panel) NMR spectra of CaAG samples
of different water contents (shown between the panels). The *C CPMAS spectra were recorded using a
MAS rate of 10 kHz and a CP contact time of 0.5 ms while the MAS rate for '"H MAS was 15 kHz. The
asterisk (*) denotes peaks from traces of residual ethanol. Spectra are normalized to the highest intensity
peak. (M = B-D-mannuronate unit, G = a-L-guluronate unit)
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The '*C resonance peaks are very broad in the spectrum of the dry CaAG. When the
water content of the sample is increased to 0.2 g/g, the resolution of the resonance peaks
improves, especially in the pyranose region (60 — 90 ppm). Further NMR line narrowing and
the increase of the '3C intensities take place with the increase of the water content to 0.5 g/g.
Additional water does not affect the 1*C chemical shift values and the peak resolution. The
mechanistic explanation for the increase of the peak resolution is as follows. In the dry aerogel,
the Ca-alginate macromolecules exist in a generally amorphous state as a disordered
interconnected network immobilized by intra- and inter-chain ionotropic and hydrogen bonds.
This interconnected network constitutes of several randomly ordered 3D arrangements of Ca-
alginate macromolecules, which leads to intrinsic structural heterogeneities and broad '*C
CPMAS NMR peaks. The hydration of the Ca-alginate chains enables a series of molecular
level rearrangement processes, such as conformation changes, segmental chain motions, local
rotational state transitions and hydrogen bonding rearrangements. Thus, it is reasonable to
assume, that at low hydration level, the disordered network of the original dry backbone

rearranges into a thermodynamically more favored semi-ordered structure by the change of the
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secondary to quaternary structures of the Ca-alginate macromolecules. [160-164] These
changes are expressed in the NMR relaxometry results indicating that the first portions of water
molecules added to the dry aerogel are incorporated into the fibers in the form of structural
water (1% relaxation domain) in strong interaction with the Ca-alginate macromolecules. This,
and the subsequent formation of the primary hydration sphere induces the alteration of the
secondary to quaternary structures of the macromolecules. These molecular changes can very
well cause the morphological changes detected by SANS up to ca. 0.5 g/g water content.

Proton MAS NMR spectroscopy complements the '°C NMR data (Fig. 32). In the 'H
MAS NMR spectrum of the dry CaAG, there is only a single very broad band centered at 4.8
ppm, which is attributed to hydroxyl and CH protons. Water molecules forming hydrogen bonds
with the macromolecules are in fast proton exchange with the hydroxyl groups in this
timeframe, therefore their signals are incorporated into the main peak. A broad shoulder is also
present in the spectrum down-field from the main peak in the range of 6 to 12 ppm, and it is
assigned to species in hydrogen bonding, but not in proton exchange. [165]

The main resonance peak at ca. 5 ppm assigned to hydroxyl and CH protons becomes
narrower with the increase of the hydration level of the aerogel. In-line with the above described
hydration induced changes, we propose that a motion assisted line narrowing is responsible for
the modulation of the proton-proton dipolar interactions. Thus, the 'H MAS NMR data indicates
that the hydrogen bonding network characteristic for the dry amorphous CaAG breaks up, and
segmental chain motions and hydroxyl proton exchange with water start upon hydration. A new
sharp resonance peak appears in the spectrum of the sample of 0.5 g/g water content at 4.5 ppm.
This peak is assigned to a new proton environment in hydrated CaAG. Based on the sharpness
of this resonance peak and the increase of its intensity with the increase of hydration level, it is
assigned to water molecules that are not in close association with the Ca-alginate
macromolecules. In agreement with the liquid phase NMR results, it is reasonable to assume
that these water molecules are localized in droplets and puddles, and finally form a quasi-bulk

phase in the hydrogel-like network of the Ca-alginate chains.

V-1.4.3. Hydration mechanism and corresponding structural changes

The hydration induced modification of the solid skeleton of CaAG adds a new level of
complexity to the evaluation and interpretation of characterization data. Prior studies dealt only
with the hydration of porous solids of rigid backbones (e.g. porous silicas, carbons, natural
minerals) that are not modified during the course of hydration. In the present study, SANS data

provide information on the morphological changes of CaAG as a function of its hydration level,
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while NMR data can advantageously be utilized as complementary sources of information for
deducing the intimate mechanisms on the molecular level.

The hydration mechanism and the hydration induced structural changes of CaAG are
visualized in Scheme 7. The characteristic structural elements of the hydrated aerogel as a
function of its water content are listed in Table 9.

Upon gradual hydration, the first aliquots of water are bound by the hydroxyl and the
carboxyl groups of the Ca-alginate macromolecules by H-bonds. These water molecules
become part of the tertiary and quaternary structures of the Ca-alginate macromolecules, their
relaxation is very fast (1 relaxation domain), and their exchange with other water molecules is
slow. The sites for binding structural water saturate at ca. 0.4 g/g water content. Parallel to this,
the primary hydration sphere of the Ca-alginate macromolecules builds up from several
molecular layers of water. [239,240] Water molecules in the primary hydration sphere are in
strong association with the Ca-alginate macromolecules of the aerogel backbone that results in
fast transversal relaxation (2™ relaxation domain; low 7>) and slow exchange of water. [241]
Due to the extremely hydrophilic character of calcium-alginate, its primary hydration sphere is
extensive and most of the water in the aerogel is localized in the primary hydration sphere. The
gradual increase of the 7> of the 2" domain indicates that the thickness of the primary hydration
sphere gradually increases with the increasing level of hydration. [137] Hydration partially
mobilizes the Ca-alginate macromolecules in the backbone, and enable conformational
changes, i.e. the energetically favorable modification of the tertiary and quaternary structures.
These structural changes induce the rearrangement of the primary Ca-alginate fibrils of the
original dry aerogel backbone into fibers and fascicles resulting in the increase of pore size, the
smoothing of the nanostructured surface and the increase of the fractal dimension.

In parallel to the filling of the primary hydration sphere, droplets form in the focal points
of the aerogel backbone starting at ca. 0.3 g/g water content (3™ relaxation domain). These
droplets are in connection with the primary hydration sphere, but the exchange is slow between
these domains on the timescale of relaxometry. The relaxation of water is significantly slower
in the droplets than in the primary hydration sphere. [121,135-138,154] Furthermore, water
molecules in the primary hydration sphere of the Ca-alginate chains and in the droplets yield
individual signals in the solution phase PGSTE NMR spectrum of hydrated CaAG at low water
contents, but a T relaxation filter effect cancels most of the signal of the hydration sphere (2™
relaxation domain) (cf. Fig. 30). Water molecules in droplets also yield a sharp 'H MAS NMR
peak (cf. Fig. 32). The size of the confined droplets is approximated by NMR cryoporometry
to be 20 — 40 nm. This is much smaller than the size of the pores of hydrated CaAG at this
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hydration level (ca. 76 nm) according to SANS. The 7> value of the droplets and puddles
increases in a gradual manner with increasing water content, suggesting that their extension

increases in a continuous manner in the fibrillar backbone.

Scheme 7. Graphical representation of the hydration mechanism and the hydration induced structural
changes of CaAG. The corresponding water content is given in the upper right corner of each panel in
g/g units. The red frame indicates magnification. The well-defined porous aerogel structure is intact up
to ca. 0.6 g/g water content. The formation of water droplets starts in the focal points of the acrogel
network at ca. 0.3 g/g water content. The original Ca-alginate fibrils rearrange into fibers and fascicles
that is well-expressed at 0.5 g/g water content. The formation of a hydrogel-like phase takes place at the
critical water content of 0.6 — 0.7 g/g, where the well-hydrated Ca-alginate chains rearrange into a quasi-
homogeneous 3D network. The characteristic structural elements of hydrated CaAG as a function of its
water content are listed in Table 9.

The mechanism of hydration of CaAG up to a water content of 0.5 — 0.6 g/g is consistent
with the hydration of a solid porous material that constitutes a strongly hydrophilic backbone

that in turn changes upon hydration. [122,135] Up to this point, water is localized in association
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with the macromolecules, in the primary hydration sphere, and in droplets in the focal points of

the modified porous structure defined by the newly formed Ca-alginate fibers and fascicles.

Table 9. Characteristic structural elements of CaAG as a function of its water content. The hydration
mechanism and the hydration induced structural changes of CaAG are visualized in Scheme 7.

total water . L.
Ca-alginate backbone localization of water
content (g/g)
solid backbone; bound Ca- )
i H-bonded structural water; primary
0.1-04 alginate macromolecules; )
i i hydration sphere; small droplets
primary fibrils; mesopores
solid backbone; re-oriented Ca- | H-bonded structural water; extensive
0.4-0.6 alginate macromolecules; fibers | primary hydration sphere; droplets and
and fascicles; large pores puddles
formation of quasi-homogeneous itical hvdration level: f ; ¢
critica ration level; formation of a
0.6-0.7 3D network of hydrated Ca- y.
) ) hydrogel-like state
alginate chains
tensi i hydrati here;
quasi-homogeneous 3D network o ens%ve primary iy ra. 1of Sphere )
) ) extensive puddles; quasi-bulk water in
0.7-0.9 of hydrated Ca-alginate chains; .. o
. the network; minor inhomogeneities in
no solid backbone; no pores
the gel network
quasi-homogeneous 3D network | extensive primary hydration sphere;
1.0-1.8 of hydrated Ca-alginate chains in | continuous phase of quasi-bulk water in
loose connection; hydrogel the network

A critical level of hydration is reached at ca. 0.7 g/g. At this point, a new relaxation
domain appears (4™ relaxation domain). This new domain represents quasi-bulk regions of
water, in agreement with the sharp transition of the SANS curves at ca. 0.7 g/g water content.
The Ca-alginate fibers disintegrate into a well-hydrated but still entangled network of
macromolecules with concentration gradients. Consequently, the pore structure collapses and
the well-defined solid backbone ceases to exist. These structural changes manifest themselves
in the steep increase of the 7> of the 3™ relaxation domain and the marked expansion of the 41
domain starting at ca. 0.8 g/g water content. There is water exchange between the 3™ and 4"
domains, which is generally characteristic for the hydrogel-like state. [240] The transformation
of the aerogel into this hydrogel-like network is complete at ca. 1.0 g/g water content.

The further increase of the hydration level does not cause any sharp structural or

morphological changes in the well-hydrated CaAG, but the hydrogel-like network gradually
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becomes less and less concentrated, which is reflected in the increase of the 7> of the 4" domain
and the value of Dops. [226,228] Most of the water is localized in the extensive hydration sphere
of the entangled Ca-alginate chains that is clearly shown by the relaxometry and cryoporometry
results, and manifests in the restricted self-diffusion of water. Interestingly, the original CaAG
beads keep their integrity even at a water content of 1.6 g/g (Fig. 24), which is reflected by the

inability of water to diffuse from one hydrated bead to another.

V-1.4.4. Outlook and perspectives

In general, the presented methodology can guide the understanding of the alteration of
the macroscopic properties of porous biomaterials in relation to both humid air and aqueous
environments. Regarding CaAG, a complementary study pointed out that the stiffness and the
compressive strength of hydrated CaAG significantly increase compared to its dry state
properties. [266] Now, it is clear that the stiffening of the aerogel is due to the formation of new
nanoscale superstructures in the hydrated backbone. The molecular level understanding of the
hydration mechanism formed the basis of a subsequent study in which a constitutive model was
developed that accurately accounts for the hydration induced changes of the mechanical
properties of CaAG. [284] In another follow-up study, a multi-scale model was developed based
on the SANS results presented here, to precisely quantify the hydration induced structural

changes in CaAG both in the molecular level and in the nanoscale. [172]

V-1.5. Nanoscale structures of polyurea cross-linked Ca-alginate aerogels [P6]

An issue that has to be overcome for the practical application of bio-aerogels is the
enhancement of their mechanical strength and water resistance. These issues are addressed for
biopolymer aerogels by the development of polymer-crosslinking methods. In the case of the
so called “X-biopolymer” aerogels, a triisocyanate is reacted with the biopolymer network post-
gelation. The triisocyanate first reacts with the -OH or -NH> groups available on the surface of
the biopolymer gel, and attaches to these through urethane or urea linkages. Subsequently, this
new reactive moiety hydrolyzes with the (residual) water on the biopolymer, and reacts with a
new triisocyanate forming a new polymer network. This results in the coating and crosslinking

of the entire original biopolymer gel network with a thin polyurea structure (Scheme 8). [285]
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Scheme 8. Reaction scheme showing the crosslinking of Ca-alginate wet gels with the triisocyanates
Desmodur N3300 (aliphatic) or Desmodur RE (aromatic). [285]

V-1.5.1. Morphological properties and nanoscale architectures of X-Ca-alginate aerogels

Representative material properties of native (Ca-alg) and crosslinked (X-Ca-alg-N3300
and X-Ca-alg-RE) aerogels are collected in Table 10. The polyurea content, calculated from
the skeletal densities of native and crosslinked samples, is approximately the same: 56wt% for
X-Ca-alg-N3300 and 60wt% for X-Ca-alg-RE. All the experimental Nz-sorption isotherms
(Fig. 33) are characteristic for mixed meso- and macroporous materials. The pore size
distribution curves show a maximum at 33—-35 nm for all three materials, and otherwise broad
distributions. The apparent BET specific surface area of the X-Ca-alginate aerogels is lower
compared to that of the native Ca-alginate aerogel, suggesting that polyurea covered some fine
morphological features along the original skeletal framework.

Representative SEM images are shown in Fig. 34. The general fibrous morphology of
the modified aerogels is traced back to the native Ca-alginate aerogels. As seen in the SEM
images, fiber entanglement creates macropores. The morphology of the crosslinked X-Ca-
alginate aerogels is practically the same as that of the native Ca-alginate aerogels. Upon closer
inspection, the fibrils that form the skeletal framework of all three materials have the same
aspect ratio and consist of strings of tiny beads — presumably secondary particles. As indicated
by the SANS study detailed below, the fibers of the native Ca-alginate aerogels are indeed built
from secondary particles that in turn are mass-fractal aggregates of primary nanoparticles. The

mesoporosity measured by Na-sorption corresponds to the void space among these particles.
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Table 10. Properties of native (Ca-alg) and crosslinked (X-Ca-alg-N3300, X-Ca-alg-RE) aerogels.

BET app. Mean
Envelope Skeletal Porosit surf. area Vrotal ore
Sample density density o y (m?g™) (V1.7-300nm) P
-3 -3 (V/V A)) . 3,1 dlam.
(g em™) (g em™) [micropore (cm’g™) i)
surf. area]
Ca-alg 0.076+0.006 [ 1.89+0.02 96 485 [81] 13 (1.9) 16 (104)
X-Ca-alg-N3300 | 0.19+0.02 1.43+0.01 87 265 [0] 4.6 (1.5) 23 (69)
X-Ca-alg-RE 0.18+0.02 1.44+0.01 88 425 [49] 4.9 (1.9) 19 (46)
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Figure 33. N -sorption isotherms (left) and pore size distributions calculated by the BJH method (right)
of native (Ca-alg) and crosslinked (X-Ca-alg-N3300 and X-Ca-alg-RE) acrogels, as indicated.

The SANS curves of the three aerogels are shown in Fig. 34. For every one of the three
materials, the scattering curves of the as-prepared aerogel and that of the same aerogel filled
with a H,O-D,O mixture, as specified below, are overlaid. [236] The best fits using the
Beaucage model are also displayed in Fig. 34, and the estimated structural parameters are given
in Table 11. The scattering curves of the HO-D,0O-filled Ca-alg and X-Ca-alg-RE samples
feature only power-law type scattering, and were fitted accordingly. The geometry of the
primary scattering objects was approximated with spheres, and scattering particle radii (7particle)
were calculated from the estimated radii of gyration (Rg). The neutron scattering length density
(SLD) of Ca-alginate aerogel is estimated based on its chemical formula [(Ci2H14CaO12).] and
skeletal density (1.89 cm® g!; Table 11). Based on this, the SANS contrast of the Ca-alginate
component is expected to be matched by completely filling the samples with the 46wt% H>O —
54wt% D20 liquid mixture. Indeed, the filled Ca-alg and X-Ca-alg-RE samples show very
minor specific SANS scattering caused by nanosized objects (Fig. 34). Both SANS curves show
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a power law behavior characteristic to mass fractals. However, the fitted curves deviate slightly
from the experimental points. This feature might indicate the somewhat incomplete filling of
pores due to hydrophobic spots, or to a small number of closed micropores. The shape of the
SANS curves of the pristine and the HoO-D>O-filled X-Ca-alg-N3300 samples are similar,

which indicates that contrast matching was not realized in this case.
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Figure 34. Left panel: Representative low-voltage SEM images of fresh-fracture surfaces of native (Ca-
alg) and crosslinked (X-Ca-alg-N3300 and X-Ca-alg-RE) aerogels. Right panel: Small angle neutron
scattering (SANS) curves of the same aerogels, as indicated. Pristine aerogels were measured first, and
the same samples were filled with the H,O-D>O mixture. Continuous lines are results of non-linear
model fitting. Estimated structural parameters are given in Table 11.
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Table 11. Structural parameters estimated by fitting the SANS curves of the pristine and the filled native
(Ca-alg) and crosslinked (X-Ca-alg-N3300 and X-Ca-alg-RE) aerogels. The SANS curves and the non-
linear fits are shown in Fig. 34.

Beaucage | Power-law
Beaucage model Fparticle
Sample I model model
R; (A) (nm)
y 4
Ca-alg PRISTINE 64+1 83+0.1 | 4.55+0.03
X-Ca-alg-N3300 PRISTINE 68+ 1 88=+0.1 | 5.63+0.17
X-Ca-alg-RE PRISTINE 79+ 1 10.0+0.1 | 2.94+0.03
Ca-alg FILLED 2.49 +0.01
X-Ca-alg-N3300 FILLED 122 +4 16 £0.5 3.80 +0.03
X-Ca-alg-RE FILLED 2.90 £ 0.01

The fundamental fibrous structure of native Ca-alginate aerogels is hierarchically
constructed of primary and secondary nanoparticles. Fibrous aerogels consisting of such nano-
structural elements have previously been reported in the cases of certain polyurea and polyimide
aerogels, and have been described as the consequence of phase separation during the sol-gel
process yielding solid primary nanoparticles that assemble with one another by diffusion-
controlled cluster aggregation mechanism. [286,287] According to these considerations, the
proposed nanoscale structure of native Ca-alginate aerogels and the illustration of the principal
idea behind contrast matching in SANS are shown in Scheme 9.

It is reasonable to assume that the difference in the SANS contrast matching in the case
of the two X-Ca-alginate aerogels indicates the different associations of the Ca-alginate and the
polyurea structural elements in the two aerogel nanoscale architectures. [288] The matching of
contrast in the case of X-Ca-alg-N3300 aerogels can be imperfect because the flexible aliphatic
polyurea forms a more compact coating on the primary Ca-alginate nanoparticles. This tighter
association and the interfacial covalent connectivity of the two polymers change the scattering
length density of the X-Ca-alg-N3300 backbone compared to that of the native Ca-alginate, as
seen in the case of the silica-gelatin and silica-casein hybrid aerogels (Sections V-1.1. and V-
1.2.). [125,129] Interestingly, the p value for the pristine X-Ca-alg-N3300 aerogel is larger than
4, which indicates a gradual density change on the nano-interfaces of the crosslinked aerogel.
This agrees with the fact that the nanoparticle network of the samples was formed first from
Ca-alginate, and polyurea accumulated in the second step on the reactive surfaces of the

nanoparticles of the biopolymer network by different mechanisms.
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Ca-alg
primary particle of Ca-alginate aerogel; radius = 8.3 nm

secondary particle of Ca-alginate aerogel

Y 9
X-Ca-alg-N3300

primary particles of X-Ca-alginate aerogel coated with polyurea; radius = 8.8 nm

secondary particle of X-Ca-alginate aerogel
- space within the secondary particle NOT filled with polyurea

\
X-Ca-alg-RE

primary particles of X-Ca-alginate aerogel embedded in polyurea; radius = 10 nm

——p secondary particle of X-Ca-alginate aerogel
- space within the secondary particle PARTIALLY filled with same-
density, or less-dense polyurea — minor closed porosity

A

Scheme 9. The proposed nanoscale structures of native Ca-alginate (Ca-alg) aerogel, and crosslinked
X-Ca-alg-N3300 and X-Ca-alg-RE aerogels. Panels labeled “Filled” denotes filling with the contrast
matching HO-D,O mixture in SANS. [285]
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In the case of X-Ca-alg-RE aerogel, the observations can be interpreted by assuming
that the rigid aromatic polyurea does not coat the original Ca-alginate nanoparticles as
compactly as its flexible aliphatic counterpart, but loosely fills the space among the biopolymer
particles. The proposed nanoscale structures of X-Ca-alg-N3300 and X-Ca-alg-RE aerogels are
shown in Scheme 9 using the same principles as for depicting the Ca-alginate aerogel.

As a summary, polyurea-crosslinked Ca-alginate (X-Ca-alginate) aerogels have distinct
nanoscale morphologies depending on the crosslinking triisocyanate reagent. Crosslinking with
the aliphatic triisocyanate Desmodur N3300 yields flexible aliphatic polyurea macromolecules
in the final aerogel framework, while the aromatic triisocyanate Desmodur RE yields rigid
aromatic polyurea macromolecules. Probing the different aerogels using contrast-variation
SANS enabled the reconstruction of the nanoscale architectures. Native Ca-alginate aerogels
are built of primary nanoparticles that aggregate in mass-fractal like secondary particles
forming long fibers. Crosslinking with the flexible aliphatic triisocyanate leads to the formation
of a compact polyurea layer over the primary nanoparticles following the contours of the native
Ca-alginate skeletal framework. On the other hand, the rigid aromatic triisocyanate forms a
randomly oriented polymer network that only loosely fills the empty space among the original
biopolymer nanoparticles. Overall, both processes leave the original Ca-alginate gel structure

practically intact, but increase the primary particle size, and reduce porosity and surface area.

V-1.6. Mechanism of hydration induced stiffening and subsequent plasticization of an
archetypical polyamide aerogel [P7]

One constraint of the applications of advanced polyamide aerogels is the possibility of
extensive structural changes upon the sorption of water vapor. The hydration of nanostructured
biopolymers and polymers is accompanied by complicated changes both in their molecular
conformation and in their nanoscale architecture. [289-291] The exact nature of these changes
and the mechanism of the hydration of the backbone can be elucidated in fine details only by
the combination of state-of-the-art characterization techniques that provide information on the
molecular level structural changes, as well as the alteration of the nanoscale architecture.
[95,123,129,241,292] Another complication is, that water is a Janus-type small molecular
weight additive in polymer science; capable of both the plasticization and the anti-plasticization
of the same polymer in a concentration dependent manner. [293-295]

A linear polyamide gel similar in chemical structure to Kevlar was synthesized, and a

monolithic aerogel (polyamide aerogel: PAA — Scheme 10) was prepared from it by drying in
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supercritical CO2 based on a published recipe. [211] The hydration of the monolithic PAA
causes dramatic changes in its mechanical properties in a non-monotonic way. To understand
the molecular basis of these alterations, the intimate mechanism of the hydration of the aerogel
was investigated using solid state and liquid phase NMR methods in combination with SANS.

No macroscopic swelling (or shrinkage) was observed when the aerogel was hydrated.

0 0 L NH,
NHz ¢ CaCl, HN @
/©/ + c ) @ NH
H,N HoN

NMP

— - n

Scheme 10. The formation and the chemical structure of the linear polyamide (PA) macromolecules.

V-1.6.1. Morphology of the dry aerogel

The main structural elements dominating the nanoscale architecture of PAA are strut-
like entangled and interconnected polymer fibrils (Fig. 35). [211] The thickness and the length
of the fibrils vary to a large extent. Some of the fibrils are branched and some struts merge by
the ends. The regions in the backbone where fibrils entangle or merge are termed “focal points”.
In this architecture “pores” are best defined as the void spaces among interweaved fibrils.
Mesopores are evidently not visible in this magnification, but large macropores are. There are
no geometrical elements that clearly separate these void spaces from each other, thus, the
variation of the size and the shape of these voids are very high. Therefore, the interpretation of
characterization data has to be very meticulous, because the classical geometrical models

generally used for the calculations have limited validity in this case.
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Figure 35. Representative LV-SEM images of the pristine polyamide aerogel (PAA).

The shape of the Na-sorption isotherms (Fig. 36) fit into the [UPAC IV category with

the H3 hysteresis loop, which is characteristic for mesoporous materials. The steep increase at
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the lowest relative pressures indicates the presence of micropores. Macropores are also present
in PAA, as seen in the SEM images. The structural parameters calculated by the classical BET
and BJH evaluation methods are shown in Table 12. The unique morphology of PAA should
carefully be taken into account for assessing the calculated structural parameters. Specifically,
the No-sorption method is not sensitive to large pores that cannot be filled by the condensed N»,
therefore, the macropores of PAA only partially contribute to the calculated pore volume and
pore size distribution. This limitation of the method is extensively discussed in the literature.
[12] The envelope density of PAA is 0.23 g cm™, while the density of its polymer skeleton is
1.27 g cm™. [211] The large difference between the calculated total pore volume (3.5 cm™ g)

and the measured mesopore volume (0.7 cm™ g) reflects the extensive macroporosity of PAA.
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Figure 36. Panel A: Nitrogen adsorption-desorption isotherms of PAA. Panel B: Pore size distribution
calculated from the desorption isotherm using the BJH method.

Table 12. Structural parameters of pristine PAA estimated by the BET and the BJH methods from the
N, adsorption-desorption data (cf. Fig. 36).

Parameter PAA Data evaluation
C-constant 59+3 BET
Specific surface area (m%/g) 251 +20 BET
Mesopore volume (¢cm?®/g) 0.7+0.1 BJH

The BJH pore size distribution of PAA is apparently bimodal (Fig. 36B). However, the
narrow peak around dpore = 4 nm might not be real, because this feature arises from the deviation
between the adsorption and desorption branches at low relative pressures. Such a deviation can

result from morphological distortion of the PA fibers caused by solvation in the condensed No.
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V-1.6.2. Mechanical properties as a function of hydration

The experimental compression strain-stress curves and the estimated Young’s modulus
values of monolithic PAA are shown in Fig. 37 as a function of hydration. The full experimental
strain-stress curves were mathematically fitted using the extended version of the standard linear
solid (SLS) viscoelastic model. [296] Starting from the dry aerogel, the Young’s modulus and
the compressive strength of the monolithic PAA dramatically increase when its water content
increases, and display a maximum when equilibrating with 50% relative humidity air (0.16 g/g
water content). Importantly, the additional hydration of PAA under higher relative humidity

causes a sharp decrease in these mechanical parameters.
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Figure 37. Panel A: Compression strain-stress curves of PA aerogel monoliths. The relative humidity
of air used for conditioning the PAA monoliths is given in the legend. The black curves are results of
mathematical fitting by the standard linear solid (SLS) viscoelastic model. Panel B: Estimated Young’s
modulus and compressive strength as a function of the aerogel conditioning. The water contents in g/g
units are given in the legend. The error bars represent specimen-to-specimen standard deviation.

In order to give an explanation for this phenomenon, the hydration mechanism of PAA
was studied in multiple scales. The molecular level processes were probed by various NMR

methods, and the alterations in the nanostructure were investigated by SANS.

V-1.6.3. Characterization of hydrated PAA

SANS. The experimental scattering curves are shown in Fig. 38A together with the best fits.
The Beaucage model is adequate for fitting the curves until 0.4 g/g water content. Above this
water content, the Guinier regions of the SANS curves gradually shift towards the small O
values and out of the experimental range, as shown in Fig. 38B. The SANS curves are less
structured at water contents higher than 1.8 g/g, and can only be fitted with the simple power-

law model (Porod region). The estimated structural parameters are shown Fig 38C. Several
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other models were tested for fitting the scattering curves, but only the presented approach was

found consistent for describing the full range of the investigated samples. [12,297]
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Figure 38. SANS characterization of partially hydrated PAA. Panel A: The experimental SANS curves
(markers) together with the best fits (lines). The water (D,O) contents of the PAA samples are given in
the legend. Panel B: Contribution of the different model functions to the overall fit. Panel C: Estimated
structural parameters as a function of the water (D20O) content of PAA. (The deviation between duplicate
measurements is ca. 10%.) The estimated R, values are uncertain above 300 A. The dashed vertical bars
indicate water contents of special interest.

The Rg steeply increases with increasing water (D20) content up to ca. 0.4 g/g. At higher
water contents, the increase of the Ry is approximately gradual. The p exponent has a maximum
value at ca. 0.2 g/g water content (p = 4), and decreases from this point on in a gradual manner
with increasing water content until p < 3. The SANS results demonstrate the dramatic change
of the nanoscale morphology of the PA aerogel as a function of its water content. [12,297] The
increase of R, is associated with the increase of the size of the pores, which is naturally

accompanied by the initial smoothening of the surface of the pore walls as shown by the p =~ 4
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value at 0.2 g/g water. Above this water content, the size of the pores still increases, although,
the roughness of the pore walls also increase. The p value is between 3 and 4 in this region of
hydration, which indicates surface fractal-like structures and points out that the smooth surface
becomes rough again as a consequence of additional hydration. The explanation is the partial
dissolution of the fibers of the solid backbone that is accompanied by the increased segmental
motion the PA macromolecules. [289,298] Evidence for these molecular level changes is
supported by the solid state and the liquid state NMR results that are discussed in the next
sections. At water contents higher than 2 g/g, the p exponent is lower than 3 indicating the
presence of mass-fractals in the hydrated aerogel. This is attributed to the formation of nano-
sized water (D20) droplets in the focal points of the hydrated aerogel backbone, which is
strongly supported by the NMR relaxometry and cryoporometry results (vide infra).

The formation of a hydrogel at high water contents can be ruled out due to the absence
of sharp changes in the p exponent. This is in contrast to the features of biopolymer aerogels.
[95] According to the SANS data, marked structural changes take place in the PA aerogel when
reaching the critical water content of ca. 0.2 g/g, and subsequently when reaching 2 g/g. The

nature of these marked structural changes is further elucidated in the next sections.

Solid state NMR. The high resolution of the '*C CPMAS peaks allowed the unambiguous
assignation of the five aromatic resonances (Fig. 39). [211] The 3D organization of the PA
macromolecules in the fibrous aerogel backbone is similar to those in bulk Kevlar materials.
[299,300] The high intensity shoulder at ca. 10 ppm in the '"H MAS spectrum of the dry PAA
indicates the presence of several intermolecular H-bonds among the macromolecules generally
characteristic for linear polyamides. Hydrating PAA does not alter the *C chemical shifts, or
the peak widths and resolution, yet cause marked changes in the relative peak intensities, which
becomes expressed at around 0.5 g/g water content. This indicates the significant reorientation
of the macromolecules. The accompanying marked decrease in the '>*C CPMAS intensities is
attributed to the increased segmental motion of the polymer chains when reaching this critical
hydration level, which lowers the effectiveness of the magnetic cross-polarization. [289,298]
In-line with this, the "H MAS spectra of the partially hydrated samples show that the extensive
intermolecular H-bonding network of the linear PA macromolecules is gradually disrupted with
increasing hydration. [301] The ratio of the aromatic protons to the ones participating in strong
intermolecular H-bonds between the PA molecules was derived from the quantitative 'H MAS
NMR (Ar/H-bond values in Fig. 39). This value is 1.3 for the dry aerogel; and it increases to

3.9 at 1.0 g/g water content indicating a significant decrease in the number of intermolecular
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H-bonds in the partially hydrated PA macromolecular network. [302] The effects of other non-

covalent interactions, such as n-stacking, were not detected in the solid state NMR data.
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Figure 39. The mass-loading normalized *C CPMAS (left panel) and '"H MAS (right panel) NMR
spectra of the PAA at different water contents, as shown in the panels in g/g units. Peak assignments are
given in the panels. The explanation of the spectral changes is given in the main text. The *C CPMAS
spectra were recorded using a MAS rate of 10 kHz and a CP contact time of 0.5 ms. The MAS rate was
15 kHz for the '"H MAS. Spectra are normalized to the highest peak intensity. The peaks of residual
solvents are marked by red arrows, and the spinning sidebands by asterisks.

NMR relaxometry. As-prepared PAA was gradually hydrated, and the measured 7> relaxation
times represent the equilibrium sates of the partially hydrated PAA samples (Fig. 40). The
saturation of the pores by water is reached at a water content of ca. 3 g/g. At the lowest water
contents, there is only one relaxation domain detectable with very small 7> values. This domain
corresponds to water molecules in strong interaction with the PA macromolecules. [301] The
2" domain appears at ca. 0.19 g/g water content with significantly higher 7> values. However,
these 7> values are not high enough to indicate the formation of well-defined water droplets in
the pores at this hydration level. Accordingly, the 2"! domain corresponds to water molecules
still in strong interaction with the PA backbone. The amplitudes associated with the decay
signals of the first two domains are in correlation with each other even at small water contents
indicating the exchange of water between these domains. Based on the approximate equivalence
of the amplitude values (not shown), the amount of water associated with the two domains is

approximately the same at low overall water contents.
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Figure 40. NMR-relaxometry of partially hydrated PAA. Both panels show the values of the spin-spin
relaxation times (7>) as the function of the water content of PAA. Panel B is a magnification of Panel
A; the data points are the same. (The deviation between duplicate measurements is ca. 10%.) Three
relaxation domains (marked with red triangles, green squares and blue circles) were observed at the
different hydration levels until the saturation of pores of the aerogel by water at ca. 3 g/g. The dashed
vertical bars indicate water contents of special interest.

The difference in the chemical environments of the water molecules of the 1% and the
2" domains can be elucidated based on the ssNMR results. The first water molecules form H-
bonds with the PA macromolecules on the surface of the fibers and build into the existing
network of intermolecular H-bonds, as depicted in Scheme 11. This assumption is corroborated
by previous studies. [303-306] Such a binding mode of water does not cause dramatic changes
in the solid state '*C CPMAS NMR spectrum. When the vacant H-bonding sites are saturated
at ca. 0.19 g/g water content, the additional water molecules enter into the fibers, insert in-
between the PA macromolecules and disrupt their intermolecular H-bonding network present
in the dry aerogel (Scheme 11). [306,307] This becomes expressed in the '*C CPMAS spectrum
at ca. 0.5 g/g water content. The segmental motion of the PA macromolecules increases, and
their original molecular orientations are altered in parallel to the formation of the 2" relaxation
domain. This process is the beginning of the partial dissolution of the PA fibers, which alters
the morphology of the aerogel backbone. The nanoscale level morphological changes are well-
expressed in the alteration of the SANS curves measured until ca. 0.4 g/g water content (cf.
Section V-1.6.3). The presented mechanistic theory for the hydration of PAA is in good
agreement with the observed sharp decrease of the Young’s modulus value of the partially
hydrated aerogel starting above ca. 0.16 g/g water content (cf. Section V-1.6.2), because this is
concerted with the appearance of the 2" NMR relaxation domain, as well as, the dramatic

change of the nanoscale morphology reflected in the SANS results. [306,307]
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Scheme 11. Schematic representation of the interaction of water with the PA macromolecules as a
function of the water content of the aerogel (displayed in the legend). The first portion of water
molecules (1% relaxation domain) occupy the empty H-binding sites in the intermolecular H-bonding
network of the linear PA macromolecules. Additional hydration results in the insertion of water
molecules (2™ relaxation domain) between the macromolecules, which eventually results in the partial
dissolution of the PA fibers at high water contents.

The additional increase of the water content above 0.5 g/g results in the extensive
hydration and partial dissolution of the solid PA fibers. Water molecules are in less and less
constraint in the well-hydrated fibers, therefore, the 7> values of the first two relaxation domains
increase. Evidently, water molecules in the different regions of the PA backbone exchange with
one another. Finally, a third relaxation domain appears at ca. 2.0 g/g water. The 7> values of
the 3™ domain are significantly higher than those of the first two domains that corresponds to
the formation of water droplets in the focal points of the entangled fibers. The sharp increase
of the T» values of the 3™ domain with increasing water content indicates the dramatic increase
of the size of the droplets. An important observation is that the appearance of the 3™ domain
does not alter the gradual increase of the 7> values of the 2™ domain. Because the T» values of
the 2" domain are characteristic for water inside the hydrated polymer fibers, this finding
suggests the conservation of the fibrous structure of the aerogel even when it is saturated with
water. This argument is further strengthened by the absence of a sharp decrease of the SANS
power exponent at high water contents, which would be indicative for the transformation of the
solid backbone into a quasi-homogeneous hydrogel. Despite the morphological changes, the

backbone remains well-defined even when flooded by water, and the material does not form a
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hydrogel. For comparison, hydrogel formation is characteristic for biopolymer aerogels, which

causes dramatic, yet concerted changes in the NMR relaxometry and the SANS data. [95]

NMR diffusiometry. Two variables were changed in the NMR diffusiometry measurements: 7)
the water content of the PA aerogel, and ii) the observation time of the experiments (Fig. 41).
The self-diffusion of water is not detectable below ca. 0.5 g/g water content, as the dislocation
of the water molecules bound to the PA macromolecules in the 1 NMR relaxation domain is
very limited. [301,308] Furthermore, the 7> values of these water protons are very small, and
thus, the PGSTE sequence filters out the signal of these protons. [95] At higher water contents,
two diffusion domains were detected. These were assigned based on the numerical values of

Dobs, and taking into account the structural data collected by the other techniques.
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Figure 41. The observed self-diffusion coefficients (Dobs) of water as a function of the water content of
the partially hydrated PAA. (The deviation between duplicate measurements is ca. 10%.) The self-
diffusion of water is not detectable below 0.5 g/g water content. Two diffusion domains are present at
higher water contents. For comparison, D = 2.30x107° cm?s™! in the pure phase of bulk water. [227] The
dashed vertical bars indicate water contents of special interest.

The appearance of the diffusion signal at ca. 0.5 g/g water content is coincident with the
sharp increase of the T» of the 2" relaxation domain (cf. Fig. 40). The first diffusion domain
(Dobs = 0.6x107° cm?s™!) represents water molecules diffusing inside the hydrated PA fibers,
which is naturally hindered. [308,309] In comparison, water molecules forming droplets and
puddles are more mobile, and yield a second diffusion domain (Dobs = 1.4x107° cm?s™!). The
signals of the two diffusion domains are mathematically separable, however, water molecules
exchange between these domains on the timescale of the diffusion experiments (ca. 100 ms),
which is significantly longer than the timescale of the relaxation experiments (ca. 1 ms). [310]

Consequently, the 2™ diffusion domain appears at a lower water content than the 3™ relaxation
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domain associated with the same droplets in the focal points in the backbone. The proportion
of water in these droplets is too small for detection by relaxometry at around 0.5 g/g water.

The slight increase of the Dobs values of the domains with the increasing water content
of the aerogel is due to the increasing amount and mobility of water in the partially dissolved
fibers, and due to the size increase of the water droplets in the pores.

The Dobs values of both domains are independent of the observation time of the diffusion
experiment, suggesting that the structural regions where the water molecules translocate are
continuous in the hundreds of nanometers scale. This is further evidence for the preservation of

the highly interconnected fibrillar backbone of the aerogel even at high water contents.

NMR cryoporometry. The relaxation filter of the CPMG sequence was optimized to remove
the proton signal of ice, but this necessarily filters out the fast-relaxing 1°* and 2"¢ domains of
water (cf. Fig. 40). Therefore, the partially hydrated PA aerogel displays a meaningful liquid
phase '"H NMR signal only at water contents higher than 1 g/g (Fig. 42). The low intensity
hysteresis loop detected in the cryoporometry curves at 1.0 g/g water content suggest that minor
but mobile "freezing” water bodies are present in the system even before the detection of the
3" relaxation domain. [311] Thus, the NMR cryoporometry and diffusiometry results support
each other, since the existence of such mobile (freezing) water accounts for the presence of the
faster diffusion domain even at low water contents (cf. Fig. 41).

Owing to the relaxation transfer arising from the exchange between the domains, the
CPMG signal is regarded quantitative only at water contents higher than 2 g/g, which is the
start of the formation of distinct droplets giving rise to the 3™ relaxation domain. At 2.5 g/g
water content, the shape of the well-defined melting-freezing hysteresis loop follows the
approximate AT¥/ATm ratio of 3:2. This indicates that the majority of the confined water bodies
are spherical. The corresponding droplet sizes are larger than the original mesopore sizes of the
dry aerogel (cf. Fig. 36) that is in agreement with the significant increase of the SANS gyration
radius by the hydration of PAA (cf. Fig. 38). These results are strong indication that the pore
sizes of PAA dramatically increase with its hydration. Cryoporometry measurements conducted
at 3.4 g/g water content indicate that the confined water bodies in the hydrated aerogel take the
geometry of extensive slabs, because there is no detectable melting point depression (A7Tm =0
K) accompanying the freezing point decrease (Fig. 42B). The width of the slabs (continuous
water bodies) confined by the solid skeleton is in good agreement with the previously measured
size of the water droplets at 2.5 g/g water content (Fig. 42C). This is possible, if the void spaces
(pores) of hydrated PAA are only partially filled with water at 2.5 g/g water content, and these
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separated water bodies merge and fill the available slit-like voids at 3.4 g/g without significantly

changing the backbone architecture. This is further evidence for the conservation of the solid

aerogel backbone even at its complete hydration.
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Figure 42. NMR cryoporometry data of hydrated PAA samples. The water content of PAA is given in
the legend. Panels A and B: Normalized melting-freezing curves measured at different water contents.
The arrows indicate the temperature depressions in the hysteresis curves. Panel C: Size distribution of
the water droplets and puddles reconstructed from the freezing curves. (The deviation between duplicate
samples is less than 15%.) The values at 1.0 g/g are strongly biased by relaxation effects.

V-1.6.4. Multi-scale hydration mechanism

Based on the compiled results of ssNMR, liquid phase NMR and SANS, the major steps
of the hydration of the PAA are summarized graphically in Scheme 12. The molecular events
and the alteration of the nanoscale architecture are concerted. These multi-scale structural
changes are definite in governing the macroscopic properties of the aerogel, and account for
even such a complicated phenomenon as the non-monotonic change of the compressive strength

of the monolithic aerogel as a function of its hydration level.
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The first water molecules fill the vacancies in the intermolecular H-bonding network of
the PA macromolecules. [303-305] Water molecules bound in the fibers in this manner form
the first 1% relaxation domain and regarded to be practically immobile structural water. These
water molecules strengthen the H-bonding network stabilizing the solid PA fibers, which causes
the slight rearrangement of the nanostructure, [312] as detected by SANS. The strengthening
of the fibers and their rearrangement are together responsible for the increasing stiffness of the
monolithic aerogel. As indicated by several techniques, the primary sites are saturated at ca. 0.2

g/g water content. Additional hydration causes dramatic structural changes.
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Scheme 12. Graphical representation of the different stages of the hydration of the PA aerogel. The
concerted molecular level events and nanoscale rearrangements are depicted in respective panels. The
detailed description of the hydration mechanism is given in the text.

From ca. 0.2 g/g, water molecules enter into the bulk of the PA fibers, insert in-between
the macromolecules and occupy some of their H-bonding sites. This disrupts the intermolecular
H-bonding network characteristic for the dry aerogel. As a consequence, the conformation of
the macromolecules changes and their segmental motion increases. This causes the macroscopic
plasticization of the monolithic aerogel. [293,294,307] The insertion of water molecules and
the disruption of the original H-bonding network is complete at ca. 0.4 g/g water content.

Additional hydration causes the partial dissolution of the fibers, which further increases
the pore sizes and the surface roughness of the partially dissolved PA fibers. The combined
results of NMR diffusiometry and cryoporometry suggest that a small portion of water forms a
mobile layer on the surface of the fibers above ca. 0.5 g/g water. Nevertheless, most of the water

is absorbed in the hydrated PA fibers at this stage, which causes their partial dissolution. Several
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water droplets form above ca. 2 g/g water content that merge at ca. 3 g/g to extensive slabs fully
saturating the pores. The experimental data show that the well-defined fibrous structure of the

aerogel is preserved even above 3 g/g of water, and no hydrogel formation takes place.

V-2. Aerogels as drug delivery systems [P8-P12, R1]
V-2.1. Fe(IlT)-alginate aerogels for redox responsive drug delivery [P8]

Metal ion crosslinked alginate aerogels are versatile biomaterials that have recently been
introduced into the field of drug delivery research and development. [96,313-319]

The timeframe of the dissolution of loaded drugs from metal-alginate aerogel carriers
heavily depends on the hydration, swelling and erosion of the matrix. Metal-alginate gels
readily dissolve in neutral or slightly acidic (pH > 5) solutions where the concentration of the
cross-linking metal ion is low. In this case, the coordination bonds break, metal ions leach from
the gel, and the alginate chains are hydrated. [96,97] Importantly, the kinetics of drug release
can be fine-tuned by altering the rate of swelling and erosion of the alginate matrix.

A promising strategy to produce redox responsive gels is to crosslink alginate by a redox
active metal ion that changes its affinity towards alginate when its oxidation state changes. For
example, iron(I1I) interacts strongly with alginate, [320,321] while Fe(II) is does not crosslink
the macromolecules in aqueous solution. [322-324] Thus, by the in situ reduction of Fe(III) to
Fe(II), the degradation of the ionically crosslinked gel is triggered.

We showed that the drug delivery properties of Fe(Ill)-alginate aerogels can be tuned
by incorporating ascorbic acid into the formulations. Fe(Il)-alginate aerogels were synthesized
by the sol-gel method in the form of spherical particles (d = 3 — 5 mm) and loaded with the
model drug ibuprofen in supercritical CO>. Some of the ibuprofen impregnated Fe(III)-alginate
aerogels were co-impregnated with ascorbic acid. Finally, in vitro dissolution experiments were
performed to show that the rate of drug release is significantly faster in the case of the latter

system, where ascorbic acid in situ reduces Fe(III) to Fe(IT) upon the hydration of the aerogels.

V-2.1.1. Preparation of ibuprofen loaded Fe(III)-alginate aerogels

Spherical Fe(Ill)-alginate beads (3.0 — 4.5 mm) were synthesized by dropping 2 w/w%
aqueous solution of either low G (LG) or high G (HG) alginate into 0.05 M FeCls solution from
fixed height. [325] The samples were subjected to solvent exchange to ethanol, and dried with
supercritical CO2 in cooperation with Prof. Pavel Gurikov at TUHH. [78] Four different aerogel
samples were produced (Table 13).
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Table 13. Properties of the different Fe(Ill)-alginate aerogel samples (S = small, B = big). Sger denotes
the specific surface area determined by N, adsorption-desorption porosimetry. The standard deviation

was calculated from parallel measurements (n = 3, for porosimetry n = 2).

Fe(ITI
Sample G content coelften)t bead diameter SBET Total pore
P (W/w%) (mm) (m?*/g) | volume (cm?/g)
(w/w%)
S-LG 30 8.56 £ 0.04 3.0+£0.2 420+ 19 1.2+0.2
B-LG 30 8.08 £0.03 45+03 406 £ 18 1.8+0.2
S-HG 70 6.99 £0.05 33+0.2 442 £ 25 1.8+0.2
B-HG 70 6.82 £0.02 45+03 316+ 19 1.2+0.2

In one set of experiments the Fe(Ill)-alginate aerogel beads were impregnated with
ibuprofen alone, in another set of experiments the beads were simultaneously impregnated with
ibuprofen and ascorbic acid by adsorptive deposition from supercritical CO, at TUHH. [83]

The loadings of the samples are summarized in Table 14.

Table 14. Drug loading of the different Fe(Ill)-alginate aerogel samples (I = loaded with ibuprofen only,
IA = loaded with ibuprofen and ascorbic acid). Properties of the pristine aerogel samples are given in
Table 13. The error bars were calculated from parallel measurements (n = 3).

Ibuprofen Ascorbic acid . .
Specific loading
Sample mass content | mass content (mg ibuprofen | m* aerogel)
(w/w%) (w/w%) g tbup 8
S-LG-I 41+4 - 1.5+£0.1
B-LG-1 37.9+£0.2 - 1.50 £ 0.01
S-HG-1 36.4+0.9 - 1.30 +£0.02
B-HG-I 37+£2 - 1.8 +£0.1
S-LG-IA 345 4.0+04 1.2+£0.1
B-LG-IA 35+2 43+0.7 1.32+£0.05
S-HG-IA 33.6+0.9 34+£04 1.14 £0.02
B-HG-IA 34+3 34+£04 1.6 £0.1

V-2.1.2. Redox responsive drug release

The release of ibuprofen was measured at pH = 2.0 in HCI and at pH = 7.4 in PBS. All
of the different Fe(Ill)-alginate matrices dissolved (at least partially) in both media in the
timeframe of the experiments (Fig. 43). The beads completely dissolved in 2 h in PBS, but not
in HCI. Earlier studies with Ca(Il)-alginate aerogels concluded that alginate particles form a
macroscopic semi-permeable outer membrane in HCL. [96,97] This layer is composed of alginic

acid gel, which has a low solubility in water. The alginic acid layer never dissolves completely,
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as it is replenished immediately from alginate in contact with HCI, limiting the overall rate of
dissolution in HCI. This mechanism is practically independent of the alginate bead size and the
composition of the polymer, thus assumed to be operative also in the case of the Fe(Ill)-alginate
aerogels (cf. Fig. 43A). In PBS, the particles readily dissolved, and the rate was much faster in
the case of the smaller beads. It is also worth to note that the kinetics was significantly different
in the case of low G and high G samples, besides the size effect.

2.8

330nm I mgaerogel

HCI é PBS
"0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
t(s) t(s)

Figure 43. Dissolution of pristine Fe(Il)-alginate aerogel samples at pH = 2.0 in HCI (left) and at pH =
7.4 in PBS (right). Every 3™ point is shown for clarity.

The aerogel formulations containing only the drug (coded: I) did not display any
difference in drug release in HCI, where sink conditions did not apply (Fig. 44). The kinetics
was also indifferent to the weight of the loaded aerogel in the cuvette. This suggest that the
factor limiting the rate of drug release is the mass transport through the alginic acid layer on the
surface of the dissolving particles. Incorporation of ascorbic acid (code: IA) slightly accelerated
the release of ibuprofen in all samples. This proves that the in situ chemical reduction of the
crosslinking metal ion accelerates the rate of drug release even in highly acidic media.

The release of ibuprofen was much faster in PBS than in HCI (Fig. 44). The experiments
in PBS were run under sink conditions. As seen above, the dissolution of the Fe(Ill)-alginate
matrices are much faster in this medium. Surprisingly, in the case of the high G samples loaded
with ibuprofen alone (S-HG-I and B-HG-I) the rate of drug release dropped to near zero at
reaching ca. 50% ibuprofen dissolution. Nevertheless, ascorbic acid significantly increased both
the rate and the extent of drug release in all samples. This effect was much more pronounced in
PBS than in HCI, which can be accounted for by the following. The aerogel beads take up more

solvent and effectively swell in PBS, while this process is hindered in HCI. The in situ reduction
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of the crosslinking Fe(III) is faster in a swollen hydrogel matrix, thus the accelerating effect is
stronger in PBS. Another important observation is that the effect of ascorbic acid is more
pronounced in the case of the high G samples. The explanation can be the different hydration

and dissolution characteristics of the different alginate backbones.
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Figure 44. The release of ibuprofen from different Fe(Ill)-alginate aerogel formulations in pH = 2.0
HCI (upper panels) and in pH = 7.4 PBS (lower panels). Some aerogel samples were impregnated with

ibuprofen only (code: I; left panels), and some were co-impregnated with ibuprofen and ascorbic acid
(code: IA; right panels) in order to accelerate drug release.

All release curves were mathematically fitted using the Peppas and the Hopfenberg semi
empirical models for drug release. [92] In HCI release medium, the shapes of the release curves
approximately followed the Peppas model with n between 0.40 and 0.44. However, the curves

recorded in PBS could not successfully be fitted with either of these release models.
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As a summary, it can be concluded that the size of the aerogel beads and the G/M ratio
of the Fe(Il)-alginate backbone have only minor effects on the rate of drug release. The slight
increase of the release rate with smaller bead size and higher G content can be observed. More
importantly, the significant acceleration of the rate of drug release is achieved by incorporating

ascorbic acid into the Fe(Ill)-alginate aerogel preparations in all cases.

V-2.2. Calcium alginate aerogel microparticles for pulmonary drug delivery [P9]
Aerogels made of calcium alginate are biocompatible and biodegradable, and their
mucoadhesive properties can be exploited for the delivery of drugs directly to mucosal tissues.
[59,326] Alginate aerogels for pulmonary administration should have suitable aerodynamic size
in the 1-5 um range, low bulk density, low cohesive forces and high flowability as a powder.
[58,327-329] Calcium alginate is not yet approved for dry powder inhaler formulations yet, but
clinical trials have demonstrated its safety in humans (FDA clinical trial NCT02157922). [330]
Calcium alginate aerogel microparticles were prepared in cooperation with Prof. Carlos
A. Garcia Gonzalez at USC for pulmonary delivery applications using compressed air-assisted
prilling gelation, solvent exchange, and drying by supercritical CO». The anti-inflammatory
drug beclomethasone dipropionate (BDP) used for asthma treatment was impregnated into these
alginate aerogel particles under supercritical CO> assisted conditions. /n vitro drug release
experiments were performed to assess the solubilization of the drug from this carrier, and NMR
relaxometry was utilized to correlate drug release and hydration features of the aerogel carriers.
Finally, in vitro cytotoxicity tests in fibroblasts and ex vivo permeability tests in porcine
bronchial tissues were conducted at USC. These biological tests confirmed the absence of toxic
effects of the aerogel formulations, and demonstrated the efficient deposition of BDP from the

porous alginate aerogel carrier in porcine bronchial tissues.

V-2.2.1. General characteristics of Ca-alginate aerogel microparticles

The obtained aerogel particles have high specific surface areas, and the pores are mainly
in the mesoporous range (Table 15). Both the pristine and the BDP-impregnated particles had
spherical shapes with high surface roughness (Fig. 45). The most promising aerogel formulation
impregnated for 9 h in the supercritical CO> assisted process contains 6.7wt% BDP. Powder
XRD measurements performed on the BDP-loaded aerogel formulations confirmed that BDP

was deposited in its amorphous state.
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Table 15. Specific surface area (A4ger), pore volume (7, sm) and mean pore diameter (dpsim) of the Ca-
alginate aerogel, the and BDP-loaded Ca-alginate acrogel obtained after 9 h of scCO, impregnation.

. Ager (m%/g) Voore, BJH dpore, BIH
Formulation
(cm?/g) (nm)
pristine Ca-alginate aerogel 351+17 3.6+0.2 37.0+ 1.8
BDP-loaded aerogel (impregnated 9 h) 299 £ 15 3.1+0.2 31.0+ 1.6

:\» ', : 3 il TUAS ‘:;\,
Figure 45. SEM images in different magnifications of (a) the pristine alginate aerogels and BDP-loaded
alginate aerogels obtained using different contact times in impregnation: (b) 1, (c) 2, (d) 6, and (e) 9 h.

V-2.2.2. In vitro drug release studies of BDP-loaded alginate aerogels

Drug release results obtained by the classical dialysis method [331] are shown in Fig.
46a. The BDP-loaded alginate aerogels exhibit a release pattern characterized by two distinct
phases. First, a sudden (burst) release of BDP takes place during the initial 10 min, followed by
a slow and sustained release. The process is controlled by the limited solubility of the drug,
which was measured to be 4.3 pg/mL in the release medium (PBS of pH = 7.4 with 20V/V%
methanol) at 37 °C. Sink conditions did not apply in this experiment. The aerogel carrier formed
a hydrogel in the longer term, which did not dissolve during the 48 h test.

The observed burst in the first phase of the release kinetics can be explained by the fast
and facile hydration of the porous alginate carrier in the aqueous medium, which instantly repels
the lipophilic BDP initially covering the surface of alginate aerogel backbone. [31] However,
the instantaneously released drug precipitates from the release medium, and can also bind to
the dialysis membrane. Furthermore, the highly hydrophilic nature of the alginate aerogels leads

to microscopic swelling that ultimately collapses the pore structure of the aerogel. As a result,
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some of the BDP can be trapped or re-absorbed in the formed dense hydrogel. In the longer
term, these effects ultimately limit the amount of the dissolved drug in the release medium.
Fast kinetics experiments were conducted to study the first part of the drug release
process. Typical release curves measured by this method are shown in Fig. 46b. The applied
on-line time resolved UV-vis spectrophotometric method unambiguously confirmed the prompt
appearance of high concentrations of BDP in the release medium. The maximum concentration
of dissolved BDP was 45 pM. This concentration is ca. 10 times higher than the solubility of
crystalline BDP (4.6 uM) under the applied conditions. The observed maximum concentration
was reached in ca. 1 min and maintained for an additional ca. 3 min. The drug concentration
then decreased because of the recrystallization and precipitation of BDP from the supersaturated
solution. Overall, the alginate aerogel particles proved to be effective solubilizing aids for the

low water solubility drug under the applied non-sink conditions. [89,90,332]
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Figure 46. (a) In vitro release profile (n=3) of BDP from alginate aerogel carriers in PBS pH = 7.4 with
20V/V% methanol (37 °C, 100 rpm) measured by the classical dialysis method. (b) Drug release profiles
(n=3) of different amounts of BDP-loaded alginate aerogels in the same medium measured by on-line
UV-vis spectrophotometry. Curved lines correspond to the simulated drug release profiles based on the
kinetic model developed by Hirai et.al. [91] Symbols: black squares and gray line: experimental and
simulated data of 1.5 mg BDP-loaded alginate aerogel, respectively; orange circles and yellow line: the
same for 1.0 mg BDP-loaded alginate aerogel, respectively.

The enhanced solubilization and the special drug release profiles can be explained by
the amorphization of BDP deposited on the pore walls of the alginate aerogels in the adsorptive
precipitation in the supercritical fluid-assisted impregnation. [83-85] The hydration of the
alginate and the repulsion of the amorphous drug from the alginate backbone is faster than the
recrystallization of BDP, which leads to a temporally supersaturated solution. [89,90] This
kinetic phenomenon is termed as the “spring effect” in the literature. A mathematical model

was developed by Hirai et.al. to describe such release profiles. [91] This model was adequate
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to fit the release curves with a single data set for the kinetic and solubility parameters, and
varying the starting amount of the BDP-loaded aerogel carrier (Fig. 46b). The successful

modeling further corroborates the above proposed mechanistic considerations.

V-2.2.3. Hydration properties of pristine and BDP-loaded alginate aerogels

The hydration properties of the pristine and the BDP-loaded Ca-alginate aerogels were
evaluated via NMR relaxometry to gain further insights into the drug release mechanism based
on our experience with similar aerogels. Three relaxation domains were detected (Fig. 47). The
lowest 7> values (1* relaxation domain) represent strongly bound water inside the Ca-alginate
fibers, as discussed in Section V-1.4. [95] The evolution of the primary hydration sphere (2™
relaxation domain), as well as the amount of quasi-bulk water in droplets and puddles (3
relaxation domain) give information on the hydration and the wetting of the alginate aerogels.
It is noteworthy to compare the hydration profile of the present pristine alginate aerogel with
the archetypical alginate aerogel. [95] There are major differences in the hydration, namely the
third domain representing water droplets appear at a much lower hydration level in the present
alginate aerogel discussed in Section V-1.4. This indicates that water forms droplets on the
alginate fibers instead of penetrating into the fibers. Thus, the backbone of the present particular
alginate aerogel is less prone to hydrogel formation. These hydration features are beneficial
carrier properties for drug solubilization, because the chance of trapping the drug in a hydrogel

during release is lower.
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Figure 47. NMR relaxometry of partially hydrated (a) pristine and (b) BDP-loaded Ca-alginate aerogels
(first domain: black square, second domain: red circle, third domain: blue triangle).

The explanation for the special hydration properties of the present alginate aerogel is

attributed to the single step solvent exchange of water to absolute ethanol in its preparation,
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whereas the reference alginate aerogel was prepared by multi-step gradual exchange of water
to ethanol. [95] The difference in the hydration profiles are due to the molecular level and the
nanoscale changes of the gel structures during the different solvent exchange procedures. Such
phenomena are discussed in a recent paper. [333] The one-step solvent exchange process could
have increased the resistance of the resulting alginate gel against dissolution by water, which is
beneficial for the fast release of the loaded drug from the surface of the pores.

Comparing the hydration profiles of the pristine and the loaded alginate aerogels, the
2" domain (red circle) representing the primary hydration sphere appear at a significantly later
stage of hydration in the BDP-loaded aerogel. This is also true for the third domain of the water
droplets, suggesting that the solid alginate backbone of the BDP-loaded aerogel is somewhat
masked by the deposited drug, and thus, less susceptible for hydrogel formation.

V-2.3. Covalently labeled florescent silica-gelatin aerogel microparticles for in vitro and
in vivo biocompatibility and biodistribution experiments [P10, P11]

The lack of the biodegradability of silica aerogel raised an ever-growing interest in fully
biobased and hybrid materials in order to broaden the area of use and ensure safe applications.
Besides oral and nasal delivery, subcutaneous, intraperitoneal and other administration routes
gained significance. Using aerogels as DDS in these routes also requires the monitoring of the
particles in the living system. Tracking the movement and possible accumulation of aerogel
particles in different organs are crucial to ensure their safety and to gather more information for
developing targeted delivery. The most convenient monitoring technique in animal studies is
fluorescence imaging. [203,334] For biocompatibility investigations, a potential method is the
in vitro time-lapse video-microscopy, which enables long-term dynamical observations. [335]
A good labeling technique should not alter either the aerogel matrix or the fluorescence
properties of the dye to obtain representative results in subsequent biological experiments. To
reach this goal, we investigated the feasibility of two strategies for the labeling of hybrid silica-
gelatin aerogel by covalently binding fluorescein isothiocyanate either to the amino groups of

gelatin molecules, or to amine-functionalized silica prior to sol-gel condensation.
V-2.3.1. Fluorescence spectroscopy characterization of labelled aerogels

The shapes of the absorption and the emission peaks of both the homogeneously labeled

and the selectively labeled aerogels are identical to those of hydrated fluorescein (Fig. 48).
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Figure 48. Normalized 3D fluorescence spectra of hydrated fluorescein (aqueous solution) (left) and
selectively labeled aerogel dispersed in phosphate buffer (right). Maximum fluorescence intensities

were obtained at Aex = 490 nm (red). T =25 °C, PBS, pH = 7.0.

The time-resolved fluorescence properties of the samples were measured by a laser-
flash instrument using different excitation wavelengths (Table 16). At Aex = 532 nm, only the
fluorescein moieties are excited, thus the unlabeled aerogel and dissolved gelatin does not give
any fluorescence signal. At Aex = 355 nm dissolved gelatin displays characteristic fluorescence,

resulting in a broad emission peak with a maximum around 400 — 410 nm. At Aex = 266 nm, a
new emission peak of gelatin appears at around 305 nm. [336] As a conclusion, the covalent

links do not alter the photophysical properties of the dye, regardless of the labeling strategy.

Table 16. Fluorescence lifetimes at different excitation and emission wavelengths measured by a laser

flash instrument. Stable aerogel suspensions were studied.

fluorescence lifetime (ns)
lex=332nm  Aex=355nm  Ae= 266 nm Aex=266 nm
hem= 560nm Aem=305nm
dissolved gelatin — 3.8+£0.6 - 1.8+0.3
unlabeled aerogel — - - -
dissolved fluorescein 4.6+0.1 4.6+0.2 4.7+0.2 -
homogeneously labeled aerogel 43+0.2 4.0+0.2 41+0.2 -
selectively labeled aerogel 44+£0.5 42+04 4.0+0.8 -

V-2.3.2. Biocompatibility and biodistribution of silica-gelatin aerogel microparticles
It was proved via in vitro experiments with SCC-VII cells that silica-gelatin aerogel is

non-toxic and displays good biocompatibility. Time-lapse microscopy imaging scans showed
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no signs of apoptosis, or necrosis, or any harmful effect at the different phases of the cell cycle.
The surface of the aerogel microparticles proved to be suitable for the adhesion of the cells. In
addition, the cells had a more directed and faster movement towards the aerogel microparticles
then their motion in the control culture, probably due to the collagen content of the particles.
The biodistribution pathways and the physiological effects of fluorescein-labeled silica-
gelatin aerogel microparticles (FSGM) were investigated by injecting their suspension into the
peritoneum (abdominal cavity) of healthy C3H mice. In general, the injected FSGM were well
tolerated over the 3-week-long acute toxicity experiments. No reduction was observed in food
intake, no physiological defects or dysfunctions were detected, and all mice were healthy at the
end of the experiments. The autopsy revealed the important finding that the FSGM were not
present at the site of injection in the abdominal cavity of the animals at the end of the
experiment. The histological study of abdominal organs (liver, spleen, kidneys, thymus) and
lymphatic tissues showed no signs of toxicity. The localization of the FSGM was studied by
fluorescence microscopy. Aerogel microparticles were not detected in any of the abdominal
organs, but they were clearly visible in the cortical part of the parathymic lymph nodes, where
they accumulated. The accumulation of the aerogel microparticles in the parathymic lymph
nodes in combination with their absence in the reticuloendothelial system organs, such as the
liver or spleen, suggests that FSGM entered the lymphatic circulation. A similar biodistribution
pathway was observed before for dry ink particles injected into the abdominal cavity of mice.
[337] The entrance of silica—gelatin aerogel microparticles into the lymphatic circulation can
be exploited to design passive targeting drug delivery systems for flooding metastatic pathways

of abdominal cancers that spread via the lymphatic circulation.

V-2.4. Methotrexate functionalized silica-gelatin aerogel microparticles [P12, R1]
Methotrexate (MTX) is one of the most widely used agents in the treatment of cancer
and autoimmune diseases such as rheumatoid arthritis and Crohn’s disease. [338-341] MTX is
an effective anti-tumor drug [342-344], but its application has several disadvantages. Since the
absorption of MTX in the gastrointestinal tract follows saturation type kinetics with increasing
concentration, its bioavailability is dose dependent. [345] This results in a short plasma half-
life (5—8 h) and low drug concentrations in the target tissues. [346-348] Several drug delivery
approaches have been developed to overcome the shortcomings of conventional MTX therapy,

including pro-drug approaches using bioconjugates with gelatin. [104,111-115]
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Silica-gelatin hybrid aerogels are excellent candidates for controlled drug delivery,
because various cell lines tend to closely interact with silica-gelatin aerogel microparticles.
[206,349] Thus, the objective of this study was to prepare MTX functionalized silica-gelatin
hybrid aerogel microparticles and investigate their cytotoxicity against some widely used solid
tumor (SCC VII), leukemic (HL-60) and immortalized (HaCaT) cell lines.

Gelatin-methotrexate conjugate was prepared following the synthesis route developed
by Kosasih et.al. [113] Silica-gelatin-MTX hybrid aerogels (SGM) were prepared from the
bioconjugate by co-gelation with TMOS, solvent exchange and drying by supercritical CO».

V-2.4.1. Methotrexate release from the functionalized aerogel

Soaking SGM particles for 72 h in 0.01 M HCI solution, in pH = 5.0 acetate buffer or in
pH = 7.4 PBS yielded MTX concentrations below this quantification limit (Table 17).
Similarly, practically no MTX dissolution was detected in the supplemented DMEM-HAM’S
F12 medium, regardless of its FBS content. Incubating SGM particles with SCC VII cell
cultures for 72 h resulted in 9% of the total MTX dissolved in the culture supernatant. When
only the supernatant of SCC VII cell culture was used as a dissolution medium, 12% MTX was
released in 72 h. In experiments where SCC cell growth was induced by a gelatin coating, an
MTX release of 9% was measured in the SCC lysate, and 12% in the culture supernatant.
Incubation of functionalized hybrid aerogel (SGM) particles with CAT-B enzyme resulted in
the release of 5% of the total conjugated MTX. [114]

Table 17. The release of methotrexate (MTX) from the aerogel in 72 h under various conditions.

Medium & conditions Released MTX

Buffer (pH = 2.0; 5.0; 7.4) <3 %
DMEM-HAM’S F12 <3 %

SCC VII cell culture 8.6+1.9%

Cell culture supernatant 11.8+£2.0%

Induced cell culture lysate 87+x12%

Induced cell culture supernatant 11.6+1.4%

Cathepsin B in PBS 4.6+09%

V-2.4.2. HaCaT, SCC VII and HL-60 cell growth inhibition
The growth inhibitory effect of the SGM microparticles was assessed on 2 cancerous

cell lines (SCC VII, HL-60) and on an epithelial cell line (HaCaT). The SGM particles inhibited
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the growth of every cell line at every SGM concentrations after at least 24 h incubation (Fig.
49). The MTX content of 2.0 mg/mL SGM is approximately equivalent to 0.2 mg/mL free MTX
(control experiment No.2), because the MTX content of SGM is ca. 6wt% by the dry weight.
The dose dependent cytotoxic effect of SGM was the most pronounced in HL-60 cells. The
inhibition of growth of the SCC cells was also pronounced at every SGM concentration, but
only after 48 h incubation. The HaCaT cultures were tolerant towards 0.5 mg/mL SGM, but the
viability decreased significantly when applying 1.0 and 2.0 mg/mL SGM concentrations.
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Figure 49. Summary of MTX functionalized silica-gelatin hybrid aerogel (SGM) growth inhibition tests
conducted with HaCaT, SCC VII and HL-60 cell lines for 24 h (A), 48 h (B) and 72 h (C) of treatment.
The bars show the percentages of growth relative to control cell cultures measured by the MTT assay.
All experiments were run in triplicates. Significance levels at *: p <0.05 and **: p <0.01.

The various drug dissolution tests proved, that the covalently attached MTX is not
released from SGM without the interplay of living cells, because the amide-bond linking MTX
to the aerogel backbone does not hydrolyze in cell free buffers, and can only be partially cleaved
by the collagenase enzyme Cathepsin B. In contrast to this, the incubation of the SGM particles
with cell containing medium and cell culture supernatant caused the release of MTX. A feasible

explanation is that the collagen coating on the flasks triggered the collagenase production in the
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cells, and in turn, the treatment of SGM with the induced lysate and media caused the release
of MTX. In summary, the complex collagenase activity of cells can liberate MTX from SGM.
The applied cell lines have different collagenase activities due to their different biological
functions. Collagenase activity is required for HaCaT cells to support their migration on the
collagen matrix [350], and the enhanced collagenase activity of tumor cells is needed for the
degradation of the extracellular matrix. [115] Thus, it is reasonable to assume that the main
difference in the cytotoxicity of SGM against the tested cells lines is related to the difference in
their collagenase activities. It is also noteworthy, that the quantitative growth inhibitory effect

of SGM is equivalent to that of an equal dose of free (aqueous) MTX.

V-2.4.3. Future outlook

The MTX bioconjugate aerogel microparticle drug formulation does not target oral
administration, but could advantageously be applied e.g. as a post-operative treatment in a body
cavity. The size of the aerogel delivery vehicle is similar to the size of cancer cells. The
importance of this lies in the fact that the metastatic pathways of the tumor cells can be flooded
with such micronized particles carrying antimetabolites. A high local concentration can be
reached in lymphatic and/or extracellular focal points and in sentinel lymph nodes, as shown in
preliminary studies. [349] Thus, these microparticles can particularly be useful in the treatment
of diffuse tumors. Furthermore, the application of the hybrid aerogel microparticles could meet

the requirements of postoperative treatment and metastatic prophylaxis.

V-3. Mechanisms of interfacial processes in aerogels [P13-P17]
V-3.1. Sorption of methylene blue from aqueous solution on silica aerogels [P13]

In recent years, functionalized mesoporous silica aerogels have gained significance in
various applications. This generated increasing demand for the thorough understanding of the
mechanisms of aqueous phase sorption processes on these advanced materials. The evaluation
of the experimental data on fast sorption processes is often simplified, because the system
cannot be followed with sufficiently high time resolution. In order to overcome this limitation,
we designed a set of kinetic experiments to explore the intimate nature of the aqueous phase
sorption properties of mesoporous hydrophilic aerogel particles. The common cationic dye
methylene blue (MB) was selected to be the model compound for the mechanistic studies,
solely, because it is still widely applied in sorption and other heterogeneous benchmark studies.

[351,352] We developed an on-line UV-Vis spectrophotometric method to follow the sorption
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of MB with 1 s time resolution, and show that sophisticated spectrophotometry is suitable to
provide reliable and reproducible kinetic data in a heterogeneous system. Finally, we construct
an advanced mechanistic model based on Langmuir-type sorption models [353-357] for the

interpretation of the kinetic and thermodynamic results.

V-3.1.1. Kinetic and sorption experiments

The kinetics of the sorption of MB on aerogel particles was followed by injecting an
aqueous MB solution into an aerogel suspension under continuous stirring in a cuvette and
following the spectral change on-line by a UV-Vis spectrophotometer. When the MB solution
is injected, ca. 8 s is needed for the dispersion of the dye. [358] After this initial period, a steady
decrease in absorbance was detected with biphasic kinetic characteristics (Fig. 50). During the
sorption experiments, the aerogel particles became visibly colored and aggregated to large

(even ca. 0.5 mm) blocks that settled from the suspension even under continuous stirring.
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Figure 50. Kinetic curves detected after injecting an MB solution into an aerogel suspension. The initial
concentration of the aerogel was constant (340 pg/mL), and the initial concentrations of MB were 2.5,
7.4,9.9,14.8,22.0,29.1 and 36.1 uM. Kinetic curves are shown from 8 s after injection. Green dots are

experimental data points. Continuous red lines are the results of global data fitting to the kinetic model
given in Scheme 13. ¢(NaH;PO4+Na,HPO4) = 50 mM; pH = 6.93; 25 °C; 1000 rpm stirring.
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Sorption isotherm. The aerogel was centrifuged after reaching equilibrium at the end of each
kinetic experiment, and the concentration of the remaining dissolved MB was quantified by
spectrophotometry (Fig. 51). As expected, the amount of adsorbed MB calculated from the
absorbance of the centrifuged solution is the same as given by the total absorbance change

during a kinetic experiment. The experimental isotherm was fitted with the Langmuir model:

MB + S <= SMB (13)
Kags = _Gm cmp = [MBlgq + Cge1Ssmp 1= 65+ Osus (14)
[MB]EqHS
el 1 1\°
AA = elcgeisOsmp = > (cgels + cuB + Kads> - <cgels + cvB + Kads) — 4cMmBCgelS ¢ =

~ ¢ KadsCMBCgelS
1+ KadsCMB

(15)

where MB is dissolved methylene blue, S represents an unoccupied adsorption site on the
aerogel and SMB is the adsorbed dye occupying an adsorption site. Kags is the Langmuir
equilibrium constant. The total concentration of MB is cvs. The total concentration of the
aerogel is cgel in g/L units. The number of adsorption sites on the aerogel particles is s in mol/g
units. fs and fsmp represent the surface coverage of free and occupied sites, respectively. The
absorbance change is A4. The experimental isotherm of Fig. 51 was fitted with eq. 15; and the

following parameters were estimated: Kags = (1.8 £0.2) x 10° M}, s =48 £ 5 umol/g.
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Figure 51. The experimental isotherm of the adsorption of MB. The y axis displays the absorbance

change accompanying the depletion of the dye from solution due to adsorption. Brown dots: measured

by the centrifugation method. Green dots: determined from the kinetic experiments. Brown line: best fit
by eq. 15. c¢(gel) = 340 pug/mL; c(NaH,PO4+Na,HPO4) = 50 mM; pH = 6.93; 25 °C; 1000 rpm stirring.
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Validity of Beer’s law. The measured absorbance of the suspension containing MB is the
superposition of two components: the absorbance of dissolved MB and the apparent absorbance
of the aerogel particles due to extinction. The additivity of the absorbances of the heterogeneous
and homogeneous components has been tested in several systems earlier. The results confirm
that the absorbances of the components are additive in a limited concentration range.
[178,179,359] In Fig. 52A, we present the spectrum of a well stirred aerogel suspension, the
spectrum recorded immediately after the addition of MB to this suspension, the difference
spectrum of these two and, finally, the spectrum of a pure MB solution. The difference spectrum
and the spectrum of the pure MB solution are practically identical confirming that the apparent
absorbance arising from the extinction of the suspension and the absorbance of dissolved MB
are additive in the studied wavelength range. The absorbance vs. cgel plot is linear with zero
intercept (Fig. 52B). Accordingly, any absorbance change observed in this system is solely due

to physico-chemical processes associated with the specific interactions of MB and the aerogel.
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Figure 52. Left: a) The UV-vis spectrum of a well stirred aerogel suspension (331 ug/mL), b) the
spectrum recorded immediately after the addition of MB to this suspension, c) the difference spectrum
of these two, d) the spectrum of the MB solution (10.2 uM). Right: Absorbance versus concentration
plot of the aerogel suspension. ¢(NaH,PO4+Na,HPO,) = 50 mM; pH = 6.91; 25 °C; 1000 rpm stirring.

V-3.1.2. Detailed kinetic model

The concentration of dissolved MB decreases in time after MB is added to the aerogel
suspension. The apparent absorbance of the aerogel caused by light scattering also decreases,
because a portion of the particles covered by MB aggregate into large blocks (0.5 — 1 mm), and
some of these aggregates settle down in the stirred suspension being removed from the light
path of the photometer. The aggregation of the aerogel particles is induced by the adsorption of
MB, because the cationic dye masks the negative surface charge of the particles that diminishes

particle-particle repulsion.
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The initial rate of absorbance change is proportional to both the initial MB concertation
(emB) and the initial aerogel concentration (cger). This indicates that the simplest kinetic model,
i.e. the Langmuir model, [353,356,357] can be applied to describe the reversible adsorption of
MB on aerogel particles in the applied concentration range. In order to adequately interpret the
observed biphasic kinetics (cf. Fig. 50), the adsorption facilitated aggregation of aerogel
particles also needs to be taken into account. For the sake of simplicity, the aggregation is
assumed to be a second order kinetic process with respect to the particles covered by MB. The

kinetic model incorporating both of these reversible steps is given in Scheme 13.

R1) MB+S — SMB ki1 =(1.09+0.03) x 10° M ' s7!

R2) SMB— MB+S ky=(2.0+0.1)x 102 s!

R3) 2 SMB — aggregate ks=(1.4+0.1)x10*M 5!

R4) aggregate — 2 SMB ks=(3.1£0.1)x 103 s7!

d[giB] — —k,[MB][S] + k,[SMB] (16)
d[s]

= = —Jy[MB][S] + k [SMB] 17)
d[Sdl\fB] — 44, [MB][S] — k,[SMB] — 2k;[SMB]? + 2k, [agar] (18)
d[a:igr] = +k3[SMBJ* — ky[aggr] (19
Oscgers = [S] (20)
OsmpCgers = [SMB] + 2[aggr] (21)
cmp = [MB] + GsmpCgels O+ G = 1 (cf.eq.14)

Scheme 13. Kinetic model detailing the adsorption of methylene blue (MB) on aerogel particles. A free
adsorption site on the aerogel is symbolized by S, and an occupied site by SMB. The first process (R1
and R2) is the reversible adsorption of the dye, and the second process (R3 and R4) is the reversible
aggregation of those aerogel particles that are covered by MB. The time-dependent concentrations of
dissolved MB, free and covered aerogel particles and aggregates are [MB], [S], [SMB] and [aggr],
respectively. The initial (total) concentrations of MB and the aerogel are cvp and cel, respectively. Time-
dependent surface coverage is 6. The adsorptive capacity of the acrogel is s = 48 umol/g.
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The contribution of these species to the measured absorbance signal at time 7 is given by:
At = {SMB [MB] + €gel [S] + g*gel [SMB] + gaggr[aggr]}l (22)

where A' is the measured absorbance, and ¢ denotes the molar absorbance of each species.
Integrating the ordinary differential equation system of Scheme 13 gives A" as a function of
time. Using this method, the kinetic curves in Fig. S0 were fitted simultaneously by minimizing
the difference between the measured and calculated absorbance values. The fit is reasonably
good at every cvs. The estimated constants are given in Scheme 13. The estimated value of
&'gel is the same as the independently determined &g, implying that the adsorption of MB on
the aerogel does not affect the apparent absorbance (extinction) of these particles. The estimated
value of eaggr 1s zero within the experimental error, meaning that the contribution of the
aggregates to the absorbance is practically zero. This is not unexpected because the aggregates
are removed from the detection light path via sedimentation.

Another model to describe biphasic kinetics could be constructed by assuming that MB
adsorbs on the aerogel particles on multiple different sorption sites with different rates, e.g.
inside smaller and larger pores. [360] However, the multi-site adsorption of MB can be ruled
out considering that NMR diffusiometry showed that small molecules can enter and exit the

pore system of the aerogel in a practically uninhibited manner in a few milliseconds timescale.

V-3.2. Adsorption of methylene blue from aqueous solution on quartz [P14]

Methylene blue (MB) is often a model compound in sorption studies. Due to its planar
structure with 14 delocalized electrons, this compound is easily involved in molecular stacking
interactions. Consequently, MB readily forms dimers and higher level aggregates in solution
even at micro-molar analytical concentrations. [361-364] The thermodynamic and UV-Vis
spectroscopic characteristics of MB adsorbed on silica surface are well understood. [180-183]
There seems to be a consensus in the literature that MB forms a monolayer on silica when
adsorbed from solutions of high micro-molar concentrations at short contact times. The UV-
Vis spectrum of adsorbed MB shows a blue shift at around 600 nm, which has been attributed
to dimer formation on the surface, similar to solvated dimers. [184]

The introduction of an aqueous solution of MB into a standard spectrophotometric
quartz cuvette is always followed by a 1-3% decay in the absorbance signal of MB in the first
few minutes. We have conducted a rigorous mechanistic study to account for this phenomenon

and connect it with the sorption of MB on the inner surface of the quartz cuvette.
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V-3.2.1. Experimental procedures and considerations

The most convenient way to study the adsorption of MB on the inner surface of a quartz
cuvette is by simply injecting an aqueous MB solution into an empty cuvette and following the
spectral change on-line by a UV-vis spectrophotometer under continuous stirring. However, we
experienced better reproducibility and robustness when the MB solution was not directly
injected into the empty cuvette, but into an aqueous buffer already stirred inside the cuvette.
The moment of injection can clearly be identified in the recorded kinetic traces (Fig. 53). A
steady absorbance decay was detected, which was attributed exclusively to the depletion of the

dye from solution due to adsorption on the quartz surface.
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Figure 53. Absorbance change detected after injecting a methylene blue (MB) solution into a quartz
cuvette. The black curve was recorded by injecting 70 uL. of a 1.00 mM MB solution into 2.00 mL
buffer stirred in a cuvette. Some time is required for homogenization. The magenta curve was recorded
after injecting 2.00 mL of a 33.8 uM MB solution into an empty dry cuvette containing only a stirrer.
The first vertical dotted line at 13 s indicates the time of injection of the dye in the first experiment. The
second dotted line at 21 s indicates the time of injection in the second experiment. The time shift between
the two kinetic curves gives the time needed for homogenization in the first experiment (8 s). The inset
shows the same two kinetic curves on a longer time scale. co(MB) = 33.8 uM; ¢(NaH,PO4+Na,HPO4) =
50 mM; pH = 6.84; 25 °C; 1000 rpm mixing.

A(615nm)

Solution phase dimerization of methylene blue. The UV-Vis spectra of aqueous MB solutions
were recorded in the concentration range from 1.00 uM to 1.00 mM. The absorbance versus
c(MB) plots are non-linear at various wavelengths, which is unambiguously attributed to the
solution phase dimerization of MB. [363] The dimerization equilibrium constant of MB
(phosphate buffer; pH = 6.9; I = 0.10) was estimated to be log(Kr) = 3.9 + 0.1, which is in good
agreement with literature data reporting log(Kr) of 3.5-3.9 under different conditions. [362,363]

Kinetics of adsorption of methylene blue. After injecting a MB solution into a buffer solution,

a steady decrease in absorbance was detected at all wavelengths (Fig. 54) with biphasic kinetic
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characteristics (Fig. 55). The number of the light absorbing components in a time-resolved UV-
Vis spectral series was estimated to be 2 by the singular value decomposition of the data.
[365,366] The results are consistent with the presence of the main absorbing species (hydrated
MB) and an additional weakly absorbing component (presumably the absorbed MB). Plotting
absorbance values recorded in the same experiment at different wavelengths versus each other
gives a straight line regardless of the chosen wavelength pairs. This proportionality means that

the data obtained at different wavelengths carry exactly the same information.
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Figure 54. Time resolved difference spectra obtained after injecting 70 uL of a 1.00 mM methylene
blue (MB) solution into 2.00 mL buffer stirred in a quartz cuvette. The spectra were calculated by
subtracting the final spectrum (the spectrum recorded when the adsorption process was complete) from

the spectrum recorded at a given reaction time. Inset: the corresponding kinetic curve at 292 nm. co(MB)
= 33.8 uM; c(NaH,PO4+Na,HPO,4) = 50 mM; pH = 6.89; 25 °C; 1000 rpm mixing.

The UV-Vis spectrum of MB adsorbed on the wall of the cuvette was recorded by
equilibrating the cuvette for 15 min with a MB solution, then discarding it. The spectrum of this
pre-treated cuvette represents the UV-Vis spectrum of MB adsorbed on its quartz wall. This
experiment was performed at several MB concentrations, and we found that the spectrum of
adsorbed MB does not show any blue shift compared to its solution phase spectrum when 10 —
50 uM solutions were used for equilibration. (Fig. 56). The similarity of the spectra of adsorbed
and solution phase MB at low concentrations indicates that MB forms a monolayer on the quartz
surface in the applied concentration range. Aggregates are not formed when the cuvette is
treated with dilute MB solutions, and the dimerization of MB is not favored on quartz.
Apparently, dimerization on the surface takes place only when the surface is in contact with
100 — 1000 uM MB solutions, which already contain MB dimers.

The kinetic curves and the spectral change attributed to MB adsorption from 1:1 ethanol

are almost identical to those recorded in water. The lack of any significant solvent effects means
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that the adsorption of MB on quartz is not influenced by its solution phase dimerization, as this
is suppressed in ethanol. [367] It also follows that it is not the dimer which promotes monolayer
formation on the surface. Furthermore, the excellent reproducibility of the adsorption studies in

1:1 ethanol-water rules out any possible side effects (e.g. ion-pair formation) arising from the
use of phosphate buffer in the kinetic experiments.
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Figure 55. Kinetic curves detected after injecting 10 — 70 puL of a 1.00 mM MB solution into 2.00 mL
buffer solution stirred in a quartz cuvette. Kinetic curves are shown from 8 s after injection. Black dots

are experimental data points. Continuous green lines are the results of global data fitting to the kinetic
model given in Scheme 14. c(NaH,PO4+Na,HPO,) = 50 mM; pH = 6.89; 25 °C; 1000 rpm mixing.

Experimental observations indicate that the protolytic equilibria involving the quartz

surface, as well as, the stirring rate of the solution have profound effects on the adsorption
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process. Under acidic conditions, the quartz surface and, to some extent, MB (pK.=1.69 [361])
are protonated, thus, the attractive Coulomb interaction between them diminishes. This leads to
limited adsorption of the dye. Basic pH enhances the negative surface charge of silica, thus,
facilitates the adsorption. Stirring provides an efficient way for transporting MB to the surface,

but the rate of the adsorption becomes independent of stirring at sufficiently high stirring rates.
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Figure 56. a) UV-Vis spectrum of 50 uM aqueous MB solution. b) UV-Vis spectrum of an empty quartz
cuvette equilibrated with the 50 uM MB solution. This spectrum represents the transmission UV-Vis
spectrum of MB adsorbed on quartz. ¢) The same as b), but in this case a 1.0 mM MB solution was used.
All spectra are normalized to the absorbance measured at 664 nm. This transformation magnifies spectra
b) and ¢) ca. 10-times compared to spectrum a). The absorption peak of the MB monomer at 664 nm
dominates spectra a) and b), and the peak at 612 nm is characteristic for the MB dimer in spectrum c).

V-3.2.2. Adsorption isotherm

The characteristic isotherm for the adsorption of MB on quartz was constructed by
plotting the amplitude of the absorbance change in the kinetic experiments (cf. Fig. 55) as a
function of the MB concentration (Fig. 57). None of our experimental results suggest a
deviation from monolayer adsorption, thus the isotherm was fitted to the Langmuir. The extent
of dimerization of MB in aqueous solution is small in the applied concentration range, and

negligible in the context of the model.

MB+S <—= SMB (23)
Kaqs = O5up ¢ =[MB] +sOup/V 1= 6+ Osup (24)
ads = TVB] 6y

where MB is hydrated methylene blue, S represents an unoccupied site on the surface and SMB
is the adsorbed dye occupying a site. Kags is the equilibrium constant of monolayer adsorption,

V is the volume of the solution in the cuvette. The total concentration of MB is ¢ and the number
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of moles of adsorption sites on the quartz cuvette is s. Square brackets denote equilibrium
concentrations. fs and Osmp represent the surface coverage of free and occupied sites,
respectively. The absorbance change associated with the adsorption of MB on quartz (A4) is
due to the lower apparent molar absorptivity of adsorbed MB compared to hydrated MB. On

the basis of Beer’s law, A4 is given as follows:

AA = gg01l501¢ — (&501l501[MB] + €adslags[SMB]) = (&so1ls01 — €adslads) [SMB] =
= E[SMB] (25)

Here &s01 and €a4s are the molar absorbances of hydrated and adsorbed MB, respectively; while
lsot and /lags are the optical pathlengths. E is the difference between the molar absorptivity of
hydrated and adsorbed MB. The molar absorbance of hydrated MB is well known and /so1 = 1.0
cm in our experiments. In principle, l.¢s could be calculated from the thickness of the adsorption
layer on the surface, but the uncertainty associated with estimating the thickness makes any

effort to separate eags and /ugs pointless.
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Figure 57. Experimental isotherm describing the adsorption of methylene blue (MB) on the surface of
a quartz cuvette. Black points: difference between measured initial and equilibrium absorbance values
(i.e., amplitude of spectral change, A4) as a function of the analytical concentration of MB (c(MB)).
The corresponding experimental kinetic curves are shown in Fig. 55. Green line: best non-linear least
squares fit to the Langmuir isotherm, assuming that only MB monomers adsorb to the surface (eq. 26).
Red line: best non-linear least squares fit assuming that only MB dimers adsorb to the surface (eq. 29).
(NaH,PO4+Na;HPO,4) = 50 mM; pH = 6.89; 25 °C; 1000 rpm mixing.

According to earlier studies, the absorbance of adsorbed MB drops to ca. 10 % compared
to that of in solution. [180,368] Our observations are in line with such a difference, thus E is

fixed at 90 % of &so1%/s0l in the calculations. A4 can be given by combining eq. 24 and eq. 25:
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As shown in Fig. 57, equation 4 fits the experimental data reasonably well. The non-
linear least squares fitting yields the following estimates for the parameters: Kags = (1.5 £ 0.5)
x10* M and 5 = (7.0 £ 1.8) nmol (equivalent to 3.5 uM MB in 2.0 mL solution). The volume
of the MB solution is 2.0 cm? and the surface of the cuvette covered by this solution is 9.0 cm?.
This translates into 7.8 x 1071 mol adsorbed MB per cm? quartz. Therefore, the area per
adsorbed MB molecule is 21 A? (21 x 1072 m?). This is in good agreement with the area
requirement of MB measured previously under conditions when a monolayer forms, and MB
molecules bind roughly perpendicularly to the surface. [364,369]

The amount of adsorption sites is 7.0 nmol, and the amount of MB present in solution
was 60 nmol (2.0 mL of a 30 uM solution) at most. The small difference in the amount of
available sites and MB predicts that the outer hydration sphere of the sites is never saturated
with MB. This is in agreement with the adsorption of MB being faster with increasing MB
concentration (cf. Fig. 55). The rate of adsorption does not level off, as would be expected if it
was controlled by the amount of dye in the outer hydration sphere of quartz. On the contrary,
MB is rapidly adsorbed, and effective mixing was needed to replenish it near the surface.

The visible total reflection spectrum of adsorbed MB on quartz is reported to show a blue
shift in the 600 — 700 nm wavelength range. A similar blue shift is also associated with the
formation of the hydrated MB dimer. [180,184] In the case of the formation of a monolayer
exclusively from the dimers on the surface when ¢ >> [(MB):] + [S(MB):], the following

expressions can be derived using the simplest, Langmuir-type adsorption model:

2 MB <= (MB): (MB): + S ~—= S(MB) 27)
_ [(MB),] _ Osmp2 _ 25 Osmpy

Kr = IMBJZ Kagsz = TMB, 105 ¢ = [MB] + 2[(MB),] + —

1= 65+ Gsmp: (28)

2
KadsZKfC

AA = 2E 6. V =2FE——————s/V

(29)
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Here, K is the dimerization constant of hydrated MB and Kags> is the equilibrium constant
describing the monolayer adsorption of the MB dimers. Other symbols were defined earlier.
The comparison of the data sets (Fig. 57) clearly shows that the characteristic sigmoid profile
of the calculated curve is absent from the experimental data.

The results confirm that the quartz surface does not facilitate the dimerization of MB in
the adsorption layer. This conclusion is also supported by the noted similarity between the UV-
Vis spectra of adsorbed and solution phase MB recorded after equilibrating the quartz surface

with relatively low concentration MB solution (Fig. 56).

V-3.2.3. Kinetics and mechanism of adsorption

The biphasic shape of the kinetic curves is invariant to the ratio of the in situ dilution of
MB (Fig. 55). If solution phase dimerization were slow and had significant contribution to the
measured absorbance decay, the kinetics should depend on dilution. Thus, a kinetic model was
developed based on the following considerations: i) the absorbance change is solely caused by
the adsorption of MB; ii) in line with the analysis of the isotherm, only monolayer adsorption
occurs; iii) the observed biphasic kinetics can be consistent with dimerization on the surface,
but the molar fraction of the adsorbed dimers cannot exceed that of hydrated dimers, as
discussed in connection with the transmission UV-Vis spectrum of adsorbed MB (cf. Fig. 56);
iv) on a longer time scale, the isomerization of the binding of MB can take place. [370] The
simplest model to give biphasic kinetics and include the adsorption of both dimers and
monomers is practically the consecutive adsorption of two MB molecules to the same surface
site. [371] However, this model is inadequate to describe the experimental kinetic data. An
alternative kinetic model is the relatively fast reversible adsorption of MB on the surface in the
first step, and a slower isomerization of the binding mode of the adsorbed species in a second
reversible step (Scheme 14).

The monolayer capacity of quartz was set to be 7.0 nmol. The resulting fit is good at
every initial concentration (Fig. 55). The observed spectral changes can also be successfully
reconstructed using the model of Scheme 14. The calculated spectra of MB present in different
binding modes on quartz are reasonable, and the calculation, as expected, is not sensitive to
c(MB), as seen in Fig. 58. It is interesting to note that no blue shift can be observed in these
reconstructed spectra, which is in good agreement with the measured transmission UV-Vis
spectra of adsorbed MB (Fig. 56). The assumption that the molar absorbance of hydrated MB

decreases by ca. 90% upon adsorption on quartz is also strengthened by these results.
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(30)
(3D
(33)

(34)

Scheme 14. Kinetic model detailing the adsorption of a methylene blue (MB) to a surface site on quartz.
The first process (reactions RS and R6) is the reversible monolayer adsorption of the dye, and the second
process (reactions R7 and R8) is an isomerization in the mode of binding on the surface. Square brackets

indicate time-dependent actual concentrations, and k; represent rate constants.
surface coverage. Further details are given in the text and in Fig. 58.
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Figure 58. Calculated UV-Vis spectra of hydrated MB and MB monomers adsorbed on quartz in
different binding modes. SMB is the primary product of adsorption, and SMB! forms on a longer time

scale. The calculation was based on the kinetic model of Scheme 14.
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V-3.3. Adsorption of aqueous bovine serum albumin on silica aerogel particles [P15]
Silica-based aerogels have considerable innovation potential in biotechnology and
medicine as enzyme and drug carriers, and tissue scaffolds. [31,61,372-374] These applications
generate a demand for understanding the interactions of these nanostructured materials with
biomolecules and living organism. [116,193] Serum albumins are widely used model proteins
in interface research. [185,375,376] BSA is a soft protein, thus its aqueous tertiary structure is
significantly influenced by the pH. [ 185-187] Protein sorption on solid surfaces usually displays
complex mechanisms sensitive to the physico-chemical environment (temperature, pH, ionic
strength, etc.), as well as, the chemical structure and morphology of the sorbent. [188-191]
Two-state models are generally accepted for describing the binding of proteins. Two
alternatives are proposed: 1) Initially, the protein binds via weak interactions, and subsequently
undergo a transformation into a strongly bound state on the surface. 2) The formation of weakly
bound and strongly bound forms of proteins on the surface are parallel processes depending on
available sorption sites. [192-195] In this study, the interaction of BSA and an archetypical
mesoporous silica aerogel was investigated in aqueous media using on-line time-resolved UV-
vis spectrophotometry and turbidimetry. The pH-dependent binding of BSA on aerogel

microparticles was elucidated based on a global kinetic analysis.

V-3.3.1. Zeta potentials of BSA and suspended silica aerogel particles

The (-potentials of aqueous BSA and silica aerogel microparticles were measured as a
function of pH in the presence of acetate and phosphate electrolytes at the same ionic strength
(/= 10.10 M; Fig. 59). The isoelectric point of BSA is between pH = 4.5 and 5.0 in both media,
which agrees with literature data. [185] The {-potential values at a given pH are different
depending whether acetate or phosphate is present both in the case of BSA and silica aerogel
microparticles, which indicates the specific interactions of these with acetate and phosphate
ions in accordance with the Hofmeister series theory. [377-379] The generally negative (-
potential of silica aerogel strengthens the idea of the specific sorption of anions form the
corresponding electrolytes. In the absence of these anions, the isoelectric point of amorphous

silica particles is reported to be at pH = 3.5. [223]
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Figure 59. Zeta potentials ({) of aqueous BSA and silica aerogel microparticles as a function of pH in
the presence of 0.01 M acetate (a), or phosphate (b) electrolytes at constant ionic strength (/ = 0.10 M).

V-3.3.2. Sorption of BSA on silica aerogel microparticles

When aqueous BSA is injected into a stable aerogel suspension, a rapid increase in
turbidity is immediately visible, which is well-aligned with the corresponding UV-vis spectral
change (Fig. 60). The initial concentrations of BSA and silica aerogel were varied in a series of
kinetic experiments at pH = 4.6 in acetate buffer, and at pH =6.4 in phosphate buffer (Fig. 61).
Two well-separated steps are present in all the experimental kinetic curves regardless of the pH

and concentration conditions.
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©
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Figure 60. (a) Time-resolved UV-vis spectral change following the mixing of aqueous BSA to a stable
silica aerogel suspension. (b) The corresponding kinetic curves at 280 nm and 400 nm. Inset: photograph
of the aerogel suspension in a cuvette before adding BSA and 5 min after mixing. [co(aero) = 100 pg/mL;
co(BSA) =300 ug/mL; pH = 4.6 acetate buffer; 800 rpm stirring; 25.0 °C].
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Figure 61. Series of kinetic experiments using different initial concentrations of BSA at pH = 4.6 in
acetate buffer (a) and at pH = 6.4 in phosphate buffer (b). The markers are experimental data points and
the continuous lines are the results of global data fitting using the model in Scheme 15. Some of the
corresponding simulated time-dependent concentration profiles are shown in Fig. 62. [co(aero) = 100
pug/mL; co(BSA) = 50 — 400 pg/mL; 800 rpm stirring; 25.0 °C].

Kinetic model construction. A kinetic model is proposed in Scheme 15, which consists of two

reversible processes denoted as reactions R9/R10 and R11/R12.

R9 BSA + AERO — PROD k9 (adsorption of BSA)

R10 PROD — BSA + AERO  kio (desorption of BSA)

R11 BSA + PROD — AGGR k11 (aggregation)

R12 AGGR — PROD + BSA k1> (disaggregation)

S —  koX[BSAJX[AERO] + kioX[PROD] — k11 x[BSA][PROD] + 55)
+k12X[AGGR]

SAZE0)— _ kox[BSAJX[AERO] + k10X [PROD] (36)
SPROP] — + kox[BSA][AERO] — k1oX[PROD] — k11 x[BSA][PROD] + -
+k12X[AGGR]

AIASGR — + k11 x[BSA]*[PROD] — ki< [AGGR] (38)

Scheme 15. Kinetic model for the sorption of BSA on aerogel particles. Four species are defined: aerogel
particles (AERO), bovine serum albumin (BSA), bovine serum covered aerogel (PROD) and aggregate
(AGGR). The k parameters are the rates constants. The differential equation system describing the time-
dependent concentration of each species ([BSA], [AERO], [PROD], [AGGR]) is given below the
reaction steps. Fitted kinetic curves are shown in Fig. 61. The estimated kinetic parameters are given in
Table 18. Simulated time-dependent concentration profiles are shown in Fig. 62.
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First, BSA is adsorbed on the aerogel particles (AERO) yielding protein covered
particles (PROD) in R9. Desorption takes place in R10. Second, the subsequent sorption of
additional BSA results in the aggregation of the covered aerogel particles (AGGR) in R11. The
physico-chemical rationale is that the extensive sorption of BSA alters the electrical double
layer of the aerogel particles, and thus, destabilizes the colloid system. [190] Disaggregation
takes place in R12. Similar models proposing two stages of protein binding have successfully
been used earlier to describe the interaction of BSA with different silica surfaces. [190,193]

The kinetic model of Scheme 15 was used for global data fitting on the basis of
quantitative UV-vis spectrophotometry, as follows. The baseline of the recorded UV-vis spectra
is elevated in the full studied wavelength range, because of the extinction (apparent absorbance)
of the aerogel particles. The light absorption (absorbance) of BSA is superimposed onto this
baseline (cf. Fig. 60). As experimentally validated, the total measured absorbance follows
Beer’s law for the absorption of BSA and the extinction of the suspended aerogel particles. This

is summarized in eq. 39 and eq. 40. [127,178,217,380]
A'= A'sa + A'arro + A'proD + A'AGGR (39)
A'= (eBsa[BSA]+ earro[AERO] + eprop[PROD] + eacar[AGGR])! (40)

In these equations, A' is the time-dependent measured absorbance and the A'species are the
absorbances of BSA and the different aerogel particles. In eq. 40, the absorbances are expressed
for each species as the products of their molar absorbances or extinction coefficients (€specis)
and their time-dependent concentrations (/ is the optical length). The final (equilibrium) BSA
concentrations after the establishment of the equilibrium in the colloid system were determined
experimentally by analyzing the clear supernatants. These equilibrium BSA concentrations
were used as fixed input data in the global fitting. Additional fixed input data were the molar
absorbance of BSA and the extinction coefficient of AERO that were measured independently.
All other parameters were estimated by simultaneously fitting all experimental kinetic curves
at two wavelengths (280 and 400 nm) using the GEAR algorithm with the ZiTa software.
[381,382] The goodness of fit is exceptional in the case of the experiments in acetate buffer (cf.

Fig. 61 and Table 18). Simulated time dependent concentration profiles are shown in Fig. 62.
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Table 18. Kinetic parameters for the model of Scheme 15 estimated by global fitting. The corresponding
fitted curves are shown in Fig. 61.

ko [ng'Ls™] kio [pg'Ls™'] kit [pg'Ls™'] ki2 [ng'Ls™!]
acetate | (7.5+0.1)x 105 [ (7.2£0.1) x 10| (3.6 £ 0.1) x 107*| (1.4 % 0.1) x 103

phosphate | (4.4 +0.2) x 10 | (8.0 + 1.0) x 10| (5.9 £ 0.4) x 10 | (1.4 £ 0.3) x 10

200 400
150 300
J J
%100 %200 . -
© 50 © 100

0 " 100 200 o 100 200
t(s) t(s)

Figure 62. Simulated time dependent concentrations of aerogel particles (AERO), bovine serum
albumin (BSA), BSA covered aerogel (PROD) and aggregate (AGGR) calculated at two different initial
BSA concentrations of co(BSA) = 200 pg/mL (a) and co(BSA) = 400 pg/mL (b) at pH = 4.6 in acetate
buffer [cf. Fig. 61a; co(acro) = 100 pg/mL; 800 rpm stirring; 25.0 °C]. The simulation is based on the
kinetic model of Scheme 15 using the parameters in Table 18. The color code is given in the legend.

V-3.3.3. Sorption isotherm and mechanism of sorption

The sorption isotherm measured in acetate buffer is shown in Fig. 63. The classical
isotherm models (Langmuir, Temkin, etc.) are evidently not adequate to describe a two-stage
sorption process, because of the fundamental differences in the underlying mechanisms.
[193,383] However, the model in Scheme 15 is adequate to give the final (equilibrium)
concentrations of the different species in the aerogel-BSA system. The measured maximum
sorption capacity is 0.96 = 0.10 ug BSA per 1 pg of silica aerogel in acetate buffer at pH = 4.6,
which is reasonable in the case of multilayer sorption of proteins. The sorption capacity is
significantly less, 0.52 + 0.10 pg BSA per 1 pg of silica aerogel in phosphate buffer at pH =
6.4. The difference is due to the alteration of the Zeta potentials of BSA and silica as a function
of pH (cf. Fig. 59). Both the sorption of BSA and the subsequent aggregation of the aerogel
particles is more extensive at pH =4.6 in acetate buffer where the Zeta potential of BSA is close

to zero, yet still positive, and that of the aerogel is negative.
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Figure 63. Panel (a): Time dependent concentration of bovine serum albumin ([BSA]) in experiments
of different initial BSA concentrations (co(BSA) = 50, 100, 200, 300, 400 pg/mL) at pH = 4.6 in acetate
buffer. Dotted lines show the final (equilibrium) BSA concentrations. [cf. Fig. 61; co(aero) = 100 pg/mL;
800 rpm stirring; 25.0 °C]. Panel (b): Sorption isotherm showing the mass of bound BSA per 1 pg of
silica aerogel (geq) as a function of the equilibrium concentration of aqueous BSA ([BSA]gq) following
the completion of the aggregation process.

Importantly, the electrostatic protein—protein repulsion is nearly minimal at pH = 4.6, which
results in the high packing density of the protein on the aerogel surface. [190,193] The highly
compact structure of BSA under these conditions ensures maximum sorption capacity and the
formation of a highly packed protein layer (also termed as corona) on the silica aerogel particles.
This BSA layer has an effective charge close to zero, meaning no stabilizing Coulomb repulsion

between the covered aerogel particles, which evidently facilitates their aggregation. [190,195]

V-3.4. Reactivities of Cu(Il)-cyclen and Cu(II)-cyclam functionalized aerogels [P16, P17]

We realized the covalent immobilization of copper(Il) 1,4,7,10-tetraazacyclo-dodecane
([Cu(Il)-cyclen]*") and Cu(Il) 1,4,8,11-tetraazacyclotetradecane ([Cu(Il)-cyclam]*") in silica
aerogels. These Cu(II)-complexes were chosen because of their high catalytic activities in redox
reactions including H>O, activation and biological antioxidant processes. [212,384,385] Both
complexes show high thermodynamic stability and kinetic inertness. The half-lives of the
dissociations are 0.87 days for [Cu(Il)-cyclen]*" in 2.0 M HCIO4 (25°C) and 2.7 days for
[Cu(Il)-cyclam]*" in 1.0 M HC1 (30°C). [386,387] The functionalized aerogels were thoroughly
characterized, and their reactivities were quantitatively compared to those of their aqueous
counterparts in two catalytic systems. The alteration of the catalytic activities were accounted

for by the complementary structural information on the functionalized aerogels (Scheme 16).
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Scheme 16. The preparation steps and the chemical structures of the Cu(Il)-cyclen and Cu(Il)-cyclam
functionalized aerogels based on the combined MS and NMR ['H-NMR, 'H-'H COSY, 'H-'H TOCSY
and ("H,"*C)-HSQC] characterization of the synthetic precursors. The coordination modes of Cu(Il) in
the functionalized aerogels were studied by EPR as detailed in the main text. In the case of CuClen-AG,
the macrocycle is attached to the silica backbone via two linkers in trans position. In the case of the
CuClam-AG, the majority of the macrocycle is attached via two linkers in the form the two cis position
isomers. A minor portion of the cyclam macrocycle can be present in attachment via one linker.
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V-3.4.1. Chemical structures and morphologies of functionalized aerogels

The covalent attachment of the macrocyclic ligands to the organosilica moieties were
verified before gelation by NMR and MS techniques, and further verified by the FT-IR study
of the as-prepared functionalized aerogels (Scheme 16).

The copper-contents of the Cu(II)-cyclen containing aerogel (Cu-Clen-AG) is 1.59wt%,
and that of the Cu(Il)-cyclam containing aerogel (Cu-Clam-AG) is 1.13wt%. No leaching of
copper was detected from the functionalized aerogels at basic and neutral pH in 8 h at 37 °C.
In slightly acidic buffers, max. 11% of the copper content of CuClen-AG and max. 26% of that
of CuClam-AG was released at pH = 4.0 in 8 h at 37 °C. The corresponding UV-Vis spectra of
the supernatants clearly show that the liberated Cu(Il) species are the respective macrocyclic
complexes in both cases, and not free (aqueous) Cu(Il).

Contrast variation SANS measurements verified that the immobilized Cu(II)-complexes
are distributed evenly in the solid aerogel backbones and do not form nanosized clusters.

Nitrogen-sorption measurements show that CuClam-AG is a typical mesoporous silica
aerogel with a high apparent specific surface area and narrow pore size distribution. However,
the apparent surface area and cumulative pore volume of CuClen-AG are significantly lower
(Table 19). The Nz-adsortpion-desorption isotherms and the SEM images are indicative for the
presence of a large number of macropores in CuClen-AG. These morphological differences are
well-related to the application of different base catalysts for the sol-gel preparation of the

different functionalized gels.

Table 19. Structural parameters of CuClen-AG and CuClam-AG estimated by the classical BET and
BJH methods from N> adsorption-desorption data.

CuClam-AG CuClen-AG
Specific surface area (m? g!) | 874 £ 69 464 £33
Pore volume (cm3 g1) 39+0.4 1.7+0.1
Mean pore size (nm) 43+3 45+2

Electron paramagnetic resonance spectroscopy (EPR) results verify the presence of the
expected Cu(Il) complexes in both of the as-prepared aerogels. The measured spin-Hamiltonian
parameters confirm that the Cu(Il) ions are bound to the respective macrocyclic cavities, and
the EPR parameters correspond well to those obtained for the original [Cu(II)-cyclam]** and
[Cu(Il)-cyclen]*" complexes in frozen solution. [388] The EPR spectrum of the as-prepared

CuClam-AG supports that the Cu(I) complexes are not close enough to each other to cause an
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antiferromagnetic coupling. Both the dry powder and the frozen suspension spectra of CuClen-
AG suggest that the immobilization of Cu(Il)-cyclen in the aerogel leads to the formation of a
new Cu(Il) complex species next to the complex that is well related to the free Cu(Il)-cyclen.
In this new complex, most probably one of the nitrogen atoms is not involved in the binding of
Cu(II), and replaced by the hydroxyl group of the linker side chain. The same scenario is not
operational for the CuClam-AG, thus, it is reasonable to assume that the coordination sphere of
Cu(IT)-cyclam is not altered upon immobilization.

The Zeta potential of the functionalized aerogel particles is positive in acidic media and
close to zero around neutral pH (Fig. 64A). The isoelectric points of the functionalized aerogels
are at significantly higher pH values than that of the parent silica aerogel (pH = 4) due to the
presence of the cationic Cu(Il)-complexes. The functionalized aerogels erode in aqueous media

similarly to pristine silica aerogels, and yield stable suspensions of microparticles (Fig. 64B).
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Figure 64. Panel A: The Zeta potentials of the hydrated CuClen-AG (red) and CuClam-AG (blue)
microparticles as a function of pH. Panel B: Size distribution of the hydrated aerogel microparticles.

V-3.4.2. Catalytic oxidation of phenol by H20: in the presence of CuClen-AG
V-3.4.2.1. Reaction intermediates

Phenol was oxidized by H20> in aqueous media in the presence of either dissolved
[Cu(Il)-cyclen]** or suspended CuClen-AG in an equivalent amount regarding the metal
complex. Both the homogeneous and the heterogeneous reactions were followed on-line by
UV-vis spectrophotometry (Fig. 65), and off-line by capillary electrophoresis (CE). The
spectral changes correspond to the depletion of phenol, the concerted formation of multiple
UV-vis absorbing reaction intermediates, and finally, the depletion of these intermediates. Four
intermediates were identified in both of the reaction systems using CE: 1,2-dihydroxybenzene

(1,2-DH); 1,4-dihydroxybenzene (/,4-DH); 1,2-benzoquinone (/,2-BQ) and 1,4-benzoquinone
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(1,4-BQ). [212] The on-line recorded time resolved UV-vis spectra of the reaction mixtures are
also characteristic for these intermediates (Fig. 65B).

The pH values of the reaction mixtures change during the reaction due to the formation
of dicarboxylic acid products. The starting pH is between 4.4 and 5.6 depending on the initial
concentrations of phenol and H»>O,. The final pH after the oxidation of the DH and BQ

intermediates is between 3.1 and 3.3, depending on the conditions of the kinetic experiments.
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Figure 65. Panel A: Time resolved UV-vis spectra recorded during the oxidation of phenol by H>O; in
the presence of CuClen-AG. Inset: kinetic curve at 400 nm (co(phenol) = 4.3 mM; co(H.05) = 300 mM;
Ceatalyst = 0.027 mM; 70 °C). Panel B: UV-vis spectra of 1,2-BQ (blue) and /,4-BQ (green) superimposed
on the baseline corrected spectrum of the mixed reactants (black) and the spectrum of the reaction
mixture when the intermediates are present at maximum concentration levels (red).

V-3.4.2.2. Kinetic model

In the heterogeneous experiments, light scattering from the aerogel caused a slight
elevation in baseline of the UV-vis spectra. This effect was corrected by the subtraction of the
apparent absorbance (extinction) of the aerogel at each reaction time point. [178,217] At 400
nm, only the /,2-BQ and /,4-BQ intermediates absorb light. Thus, the kinetic curves start at
zero absorbance, and return to zero absorbance by the oxidation of these intermediates
(Fig. 66). A semi-quantitative observation is that the oxidation of phenol, thus the formation of
the intermediates are faster when using CuClen-AG, but the subsequent oxidation of these
intermediates is significantly faster in the presence of dissolved Cu(II)-cyclen.

The simplest kinetic model found to adequately describe both reaction systems is given
in Scheme 17. The proposed reaction steps (R13—R24) are the same for the homogeneous and

the heterogeneous systems, and all are kinetically second order.
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Figure 66. Kinetic curves recorded at different catalyst concentrations in the homogeneous (A) and
heterogeneous (B) reactions. Markers: measured data. Lines: results of global fitting using the kinetic
model of Scheme 17. co(phenol) = 4.3 mM; co(H202) = 300 mM; ceatatyst = 0.027 — 0.546 mM; 70 °C.
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Scheme 17. Kinetic model for the catalytic oxidation of phenol. All reaction steps are second order, and
the rate constants are in the unit of M s™'. The rate constants were estimated by global data (ccatalyst =
0.027 — 0.546 mM; co(phenol) = 1.0 — 5.7 mM; co(H20,) = 200 — 500 mM). Calculated kinetic curves
are shown in Figs. 66 and 67. [CuCat: catalyst, CuCat*: activated catalyst, Phe: phenol, Prod: product]
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The first step (R13) is the direct reaction of H>O, with Cu(Il)-cyclen producing the
intermediate CuCat*. Based on previously published studies, we propose that the reactive
CuCat* intermediate is a Cu(Il)-hydroperoxide complex of Cu(Il)-cyclen. [389-391] This
elementary reaction step is of key importance in the kinetic model, because this is naturally the
first step in the catalytic cycle. Once formed, CuCat* reacts rapidly with phenol, and its
stepwise oxidation products. The direct oxidations of these dihydroxybenzenes (R17 and R18)
and quinones (R21 and R22) by H>O» are also considered, together with the direct oxidation of
H202 by CuCat* (R14), as a side reaction. [392] A general nature of multistep reaction systems
is that the absolute rate of a reaction step that consumes an intermediate cannot be higher than
the rate of the step producing this intermediate, because the concentration of the intermediate
would otherwise drop to very small values rapidly halting the reaction. CuCat* is a steady-state
intermediate under both heterogeneous and homogeneous conditions, and the rate of Phe
degradation is determined by the interplay of several kinetically coupled reaction steps.
Therefore, we refrained from using any approximations and applied the approach of global
kinetic data fitting and simulation. [393] The differential equations were solved and the kinetic
curves were globally fitted using the program package ZiTa. [382] The molar absorbances were

determined independently and were fixed during fitting.
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Figure 67. Calculated concentrations of phenol, the intermediates and the oxidation products as function
of reaction time using the same initial concentrations of the reactants in the homogeneous (A) and
heterogeneous (B) systems. The calculations are based on the results of global fitting using the kinetic
model of Scheme 2. The experimental and the fitted UV-vis kinetic curves are shown in Fig. 66 (green
markers and lines). co(phenol) = 4.3 mM; co(H20>) = 300 mM; Ceatalyst = 0.273 mM; 70 °C.

Satisfactory fitting results were obtained in the selected range of initial concentrations as shown
in Fig. 66. The estimated rate constants are given in Scheme 17, while Fig. 67 shows the

calculated concentration profiles of phenol, the intermediates and the oxidation products as
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function of reaction time. In general, the oxidation of phenol and the intermediates display very
distinctive kinetics in the heterogeneous and the homogeneous systems. Most of the catalytic
reactions are faster in the presence of the homogeneous catalyst, but some trends are similar in
the rate constants of the analogous reactions. The oxidation of phenol to /,4-DH (R16) is
significantly faster than the formation of /,2-DH (R15) in both the heterogeneous and the
homogeneous systems. However, the subsequent oxidation of /,4-DH to 7,4-BQ (R20) is
significantly slower than the oxidation of /,2-DH to /,2-BQ (R19). Finally, the overoxidation
of 1,4-BQ (R24) is faster than that of /,2-BQ (R23) in both systems.

Earlier reports indicate that /,2-DH could reduce Cu(II) compounds to Cu(I) and induce
Fenton-like reactions. [394] We introduced such reaction steps in the kinetic model, but the
global fitting was sensitive to these in either reaction systems. The explanation can be that the

reductions of Cu(Il)-complexes are preferred only under highly acidic solutions. [394]

V-3.4.2.3. Mechanistic considerations

The kinetic properties of the heterogeneous reaction system are the consequence of
multiple kinetic and mass transport effects. The mass transport (diffusion) of H>O» is practically
unhindered in the pores of silica aerogel, similar to that of water. [127] However, the diffusion
of phenol and its oxidation products are assumed to be hindered in the pores, which is reflected
in the low rate constants of reactions R15, R16, R23, R24.

Interestingly, the activation of the catalyst in reaction R13 is faster in the case of the
CuCy-AG compared to the dissolved Cu-cyclen. One effect can be the separation of the copper
centers as shown by SANS and EPR, which might inhibit the unwanted interactions of the
catalytic centers. Furthermore, the local concentration of H20O: can be elevated inside the pores,
which can also cause the increase of the effective rate constant of the activation. In addition,
the EPR studies showed the presence of another Cu(Il) species in the aerogel. Here, either the
binding of an apical hydroxyl group, or a partially occupied equatorial plane is expected. On
the basis of earlier studies, the equatorial plane of the Cu(Il) is expected to contain a displaced
water molecule. [389,390] This probably provides an easier attack for the H>O> and readily
yields the active form of the catalyst, i.e. the Cu(Il)-hydroperoxide complex. In contrast, the
homogenous system unambiguously possesses one exclusive Cu(Il) species, wherein all the
four equatorial places of Cu(Il) are accommodated by the nitrogen atoms of the cyclen moiety.
Consequently, the formation of the active form of the catalyst by H>O» (R13) requires the

rearrangement of the coordination sphere, and results in a lower rate of the activation.

— 145 -



V. RESULTS AND DISCUSRIGY mar . | ozsef @ci ence. uni deb. hu 362

V-3.4.3. Superoxide dismutase (SOD) catalytic activities of functionalized aerogels

The SOD activity of the suspended aerogels were tested using the indirect xanthine /
xanthine oxidase / NBT assay. Several control experiments were performed. It was confirmed
that suspended pristine silica aerogel does not exhibit any SOD activity. The occurrence of side
reactions between the reactants and the functionalized aerogels were ruled out. The aerogels do
not inhibit the production of the superoxide anion by xanthine oxidase. It was also confirmed
that the NBT detector molecule is not reacting with the functionalized aerogels.

The IC50 values that are inversely proportional to SOD activities, were determined by
the classical xanthine / xanthine oxidase / NBT assay under different conditions (Table 20).
The first important observation is that the aqueous [Cu(II)-cyclen]* complex does not exhibit
any SOD activity. Consequently, the SOD activity of the CuClen-AG microparticles certainly
arises due to the immobilization of Cu(Il)-cyclen. Furthermore, the results clearly demonstrate
that the functionalized aerogel microparticles show excellent performance in the dismutation of
superoxide anion. This effect is more pronounced at pH 6.45, however, it is important to note
that the rate of the non-catalyzed disproportionation of superoxide also increases by decreasing

the pH. When benchmarked against several previously reported aqueous Cu(Il) complexes and

immobilized Cu(Il) species, the present aerogels display good performance. [198,395-397]

Table 20. The ICso (uM) values of dissolved and immobilized SOD mimetic systems determined by the
classical xanthine / xanthine oxidase / NBT assay.

pH pH =17.60 pH = 6.45
T 37°C 25°C 37°C
[Cu(D)-cyclam]?* 0.8+0.1 26.1£0.8 0.42 +0.08
[Cu(ID)-cyclen]?** N.A. N.A. N.A.
CuClam-AG 0.20+0.07 1.7+£0.1 0.09 +0.01
CuClen-AG 4+1 2.1+0.2 0.61 +£0.01

V-3.4.3.1. Reactivities of covalently immobilized Cu(Il) complexes

The ICso of the CuClam-AG is one order of magnitude smaller than that of dissolved
[Cu(Il)-cyclam]**, demonstrating a significant increase in the SOD activity due to the covalent
immobilization. In order to account for this, several factors have to be considered. First, the
chemical surroundings of Cu(II) is different in the aerogel due to the covalent linkers, however,
new coordination modes were not detected by EPR. Second, the Cu(Il)-cyclam moieties are

molecularly dispersed in the highly permeable aerogel skeleton, as shown by SANS and EPR.
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This ensures the accessibility of the catalytic sites, while the nanoscale curved pore walls exert
a confinement effect. [212,398] Third, on the basis of coordination chemical considerations,
immobilization stabilizes the activated form of the complex produced by reacting with
superoxide, and inhibits intermolecular side. Finally, the Zeta potential of the CuClam-AG
particles is only slightly negative at the pH of the SOD activity experiments, which does not
hinder the transport and sorption of superoxide anion.

The increase of the SOD activity as a result of the covalent immobilization is even more
profound in the case of CuClen-AG. In this aerogel, the covalent linkers alter the molecular
environment of Cu(Il). Here, the EPR data unambiguously show that covalent immobilization
directly leads to the alteration of the coordination geometry of Cu(II). The logical assumption
is that the new species with a somewhat distorted coordination geometry is the catalytically
active component in the functionalized aerogel, because the hydrated [Cu(II)-cyclen]*" does not
exhibit any SOD activity. [396] Apparently, the noted structural feature is strong enough under
the applied conditions to compensate for the slightly negative Zeta potential of the particles.

Consequently, the most important factors responsible for the altered reactivities of the
immobilized complexes compared to the aqueous ones are as follows. i) The formation of new
chemical environments, i.e., new catalytically active complex species due to the covalent
immobilization. ii) The effective separation of the active Cu(Il) centers. iii) The confinement

effect operative in the nanoporous network.
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VI. SUMMARY AND OUTLOOK

In this dissertation, I collected some of the most interesting results we obtained between
2015 and 2025 while investigating the structures and applications of aerogels. Our research
interest is driven by the desire to understand the relationships among the chemical structures,
nanoscale architectures and physico-chemical properties of this unique family of materials.
Aerogels are dry solid gels that display low envelope densities (even below 0.1 g/cm?) with
porosities as high as 99%. Their open nanostructured solid skeleton can have an accessible
specific surface area as high as 1300 m?/g. The size of the characteristic nanoscale structural
elements is from a few nanometers to a few hundreds of nanometers. Aerogels can be fabricated
from a wide range of materials including, but not limited to inorganic oxides, carbon, metals,
biopolymers and synthetic polymers. The wide range of base materials combined with the large
variety of unique nanoscale morphologies enable advanced applications, such as superior
thermal and electrical insulation and shielding, molecular level separation and purification,
stimuli responsive drug delivery, tissue engineering, advanced electrochemistry and catalysis.

First, we explored the intimate mechanism of hydration and the consequent structural
changes in silica-gelatin, silica-casein and borosilicate-PV A hybrid aerogels. Implications were
put forward for exploiting the tunable hydration properties in oral drug delivery applications.
We also gave and explanation to the hydration induced macroscopic changes observed in Ca-
alginate and Kevlar aerogels by constructing multi-scale mechanistic models.

Novel drug delivery systems were also developed mainly for oral, local and pulmonary
administration. We have shown that our Fe(III)-alginate aerogels are versatile redox-responsive
delivery systems. We formulated Ca-alginate into microparticles of limited hydrophilicity that
yielded an unprecedentedly high solubilization effect for a very hydrophobic commercial drug.
Silica-gelatin aerogels were administered in the form of suspension to cell cultures and into the
abdominal cavity of mice to explore their biological response and biodistribution.

Finally, we explored the intimate mechanisms of interfacial processes on aerogels. We
constructed mechanistic models for the adsorption of a model dye and a model protein on
suspended silica aerogel microparticles. We have shown that macrocyclic Cu(Il) complexes
display elevated reactivities in selected redox reactions when immobilized in silica aerogel. We
have systematically explored the kinetics and the mechanism of these catalytic reactions.

With these results we hope to contribute to the molecular level of structure-property-
function relationships in functional aerogels. We have specifically chosen the above detailed
aerogel systems, because we believe that these are the closest to be designed systematically and

translated to industrial scale standardized manufacturing needed for commercialization.
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VIL. OSSZEFOGLALAS ES KITENKINTES

Ebben a disszertacidban az aerogélek szerkezetének és alkalmazasainak vizsgalata soran
elért legérdekesebb eredményeinket gyiijtottem dssze a 2015. és 2025. kozotti évekbdl. Kutatasi
érdeklodésiinket foként az a torekvés vezéreli, hogy megértsiik ezen egyediilallé anyagcsalad
kémiai szerkezete, nanoszerkezete ¢€s a fizikai-kémiai tulajdonsagi kozotti kapcsolatokat.

Az aerogélek kicsi (akar 0,1 g/cm? alatti) stiriségli, 95-98% porozitasu szilard gélek.
Nyitott, nanoszerkezetli szilard vazuk akar 1300 m*/g hozzaférhetd fajlagos feliiletet is biztosit.
A jellemz0d nanoszerkezeti elemek mérete a néhany nanométertdl a néhany szaz nanométerig
terjed. Az aerogélek sokféle szerkezeti anyagbdl allithatok eld, beleértve, de nem kizarolagosan
a szervetlen oxidokat, a szenet, a fémeket, a biopolimereket €s a szintetikus polimereket. Az
alapanyagok széles kore és a nanoszerkezeti morfologia sokfélesége fejlett alkalmazasokat tesz
lehetové, mint példaul kivald ho- és elektromos szigetelés, molekularis szintli szeparacid és
kinyerés, ingerre reagald gyogyszeradagolas, szovetpotlas, elektrokémia és katalizis.

Els6ként szilika-zselatin, szilika-kazein és boroszilikat-PV A hibrid aerogélek hidrataci-
6janak molekularis szinti mechanizmusat és az ezzel dsszefiiggd szerkezeti valtozasokat vizs-
galtuk. Javaslatokat tettlink a hibridek Osszetételével szabalyozhatd hidratacios tulajdonsagok
kiaknazasara oralis gyodgyszeradagolasi alkalmazasokban. Magyardzatot adtunk tovabba a
hidratacio hatdsara megfigyelt makroszkopikus valtozdsokra Ca-alginat és Kevlar aerogélek
esetében tobb méretskalan ativel6 mechanisztikus modellek felallitasaval.

Uj gyogyszerhordozo rendszereket fejlesztettiink, elsdsorban oralis, lokalis és pulmona-
lis alkalmazasokra. Redoxi kornyezetre érzékeny hordozorendszereket fejlesztettiink Fe(III)-
alginat aerogélekbdl. Olyan korlatozottan hidrofil aerogél mikrorészecskéket formulaltunk Ca-
alginatbol, amelyek példatlanul nagy oldékonysagnoveld hatdst eredményeztek egy erdsen
hidroféb pulmonalisan adagolt gydgyszerhatdanyag esetében. Szilika-zselatin aerogélek bio-
kompatibilitasat és biodisztriblicidjat vizsgaltuk sejtes kisérletekben és €16 allatok segitségével.

Mechanisztikus modelleket dolgoztunk ki egy modellfesték és egy modellfehérje
adszorpcidjara szuszpendalt szilika aerogél mikrorészecskéken. Kimutattuk, hogy egyes mak-
rociklusos Cu(Il)-komplexek fokozott reakcioképességet mutatnak bizonyos redoxireakciok-
ban, ha szilika aerogélben immobilizaljuk 6ket. Részletesen kinetikai modelleket allitottunk fel.

Eredményeinkkel a modern aerogélekre jellemzd szerkezet—tulajdonsag—funkcio 6ssze-
fliggések molekularis szintli megértéséhez kivanunk féként hozzajarulni. A disszertacidmban
bemutatott aerogél rendszereket kifejezetten azért valasztottuk, mert ugy véljiik, ezek allnak
legkozelebb ahhoz, hogy szisztematikusan tervezhetdk é€s ipari méretekben, szabvanyositott

gyartasi folyamatok mellett kereskedelmi forgalomba hozhatok legyenek.
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