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Abstract

A comprehensive study of release kinetics of a hydrophilic drug from bio-aerogels based on
pectin was performed. Pectin aerogels were made by polymer dissolution, gelation (in some cases
this step was omitted), solvent exchange and drying with supercritical CO,. Theophylline was
loaded and its release was studied in the simulated gastric fluid during one hour followed by the
release in the simulated intestinal fluid. Pectin concentration, initial solution pH and concentration
of calcium were varied to tune the properties of aerogel. The kinetics of theophylline release was
monitored and correlated with aerogel density, specific surface area, and aerogel swelling and
erosion. Various kinetic models were tested to identify the main physical mechanisms governing

the release.
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1. Introduction

Bio-aerogels are dry, highly porous and ultra-light polysaccharide materials with a very high
internal pores’ surface area (several hundreds of m?/g) [1-4]. Most of them, except aerogels based
on nanocellulose, are prepared via polymer dissolution, gelation or direct non-solvent induced
phase separation and drying with supercritical (sc) CO2 [1, 3, 5]. The latter allows avoiding pore
collapse, which may occur during drying at ambient pressure, and keeping the morphology of the
dry material similar to that of the gel. Because of their unique properties, bio-aerogels are attractive
materials for numerous applications such as thermal and acoustic insulation, catalyst support, fuel
cells, capacitors, absorption and adsorption, and food packaging [1, 4-6]. Recently, bio-aerogels
have also emerged as controlled drug delivery systems [7-10], which aim at the localized and
sustained release of therapeutic agents, decrease the number of drug administrations and protect
the drug from (enzymatic) degradation. By tuning and controlling synthesis conditions, bio-
aerogels potentially allow for high drug loadings [11]. In addition, bio-aerogels may increase the
bioavailability of low solubility drugs, improve drug stability and allow for a precise control over
the release kinetics. Furthermore, aerogels hold promise for wound dressing applications [12].

Among the various polysaccharides, pectin, a polyelectrolyte found abundantly in the cell walls
of plants and in fruits, is particularly interesting for biomedical applications such as drug delivery
because of its biodegradability, biocompatibility, bioactivity as well as its gelling and stabilizing
abilities [13]. Pectin is composed of a linear chain of galacturonic acid units, branched with
ramnosyl units and neutral sugars. The galacturonic acid units can be methyl esterified, defining a
degree of esterification (DE). The gelation of pectin solutions depends on various parameters,
including pectin concentration, temperature, pH and concentration of metal ions. Below the pKa
of pectin (3.0-3.5) [14], and depending on the polymer concentration, physical gelation may occur

at room temperature due to hydrogen bonds between hydroxyl and protonated carboxyl groups as



well as hydrophobic interactions between methyl ester groups [15, 16]. Above the pKa, the addition
of divalent cations, such as calcium ions, may lead to the gelation of pectin solutions due to the
formation of intermolecular junction zones via ionic bonds following the ‘egg-box’ model [17]. In
this case, the deprotonated acid moieties of galacturonic acid units interact with divalent cations
and create strong intermolecular ionic bridges. Pectin is gastro-resistant, which facilitates the
potential use of pectin aerogels in oral drug delivery applications. In addition, the preparation
conditions of pectin solutions and gels can be varied widely, which allows for a broad range of
aerogel morphologies and properties.

A limited number of publications report on pectin aerogels for drug delivery purposes. Pectin
aecrogel beads of millimeter size for the release of antibiotic and anti-inflammatory drugs were
made via a prilling technique [18] and via dropping a pectin solution into a metal ion salt solution
[19]. Also, sub-millimeter sized pectin [20] and pectin-alginate hybrid [21] aerogel microspheres
for the release of the anti-inflammatory drug ketoprofen were prepared via an emulsion-gelation
technique. Horvat et al. prepared pectin-xanthan hybrid aerogel coatings for the release of the non-
steroidal anti-inflammatory drugs diclofenac sodium and indomethacin [22]. Tkalec et al. [23] and
Horvat et al. [24] investigated pectin aerogel monoliths for the release of the poorly water-soluble
drug nifedipine. Pantic et al. [25] prepared pectin monoliths for the release of the multifunctional
compound curcumin, which is used as food additive, in cosmetics and as potential drug.
Veronovski et al. reported on the release of the hydrophilic model drugs theophylline and nicotinic
acid from apple and citrus pectin aerogel monoliths and multi-layer aerogel beads that were
crosslinked with Ca®" ions [26]. The more sustained release from citrus pectin aerogels compared
to apple pectin aerogels was ascribed to the lower DE in citrus pectin, resulting in longer

degradation times and reduced release rates.



Despite the information available in the existing reports on pectin aerogel drug carriers, as
described above, an in-depth understanding correlating release kinetics and aerogel properties is
still missing. For example, it was shown that pH of pectin starting solution and the concentration
of calcium ions strongly affect aecrogel density and specific surface area [27]. However, it is unclear
whether these properties of the starting solution influence drug release kinetics and how. Also, a
correlation between pectin aerogel properties, swelling and dissolution in simulated gastric and
intestinal fluid and release properties should be established. Furthermore, a model should be
selected that can be used to describe release kinetics. Addressing these issues is a prerequisite for
tuning aerogel properties towards desired drug release applications.

The goal of this work is to study the release of a model hydrophilic drug, theophylline, from
different pectin aerogel matrices in order to establish structure-properties correlations which can
explain drug release mechanisms. For this purpose, structural and physico-chemical properties of
the pectin aerogel carrier were systematically varied by adjusting the preparation conditions and
gelation mechanisms (pectin concentration, calcium concentration, pH of pectin solution). Aerogel
swelling, erosion and drug release profiles from different matrices were characterized and
correlated. Kinetics models were used to identify the main physical mechanisms governing the
release. The results obtained in this model study will be further used in the upcoming publications

on the release properties of pectin-organic (cellulose) and pectin-inorganic (silica) aerogels.

2. Experimental section

2.1 Materials

Citrus pectin with a degree of esterification of 35% (as specified by the provider) and molecular
weight 1.15 10° g/mol (as determined in ref [28]) was kindly donated by Cargill. Calcium chloride

(CaClz) was from Acros Organics. Ethanol, potassium dihydrogen phosphate (KH2PO4), potassium



hydroxide (KOH), sodium hydroxide (NaOH) and hydrochloric acid (HCI, 32%) were from Fisher
Scientific. Theophylline (purity > 99%) was from Acros. All products were used as received.
Simulated gastric fluid without enzymes (SGF) was prepared from HCI solution (0.1 N, pH 1.0)
and simulated intestinal fluid without enzymes (SIF) (pH 6.8) was made using NaOH at 11 mM

(0.65 g/L) and KH2PO4 at 50 mM (6.8 g/L). Water was distillated.

2.2 Methods

2.2.1 Preparation of theophylline-loaded pectin aerogels

Pectin aerogels were prepared as described previously [27] via dissolution — gelation (in some
cases gelation did not occur) — solvent exchange — drying with sc CO2 (Figure 1). Pectin solutions
were made by dissolution of pectin powder in distilled water at 65 °C under stirring at 400 rpm.
Concentrations are given in weight percent (wt %). After complete dissolution, solution pH was
adjusted by adding a small quantity of HCIl or KOH. Pectin solutions were then poured into molds
of 27.5 mm in diameter. In certain cases, CaCl, was added under stirring. The molar ratio R of Ca**

ions to pectin carboxyl groups was calculated as follows:

[c00] (1)

Pectin solutions were let at rest for 48 h at room temperature. Depending on the conditions
(concentration, pH, presence of CaCl,) solutions were gelling or not as determined via the vial

tilting test (solution flowing or not).



/--'_'_._-_'_‘—\-\_\_\ [s]
S H,c:\N)\T_.H;5
.

e * e 4 - G'J\N/L\N;
* . . ¥ - ulzﬂ,

theophyliine

— — — R
Ratelyl, ot

Aqueous pectin . Theophylline loading wia Theophylline-loaded Theophylline-loaded
solution or gel Pectin alcogel diffusion for 7 days pectin alcogel pectin aerogel

Figure 1.

Schematic illustration of the preparation of theophylline-loaded pectin aerogels.

In order to perform drying with sc CO2, water has to be replaced by a fluid which is miscible
with COg; ethanol was used for this purpose (it is a pectin non-solvent). Solvent exchange was
performed as reported previously [27, 28] by progressively decreasing the water/ethanol (v/v) ratio
to 50/50, 25/75 and 0/100, followed by final extensive washing with pure non-solvent. The
resulting samples were 3D networks composed of coagulated pectin with ethanol in the pores, so-
called “alcogels”.

Theophylline is well soluble in water (8.3 g/L at 25°C) [29], moderately soluble in ethanol
(maximal concentration 3.5 g/L at 25 °C) and insoluble in non-polar solvents such as supercritical
CO2[30]. To avoid washing out the theophylline during solvent exchange steps, pectin alcogels
were impregnated with theophylline just before drying as follows. The alcogels were immersed in
theophylline-ethanol solution with a volume 25 to 30 times larger than the volume of pectin (Figure
1). The theophylline solution was renewed after 48 h and samples were immersed for 7 days in
total to ensure complete drug diffusion through the sample. This duration was calculated by
estimating the time needed by theophylline molecule to diffuse through a gel disk with half
thickness of maximum of 5 mm. The theophylline-impregnated pectin alcogels were then dried

with sc CO»2. The system was pressurized at 50 bar and 37 °C with gaseous CO> while the



nonsolvent was slowly drained. Afterwards, the pressure in the autoclave was increased to 80 bar
to be above the CO; critical point. The sc CO; solubilized the residual nonsolvent inside the
samples’ pores. A dynamic washing step was then performed at 80 bar and 37 °C, at an output of
5 kg of COx/h for 1 h. It was followed by a static mode of 1-2 h at the same pressure and
temperature and then by dynamic washing again for 2 h. Finally, the system was slowly

depressurized at 4 bar/h and 37 °C, and cooled to room temperature before being opened.

2.2.2 Characterization methods

Aerogel bulk density (pvuik) was determined as the ratio of sample mass to sample volume. The
mass of the aerogel was measured with a high precision digital analytical balance. The volume was
measured with a digital caliper. The errors were + 10%.

The specific surface area Sper was measured with a Micromeritics ASAP 2020 instrument using
nitrogen adsorption and the Brunauer—Emmett—Teller (BET) method. The samples were degassed
under high vacuum at 70 °C for 10 h prior to the measurements. The maximal standard deviation
was £ 20 m%/g.

The morphology of aerogels was studied using a Zeiss Supra 40 scanning electron microscope
(SEM) equipped with a field emission gun. A layer of 7 nm of platinum was sputtered using a
Q150T Quarum metallizer.

Theophylline release experiments were performed at 37 °C under sink conditions (900 ml
release medium) with stirring at 100 rpm to ensure homogenization. The aerogel (disk-shaped,
diameter around 2 cm, thickness around 0.8 cm) was placed in a permeable stainless-steel basket.
In order to mimic the physiological conditions in the gastro-intestinal tract, acrogel was immersed
first in SGF (pH 1.0) during 1 h and subsequently transferred to SIF (pH 6.8). Drug release was

followed via periodical spectrophotometric measurements at a wavelength of 271 nm [31] using a



quartz cuvette with an optical path length of 10 mm. The absorption spectrum of theophylline is
presented in Figure S1 of the Supporting Information. An automated set-up was used, consisting
of a UV-1800 UV/Visible Scanning Spectrophotometer coupled to a 206-23790-91 Peristaltic
Sipper Pump and a 160C Sipper Unit (all from Shimadzu). Calibration curves were constructed
using SIF and SGF theophylline solutions of known concentrations (Figure S2).

If pectin was not completely dissolved after the release curve reached a stable absorbance
plateau for more than 30 minutes, indicating that no more drug was released, the presence of
theophylline in the remaining matrix was tested. The sample was crushed with a mortar and pestle,
sonicated in SIF for 30 min, liquid probe taken, filtered and absorbance measured. In all cases no
theophylline remained in non-dissolved matrices, and thus the actual drug dose (or the actual drug
concentration) in the aerogel after the loading process was the one obtained at the absorbance
plateau.

Theoretical drug dose, drug loading efficiency and aerogel loading capacity were calculated as

follows:

Theoretical drug dose = Vpectin (Cm3) X Ctheophylline in solution(g- Cm_3) (2)

actual drug dose (g)

Drug loading ef ficiency (%) = X 100% 3)

theoretical drug dose(g)

actual drug dose (g)

Aerogel loading capacity (%) = x 100% 4)

aerogel weight (g)

where Vpectin 1S the volume of the pectin alcogel in the impregnation bath containing an ethanolic

theophylline solution with a theophylline concentration of Ciheophylline in solution (Figure 1).

3. Results and Discussion



It is well established that density, porosity and Sger of pectin aerogels are controlled by the
preparation conditions such as pectin concentration, solution pH and concentration of calcium as
well as the state of the matter before solvent exchange (solution or gel) [27, 28, 32]. When the pH
of a pectin solution is below pK (3 — 3.5) or calcium salt is added, the solution is gelling. When a
non-solvent (ethanol) is added to a gel, it is shrinking much less than a non-gelled solution of the
same pectin concentration, resulting in aerogels with lower density, larger pores and lower specific
surface area [27, 28]. Figure S3 of the Supporting Information shows the main characteristics
obtained previously for neat pectin aerogels as a function of solution pH and calcium concentration.

In the present work those results are used to tune and analyse the kinetics of theophylline release.
Pectin concentration, solution pH and concentration of calcium were varied (one parameter varied
and the others constant). To understand how aerogel properties affect the release of theophylline,
first their influence on loading efficiency (eq.3) and loading capacity (eq.4) was analyzed. Then an
example of pectin volume, mass and theophylline release evolution in time is shown and the
applicability of the existing drug release kinetics models for the case of theophylline release from
pectin aerogel is tested. Finally, the influence of pectin solution pH and calcium concentration on

release kinetics is investigated.

3.1 Influence of pectin aerogel characteristics on theophylline loading efficiency and loading

capacity

The influence of the density and specific surface area of theophylline-loaded pectin aerogel on
the loading efficiency is presented in Figure 2a and b, respectively. All data, i.e. from 3% and 6%
pectin solutions at different pH and calcium concentrations, are put together. Loading efficiency
varies from 40% to 80% correlating well with the values known from literature for other bio-

aerogels being usually from 15% to 80% [19, 20, 26, 33].
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Figure 2.

Loading efficiency as a function of aerogel density (a) and specific surface area (b) for pectin
aerogels made from pectin solutions of either 3 wt% (black squares) or 6 wt% (red squares), in
the absence of calcium at different pH (filled symbols) or crosslinked with calcium at different

R(Ca) (open symbols). Theophylline concentration in the impregnation baths was 2.5 or 3.4 g/L.

Dashed line is given to guide the eye.

Despite that theophylline is not soluble in CO2, the loading efficiency is below 100%. Two
reasons can be given: i) incomplete impregnation of theophylline in pectin alcogel and ii) washing
out of theophylline during sc drying. The first reason can be excluded as the concentration of
theophylline was measured in loaded alcogels but dried in vacuum and crash test was used as
described in the Experimental section; the loading efficiency was 95-100%. This confirmed that
diffusion time during the impregnation was sufficient for theophylline to penetrate the alcogel to

the core. It should also be noted that the radius of a theophylline molecule is around 3.5 — 4 nm
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[34, 35]; it is significantly smaller than aerogel pores’ dimensions, as it will be shown below, thus
excluding steric hindrance for drug penetration inside the pectin network. The second reason
remains: it is hypothesized that because of the miscibility of ethanol and CO», a certain portion of
the drug is washed out due to CO> circulation and mixing with ethanol at the beginning of sc drying.

Loading efficiency increases with the increase of aerogel bulk density (Figure 2a); the highest
values, up to 70-80%, are achieved for aerogels with the highest density (0.16 < ppui < 0.20 g/cm?).
Higher density is reflected by aerogel morphology, as shown in Figure 3 for aerogels made from
6% solutions at different solution pH. Bringing the pH below the pKa of pectin (~ 3.0 - 3.5) results
in decreased ionization of galacturonic acid groups which in turn reduces coulombic repulsions
and promotes chain aggregation due to hydrogen bonding and hydrophobic interactions. Therefore,
at lower pH values solutions are gelling opposite to solutions at pH 2 and 3. The increase of pectin
solution pH from 1.2 to 3 almost doubles aerogel density and results in a strong decrease of pore
size. Denser the network, smaller the pores with higher tortuosity thus better preventing
theophylline wash out during sc drying process. Lower the solution pH, stronger the gels, less they
shrink during solvent exchange resulting in lower density and larger pores [27]. Lower loading
efficiency was also obtained for the gelling pectin solution when crosslinked with calcium (Figure
2a): higher the calcium concentration, lower the shrinkage and thus lower the density and larger
the pores, as demonstrated in Figure 4 for aerogels from pectin solutions of 3 % crosslinked with

calcium of various concentrations.
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State of the matter before . .
gel solution solution
solvent exchange
Bulk density (g/cm?) 0.105 0.136 0.181
Sper (n?/g) 323 421 544
Figure 3.

Network morphologies observed by SEM, density and specific surface area of theophylline-
loaded pectin aerogels prepared from 6 wt% pectin dissolved at pH 1.2 (a), pH 2.0 (b) and pH 3.0

(c) in the absence of calcium. The scale is the same for all images.

No calcium

R(Ca)=0.1 R(Ca)=0.2 R(Ca)=0.6

State of the matter before .

solvent exchange solution gel gel gel

Bulk density (g/cm?) 0.118 0.085 0.056 0.044

Sger (0¥/g) 574 502 472 437
Figure 4.

Network morphologies observed by SEM, density and specific surface area of theophylline-
loaded pectin aerogels prepared from 3% solutions at pH 3.0 with increasing calcium ratio R(Ca)

from 0 to 0.6.
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Figure 2b shows that the drug loading efficiency also increases with aerogel specific surface
area. An offset is visible between the 6% and 3% samples as practically all 6% aerogels have a
higher density than all 3% aerogels (see Figure 2a). Literature suggests that the direct correlation
between the loading efficiency and specific surface area is due to the amount of internal pores’
surface available for drug deposition [24, 33, 36-38]. This may be true when pores’ surface is
functionalized to bind the drug. However, in our view this interpretation can be misleading in the
case of no interactions between the aerogel and drug molecule. Indeed, ~ 100% loading efficiency
was obtained for different pectin formulations but when alcogels were dried in vacuum which is
the sign that specific surface area is not directly responsible for drug deposition. It was recently
shown by our group that theophylline release from pectin xerogels takes several hours [39],
excluding the possibility that drug remained near the surface during loading, where it would have
dissolved very rapidly. In the case of pectin alcogel loaded with theophylline there are no physical
or chemical interactions between the polymer and the drug. Two observations confirm this
hypothesis: (1) the drug is completely released from the aerogels, even from non-fully dissolved
networks; and (2) the drug is partly washed out from the pectin networks during scCO> drying. It
is hypothesized that it is the higher network tortuosity, which accompanies a higher specific surface
area, that prevents theophylline washout during scCO2 drying, resulting in a higher loading
efficiency.

Theophylline loading capacity as a function of aerogel density and specific surface area is shown
in Figures 5a and b, respectively. It increases with specific surface area and does not show any
trend as a function of aerogel density. Loading capacity is considerably lower (from 2 to 4.5 %)
than that reported for other drugs loaded in bio-aerogels in other works (~15 - 80 %) [19, 20, 23,
24, 26]. The reason is that in those studies other impregnation methods were employed. The loading

capacity strongly depends on the drug solubility in the loading medium, and thus on the drug
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concentration in the impregnation solvent relative to the mass of the carrier. For example, if using
hydrophobic drugs soluble in CO, impregnated in pectin matrix at the last step of supercritical
drying, the loading capacity is much higher. The low drug loading capacities obtained in this study
are the result of the moderate solubility of theophylline in ethanol (maximum 3.5 g/L at 25 °C) and
the relatively high concentrations of the pectin solutions (up to 6 wt%) to produce the pectin
aerogels. The low drug content may explain why no theophylline is seen on SEM images of the
internal structure of theophylline-loaded pectin aerogels (Figures 3 and 4), and why the structural

and physical properties of theophylline-loaded pectin aerogels are the same as the neat counterparts

(Figure S3d).
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Figure 5

Loading capacity as a function of aerogel density (a) and specific surface area (b) for pectin
aerogels made from pectin solutions of either 3 wt% (black squares) or 6 wt% (red squares), in
the absence of calcium at different pH (filled symbols) or crosslinked with calcium at different

R(Ca) (open symbols). Dashed line is given to guide the eye.
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3.2. Overall description of pectin aerogel evolution in SGF and SIF media and theophylline

release

To mimic the physiological conditions for oral administration, theophylline-loaded pectin

aerogels were first immersed in SGF (pH 1.0) for 1 hour and subsequently in SIF (pH 6.8). The

example of cumulative drug release, matrix mass and volume evolution over time (Figure 6) for

pectin aerogels prepared at pH 3.0 without calcium are discussed in detail below. Examples of

release results’ reproducibility are shown in Figure S4. Release rates (Figure 6d) were estimated

by calculation of the slopes from the theophylline release curve (Figure 6a) considering a linear

function between two points separated by 5 or 10 minutes.
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Example of cumulative theophylline release (a), matrix mass (b), volume (c) and rate of

release (d) as a function of time for pectin aerogels prepared from 6 wt% pectin dissolved at pH

3.0 in the absence of calcium. In this example, 14.2 mg of theophylline was loaded in 360 mg of

pectin aerogel. Lines are given to guide the eye.

During the first 10 minutes of immersion in release medium (SGF, pH 1.0), the pectin aerogels

exhibit a fast mass increase due to water uptake (Figure 6b). The initial volume shrinkage may be

due to the collapse of pores because of capillary forces exerted by the fast water penetration into

the system (Figure 6¢) [40]. The release medium is of low pH; the hydrogen bonding between

pectin chains are promoted preventing matrix swelling and dissolution. During the next 50 min

pectin chains are hydrated resulting in the formation of a gel layer surrounding the dry core (Figure

S5). These results confirm that pectin aerogels are gastro-resistant materials that can be used to

protect drugs from gastric degradation and to prevent full drug release in the stomach.
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Upon change of the release medium from SGF to SIF (pH 6.8), ionization of the carboxylate
groups of pectin occurs, and pectin chains repel each other due to coulombic repulsion. As a result,
the highly hydrated chains disentangle and start to dissolve as revealed by strong matrix swelling
followed by dramatic erosion until full dissolution (here, after 390 min) (Figures 6b and 6¢). The
matrix mass and volume evolution over time can be used to explain the kinetics of theophylline
release from the pectin aerogel (Figure 6a), for which different phases can be distinguished.

Phase I: After immersion of the aerogel in the release medium, the drug that is located on and
near the surface immediately dissolves due to the high solubility of theophylline in aqueous media.
It leads to a typical fast initial release, during which a high quantity of drug is released in a short
period of time (Figure 6a). It is characterized by the highest theophylline release rate (Figure 6d,
~0.11 - 0.40 mg theophylline/min, corresponding to ~ 1.1 - 2.8 wt%/min of the total theophylline
content). For the aerogel featured in Figure 6, approximately 20% of the total amount of
theophylline is released in the first 10 minutes of the experiment. The release of the accessible
fraction of drug close to the surface is governed by Fickian diffusion, as the chemical gradient is
the only driving force: the drug located near the surface is freely accessible, and the impact of
polymer relaxation is considered to be negligible. A fast initial release may be either
pharmacologically undesirable and economically inefficient, or, in certain situations, a rapid
release quickly achieving the therapeutic efficiency range may be advantageous [41].

The first phase is ending by a lag time before the matrix erosion phase starts in SIF. For drug
molecules that are located deeper in the matrix, the time to diffuse out of the matrix becomes longer.
At the interface of the matrix and the solvent a viscous pectin gel layer is formed (Figure S5) which
acts as a physical barrier that limits mass transport of both drug and solvent. In SGF media the
chains are linked by hydrogen and hydrophobic interactions as a result of the low pH. As the

diffusion times of both the solvent and theophylline become longer, the release of theophylline
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over time slows down. It is characterized by lower theophylline release rates between 0.06 and 0.11
mg/min (Figure 6d, ~ 0.5 to 0.8 wt%/min of the total theophylline content). In parallel, the impact
of chain relaxation on the release becomes significant as the remaining drug is less accessible and
requires polymer swelling and dissolution to diffuse out of the matrix.

Phase I1: After the first hour, SGF is changed for SIF. Higher pH promotes ionization of pectin
chains, solvent penetration into the aerogel is promoted and the matrix instantly swells (Figure 6c)
resulting in a sharp increase in release rate observed at t = 60 min (Figure 6d). The pectin aerogel
subsequently dissolves, which in turn facilitates solvent and drug diffusion. This phase corresponds
to the period of approximately 60 - 95 % of the cumulated drug release and concerns the drug that
was not freely accessible. During Phase II, progressive pectin chain relaxation, re-arrangement,
swelling and dissolution occur, which significantly impact the release kinetics. Erosion-controlled
release begins as the aerogel matrix progressively dissolves, starting at the erosion front on the
outer surface. The erosion front gradually moves inward, as shown by the decrease in mass and
volume of the aerogel (Figures 6b and 6¢). Thus, after the fast initial release phase (Phase I) and a
lag time, during Phase II the different mass transport phenomena eventually are equilibrated
leading to nearly steady-state release that lasts the major part of the release. Theophylline is then
released at rates between 0.02 and 0.04 mg/min (Figure 6d, ~ 0.11 - 0.25 wt%/min of the total
theophylline content). This nearly steady-state release is appealing for pharmaceutical applications
as it delivers a constant dose over a prolonged period of time.

Phase I1I: The final stage of the release is characterized by a very low release rate (Figure 6d,
0.003-0.010 mg/min, ~ 0.02- 0.07 wt%/min of the total theophylline content) as the drug inside the
matrix runs out. Full theophylline release occurs just before the pectin aerogel matrix completely

dissolves (Figure 6b, c).
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Tests on the release kinetics separately in SGF and in SIF at 37 °C were also performed. Figure
S6 shows the cumulative theophylline release from pectin aerogels (6 wt% pectin dissolved at pH
3.0 in the absence of calcium) over time in either SGF medium or in SIF medium. These control
experiments confirm that complete theophylline release is much faster in SIF (265 min) than in
SGF (1050 min), as observed under model physiological conditions in the gastro-intestinal tract
(Figure 6a). The observed slow drug release in SGF and fast drug release in SIF, caused in part by
the respective stability and instability of pectin in these media, is in accordance with previous

literature [19, 23, 25, 26].

3.3. Selection of drug release kinetic models to describe the release of theophylline from pectin

aerogels

Bio-aerogels are nanostructured dry highly porous networks, and it is hypothesized that they
combine the properties of a polymer gel and of a dry polymer matrix of high porosity and
interconnected pores. The following models are known to describe drug release from a solid
polymer matrix (Table S1): Higuchi, Korsmeyer-Peppas, Peppas-Sahlin, Hixson-Crowell,
Hopfenberg and Gallagher-Corrigan [42]. The goal here is to select the model(s) to use for the
following analysis of two case studies: the influence of pectin solution pH and of calcium
concentration, on theophylline release. Zero-order kinetics are not considered as theophylline
release rates over time were different. The first-order model is also not considered as it does not
take into account polymer relaxation and dissolution.

The Higuchi model (Table S1) is used to describe drug release based on Fickian diffusion of
both the solvent and the drug. This model assumes that dissolution and/or swelling of the matrix
are negligible. The experimental data in Figure 6a were approximated with the Higuchi model (not

shown) and the correlation coefficient Rz was 0.8 < R2 < 0.9. The reason of rather low R? is that as
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shown in Figure 6b, c, pectin aerogel matrix is soluble in SIF medium, and pectin chain relaxation,
matrix swelling and erosion are expected to impact the drug release. This model will thus not be
used in the following.

Both Hopfenberg and Hixson-Crowell models are applicable when drug release is controlled by
the dissolution rate of the matrix (erosion). This is the case when pectin aerogel is in SIF but not
the first hour in SGF (Figure 6b, c). The correlation coefficients with experimental data (not shown)
were rather high, 0.95 > R? > 0.99, but these models will not be used in the following as they do
not reflect the release mechanism for the first hour and also other models were found to better fit
experimental data, as shown below.

Peppas models [43, 44] consider diffusion and relaxation mechanisms. The n value of 0.58 was
obtained after fitting the experimental data from Figure 6a for the first 60 % of drug release with
Korsmeyer—Peppas model (Table S1 and Figure S7), with R? > 0.99. This n value is characteristic
for an anomalous transport indicating that both solvent diffusion and polymer relaxation must be
considered, which is in line with the experimental data shown in Figure 6 during Phase I, which
includes a fast initial release and a lag time.

Peppas-Sahlin model (Table S1) can be used to estimate the contribution of diffusion vs
relaxation mechanism. The results presented in Figure S8 for the first 60% of release show that the
diffusional mechanism decreases with time: in SGF medium pectin chains are protonated and not
dissolving within the first hour (matrix mass and volume do not change, see Figure 6b, c).

The Gallagher-Corrigan model describes a two-step drug release profile (anomalous transport),
starting with an initial burst phase and followed by a slower matrix erosion-governed controlled
release (Table S1). Figure S9a shows the fit to experimental data from Figure 6a. The important
contribution of matrix erosion to the drug release in SIF (Phase II) follows not only from

experimental observations (Figure 6¢), but also from the high erosion kinetic constant k. ~ 3.1 h’!
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as compared to the burst constant k, ~ 0.1 h'! (Figure S9b). The reason is that in SIF pectin chains
become ionized and dissolve. As shown for the example of release in Figure 6 and for the case
studies described below, the Gallagher-Corrigan model provides the best fit to all our experimental
data. A similar observation was reported for ketoprofen release from pectin and alginate aerogels
in SIF alone and in SGF alone [20]. However, one should keep in mind that the beginning of
release, despite being fast, is not an abrupt burst as assumed by the Gallagher-Corrigan model.
Concluding, theophylline release from pectin acrogels in the first hour in SGF medium and then
in SIF medium is governed by fast initial drug dissolution, diffusion through hydrated aerogel pores
followed by relaxation and erosion mechanisms, corresponding to complex anomalous (non-
Fickian) transport. In the following, the Peppas-Sahlin model will be used to estimate the input of
the diffusional mechanism up to 60% of the released drug and the Gallagher-Corrigan model to

analyze the entire release period.

3.4. Influence of pectin solution pH on theophvlline release kinetics from pectin aerogel

Figure 7 shows how the pH of the starting pectin solutions, and as a consequence, different
structural properties of pectin aerogels, impact the drug release properties. Pectin aerogels prepared
from solutions at lower pH (lower aerogel density, see Figure 3) are faster drug delivery systems,
with a complete theophylline release in 250 min, 290 and 350 min for aerogels prepared at pH 1.2,
2.0 and 3.0, respectively. The low-density network obtained from gelled pectin solutions at low pH
(Figure 3) facilitates water penetration in the system and its larger free volume increases solvent
and drug diffusivity and promotes matrix dissolution (Figure 8). The faster release is correlated
with faster matrix erosion/dissolution (Figures 7b, c). In contrast, denser aerogel network obtained
from non-gelled solution at higher pH, having smaller pores, likely slows down the diffusion of

solvent into the aerogels, which in turn slows down matrix dissolution and thus the release of
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theophylline. Similar to aerogels prepared at pH 3.0 (vide supra), the beginning of release from
aerogels prepared at pH 1.2 and 2.0 is due to anomalous transport, as revealed by n exponent values

between 0.45 and 0.89 using the Korsmeyer-Peppas model.
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Example of cumulative theophylline release (a), matrix mass (b) and matrix volume (c) over time
for pectin aerogels prepared from 6 wt% pectin dissolved at pH 1.2 (1), 2.0 (2) or 3.0 (3) in the
absence of calcium; theophylline concentration in the impregnation solution was 2.5 g/L. Lines

are given to guide the eye.

pH 2.0 pH 3.0

Figure 8.
Pictures of theophylline-loaded pectin aerogels during release at t = 180 minutes. The samples

are the same as in Figure 7.

The plot of the Fickian release contribution obtained from the Peppas-Sahlin model (Figure S10,
which contains recalculated experimental data from Figure 7a) shows that the lower the aerogel
density, the quicker is the decrease of the Fickian mechanism contribution. In addition, it follows
from Figure S11 that the burst constant kp in the Gallagher-Corrigan model slightly increases from
0.10 h™' to 0.13 h'!, while the erosion constant ke clearly increases from 3.01 h™ to 4.61 h™! with the
decrease of aerogel density (pectin solution pH decreases from 3.0 to 1.2). This confirms that the
diffusion rate at the beginning as well as the matrix erosion rate are higher due to the lower density

obtained at lower pH.

3.5. Influence of calcium concentration on theophvlline release kinetics from pectin aerogel
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The influence of calcium crosslinking on the release behavior of theophylline was investigated
as well (Figure 9). Figure 9a shows that the presence of calcium slows down theophylline release
from the aerogels, despite the lower network density and the presence of larger pores (Figure 4).
The slower release is likely due to the intermolecular ionic crosslinks which make the network
more “resistant” to polymer dissolution and matrix erosion (Figures 9b, ¢ and 10). The plot of the
Fickian release fraction over time (Figure S12), as determined from the Peppas-Sahlin model,
illustrates the increasing contribution of diffusion and decreasing contribution of erosion as R(Ca)
increases. Moreover, the Fickian coefficient Kr increases and the relaxational coefficient Kr
decreases upon R(Ca) increase (Figure S12). Fitting the experimental data in the Gallagher-
Corrigan model yields similar results as the erosion constant k. decreases upon R(Ca) increase

(Figure S13).
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Figure 9.
Cumulative theophylline release (a), matrix mass (b) and matrix volume (c) over time for pectin
aerogels prepared from 3 wt% pectin dissolved at pH 3.0 with increasing calcium ratio R(Ca): 0
(1), 0.1 (2), 0.2 (3) and 0.6 (4); theophylline concentration in the impregnation solution was 3.4

g/L. Lines are given to guide the eye.

No calcium R(Ca)=0.1 R(Ca)=0.2 R(Ca)=0.6

Figure 10.
Pictures of theophylline-loaded pectin aerogels during release at t = 180 minutes. The samples

are the same as in Figure 9.

3.6. Influence of density and specific surface area on the total release time
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The influence of aerogel density and specific surface area on the total time of theophylline
release is summarized in Figure 11a and 11b, respectively, for all studied aerogels. For the non-
crosslinked pectin, higher density and specific surface area induce a longer release time, as
described in Section 3.4. This is an expected result: higher density and smaller pores slow down
drug diffusion out of the matrix.
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Figure 11.

Total release time as a function pectin aerogel density (a) and specific surface area (b) Non-
crosslinked pectin was from 6 wt% solution at various pH (as in Figure 7) and calcium
crosslinked from 3 wt% pectin dissolved at pH 3.0 with increasing calcium ratio R(Ca) from 0 to
0.6 (as in Figure 9). The variation in total release time for a given pectin aerogel formulation was

found to be 15 minutes at most. Lines are given to guide the eye.

On the opposite, the higher density and surface area of calcium crosslinked pectin aerogels lead
to a quicker release. This surprising from the first glance result is explained by pectin solubility
which is decreased with the increase of calcium concentration. It turned out that the effect of the

increased “resistance” against matrix erosion upon R(Ca) increase is dominating the effect of the

27



lower network density and larger pores. While the release during the first hour in SGF is governed
by the anomalous diffusion for all pectin aerogels, the release in SIF is controlled by matrix erosion

and dissolution and thus crosslinking starts to play the major role.

4. Conclusions

In this study, structural and physico-chemical properties of pectin aerogels were systematically
varied by adjusting the preparation conditions and gelation mechanisms in order to establish
structure-properties correlations that explain the loading and release behavior of the hydrophilic
drug theophylline. The loading efficiency and loading capacity increase with aerogel specific
surface area. It is hypothesized that the higher loading efficiency results from the higher network
tortuosity, which accompanies a higher specific surface area and prevents theophylline washout
during scCOz drying. The loading efficiency also correlates with aerogel density as denser
networks have a smaller pore size which prevents theophylline washout during sc CO drying.

The release of theophylline from pectin aerogels into SGF medium (first hour) and subsequently
into SIF medium is governed by fast initial drug dissolution, diffusion through hydrated aerogel
pores followed by relaxation and erosion mechanisms, corresponding to complex anomalous (non-
Fickian) transport. A lower pH of the pectin starting solution results in a faster theophylline release
because the lower density network obtained at low pH enhances solvent and drug diffusion and
facilitates matrix dissolution. Calcium crosslinking decreases the theophylline release rate because
the intermolecular ionic crosslinks enhance the resistance of the network against polymer
dissolution and matrix erosion. This effect prevails over the influence of the lower network density
and larger pores upon calcium crosslinking.

Our observations regarding the main release mechanism and its dependence on the preparation

conditions were corroborated by the Peppas-Sahlin model, which was selected to determine the
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input of the diffusional mechanism up to 60% of release, as well as the Gallagher-Corrigan model,
which was used to analyze the complete release period. In summary, this study demonstrates how
pectin aerogel properties can be controlled by tuning pectin initial solution pH and calcium
concentration in order to obtain desired release kinetics. In a broader perspective, the obtained
knowledge can be extended to the release kinetics of hydrophilic drugs from other bio-aerogels

based on polyelectrolyte polysaccharides such as alginate and carrageenan.
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Figure S1.
Absorption spectrum of theophylline (0.0125 g/L in SIF).
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Figure S2.
Absorbance calibration curves (at 271 nm) for theophylline dissolved in SGF (pH 1.0) and in SIF

(pH 6.8). Straight lines are linear regressions of the data.
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Volumetric shrinkage (a, c) after solvent exchange (open points) and after sc-drying (filled
points); density (b, d, open points) and specific surface area (b, d, filled points) of neat pectin
aerogels made from 3 wt% solutions as a function of pH (no calcium) (a, b) and molar ratio
R(Ca) (pH 3) (c, d). The state of the matter before solvent exchange is noted “G” for gel, the rest
are solutions.

Figures (a, b, ¢) are reprinted from Eur. Polym. J. 108 (2018) 250-261, S. Groult, T. Budtova,
“Tuning structure and properties of pectin aerogels”, Copyright 2018, with permission from
Elsevier; in (d) data are taken from ref.1 and the stars are data obtained in this work for

theophylline loaded aerogels of the same formulation. Dashed lines are given to guide the eye.
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Figure S4.

Example of results reproducibility for theophylline release over time from pectin acrogels

prepared from (a) 6 wt% pectin dissolved at pH 3.0 in the absence of calcium, theophylline
concentration in the impregnation solution was 2 and 3.5 g/L; (b) 3 wt% pectin dissolved at pH 3

in the absence of calcium, theophylline concentration in the impregnation solution was 3.5 g/L.
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A

Dissolution / erosion
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Figure SS.

Picture of a pectin aerogel after being immersed in SGF at 37 °C for 45 min. The aerogel was

prepared from 6 wt% pectin dissolved at pH 3.0 in the absence of calcium.
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Figure S6.
Theophylline cumulative release (%) from pectin aerogels (6 wt% dissolved at pH 3.0 without
calcium) over time in either SGF medium (pH 1.0) or in SIF medium (pH 6.8) at 37 °C during
the whole dissolution testing.
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Table S1. Summary of release kinetics models for solid polymer matrices; Q(t) is the normalized

cumulative drug released at time t

exp(ket - ketmax)
P71 + exp(ket — kotimax)

Model Equation Comment
Higuchi Q(t) = Kyt Kn is Higuchi constant which includes
pores’ tortuosity, initial concentration of the
drug, its solubility, etc
Hixson- m =1—kg.t ks is a constant
Crowell
Hopfenberg | Q(t) = KZt? — Kt Ke is a constant
(for cylinders)
Korsmeyer— | Q(t) = Kgpt™ Kkp is a constant
Peppas (for Q(t) < 60%)
Peppas— Q(t) = Kpt™ + Kxt?™ = F + R | Kr is diffusion constant, Kgr is relaxation
Sahlin R _Kr gm constant, m is Fickian diffusion exponent, R
F o Kr is relaxational and F Fickian contributions,
(for Q(t) < 60%) respectively
Gallagher— | Q(t) = Fuax 1s the maximum fraction of drug
Corrigan = Fnax[1 — exp(=kyt)] released during the total time period; F»
+ (Fnax fraction of drug released during the initial

burst phase, tmax the time to the maximum
drug release rate, and 4, and k. are the first
order kinetic coefficients of the first (burst)
phase and of the second (erosion-controlled)

phase, respectively
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Figure S7.

Experimental data (first 60 % drug release) from Figure 6a fitted in the Korsmeyer-Peppas

model. An n exponent value (Table S1) of 0.58 was obtained from the slope of the regression line

Fickian release fraction F
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with R? = 0.9945.
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Figure S8.

Example of the Fickian release fraction F from Peppas-Sahlin model (see Table S1) as a function

of time for the data from Figure 6a: aerogels were disks with the aspect ratio (diameter to

thickness) between 2.3 and 2.5, corresponding to a Fickian diffusional exponent m (see Table S1)

of approximately 0.43 [2]. Diffusional and relaxational constants are K¢ ~ 0.388 min** and Kg ~

0.223 min%, respectively.
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Figure S9.
(a) Experimental data (points) from Figure 6a fitted in the Gallagher-Corrigan model (black line,
max = 1); (b) parameters of the model obtained via least squares fitting (R? = 0.99).
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Figure S10.

(a) Estimation of the Peppas-Sahlin parameters after fitting experimental data (first 60% of
released drug) from Figure 7a in the Peppas-Sahlin model, using a Fickian diffusional exponent
m of 0.43. (b) Fickian release fraction (F) as a function of time, as determined with the
parameters in (a) for release from a flat cylinder with m ~ 0.43. Each symbol corresponds to an

experimental point of Figure 7a recalculated using the Peppas-Sahlin model.
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(b)
Pectin solution pH 12 2.0 3.0
Aerogel density (g/cm?) 0.105 0.136 0.181
Burst constant ky (h%) 0.129 0.121 0.104
Erosion constant ke (h™) 4,612 3.907 3.005
Time to max. drug release rate tmax (h) 0.242 0.2823 0.340
Drug fraction released in initial burst phase Fy 0.324 0.390 0.414
R? 0.99 0.992 0.991
Figure S11.

(a) Experimental data from Figure 7a fitted in the Gallagher-Corrigan model. (b) Parameters of

the model obtained via least squares fitting.
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Figure S12.

(a) Estimation of the Peppas-Sahlin parameters after fitting experimental data (first 60% of

released drug) from Figure 9a in the Peppas-Sahlin model, using a Fickian diffusional exponent

m of 0.43. (b) Fickian release fraction (F) as a function of time, as determined with the

parameters in (a) for release from a flat cylinder with m ~ 0.43.
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(b)
R(Ca) 0 0.1 0.2 0.6
Aerogel density (g/cm?®) 0.118 0.085 0.056 0.044
Burst constant k (h™) 0.1402 0.0718 0.0651 0.0241
Erosion constant ke (h™) 4.1889 3.3080 2.5492 2.0625
Time to max. drug release rate tmax (h) 0.2413 0.3169 0.4905 0.4076
Drug fraction released in initial burst phase, Fy 0.3164 0.2049 0.2286 0.1444
R? 0.992 0.9911 0.9937 0.9910
Figure S13.

(a) Experimental data from Figure 9a fitted in the Gallagher-Corrigan model. (b) Parameters of

the model obtained via least squares fitting.
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