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A B S T R A C T   

In this work, nanostructured pectin aerogels were prepared via a sol-gel process and subsequent drying under 
supercritical conditions. To this end, three commercially available citrus pectins and an in-house produced and 
enzymatically modified watermelon rind pectin (WRP) were compared. Then, the effect of pectin’s structure and 
composition on the aerogel properties were analysed and its potential application as a delivery system was 
explored by impregnating them with vanillin. Results showed that the molecular weight, degree of esterification 
and branching degree of the pectin samples played a main role in the production of hydrogels and subsequent 
aerogels. The developed aerogel particles showed high specific surface areas (468–584 m2/g) and low bulk 
density (0.025–0.10 g/cm3). The shrinkage effect during aerogel formation was significantly affected by the 
pectin concentration and structure, while vanillin loading in aerogels and its release profile was also seen to be 
influenced by the affinity between pectin and vanillin. Furthermore, the results highlight the interest of WRP as a 
carrier of active compounds which might have potential application in food and biomedical areas, among others.   

1. Introduction 

The development of delivery systems is an area of immense impor
tance for human health and wellbeing, having applications in the food, 
pharma and cosmetic industries. In this sense, aerogels from bio
polymers are especially attractive due to their stability, availability, 
renewability and low toxicity (Mehling et al., 2009). The remarkable 
aerogels properties (homogeneous structure, tuneable mesh size, inter
connected pores, and increased surface area) are advantageous features 
for exploring the capabilities of aerogels as carrier systems (García- 
González et al., 2021). Moreover, the so-called second generation of 
aerogels (which have shifted from inorganic to organic-based ones) has 
facilitated the penetration of these materials in the food market since 
they consist on biopolymer-based aerogels, including food-grade poly
saccharides and proteins (Manzocco et al., 2021). However, the evalu
ation and feasibility of different biopolymers for aerogel uses are still in 
early research phases, because a number of factors including biopolymer 
source, extraction process, seasonality, and gelation process among 
others, drastically affect the properties and functionality of the obtained 

aerogel materials. Among the potential biopolymer sources, fruit and 
vegetable wastes have a huge potential being among the categories of 
residues with the largest production (Esparza et al., 2020) and rich in 
many functional biopolymers of interest. As an example, pectin obtained 
from novel sources open up the possibility to new applications and 
improvements (Chen et al., 2016), also satisfying the increasing demand 
for pectin polymer already existing in the food sector. 

Different authors have characterized and evaluated the potential of 
pectin as an aerogel material and drug carrier mainly from commercial 
citrus pectins (García-González et al., 2012, 2015; Groult et al., 2021a, 
2021b; Groult & Budtova, 2018; Ne et al., 2018; Preibisch et al., 2018; 
Veronovski et al., 2014; White et al., 2010). However, to the best of our 
knowledge, these studies emphasized in the structural and mechanical 
properties of the developed aerogel and in the gelation mechanism, not 
considering the intrinsic factors related to the compositional and 
chemical characteristics of the pectin itself which, as can be noticed in 
other pectin applications, played a key role in the thickening, emulsifier 
and gelation process. It should be highlighted that pectin has been 
considered a prebiotic fibre as it is resistant to protease and amylase 
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enzymes, both of which are active within the upper gastrointestinal 
tract, thus being used by gut bacteria in the lower gastrointestinal tract. 
Therefore, it could be a promising drug vehicle from the mouth to the 
colon (Veronovski et al., 2014). However, factors such as the pectin 
structure, composition, and physicochemical properties, may affect the 
aerogel formation and the interaction with the drug of interest. 

Watermelon rind, with a very high global production, is a promising 
source of pectin. Several works have optimized the extraction conditions 
from watermelon rind pectin (WRP) and, its structure and properties 
have demonstrated the potential of this novel pectin source for a number 
of applications (Campbell et al., 2015; Hartati & Subekti, 2015; Mendez 
et al., 2021; Méndez et al., 2021; Petkowicz et al., 2017; Zubairu et al., 
2018). However, the ability of different pectin samples to form gels 
depend on their sources and extraction process as they are greatly 
affected by important parameters such as molecular weight distribution, 
degree of esterification, structure distribution and compositional sugars 
(Méndez et al., 2021; Veronovski et al., 2014). Based on previous 
studies, it was evidenced that the degree of esterification of the WRP 
extracted is usually >50 % (Méndez et al., 2021), which is not favorable 
for gel formation through crosslinking with divalent cations and further 
aerogel production. Different enzyme treatments were evaluated for 
tailoring the rheological properties of WRP (Méndez et al., 2022), and it 
was observed that the application of pectin methyl esterase (PME) 
combined with Endo-1,5-α-arabinanase resulted in the best treatment to 
produce improved gel strength with divalent cation addition. 

In light of the above, it was hypothesized that depending on the 
structural, physicochemical properties and concentration of pectin, the 
aerogel structure and its suitability as drug delivery systems can be 
significantly affected. Therefore, the aim of this work was to evaluate an 
enzymatically modified WRP for aerogel bead production and to 
compare it with three commercially available citrus pectin samples with 
different compositions in order to determine how the intrinsic properties 
of pectin can affect the morphology and physical properties of the aer
ogels. The evaluation of these pectin-based aerogels as delivery systems 
was also carried out using vanillin as a model compound. Vanillin was 
selected as a hydrophilic drug model just to explore how the properties 
of the different pectin matrices affect its release. It worth mentioning 
that vanillin (4-hydroxy-3-methoxybenzaldehyde) is a phytochemical 
generally regarded as a safe (GRAS) flavouring compound widely used 
in ice creams, beverages, biscuits, chocolate, confectionery, desserts, 
etc. (Rupasinghe et al., 2006). Moreover, its bioactive properties, 
including antimicrobial, antioxidant, anticarcinogenic activities (Sinha 
et al., 2009), medium polarity and the simplicity to track its release via 
UV–Vis spectroscopy, make it a perfect candidate as a model active 
compound to test the release kinetics from porous polymer-carriers. 
Both aerogel formation and vanillin impregnation were done through 
supercritical CO2 treatments and a detailed study on the effects of initial 
pectin composition on the final structural and release properties of the 
materials was carried out. 

2. Materials and methods 

2.1. Material 

Three commercially available citrus pectins and an in-house pro
duced and enzymatically modified watermelon rind pectin (WRP) were 
used in this study: a low methoxy (5 %) citrus pectin (denoted as C1 from 
now on that was supplied by Megazyme Ltd., (Wicklow, Ireland) and 
two other citrus pectin of low (C2) and high molecular weight (C3) 
kindly provided by Herbstreith and Fox KG, (Neuenbürg/Württ, Ger
many). Watermelon rind pectin was produced at laboratory conditions 
and enzymatically modified with an endo-1,5-α-arabinanase and a 
methyl-esterase as previously reported (Méndez et al., 2022)Anhydrous 
ethanol was provided by Carl Roth GmbH & Co. KG (Karlsruhe, 
Germany). 

2.2. Pectin characterization 

2.2.1. Carbohydrate composition 
The sugar composition of the extracts was determined after acidic 

methanolysis as previously described (Méndez et al., 2022). Freeze- 
dried samples (1 mg) were incubated with 1 mL of 2 M HCl in dry 
methanol for 5 h at 100 ◦C. Samples were then neutralized with pyri
dine, dried under a stream of air, and further hydrolysed with 2 M TFA at 
100 ◦C for 1 h. The samples were again dried under a stream of air and 
re-suspended in milliQ, filtered and injected. The monosaccharides were 
analysed using high performance anion exchange chromatography with 
pulsed amperometric detection (HPAEC-PAD) with a ICS-6000 system 
(Thermofisher) equipped with a CarboPac PA1 column (4 × 250 mm, 
Dionex). Control samples of known concentrations of mixtures of 
glucose (Glc), fucose (Fuc), rhamnose (Rha), galactose (Gal), arabinose 
(Ara), xylose (Xyl), mannose (Man), galacturonic acid (GalA) and glu
curonic acid (GlcA) were used for calibration (Merck, Germany). 

2.2.2. Ash content 
The ash content was determined according to the standard method 

TAPPI T211 om-07. All measurements were carried out in triplicate. 

2.2.3. Protein content 
The protein content was carried out by the Dumas combustion 

method (nitrogen conversion factor 6.25) according to ISO/TS, 16634–2 
(2016). 

2.3. Molecular weight distribution 

The molecular weight of the pectin was estimated by HPSEC using 
Waters ACQ Arc Sys Core 1–30 cm CH (Waters, USA). The HPLC system 
was equipped with a Waters 2998 PAD module, a Waters 2414 refractive 
index detector (Waters, USA), and 2475 FLR module (Waters, USA). 0.1 
M NaCl was used as the mobile phase. The samples (3 mg/mL) were 
dissolved in the mobile phase under magnetic stirring at 40 ◦C, filtered 
through 0.22 μm pore syringe filters. Then, the samples were injected 
into columns in series (PolySep-GFC-P 4000 and 2000 (300 mm × 7.8 
mm) Phenomenex Inc., CA, USA) equilibrated at 40 ◦C. The injection 
volume was 20 μL and the flow rate was 0.5 mL/min. Calibration was 
performed using a pullulan standards kit (PSS polymer standards service 
GmbH, Mainz, Germany). 

2.4. Rheological characterization 

The viscosity of the pectin solutions was determined using a 
rheometer HR20, (TA Instruments, Montreal, QC, Canada) with a 40 mm 
parallel plate geometry. Briefly, pectin solutions at 2 % (w/w) and 4 % 
(w/w) were dissolved in deionized water and adjusted to pH 4.0. Sam
ples were loaded on the bottom Peltier plate. The viscosity was 
measured by rotational shear between the two parallel plates at 20 ◦C 
with a gap of 500 μm as a function of increasing shear rate from 0.1 s− 1 

to 200 s− 1. The samples were recorded with the TRIOS software version 
5.1.1.46572 (TA Instruments, Montreal, QC, Canada. The power law 
model Eq. (1) was applied to determine the consistency index (k) and the 
flow index behaviour (n). The apparent viscosities were determined at 
100 s− 1. 

σ = Kγn (1)  

2.5. Preparation of hydrogel beads and particles 

2.5.1. Dripping method 
Pectin solutions at 2 and 4 % (w/w) in de-mineralized water were 

prepared and pH adjusted to 4.0 to avoid acidic induced gelation during 
the process (Groult & Budtova, 2018). The solutions were extruded at 4 
mL/min through a stainless-steel needle (0.4 mm inner diameter) into an 
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aqueous gelation bath containing CaCl2 at 0.5 % (w/w) which was 
slowly agitated with a magnetic stirrer. The distance between the sy
ringe tip and the coagulation bath was 3 cm. After bead formation, the 
beads were kept in the coagulation bath for 24 h to stabilize the gel 
network. 

2.5.2. Jet cutting method 
Hydrogel particles were produced with the JetCutter Type S from 

geniaLab GmbH, Braunschweig, Germany. A gelation bath was previ
ously prepared at 0.5 % (w/w) of CaCl2 as a crosslinker. Four process 
parameters were fixed: the cutting frequency (fcut 2000 rpm), the nozzle 
diameter (dnozzle = 0.3 mm), the jet flow (Fjet = 0.25 g/s), the falling 
distance (1.5 m) and the pectin solution concentrations of 2 and 4 % (w/ 
w). 

2.6. Aerogel production 

A sequential solvent exchange was carried out by immersion of the 
resulting hydrogels in 20, 40, 60 and 80 wt% ethanol for 24 h each. 
Then, the samples were immersed in 99.9 wt% ethanol until a minimum 
final concentration of 98 wt% ethanol inside the hydrogels was reached 
(controlled by density measurements, Anton Paar, DMA 4500 M). A 
hydrogel solvent ratio of 1:10 was kept during the solvent exchange. 

After the solvent exchange, the alcogel particles and beads were 
sealed into a filter paper bag and placed into a high-pressure autoclave 
with an overall volume of 3.9 L for supercritical drying with CO2. The 
supercritical drying was performed at a temperature of 60 ◦C and 
pressure of 120 bars. A continuous flow of CO2 (flow rate = 80–110 g/ 
min) was set through the autoclave until complete extraction of the 
ethanol was achieved after 4 h. The aerogel materials were collected 
after slow de-pressurization (1 bar/min) of the autoclave and stored in 
sealed tubes (25 mL, Sarstedt) in a desiccator prior to analysis. 

2.7. Supercritical impregnation with vanillin 

Vanillin was selected due its proven good solubility under super
critical conditions (temperature 34.8–44.8 ◦C, pressure 85–500 bars) 
(Liu et al., 2006; Rojas-Ávila et al., 2016), and proven impregnation 
efficiency on aerogels, as previously reported by Schroeter, Yonkova, 
Goslinska, et al. (2021). For the impregnation process, vanillin was 
placed at the bottom of the high-pressure autoclave keeping an aerogel: 
vanillin weight ratio of 1:2 (g/g). The aerogel materials were sealed into 
a filter paper bag. The supercritical impregnation was performed in a 
closed system at a temperature of 60 ◦C and pressure of 120 bars of 
supercritical CO2 for 16 h. The impregnated material was collected after 
slow depressurization (1 bar/min) of the autoclave and stored in sealed 
tubes (25 mL, Sarstedt) in a desiccator prior to analysis. The drug 
loading capacity (LC) was determined according to Eq. (2). 

LC(%) =
Total mass of the loaded aerogels − Mass of dried aerogels

Total mass of the loaded aerogels
*100%

(2)  

2.8. Aerogel characterization 

The bulk density of aerogel particles and beads were measured using 
a graduated cylinder. Dry and impregnated aerogel particles (0.3 g) 
were filled in the cylinder up to a certain volume without tapping. The 
bulk density was calculated as a ratio of the weight and the occupied 
volume. 

Furthermore, low temperature N2 adsorption–desorption analysis 
was performed to investigate microstructural properties of the aerogels 
(Nova 3000e Surface Area Analyzer, Quantachrome Instruments, Boy
nton Beach, USA). A single determination was carried out for aerogel 
produced. An overall sample mass of 20–30 mg was used for each 
analysis. The specific surface area was determined using the BET 

(Brunauer–Emmett–Teller) method (Brunauer et al., 1938). The pore 
volume (Vpore) and average pore diameter (Dpore) were estimated by 
the BJH (Barrett–Joyner–Halendia) method (Barrett et al., 1951). All 
samples were degassed under vacuum at 60 ◦C for 6 h prior to analysis. 

2.9. Scanning electron microscope 

The surface properties and the inner structure of the aerogels were 
characterized via scanning electron microscopy (SEM, Zeiss Supra VP55, 
Jena, Germany). The intact and cut beads were sputtered with a thin 
layer of gold (approx. 6 nm thickness, Sputter Coater SCD 050, BAL- 
TEC) before analysis. The measurements were carried out under high 
vacuum at an accelerating voltage of 3 kV and a working distance of 
4.2–5.6 mm. 

2.10. Image analysis 

The size and shape of beads via dripping method was determined 
based on image analysis of pictures. 50 beads per experiment were 
evaluated to determine the mean particle diameter (Dparticle), perim
eter and projection surface area (ImageJ software). In case of irregular 
shaped beads, the average of the maximum and minimum diameter was 
used to calculate the Dparticle. 

Size and shape of dry aerogel particles from jet cutting process were 
determined with a Camsizer XT system (Retsch Technology) in free fall 
mode. All characterizations were carried out according to DIN 66,141. 
dparticle was calculated from the longest feret-diameter and the shortest 
chord-diameter of each particle projection as follows (Eq. (3)): 

dparticle =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2
Femax − x2

cmin

√

(3)  

where xFemax is the longest feret-diameter and xcmin being the shortest 
chord-diameter of each particle projection. 

2.11. FTIR 

FTIR measurements were recorded in transmission mode in a 
controlled chamber at 21 ◦C and dry air in order to avoid humidity and 
CO2 using a Cary 630 FTIR spectrometer (Agilent, USA). The spectra 
were taken at 4 cm− 1 resolution in a wavelength range of 400–4000 
cm− 1 and averaging a minimum of 32 scans. Spectra acquired were 
processed using Origin pro 2019 software (OriginLab Corporation, 
Northampton, MA, USA). 

2.12. Vanillin release kinetics 

A kinetic study on vanillin release from the impregnated aerogel 
beads prepared at two different pectin concentrations (2 and 4 % (w/w)) 
in water was monitored using a spectrophotometer (Evolution™ 300, 
Thermo Fisher Scientific, USA) at 280 nm. Around 180 mg of impreg
nated bead samples were immersed in 500 mL of distilled water at 30, 40 
and 50 ◦C with magnetic stirring (180 rpm). The range of temperature 
was selected to evaluate any influence of this factor on vanillin release, 
also keeping in mind the body temperature which falls within the 
selected range. At pre-determined time periods, an aliquot (1 mL) from 
the solution was taken out and analysed, and then returned back into the 
release medium. The vanillin concentration was calculated through a 
calibration curve constructed beforehand using vanillin solutions with 
known concentrations. The kinetic experimental data collected was 
analysed and adjusted according to previous work (Schroeter, Yonkova, 
Goslinska, et al., 2021) with the Weibull model approach (Eq. (4)) using 
origin 9.6 (OriginLab Corporation, Northampton, MA, USA). 

ct = cmax − e
−

(
t
α

)β

(4) 
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with ct being the concentration at time t, cmax being the vanillin con
centration in the water phase at the end of the measurement. α is the 
scale constant and β is the shape constant. 

2.13. Statistical analysis 

All statistical analysis was performed using the statistical software 
Statgraphics Centurion XVI® (Manugistics Inc.; Rockville, MD, USA). 
Statistically significant differences were determined by using one-way 
analyses of variance (ANOVA) and sample comparison with LSD at 95 
% confidence level (p-value <0.05). 

3. Results and discussion 

3.1. Initial pectin characterization 

A compositional characterization of the different pectin samples used 
for aerogel production was conducted in order to assess and correlate 
composition with their gelling capacity, aerogel structure, subsequent 
vanillin impregnation and release profiles. The three commercial pectin 
samples (C1, C2 and C3) showed a high purity, with a total carbohydrate 
content near to 100 % and very high Gal A content, typical for industrial 
pectin (Table 1). Only small differences between these citrus pectin 
samples were found, with a higher content in protein in the low mo
lecular weight citrus pectin (C2) and a slightly higher branching degree 
in the medium molecular weight pectin (C3). In contrast, the 
enzymatically-modified watermelon rind pectin (WRP) obtained in the 
laboratory showed remarkable differences compared to the citrus pectin 
samples. Specifically, it was a relatively less pure pectin extract due to 
the presence of a certain amount of protein and ashes and, more inter
estingly, this WRP had a much larger branching degree pointing out at 
the predominance of long galactan side chains (Méndez et al., 2021). 

The presence of longer branches in the WRP pectin has been seen to 
affect the rheological properties of the gels formed with Ca2+ (Méndez 
et al., 2022). However, there are other factors which could affect the 
structure and physical properties of the gels and of the subsequent 
aerogels, such as degree of blockiness or esterification degree (DE), 
among others (Ngouémazong, Kabuye, et al., 2012). As observed from 
Table 1, WRP had the lowest DE and the greatest protein content and 
branching degree (RB), with a considerable lower homogalacturonan 
percentage, thus suggesting less gel strength as observed in previous 
works with WRP compared with C1 (Méndez et al., 2022; 
Ngouémazong, Jolie, et al., 2012) that could be highly co-related to the 
methyl-esterification pattern and available junction zones 
(Ngouémazong, Jolie, et al., 2012). 

The FTIR of the various pectin powders showed the typical finger
print for pectin (Fig. 1A), identified by the two strong absorption bands 
at 1012 and 1084 cm− 1 which are attributed to glycosidic linkages 
(C–O and C–C stretching bonds) and is typical for backbone vibrations 

of pectin (Bichara et al., 2016; Kacuráková et al., 2000; Mikshina et al., 
2017; Pasandide et al., 2017). The band at 1077 cm− 1 has been previ
ously attributed to neutral Ara-based glycans or RG regions (Kacuráková 
et al., 2000). Other characteristic pectin FTIR vibrational bands are the 
one at 1730 cm− 1, ascribed to esterified carbonyl groups (C––O), the 
band at 1598 cm− 1, corresponding to free carboxylic groups COO− , and 
another symmetric vibrational band at 1406 cm− 1 which is also related 
to the free carboxyl groups (Kozioł et al., 2022; Pasandide et al., 2017). 
Due to the low degree of esterification in all selected pectins (low 
methoxy degree), a high intensity is observed for the bands represen
tative for free carboxylic (1598 cm− 1) groups (Gnanasambandam & 
Proctor, 2000; Méndez et al., 2021) which is desirable for divalent 
cation interaction and hydrogel-forming. 

Another factor which is closely related to the rheological behaviour 
of pectin is the molar mass distribution (MM) (Fig. 1B), as apart from 
affecting the viscosity of pectin solutions, also plays a key role in the 
gelation process itself and in the shape of the gels and final aerogel 
structure (Schroeter, Yonkova, Niemeyer, et al., 2021). A broad poly
disperse peak was observed for the three industrial pectin samples (C1, 
C2 and C3). In contrast, a much narrower MM was observed for the WRP 
pectin, which could be a result of the specificity of the enzymatic process 
and subsequent dialysis steps. WRP had a very similar average MM as 
the C2 sample (the lower molecular weight pectin) and C3 sample 
showed the broadest distribution. Smaller peaks (lower than 1.5 kDa) 
were observed for samples C1, C2 and C3, that were higher with the 
increase arabinose content of each sample, which is in accordance with 
previous reports (Brigand et al., 1990). Interestingly, the WRP also 
showed three less intense peaks under 2.3 kDa that probably corre
sponds to the degradation products of pectin or the associated lignin 
(Sun & Hughes, 1998). These differences may be due to the different 
extraction conditions, pectin source and the harvest conditions (el Fihry 
et al., 2022). 

The rheological behaviour of pectin solutions was also evaluated as it 
has been considered a key factor in the production of quality hydrogel 
beads. Higher viscosities usually induce more spherical beads resistant 
to impact forces when hitting the coagulation bath surface (Schroeter, 
Yonkova, Niemeyer, et al., 2021). As expected, higher pectin concen
trations (e.g. 4 % (w/w)) resulted in increased viscosity and a more 
shear thickening behaviour (n < 1) (see Table 2). At the lower pectin 
concentration (2 % (w/w)), the apparent viscosity of the solutions was 
related with their MM, being the C3 pectin the one giving raise to the 
more viscous solutions, followed by C1. In the case of C2 and WRP, as 
shown in Fig. 1C, at 2 % (w/w) concentration, C2 showed a higher 
apparent viscosity than WRP only at lower shear rates. At higher shear 
rates, the hydrophobic interaction caused by the higher DE which is 
related to more viscous pectins, was surpassed and their resistance to 
shear stress was lowered as expected for the reduced MM (Chan et al., 
2017). Furthermore, it was observed a high standard deviation during 
the first shear rate steps, due to the low viscosity and high variability 
during the polymer reorganization of this sample. At higher pectin 

Table 1 
Composition of pectin samples. Degree of esterification (DE %), protein and ash content (%) and structural ratio of pectin powder C1, C2, C3 and WRP.  

Sample DE %**** Ashes (% d.w.) Protein content (%) Rha (μg/mg) Ara (μg/mg) Gal (μg/mg) GalA (μg/mg) RB* RL** HG %*** 

C1  5 0.47(0.01)a 5.78(0.07)c 45.1(6.41)a 7.02(0.98)a 91.28(15.54)a 856.42(132.05)a  2.2  5.8  81.1 
C2  6.5 3.08(0.08)b 7.44(0.004)b 43.32(0.66)a 17.05(0.34)b 91.36(6.66)a 885.94(43.87)a  2.5  5.6  84.2 
C3  5.6 1.91(0.00)c 5.82(0.08)c 41.05(4.81)a 23.72(3.01)c 98.9(10.87)a 831.97(89.53)a  2.9  4.9  79.1 
WRP  4.8 1.47(0.02)d 7.95(0.021)a 19.4(3.52)b 1.72(0.13)d 120.14(3.58)b 633.35(46.05)b  6.2  4.4  61.4 

Numbers in brackets corresponds to standard deviation. 
The rest of sugars were detected in minor amounts (See supplementary material Fig. S1). 
The data are averages and standard deviations (brackets) of triplicate measurements. Values in each column with different superscript letters (a-d) indicates significant 
differences (p < 0.05) among samples. 

* RB A larger value is indicative of larger average size of the branching side chains. (Gal+Ara/Rha). 
** RL A larger value suggest of more linear/less branched pectins. (GalA/(Xyl + Rha + Ara + Gal). 
*** (GalA-Rha). 
**** DE values were given by the suppliers, DE of WRP was estimated according to the method described in Méndez et al. (2022). 
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concentration, the closer polymer-polymer interactions affected the 
rheological behaviour and, although the MM distribution was displaced 
towards lower molecular weights for the C1 pectin, a greater resistance 
to shear stress was observed probably ascribed to better electrostatic 
interactions among the pectin chains (Chan et al., 2017; Petkowicz et al., 
2017). On the other hand, although samples WRP and C2 share similar 
MM, WRP had a superior viscosity. This suggests that the branching 
degree (RB) had a significant impact in the viscosity and rheological 

properties, caused by the entanglements interactions as previously re
ported for branched pectin gels (Ngouémazong, Kabuye, et al., 2012; 
Petkowicz et al., 2017). 

3.2. Development and characterization of aerogels beads 

The substantial differences found among the pectin samples studied 
were expected to affect the microstructure and release properties of 
aerogel beads produced thereof. Initially, the effect of pectin concen
tration on aerogel structure was evaluated. To this end, pectin hydrogels 
were initially obtained by dripping pectin solutions (at 2 % and 4 % (w/ 
w)) onto a gelling bath containing 0.5 % (w/w) CaCl2 and subsequently, 
aerogels from the four different pectin samples were obtained through 
supercritical drying. The average diameter for hydrogel beads was 2.89 
± 0.2, 3.43 ± 0.3, 2.8 ± 0.1 and 2.48 ± 0.2 mm for C3, C2, C1 and WRP 
samples respectively (Table S1. supplementary material), at 2 % (w/w). 
At higher pectin concentrations, the size of the beads increased around 
20 % for samples C2, C3 and WRP. Interestingly, the size of the aerogel 
particles prepared with C1 increased ̴ 66 % at 4 % (w/w), which was 
presumably ascribed to the higher viscosity, increasing the size of the 
drop during the dripping process. 

Fig. 2 shows representative images of the visual appearance of the 
various pectin gels before (hydrogels and alcogels) and after (aerogels) 
supercritical drying. As observed from this Figure, the morphology of 
the hydrogel, alcogel and aerogel structures depended on the pectin 
source. Round shape hydrogel and alcogel capsules obtained from WRP 
presented a whitish hue which could be ascribed to the presence of some 
impurities (like proteins) with different refractive indices which pro
voked light dispersion. In contrast, those prepared with commercial 
citrus pectin were more transparent, indicative of a greater homogene
ity. Besides, it is worth mentioning that C1 and C3 pectin gave rise to 
round shaped and translucent beads whereas capsules prepared with C2 
had a noticeable irregular shape after the gelling process, even in those 
prepared at the higher pectin concentration. This suggests that not only 
the esterification degree but also the molecular weight, linearity and 
purity played a role on the gel’s formation. The significantly lower 
viscosity of C2 together with the greater DE and protein content could 
explain the morphology obtained in this case, in agreement with pre
vious research studies (Fitri et al., 2021; Schroeter, Yonkova, Niemeyer, 
et al., 2021; Shi et al., 2011). 

In order to quantitatively evaluate the morphological changes 
related to the type of pectin used, the sample volumetric shrinkage was 
monitored from hydrogel to aerogel for samples prepared at 2 and 4 % 
(w/w) pectin and the results are displayed in Fig. 3. The shrinkage 
phenomenon has been frequently reported for other pectin and bio- 
based aerogels, and it is an important parameter for evaluating the 
quality of aerogels in terms of preservation of the fragile microporous 
structure, dimensional stability and quality of the aerogel pore system 
(Chartier et al., 2022; Dirauf et al., 2021; El-naggar et al., 2020; Groult 
et al., 2021a; Liebner et al., 2009; Schroeter, Yonkova, Niemeyer, et al., 
2021). A multistep solvent exchange was used as it has been reported to 
greatly limit the shrinkage phenomenon. However, at lower pectin 
concentrations, a significant size reduction was observed already during 
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Fig. 1. (A) FT-IR spectra for initial pectin powder C1, C2, C3 and WRP. (B) 
Molar mass (MM) distribution of the pectin samples, the black squares corre
spond to pullulan standards with the matching MM. (C) Apparent viscosity vs. 
shear rate curves for solutions prepared with, at 2 % (w/w) (continuous line) 
and 4 % (w/w) (dotted line) pectin concentration, WRP ( ), C1 ( ), C2 
( ), and C3 ( ). 

Table 2 
Flow behaviour index (n), consistency index (k) and apparent viscosity (ηap) of 
the pectin solutions prepared at (A) 2 and (B) 4 % (w/w).  

Sample n K R2 ηap (Pa.s) at 100 s− 1 

C1 (A)  0.97  0.03  0.999  0.033 
C1 (B)  0.85  0.4  0.998  0.244 
C2 (A)  0.77  0.015  0.997  0.005 
C2 (B)  0.85  0.026  0.998  0.014 
C3 (A)  0.96  0.04  0.999  0.037 
C3 (B)  0.93  0.28  0.999  0.210 
WRP (A)  0.98  0.014  0.999  0.014 
WRP (B)  0.87  0.22  0.999  0.129  
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solvent exchange process. This phenomenon has been previously re
ported, as hydrogels with low solid contents are prone to significant 
shrinkage, losing about half of their volume during solvent exchange 
(Gurikov et al., 2019). In contrast, shrinkage decreased with the increase 
of pectin concentration, as previously reported for other aerogels, as 
more concentrated solutions are generally more robust, undergoing less 
changes during solvent exchange and subsequent drying (Groult & 
Budtova, 2018; Gurikov et al., 2019). From Fig. 3, one could see the 
relevance of the homogalacturonan (HG) content and DE in the 
shrinking phenomenon and, thus, the commercial C3 pectin, with a 79 % 
HG content and DE 5.6 exhibited the greatest shrinkage, even when 
prepared at the higher concentration (4 % (w/w)). While the WRP had a 
substantially lower HG content of 61 %, the lower DE (4.8 %) partially 
prevented shrinkage during aerogel formation, probably due to a 
stronger hydrogel network formed through the interactions between 
free carboxyl groups and the positively charged divalent ions present in 
the gelation bath. The C1 pectin, having the lowest DE (5) and a high HG 
content (81 %), probably leading to the strongest hydrogels, was the one 
suffering from less shrinkage, especially at the higher pectin concen
tration. Other factors which affect gel strength are also expected to in
fluence the shrinkage degree. Interestingly, a substantial shrinkage was 
observed in C3 pectin at the greater concentration (cf. Fig. 3b), which 

seems to point out the greater degree of branching, responsible of its 
greater molecular weight and probably leading to a lower gel strength. 
In fact, similar effects were previously reported for polyethylene aero
gels (Khedaioui et al., 2019; Leven et al., 2021; Liebner et al., 2009). 
Rodríguez-Dorado et al. (2019) also reported that high molecular weight 
alginate induced a higher shrinkage degree and less porous materials. 

Therefore, it could be concluded that the shrinkage phenomenon was 
not only affected by the biopolymer concentration, as it has been pre
viously reported, but also by compositional, structural, molecular in
teractions and the collapse due to surface tension effects at the 
vapor–liquid interfaces (Benali & Boumghar, 2014; Groult & Budtova, 
2018; Schroeter, Yonkova, Niemeyer, et al., 2021). 

The microstructure and porosity of the aerogels formed were also 
examined by scanning electron microscopy (SEM). Fig. 4 shows repre
sentative micrographs of the inner structure of the aerogel capsules 
formed using WRP and the commercial pectin samples (C1, C2 and C3) 
prepared at both concentrations. Although a porous three-dimensional 
network was observed in the different samples, from the SEM images 
it was difficult to draw conclusions about the microstructure and, thus, 
the surface area, bulk density and average pore size were measured 
through the BET method and the results are displayed in Table 3. 

Table 3 displays the surface area, bulk density, and average pore 

C1

C2

C3

WPR

Hydrogel Alcogel Aerogel

A

Fig. 2. Beads produced by dripping method with gelation bath at 0.5 % (w/w) CaCl2 at two pectin concentration solution a) 2 % (w/w) and b) 4 % (w/w). (green 
scale bar corresponds to 1 cm). 
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diameter of the various pectin aerogels. In general, the specific surface 
area of the aerogels ranged between 469 and 585 m2/g, in agreement 
with previous works (Preibisch et al., 2018; Veronovski et al., 2014). 
Interestingly, while surface area could not be directly related with 
shrinkage, the bulk density clearly reflected the changes taking place 
during aerogel formation. In fact, while the surface area of the devel
oped aerogels did not significantly increase as the pectin concentration 
increased, as it was the case in previous studies (Buchtová & Budtova, 
2016; Chartier et al., 2022; Groult & Budtova, 2018), concentration and 
shrinkage affected the bulk density of the samples, being the C1 and C2 
the samples with lower values, in accordance with their lower shrinkage 
observed. These lower bulk densities were also correlated with greater 
average pore diameters (cf. Table 3). pore volume varying from 2.37 to 
8.65 cm3/g, with noticeable changes among samples (Supplementary 
material, Table S4). The fact that increasing the pectin concentration did 
not lead to a significant increase in the surface area, could be related to 
the CaCl2 concentration used as a crosslinker, which was fixed at 0.5 % 
(w/w) and, therefore, the amount of calcium ions able to interact with 
ionized groups of non-methylated galacturonic acid on the pectin 
backbone was limited (Dronnet et al., 1996; Groult & Budtova, 2018; 
Thibault & Rinaudo, 1986). Bulk density values were in agreement with 
the results recently reported by (Groult et al., 2021b), C3 and WRP 
aerogels presented greater bulk densities, explained by their greater 
shrinkage degree. 

The various aerogels formed were up-scaled through a jet cutting 
methodology to check on the validity of the conditions used and the 
results are shown in the supplementary material (cf. Table S3 in the 
Supplementary Material) which confirmed the reproducibility of the 
methodology used. 

3.3. Pectin aerogels as drug delivery systems 

In the last part of this work, highly porous pectin aerogels obtained 
by means of the dripping methodology were subsequently impregnated 
with vanillin and the drug loading efficiency and kinetics release were 
analysed. The impregnation process provided a brief insight of possible 
chemical interaction and affinity between pectin and vanillin. During 
the impregnation process, the aerogel beads suffer a size reduction of 
8.4, 9.0, 3.1 and 15 % for C1, C2, C3 and WRP respectively, as the 
structure collapses due to the high pressures in the supercritical 
impregnation process (Fig. S2. Table S1 Supplementary material). As 
observed in Table 3, the loading capacity efficiency varied between 9 % 
and 60 %, in agreement with previous works using other biopolymers 
(García-González et al., 2015; Groult et al., 2021b; Mehling et al., 2009; 
Tkalec et al., 2016; Veronovski et al., 2014). It is worth mentioning that 
the loading capacity was significantly higher and very similar in all the 
pectin aerogels prepared at 2 % (w/w) concentration. In contrast, lower 
vanillin loading was observed when increasing pectin concentration. 

B

C1

C2

C3

WPR

Hydrogel Alcogel Aerogel

Fig. 2. (continued). 
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The results seem to point out to the low chemical affinity between 
vanillin and low methoxy pectin. Vanillin is a phenolic aldehyde with 
three functional groups (aldehyde, ether and hydroxyl groups), with a 
tendency to form aggregates stemming from the hydrophobicity of ar
omatic compounds (Frenkel & Havna-Frenkel, 2006). The results seem 
to indicate that at low pectin concentrations, most of the carboxyl 
groups from pectin are interacting with the calcium cations to form the 
so-called egg-box junctions, leaving a relatively hydrophobic inner 
aerogel structure, where vanillin molecules can penetrate and stack 
together and, thus, similar loadings were observed irrespective of the 
pectin used. In contrast, at high pectin concentrations, only some of the 
carboxyl groups were interacting with the calcium ions, thus leaving a 
more hydrophilic environment within the aerogels. In this case, the 
composition of the various pectin samples affected aroma loading. C1 
pectin, having the lower DE, a high homogalacturonan content, the 
lower protein content and a low shrinkage, was the one having less 
vanillin affinity and thus, displaying the lower loading capacity. C2 and 
C3 pectin aerogels displayed the greatest vanillin loading when pre
pared at 4 % (w/w) pectin concentration, probably ascribed to their 
higher DE, thus presenting a more hydrophobic inner aerogel environ
ment. Interestingly, WRP, even though having the lowest DE, was able to 
incorporate much more vanillin than the C1 aerogels, explained by the 
lower HG content (61 %) and greater protein content, as aromatic 
compounds such as vanillin are prone to interact with proteins 

(Tromelin et al., 2006). 

3.4. Release kinetics 

The release kinetics are influenced by the drug and carrier material. 
For instance, when a hydrophilic drug is loaded into a hydrophilic 
aerogel, hydration and drug dissolution are often fast, facilitating drug 
desorption. Likewise, different phases could occur depending on the 
interaction with the media, such as erosion, swelling, and in some cases, 
dissolution of the carrier matrix. During the first phase, hydration and 
swelling of the carbohydrate-based aerogels normally takes place, 
finally resulting in the collapse of the pores and the formation of a 
hydrogel-like matrix. It has been reported that the velocity of the pore 
collapse and hydrogel formation affects drug release kinetics (García- 
González et al., 2021), which will be affected by the pectin type, pectin- 
vanillin interactions and release media. 

Based on drug load capacity (LC) results, a complete release was 
detected in all cases, at the end of the measurement. Furthermore, the 
total loaded vanillin of the aerogel beads was verified with prolonged 
times where no changes in concentration in the release media were 
noticed. In order to characterize the vanillin release profiles from the 
various pectin aerogels, a Weibull model-based approach was used for 
description of release kinetics. While the approach is purely empiric, it 
has demonstrated suitability for highly correlated non-linear kinetic 
description of chemical reactions in previous works (Kokkinidou et al., 
2014; Schroeter et al., 2019; Schroeter, Yonkova, Goslinska, et al., 
2021). In this work, the influence of temperature was also evaluated (30, 
40 and 50 ◦C) but according to the kinetic data, vanillin release was 
temperature-independent (see Fig. S3 in the Supplementary Material), 
supporting the hypothesis of low pectin-vanillin interactions, indicating, 
that vanillin was not covalently attached to the aerogels, and thus, the 
diffusion driven process, was only slightly dependent on temperature. 
Therefore, the rate constants were calculated from the average profiles 
of the three kinetic release temperatures. Vanillin release profiles of all 
samples were fitted with a high correlation (R2 0.985–0.999) up to 
complete release by the Weibull model, except the C3 aerogel at 2 % (w/ 
w), which showed a differentiated release behaviour starting with a 
linear release (0 order) followed by a swelling step up to ⁓ 80 % and a 
final slower release (Fig. 5). The data from Table 4 indicate that release 
kinetics, at least during the first minutes, were mainly influenced by 
aerogel shrinkage, bulk density and average pore size and, thus, the 
greatest shrinkage experienced by the C3 aerogel obtained with a pectin 
concentration of 4 % (w/w), probably hindered water diffusion within 
the aerogel, thus limiting the initial vanillin release. WRP also showed 
slower initial vanillin release, also explained by the lower average pore 
size limiting solvent diffusion. However, in the case of WRP, once the 
water penetrated within the structure, a burst vanillin release occurred, 
again confirming the low chemical affinity between both materials. 

The obtained data showed a faster release kinetics compared with 
previous works from cellulose aerogels loaded with vanillin (Schroeter, 
Yonkova, Goslinska, et al., 2021) and pectin aerogels loaded with 
theophylline (Groult et al., 2021a). The use of aerogels for fast release is 
also desirable in some cases, e.g. in drug release for dermal treatments 
(Siepmann & Siepmann, 2012). 

4. Conclusions 

Three commercial citrus pectin samples (C1, C2 and C3) and an 
enzymatically-modified watermelon rind pectin (WRP) with different 
physicochemical characteristics were investigated for the production of 
aerogel beads at two pectin concentrations (2 and 4 % (w/w)) and they 
were evaluated as potential drug carriers. Results showed that pectin 
concentration, the degree of esterification, composition and molecular 
weight, affected hydrogel and subsequent aerogel particle formation. 
The aerogel particles obtained presented high surface areas and low- 
bulk density values, thus making them attractive vehicles for delivery 

Fig. 3. Volumetric shrinkage during the aerogel preparation (C1 ( ), C2 
( ), C3 ( ) and WRP ( )) as a function of pectin concentration: A) 2 % 
(w/w) and B) 4 % (w/w). The hydrogels were formed by dripping the pectin 
solutions in a 0.5 % (w/w) CaCl2 coagulating bath. Lines are drawn to guide 
the eye. 
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applications. Shrinkage during aerogel formation was highly dependent 
on the pectin concentration and structure and, thus, C1 pectin at 4 % 
concentration, having the lowest DE and a high HG content, was the one 
with the lowest shrinkage, while C3 and WRP with lower HG contents 
suffered from substantial shrinkage, thus having higher bulk density 
values and lower average pore diameters. Vanillin, as a model com
pound, was loaded by impregnation, in the different aerogel structures. 
The low chemical affinity between pectin and vanillin explained greater 
aroma loading in the aerogels prepared at 2 % (w/w) pectin concen
tration, while the vanillin content of the aerogels prepared with 4 % 
pectin was seen to depend on the inherent pectin characteristics and, 
thus, those having more hydrophobic groups were the ones incorpo
rating more vanillin. The low chemical affinity between pectin and 
vanillin also affected the release kinetics (not influenced by 

temperature) and, in this case, slower release, especially in the initial 
phase was observed for the samples with smaller average pore sizes (C3 
and WRP), probably due to the limited solvent diffusion towards the 
inner part of the aerogels. While WRP aerogels could be considered 
promising carriers of active compounds of interest in the food and 
pharma areas due to the biocompatibility and potential benefits as a 
prebiotic compound, limitations due to the fast drug release need to be 
tackled. Several previous studies reported the use of vanillin as a model 
active ingredient (Liu et al., 2023; Stanzione et al., 2017), with some 
strategies for release control, such as coating the aerogel beads (Schro
eter, Yonkova, Goslinska, et al., 2021). Further experiments are needed 
to explore their potential as a carrier of hydrophobic compounds and to 
mimic human conditions. 

C1(B) C2(B)

C3(B) WRP(B)

C1(A) C2(A)

C3(A) WRP(A)

Fig. 4. SEM micrographs of pectin aerogels produced via dripping method at two different concentrations: 2 % (w/w) (A) and 4 % (w/w) (B). Scale markers 
corresponds to 400 nm. 
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Fig. 5. Release patterns of vanillin from impregnated pectin beads (C1 ( ), 
C2 ( ), C3 ( ) and WRP ( )) at (A) 2 and (B) 4 % (w/w). All data is 
averaged from 30, 40 and 50 ◦C release data and normalized to 100 % release. 
The solid lines correspond to Weibull model fitting. The shaded part of each line 
corresponds to standard deviation of the average of the three temperature 
values (30, 40 and 50 ◦C). 

Table 4 
Fitting of kinetic parameters and times of vanillin released to the media at 50 % 
(t50%) and 90 % (t90%) of the different impregnated pectin aerogels at (A) 2 % 
(w/w) and (B) 4 % (w/w).  

Sample R2 α− 1 (min− 1) β (− ) t50% (min) t90% (min) 
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