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A B S T R A C T

The exceptional properties of aerogels explain their growing applicability in different research areas. In the case 
of nutraceutical delivery, they hold the potential to improve the common challenges of poor bioavailability and 
low stability of the bioactive ingredients, thereby enhancing intestinal delivery. Starch aerogels offer additional 
attractive features: biocompatibility, potential cost reduction, and abundance of raw materials. This review 
explores the development of starch aerogels as carriers for nutraceutical delivery, and how it can be rationalized 
with molecular simulation. The fundamentals of starch aerogels and the existing literature on the carriers are 
explored, including synthesis procedure, morphology, nutraceutical loading, and characterization of the 
resulting delivery system. Molecular simulation is identified as a key tool for examining properties and in
teractions occurring at the nano- and sub-nanoscale. The current gaps in the field are critically discussed, and 
trending topics for future research are identified. A computational-assisted design combined with a systematic 
approach to production routes is needed to further develop the field of starch aerogels for nutraceutical delivery, 
in addition to assessing toxicity, stability during storage, and scale-up viability.

1. Introduction

Aerogels are a class of nanostructured materials that typically exhibit 
a highly porous structure (total porosity usually in the range 80–99 %), 
with predominance of mesopores (pore diameter between 2 and 50 nm), 
resulting in very low bulk density (0.01–0.5 g cm− 3) and high specific 
surface area (150–1200 m2 g− 1) (García-González et al., 2019; Maleki 
et al., 2016; Vareda et al., 2018). The microscopic features of aerogels 
translate into attractive bulk characteristics, such as thermal and sound 
insulation (Maleki et al., 2016). Aerogel properties can be tuned via 
matrix type (organic, inorganic, or composite material), synthesis route, 
and surface modification (e.g., functionalization, coating) (Dhua et al., 
2022; Zhao et al., 2018). Owing to this exceptional versatility, aerogels 
are used across aerospace, construction, and petrochemical fields, and, 
more recently, in environmental, biomedical, and pharmaceutical 
applications.

Despite extensive work in drug delivery, aerogels remain underused 
for encapsulating food and nutritional ingredients, i.e., nutraceuticals 
(Abdullah et al., 2022; García-González et al., 2021; Gibowsky et al., 
2025; Manzocco et al., 2021). The positive effect of these ingredients is 

often hindered by poor absorption. Aerogel-based carriers are a prom
ising way to address this limitation and improve delivery, since their 
high surface area enables high loading capacity, and targeted and 
controlled release can be achieved by tuning the material properties 
(Dhua et al., 2022; García-González et al., 2021; Gonçalves et al., 2018; 
Manocha et al., 2022).

Traditionally, inorganic matrices − especially silica − have domi
nated research and industrial applications. Unlike inorganic aerogels, 
bioaerogels derived from natural polymers offer biodegradability, sus
tainable sourcing, and biocompatibility, aligning with the requirements 
of food-grade delivery systems (Abdullah et al., 2022; Zhao et al., 2018). 
Several recent reviews have surveyed food-related uses of bioaerogels, 
discussing their properties and production processes from a broad 
perspective and providing only brief overviews of the various possible 
precursors (Abdullah et al., 2022; Dhua et al., 2022; Manzocco et al., 
2021; Selvasekaran & Chidambaram, 2022).

Starch is often identified as a promising yet underexplored poly
saccharide, owing to its abundance, low cost and universal non-toxicity 
(Abdul Khalil et al., 2023; Zheng et al., 2020). These attributes have 
motivated reviews that further explore the potential of starch-based 
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carriers. Sun et al. (2023) discussed trends and prospects for starch- 
based nutraceutical delivery systems, highlighting their versatility and 
biocompatibility, while Rostamabadi et al. (2019) focused specifically 
on starch-based nanodevices. However, starch aerogels are only briefly 
mentioned in these works and are not treated as a distinctive category of 
delivery systems. Conversely, notable attempts to review the production 
routes and property optimization of starch aerogels were made by F. Zhu 
(2019) and Zheng et al. (2020), but these works lack a detailed discus
sion on their use as carriers of bioactive ingredients.

Existing reports on starch aerogels for nutraceutical delivery focus 
primarily on experimental characterization of the carrier's structural and 
physical properties rather than delivery performance, and they overlook 
one essential aspect: understanding the interactions between the matrix 
and the nutraceutical and, in multi-nutrient systems, the interactions 
among co-encapsulated nutraceuticals. To date, the studies that 
acknowledge the importance of these interactions rely mainly on limited 
information obtained from experimental techniques such as Fourier 
transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) 
(Yang et al., 2024; Zhang, Li, et al., 2023).

Computational approaches can therefore provide additional insight 
and improve experimental efficiency in carrier design. Among them, 
molecular simulation is a powerful tool for representing real molecular 
systems and capturing their physical and chemical behavior, enabling 
the study of property evolution, dynamics, and interactions (Braun et al., 
2019). Although still underexplored, it is essential for achieving 
molecular-level understanding of delivery systems.

It is clear that there is a need to systematize and rationalize the 
literature on starch-based aerogels for nutraceutical delivery to better 
understand current progress and remaining challenges. This review aims 
to fill this gap and to demonstrate how molecular simulation can further 
advance the field. We first define “nutraceutical” and outline key chal
lenges, then discuss relevant aspects and properties of starch. We next 
summarize the main steps and technologies for synthesizing and pro
ducing the aerogel carrier, along with case studies from the literature. 
We then discuss the role of molecular simulation in the study of nutra
ceutical delivery systems, and conclude with key findings and future 
perspectives.

2. Nutraceutical delivery: Concepts and challenges

The term “nutraceutical” was coined by Stephen De Felice in 1989 
and later clarified in a 1994 press release as “any substance that may be 
considered a food or part of a food and [that] provides medical or health 
benefits, including the prevention and treatment of disease”. The word 
combines “nutrition” and “pharmaceutical” to describe what lies be
tween the conventional concepts of foods and drugs (Wildman, 2007). 
The original definition is indeed broad. Despite attempts by some or
ganizations to narrow it, the term remains contested, and several au
thors have proposed different meanings (Chopra et al., 2022).

Siddiqui and Moghadasian (2020) distinguish between two concepts 
within the broader category of dietary supplements: nutraceuticals and 
nutrition supplements. In their view, nutraceuticals encompass specific 
bioactive substances − such as plant extracts and phytochemicals −
whereas nutrition supplements are intended simply to augment daily 
nutrient intake from food. In a similar perspective, Puri et al. (2022)
describe nutraceuticals as nutrient formulations specially designed to 
meet dietary needs and to prevent or treat disease. They further differ
entiate nutraceuticals from food supplements: the former include pro- 
and pre-biotic foods for special medical uses, while the latter encompass 
minerals, vitamins and functional foods.

Both nutraceuticals and dietary supplements are non-pharmaceutical 
and non-medical products sold in dosage forms (e.g., tablets, capsules, 
syrups). According to Chopra et al. (2022), the distinction between them 
lies in their purpose: nutraceuticals are intended for prophylactic or 
therapeutic use, whereas dietary supplements primarily support 
nutrient intake and prevent deficiencies. Conversely, other authors 

adopt a broader definition. Gonçalves et al. (2018) and Manocha et al. 
(2022) include nutrient supplements (e.g., minerals and vitamins) as a 
subtype of nutraceuticals, following De Felice's original 
conceptualization.

The lack of a clear and globally accepted definition can be attributed 
to a heterogeneous regulation worldwide. In Europe, the legislation does 
not explicitly use the term nutraceuticals. The regulatory framework 
instead refers to food supplements − concentrated sources of nutrients 
or other substances with nutritional or physiological effects, marketed in 
dose form (e.g., capsules, tablets, sachets, ampoules, drop-dispensing 
bottles). These include proteins, vitamins, minerals, and other sub
stances with nutritional benefits and are regulated by the European Food 
Safety Authority (EFSA) (EFSA, 2022; EPCEU, 2002).

In this review, we adopt De Felice's broad classical definition of 
nutraceutical because of its generality. Accordingly, nutraceuticals 
encompass a wide range of substances whose different structures and 
properties lead to varied physiological effects in the body. They are 
absorbed in the intestine, and a common challenge is their poor 
bioavailability, often associated with reduced stability and low solubi
lity in intestinal fluids (Manocha et al., 2022).

During processing and storage, exposure to light, oxygen, humidity, 
and temperature can degrade many nutraceuticals because of their 
limited chemical and physical stability. After ingestion, variable pH and 
enzymatic activity along the gastrointestinal tract further compromise 
integrity. For example, light and oxygen can damage phenolic com
pounds (Araujo et al., 2024). Without adequate protection, nutraceut
icals may reach the intestine chemically altered and partially or fully 
lose bioactivity. Solubility is another recurring issue: compounds must 
be dissolved in the intestinal fluid to be absorbed. Many nutraceuticals −
such as β-carotene (Zhang, Wang, et al., 2023) and curcumin (Alavi & 
Ciftci, 2024a) − are poorly water-soluble, leading to low bioavailability. 
Consequently, conventional supplements often resort to high doses to 
overcome stability and solubility limitations (Gonçalves et al., 2018; 
Manocha et al., 2022).

In a nutshell, effective carrier systems for nutraceutical delivery 
should: (i) protect the nutrient during shelf-life and passage through the 
gastrointestinal tract (from pH changes and enzymes); (ii) preserve 
chemical integrity and bioactivity so benefits are retained after ab
sorption; (iii) provide sufficient loading capacity to achieve the intended 
dose; (iv) enable intestinal targeting and, when needed, controlled 
release; (v) enhance solubility/dissolution in intestinal fluid (via suitable 
chemical or physical functionalities); (vi) be food-grade and safe; (vii) 
feature sensory properties when relevant (Gonçalves et al., 2018).

3. Starch structure and transformation

Starch is a polysaccharide composed of two macromolecules −
amylose and amylopectin (Fig. 1). Both are glucose-based and their ratio 
depends on the starch source, e.g., maize, potato, wheat, rice. Typically, 
starch contains ~70–80 % amylopectin and ~20–30 % amylose, though 
high-amylose and waxy (amylopectin-rich) starches are also commer
cially available (S. Wang et al., 2015; Zheng et al., 2020). Amylose is a 
relatively small, essentially linear polymer of (1 → 4)-linked α-D-gluco
pyranosyl units. Amylopectin is larger and highly branched: most link
ages are (1 → 4), with branches introduced by (1 → 6) bonds. Branch 
points occur roughly every 20–30 units (Goodfellow & Wilson, 1990; 
Karim et al., 2000).

Native starch is organized in semi-crystalline granules (Fig. 2) with 
~30–45 % crystallinity (S. Wang et al., 2015; Eliasson, 2010). The 
granules feature an amorphous bulk core, composed of disordered 
amylose and amylopectin chains. Concentric growth rings surround the 
core: amylopectin outer branches form double helices, organized in 
crystalline domains, while the intervening amorphous regions are rich in 
amylose (S. Wang et al., 2015).

Under appropriate conditions, starch undergoes two key processes: 
gelatinization and retrogradation. These transformations are important 
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in food processing: gelatinization is typically induced to modify prop
erties such as water-holding capacity, rheology, and sensory attributes, 
whereas retrogradation is usually undesired because it can diminish 
product quality, with some exceptions. Both can also occur following 
purchase by the consumer − for example, when cooked starch is 
refrigerated (Eliasson, 2010).

In the case of gelatinization, heating starch− water mixtures to 
~60–130 ◦C (range depends on source and water content) triggers a 
non-equilibrium process in which water penetrates granules, and heat 
and hydration cause swelling and granule collapse (Hoover, 1995; S. 
Wang et al., 2015; Eliasson, 2010; Zheng et al., 2020). At the molecular 
level, double helices melt/unwind, amylose adopts random-coil con
formations, and overall crystallinity decreases, followed by leaching 
from amorphous regions (amylopectin may also leach, though less 
commonly). At the macroscopic level, viscosity increases, and a paste/ 
gel is formed, consisting of swollen, fragmented granules and leached 
polymers. Complete dissolution generally requires more severe 

conditions, such as higher temperature/pressure (Eliasson, 2010).
Upon cooling gelatinized starch and storing it at low temperature for 

some days, the amorphous state transits to a new, partially crystalline 
structure, in a process named “retrogradation” by Katz (1934). Good
fellow and Wilson (1990) proposed distinct pathways for amylose and 
amylopectin retrogradation (Fig. 3). For amylose, cooling promotes 
rapid, short-range intermolecular ordering into double helices, some
times preceded or accompanied by phase separation. It is followed by 
slower aggregation into long-range ordered domains that confer crys
tallinity. For amylopectin, side chains first undergo a rapid random coil 
to double helices intramolecular transition, because helices are tethered 
to the main chain. Then, a slower aggregation step generates crystalline 
regions. While the initial intramolecular step does not directly form the 
3D network, subsequent ordering of helical side chains produces rigid 
crystalline sections that strengthen the gel (Goodfellow & Wilson, 
1990).

Moreover, these sequential phenomena enable the transformation of 

Fig. 1. (a) Amylopectin and (b) amylose macromolecular structures.

Fig. 2. Hierarchical structure of starch, from Scanning Electron Microscopy (SEM) images of (a) granules and (b) growth rings, to (c) blocklets by Atomic Force 
Microscopy, and (d–h) representations of super helix, lamellar, and double-helical structures, plus amylopectin (AP) and amylose (AM). Schematic distribution of AP 
(black) and AM (blue) shown below (not to scale). Reproduced and adapted from S. Wang et al. (2015) with permission from John Wiley and Sons.
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native starch granules (see Fig. 2) into the interconnected porous 
network characteristic of starch gels. Consequently, the amylose-to- 
amylopectin ratio of the native starch is a key determinant of the 
properties of the resulting aerogel, as it intrinsically influences both 
gelatinization and retrogradation, which in turn affect the final material. 
These relationships are further explored in the following sections.

4. Starch-based aerogel carriers

The role of starch aerogels in nutraceutical delivery remains under
explored, despite growing interest reflected by an increasing number of 
studies in recent years. Table 1 compiles the current research on carrier 
systems based on starch aerogels for nutraceutical delivery; the selected 
papers are discussed in the subsections below.

It is important to note that the table includes studies in which the 
authors labeled the starch-based matrix as an “aerogel”. Aerogels were 
first reported by Kistler (1931), who defined them as “gels in which the 
liquid has been replaced by air, with very moderate shrinkage of the solid 
network”. Kistler used supercritical drying for this purpose. Today, aer
ogels can be produced by multiple drying methods and span a broad 
porosity range, and the definition of “aerogel” is still a topic under 
discussion. Although some reports in Table 1 describe materials with 
relatively low specific surface area − raising questions about whether 
they meet the aerogel criteria − all systems synthesized, characterized, 
or labeled as aerogels were included, to provide a comprehensive 
overview. Detailed discussions on aerogel terminology and definitions 
can be found in Vareda et al. (2018) and Steiner and Pierre (2023).

4.1. Synthesis and drying of starch aerogels

Fig. 4 illustrates the synthesis pathway for starch aerogels. The 
procedure starts with dispersing starch in water at elevated tempera
tures, typically 60–130 ◦C, triggering gelatinization. When the resulting 
paste is cooled and stored at low temperature (commonly 4 ◦C), retro
gradation occurs. During this stage, physical cross-linking is triggered by 
the temperature drop, and the network strength increases with aging 

time (Zhao et al., 2018; Zheng et al., 2020).
The final step, drying, involves replacing the liquid within the gel 

pores with a gas, converting the gel into an aerogel. This stage is crucial, 
as it determines whether the material's porous structure is preserved. 
The three main drying methods are ambient pressure (or evaporative) 
drying, freeze-drying, and supercritical drying. Depending on the chosen 
method, a preliminary solvent exchange step may be necessary 
(Abdullah et al., 2022; Zhao et al., 2018).

Ambient pressure drying is the simplest method, often carried out at 
room temperature or under heating to evaporate the solvent. A solvent 
exchange – typically from water to ethanol – is sometimes used be
forehand to increase volatility. However, unless surface modification is 
carried out to render the gel hydrophobic, intense capillary stress during 
evaporation leads to pore collapse and the formation of a xerogel. This 
results in a heavy shrinkage and significant loss of porosity at the 
macroscale (Dhua et al., 2022). In thermodynamic terms, this process 
involves crossing the liquid-gas equilibrium line, as illustrated for 
ethanol in case (i) of Fig. 5a (Subrahmanyam et al., 2023).

Alternative drying methods aim to prevent the formation of a liquid- 
gas interface, thereby reducing capillary stress and helping preserve the 
material's porous architecture. As illustrated in case (ii) of Fig. 5b, 
freeze-drying achieves this by bypassing the triple point of the solvent. 
In this process, the gel is first frozen, and the system pressure is then 
reduced to a moderate vacuum level (typically between 0.01 mbar and 
0.1 mbar), allowing the frozen solvent − usually water – to sublimate 
(Griffin et al., 2023). When organic solvents are used, the operating 
temperature must be adjusted according to their sublimation conditions. 
Although freeze-drying is operationally simple, it is also time- and 
energy-intensive. Moreover, the formation of ice crystals during freezing 
often leads to pore enlargement and can significantly damage the mes
oporous network, compromising the structural integrity of the resulting 
material (Abdullah et al., 2022; Zhao et al., 2018).

Supercritical drying is widely regarded as the most effective tech
nique for producing aerogels. Since fluids in the supercritical state do 
not originate capillary forces, the material's porous structure is almost 
entirely preserved. In general, two approaches are possible: high- 

Fig. 3. Schematic representation of (a) amylose and (b) amylopectin crystallization process during retrogradation. Reproduced from Goodfellow and Wilson (1990)
with permission from John Wiley and Sons.
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Table 1 
Main publications of starch-based aerogel systems(1) for nutraceutical delivery.

Carrier 
morphology

Starch type Bioactive 
compound

Loading method Drying method SBET / (m2 

g− 1)
ρb / (g cm− 3) Loading capacity / 

(% w/w)
Reference

Thin disk Corn, tapioca Thymol scCO2 

impregnation
scCO2 drying 
and air drying

0.019; 0.035 NA 0.58–3.31 Milovanovic 
et al. (2015)

Powder Wheat Phytosterols scCO2 

impregnation
scCO2 drying 59.7 ± 0.9 0.12 ± 0.00 5.5 ± 0.1(2) Ubeyitogullari 

and Ciftci 
(2016)

Unspecified Maize Vitamins E and 
K3

scCO2 

impregnation
scCO2 drying 90(3); 86(4) NA 19.99; 8.76 De Marco and 

Reverchon 
(2017)

Unspecified Corn Vitamin E scCO2 

impregnation
scCO2 drying NA NA NA De Marco et al. 

(2019)
Powder 

(60–70 
μm)

Wheat, corn Phytosterols scCO2 

impregnation
scCO2 drying 62; 221 0.11 ± 0.01; 

0.16 ± 0.01
10.0–19.5(2) Ubeyitogullari 

et al. (2019)

Monolith Potato Green coffee oil scCO2 

impregnation
scCO2 drying 39; 185 NA NA Villegas et al. 

(2019)
Powder 

(100 nm)
Corn, potato, 
tapioca

Genistein Soaking in ethanol 
solution + solvent 
evaporation

Freeze-drying, 
microwave 
drying, rotary 
vacuum drying

50–150 NA 4.24–49.01 Soleimanpour 
et al. (2020)

Particle 
(10–100 
μm)

Corn β-carotene scCO2 

impregnation
scCO2 drying 64.3(3); 

53.5(4)
NA 0.001–0.096(2)

Dias et al. 
(2022)

Monolith Corn Hemp seed oil 
and flour extracts, 
(e.g., linoleic 
acid)

scCO2 

impregnation
scCO2 drying 71.1–208.6 0.445–0.773 up to 33(2) Lukic et al. 

(2022)

Particle Corn Polyphenols scCO2 

impregnation
scCO2 drying 63.6(3); 

51.7(4)
NA NA Araujo et al. 

(2023)
Monolith Corn, potato Quercetin scCO2 

impregnation
scCO2 drying 23–89 0.37–0.46 0.05–0.24(5) Mottola et al. 

(2023)
Not specified SHMP-modified 

corn
β-carotene Encapsulation by 

dispersion in 
precursor solution 
(before gelatin.)

Freeze-drying NA NA NA
Zhang, Wang, 
et al. (2023)

Powder Corn + chitosan 
(0 %, 5 %, 75 %)

Curcumin Soaking in ethanol 
solution

scCO2 drying 205.9 ±
3.9(4); 184.1 
± 2.1(4); 
187.9 ± 3.7(4)

0.151 ±
0.010(4); 0.125 
± 0.008(4); 
0.132 ±
0.008(4)

2.41(2); 2.75(2); 
2.44(2)

Alavi and Ciftci 
(2024a)

Powder Corn with 
varying amylose 
content

Curcumin Soaking in ethanol 
solution

scCO2 drying 66.3 ± 1.8(4); 
170.5 ±
5.0(4); 196.8 
± 4.2(4)

0.234± 0.01(4); 
0.158 ±
0.007(4); 0.147 
± 0.008(4)

1.64(2); 2.14(2); 
2.49(2)

Alavi and Ciftci 
(2024b)

Particle Corn Polyphenols from 
passion fruit 
bagasse 
(including 
piceatannol)

scCO2 

impregnation
scCO2 drying 44.7 ± 0.3(3); 

41.1 ± 0.4(4)
NA NA Araujo et al. 

(2024)

Pieces of 
monolith; 
powder

Maize Iron and folic acid 
(individual and 
co-delivery)

Encapsulation by 
dispersion in 
precursor solution 
(after gelatin.)

Freeze-drying 0.80 ± 0.04 0.140 ± 0.002 Iron: 
11.05 ± 0.01; 
11.03 ± 0.01; Folic 
acid: 
0.390 ± 0.003; 
0.224± 0.001

Clare et al. 
(2024)

Monolith SHMP-modified 
corn, wheat, rice

Cannabidiol Encapsulation by 
dispersion in 
precursor solution 
(before gelatin.)

Freeze-drying Wheat starch: 
2.4(3); 1.6(4)

NA NA H. Li, Lv, et al. 
(2024)

Monolith Potato with 
cellulose 
nanocrystals and 
bacterial 
nanocellulose

Xanthohumol and 
usnic acid (co- 
delivery)

XH: soaking 
in ethanol 
solution; 
UA: scCO2 

impregnation

scCO2 drying Starch: 183 ±
4(3); 
120± 3(4);  
Starch- 
cellulose: 
190–220(3); 
110–139(4)

NA XH: 0.0129(2), 
0.0140–0.0166(2); 
UA: 0.7

Pantić et al. 
(2024)

Monolith SHMP-modified 
wheat

Procyanidin Encapsulation by 
dispersion in 
precursor solution 
(before gelatin.)

Freeze-drying 2.4(3); 8.1 (4) NA 1.16 ± 0.03 Yang et al. 
(2024)

scCO2 – supercritical CO2. NA – data not available. SHMP – sodium hexametaphosphate. XH – xanthohumol. UA – usnic acid.
1 Materials with low surface area, but classified as aerogels by the authors, were also included.
2 Values originally expressed in another unit by authors.
3 Without nutraceutical.
4 With nutraceutical.
5 % w/w as nutraceutical/polymer, instead of % w/w nutraceutical/aerogel.
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temperature supercritical drying and supercritical drying with CO2. In 
the former, the gel is heated and pressurized until the solvent – usually 
ethanol – reaches the supercritical state. The resulting supercritical fluid 
is then removed at a constant temperature, as shown in case (iii) of 
Fig. 5a. While this approach is effective for inorganic aerogels like silica, 
the harsh thermal conditions (>250 ◦C) can degrade organic matrices, 
limiting its suitability for bioaerogels.

Alternatively, supercritical drying with CO2 offers a more compatible 

option for biopolymer-based systems. In this process, supercritical CO₂ 
(scCO₂) extracts the solvent from the gel, which requires the solvent – 
typically ethanol – to be soluble in scCO₂. The presence of the organic 
solvent in the system does not allow the operation to be represented in a 
single-phase P-T (pressure-temperature) diagram (see Fig. 5c). Repre
senting the operation line in a binary phase diagram (P-x, i.e., pressure- 
composition) requires fixing an operating temperature and identifying 
the corresponding critical pressure of the mixture in order to draw the 

Fig. 4. Schematic of the main steps involved in the synthesis of starch aerogels: gelatinization, retrogradation, solvent exchange and drying.

Fig. 5. Schematic P-T (pressure-temperature) diagrams of (a) ethanol, (b) water, and (c) carbon dioxide, and (d) P-x (pressure-composition) diagram of the mixture 
ethanol–CO2 at 323 K (dashed line with mixture; CP marked with a red X; grey area zoomed on the right). The diagrams include schematic representations of (i) 
ambient pressure drying (with heating), (ii) freeze-drying, (iii) high temperature supercritical drying and (iv) supercritical drying with CO2 operating trajectories 
(Griffin et al., 2023; Selmer et al., 2018; Span & Wagner, 1996; Subrahmanyam et al., 2023; Witkowski et al., 2014). Diagrams not to scale. SC – supercritical; TP – 
triple point; CP – critical point. Diagram (d) reproduced and adapted from Selmer et al. (2018) with permission from Elsevier.
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line above the critical pressure, as can be seen in case (iv) of Fig. 5d, for 
the ethanol–CO2 mixture. Consequently, the operating line includes the 
removal of the solvent (Selmer et al., 2018; Subrahmanyam et al., 2023). 
Because CO₂ reaches its supercritical state at moderate temperature 
(critical point of CO₂: 31.05 ◦C, 7.38 MPa; NIST WebBook, 2025), this 
method is well-suited for bioaerogels and can be applied either contin
uously or in batch mode for organic solvent removal (Abdullah et al., 
2022; Vareda et al., 2018).

Despite its advantages, supercritical drying presents some limita
tions. Before drying, an additional step is required to exchange water for 
a solvent soluble in scCO2. In the case of starch aerogels, solvent ex
change may cause shrinkage of the network. However, this issue can be 
diminished with a multi-stage solvent exchange protocol (Abdullah 
et al., 2022).

Regarding the drying step, CO2 is generally recognized as safe 
(GRAS) by the U.S. Food and Drug Administration (FDA) for the pro
cessing of food products (US FDA, 2024). One potential limitation in
volves the residual presence of the organic solvent, which may remain 
adsorbed on the large surface area of starch aerogels. In the case of 
ethanol, this could pose challenges for specific consumer groups, 
including children or individuals sensitive to alcohol (Manzocco et al., 
2021).

4.1.1. Tuning of aerogel properties
As with other types of aerogels, the synthesis conditions of starch 

aerogels can be adjusted to tailor their properties for specific applica
tions. Key variables include the amylose-to-amylopectin ratio (which 
depends on the starch source), the initial starch concentration in water, 
temperature and duration of both gelatinization and retrogradation 
steps, and parameters specific to the drying method. These conditions 
directly affect essential properties of the resulting aerogel, including 
specific surface area, bulk density, and porosity (Zheng et al., 2020).

In general, increasing the amylose content and retrogradation time 
tends to produce gels with a more developed network structure with 
entangled amylose chains. Although these gels are often described as 
“stronger” (Soleimanpour et al., 2020; Zou & Budtova, 2021), authors 
rarely specify which mechanical properties – such as elastic modulus, 
compressive strength, or toughness − are being referred to. The common 
observation is that they are less prone to shrinkage during solvent ex
change, and the resulting aerogels typically exhibit lower bulk density 
and higher specific surface area. Excessive amylose, however, can have 
the opposite effect. Druel et al. (2017) reported that pure amylose starch 
led to heterogeneous samples that collapsed under supercritical drying 
and did not produce monolithic aerogels, despite the long retrograda
tion times tested (up to 240 h).

Regarding crystallinity, Zou and Budtova (2021) observed that a 
higher amylose content promotes higher relative crystallinity, as 
amylose molecules tend to crystallize faster than amylopectin during 
retrogradation. Conversely, Soleimanpour et al. (2020) reported that a 
higher proportion of amylopectin can lead to the formation of well- 
ordered crystalline complexes within the gel network, contributing to 
improved mechanical stability.

The drying method plays a critical role in determining the final pore 
structure, particularly with respect to specific surface area. Baudron 
et al. (2019) compared aerogels from amylomaize starch (amylose 
content: 67 %) obtained via freeze-drying (solvent: water; freezing 
temperature: − 20 ◦C in a freezer, or − 196 ◦C with liquid nitrogen; 
drying: at 2.38 mbar for 48 h, or at 0.045 mbar for 96 h) and super
critical drying with CO2 (solvent: ethanol; drying with 20 g/min 
continuous flow of CO2 at 120 bar and 60 ◦C, for 3 h). The latter pro
duced a far more favorable pore structure, with a maximum specific 
surface area of 197 m2 g− 1, whereas the freeze-dried samples exhibited 
large macropores caused by ice crystal formation and much lower spe
cific surface areas (up to 7.7 m2 g− 1 for freezing at − 20 ◦C and drying at 
0.045 mbar for 96 h). Similarly, H. Li, Lv, et al. (2024) reported that 
wheat starch aerogels prepared by freeze-drying (freezing at − 48 ◦C) 

displayed a layered porous structure, with surface area of only 2.4 m2 

g− 1 and pore sizes ranging from 10 to 20 μm.
Moreover, the final aerogel properties can be tuned by adjusting the 

drying parameters, including solvent selection. Lukic et al. (2022) used 
acetone instead of ethanol during solvent exchange because of its higher 
miscibility with scCO2. The authors then evaluated the effect tempera
ture and pressure of the supercritical drying on the structural properties 
of the resulting aerogels. The aerogel with highest porosity (81.1 %) also 
presented the highest specific surface area, 208.6 m2 g− 1, and was dried 
at 45 ◦C and 10 MPa.

While alternative drying methods, such as microwave drying and 
rotary vacuum drying, have yielded promising results (Soleimanpour 
et al., 2020), supercritical drying with CO₂ remains the most established 
and effective technique for starch aerogel production.

The comparison among the studies summarized in Table 1 further 
confirms that supercritical drying with CO2 is the most effective in 
preserving porosity, consistently yielding surface areas above 195 m2 

g− 1 (Alavi & Ciftci, 2024a; Alavi & Ciftci, 2024b; Lukic et al., 2022; 
Ubeyitogullari et al., 2019). In addition to the drying method, these 
studies share other synthesis choices, including the use of high-amylose 
starch (70 % or higher), high starch concentration in water (10 %), high 
gelatinization temperature (95–120 ◦C), and intermediate retrograda
tion times (24–48 h). It is also important to note that incomplete gela
tinization can diminish surface area due to the presence of undissolved 
native starch granules within the network.

On the other hand, Pantić et al. (2024) also reported surface areas as 
high as 220 m2 g− 1 for aerogels produced from potato starch (23 % 
amylose content), at a starch concentration of 5 %. In this case, the high 
surface area was achieved by the addition of cellulose nanocrystals and 
bacterial nanocellulose.

Additionally, several studies have explored the synthesis parameters 
using a generalist approach, without targeting a particular application 
for the final material. Notably, Zheng et al. (2020) provided a detailed 
analysis of the most influential synthesis factors and their impact on the 
physical properties of starch aerogels. Table 2 summarizes the main 
findings and recurring trends reported in the literature under this topic. 
It is important to note that this section offers only a brief overview of the 
conditions leading to aerogels suitable for use as nutraceutical carriers. 
For a more comprehensive discussion on synthesis optimization, readers 
are referred to the works of F. Zhu (2019) and Zheng et al. (2020).

4.2. Carrier morphology: Particle production methods

The morphology of aerogel carriers is a key factor influencing their 
performance in nutraceutical delivery. Polysaccharide aerogels can be 
produced in various shapes and sizes, including monoliths, films, and 
spherical particles (Zheng et al., 2020). However, in the case of starch- 
based aerogels, the carrier's morphology is often overlooked, limiting 
comparisons across studies. As summarized in Table 1, the most com
mon forms include cylindrical monoliths, milled powders, and particles. 
While monoliths (typically millimeter to centimeter scale) are useful for 
characterizations such as mechanical testing and density measurements, 
they are unsuitable for oral delivery applications, and their use in 
simulated digestion tests may distort release profiles.

Microspheres are particularly attractive due to their flowability, ease 
of handling, uniformity, and lack of sharp edges (García-González et al., 
2015). Several production methods exist for aerogel particles, differing 
in terms of shape and size. Ganesan et al. (2018), in a comprehensive 
review, outlined a general process flow: droplet formation, gelation (i.e., 
gel formation), particle recovery, solvent exchange (if required), and 
drying. The different techniques are broadly classified according to 
whether droplets are formed in a gaseous or liquid medium (Fig. 6).

In case (i), the droplet is formed in a gaseous phase and then falls into 
a gelation or coagulation bath, where gelation occurs due to a gelling 
agent or condition (Ganesan et al., 2018; García-González et al., 2021). 
This category includes two approaches: the conventional dropping 
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method and spraying/atomization. In the simplest form of the dropping 
method, a pipette or syringe releases droplets that fall by gravity. Pro
duction capacity and particle size can be further controlled with external 
devices that regulate droplet formation. In such cases, droplet breakup is 
induced by a vibrating nozzle, electrostatic forces, or mechanical cut
ting. Jet cutting is a widely used technique in which a continuous liquid 
jet is mechanically cut. Bead size can be adjusted by varying the cutting 
frequency, jet speed, and nozzle diameter, enabling high production 
rates. By contrast, spraying/atomization involves more complex equip
ment that completely disintegrates the liquid jet into droplets in a gas 
phase or vacuum (Ganesan et al., 2018). So far, this method has not been 
applied to produce starch aerogel particles for nutraceutical delivery.

Case (ii) corresponds to the emulsion–gelation method, which in
volves two steps: emulsification and gelation. Two immiscible liquids 
are mixed under agitation, with an emulsifier stabilizing the emulsion. 
The polysaccharide solution is usually the aqueous phase, resulting in a 
water-in-oil (w/o) emulsion. This stable emulsion is then exposed to a 
chemical or physical stimulus that induces gelation and further stabi
lizes the droplets. The trigger depends on the polysaccharide used; in the 
case of starch, it is cooling. Parameters influencing this method include 
the w/o ratio, viscosity, surfactant concentration, and agitation rate, 

among others (Ganesan et al., 2018).
After particles formation by case (i) or (ii), they must be separated 

from the liquid medium, typically by centrifugation or filtration. 
Washing, usually with water, is recommended to remove the emulsion 
solvents and additives, e.g., the surfactant. The subsequent steps follow 
those described in Section 4.1: solvent exchange, if required, and drying. 
In terms of particle size, emulsion–gelation produces microspheres of 
10–500 μm, whereas jet cutting yields larger beads ranging from 200 μm 
to 10 mm (Ganesan et al., 2018).

Dias et al. (2022) produced corn starch aerogel particles using the 
emulsion–gelation method, followed by supercritical drying and super
critical impregnation with β-carotene. The oil phase was soybean oil 
with Span® 80 (2 % w/w) as surfactant. The emulsion was heated (75 
◦C, 3 h) for gelatinization and then cooled (4 ◦C, 72 h) for retrograda
tion. The gelled emulsion was subsequently dispersed in an ethanol/ 
water solution, and the particles were separated first with a funnel and 
then by vacuum filtration. Characterization revealed a mixture of 
spherical and irregularly shaped particles, often forming small clusters, 
with diameters ranging from 50 to 100 μm. Araujo et al. (2023, 2024)
also produced corn starch aerogels for impregnation with phenolic 
compounds from passion fruit. However, those studies did not charac
terize particle size, shape, or release profile.

Alternatively, aerogel powder can be produced by milling or 
grinding aerogel monoliths as a post-processing step (Manzocco et al., 
2021). As shown in Table 1, this straightforward method has been 
widely applied to starch carriers, likely due to its simplicity.

Wet milling was investigated by Schroeter et al. (2023) as an alter
native, top-down approach to produce aerogel particles. Alginate 
hydrogel and alcogel composite beads were milled in a colloid mill, and 
after drying, aerogel particles of 50–300 μm with low sphericity were 
obtained. The effects of process variables and gel properties were also 
evaluated. Similarly, Z. Wang et al. (2013) produced oxidized starch 
microgel particles without dedicated milling equipment by forcing the 
gel through a 1 mm sieve covered with nylon cloth (200 mesh, 0.074 
mm). The resulting particles were irregular in shape, with sizes ranging 
from 10 to 50 μm, although it remains unclear whether the gels were 
subsequently dried to form aerogel particles.

Table 2 
Influence of synthesis parameters on the properties of the resulting material(1).

Parameter Trends for resulting properties Key points and observations

Amylose/ 
amylopectin ratio

• ↑ amylose →↑ SSA,  
↑ resistance to shrinkage  

• ↑ amylopectin → 
↑ crystallinity, ↓ porosity

• High amylose content (e.g., 60–80 %) favors stronger, more ramified networks resistant to shrinkage, 
and mesoporosity

• Pure amylose starch results in a cracked network that collapses during drying
• High amylopectin content (e.g., >80 %) leads to incomplete dissolution, higher crystallinity and 

reduced porosity
Starch 

concentration 
in water

• ↑ concentration (up to a certain 
concentration) →↑ density, 

↑ stiffness, ↓ porosity  
• High concentrations (>14 % w/w): ↓ SSA, 
larger pores, difficulty to handle  
• Low concentrations (<5 % w/w): gel is not 
formed

• Increasing starch concentration in a certain range (5–14 % w/w) leads to more structural integrity and 
stronger gels, that resist shrinkage

• However, above the upper limit (>14 % w/w), the starch dispersion becomes very viscous, gel 
handling is constrained, and SSA decreases due to incomplete dissolution of starch granules

Gelatinization 
temperature

• ↑ temperature (up to a certain temperature) →  
↑ SSA, 

↓ density  
• Higher temperatures (e.g.> 130 ◦ C): opposite 
effect

• Optimal temperature depends on type of starch (i.e., amylose/amylopectin ratio)
• Incomplete gelatinization can compromise surface area due to the presence of non-dissolved granules
• Higher temperatures lead to a higher gelatinization degree and dissolution of starch granules, up to a 

limit (e.g., <130 ◦C, depends on the type of starch)
• The effect of time is rarely studied

Retrogradation 
conditions

• ↑ time → stronger gels, ↑ SSA, ↑ crystallinity, ↓ 
density

• Longer retrogradation (e.g., >48 h) leads to gels with thicker and stronger pore walls, more resistant to 
shrinkage, and more developed and ramified network

• Amylose retrogrades faster than amylopectin
• Temperature is usually the same (4 ◦C)

Drying method • scCO2 drying →↑ SSA, mesopores prevail  
• Freeze-drying → prevalence of macropores, ↓ 
density, 

↑ porosity

• scCO2 and freeze-drying are the most common techniques
• Shrinkage observed during solvent exchange before scCO2 drying
• Porous structure is well preserved with scCO2 drying
• Formation of ice crystals during freezing damages the porous structure

SSA – specific surface area. scCO2 – supercritical CO2.
1 Information compiled from the references: Ubeyitogullari and Ciftci (2016); Druel et al. (2017); Baudron et al. (2019); Soleimanpour et al. (2020); Zheng et al. 

(2020); Mottola et al. (2023); Zou and Budtova (2023); Alavi and Ciftci (2024b).

Fig. 6. Schematics of techniques for producing polysaccharide aerogel parti
cles, grouped by the medium in which droplet formation occurs: (i) gaseous or 
(ii) liquid.
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It becomes clear that a gap remains in the literature regarding the 
comparison of particle production methods and how processing tech
nology, together with particle size and shape, can affect nutraceutical 
delivery. In this regard, Baudron et al. (2020) compared the production 
of starch aerogels as monoliths and microparticles, by the emul
sion–gelation technique, but without addressing a specific application.

4.3. Approaches for nutraceutical loading in aerogels

For delivery systems, aerogel synthesis includes an extra step: 
loading the bioactive ingredient (nutrient). Loading efficiency (LE) and 
loading capacity (LC), as follows, are two key metrics to assess the 
success of the impregnation: 

LE (%) =
mN

mN0
100 (1) 

LC (%) =
mN

mA
100 (2) 

where mN, mN0 and mA are the masses of loaded nutrient, nutrient 
originally added to the formulation, and aerogel, respectively. LE and LC 
are also relevant to therapeutic dosing, determining the daily mass of 

carrier needed. Health authorities provide reference nutrient intakes for 
different populations (e.g., adults by sex) (EFSA, 2019). Given a rec
ommended daily dose and an expected LE, one can back-calculate the 
amount of nutrient to add during loading; likewise, a target LC allows 
calculation of the required daily intake of the carrier. Although only a 
few studies explicitly compute or report a therapeutic dose (Clare et al., 
2024; De Marco & Reverchon, 2017), this should be systematically 
considered to ensure the practical viability of the carrier as a 
supplement.

The loading step can be introduced at different stages of synthesis, as 
illustrated in Fig. 7. The first approach (Fig. 7a) involves adding the 
bioactive compound to the precursor dispersion before the formation of 
the gel (Zheng et al., 2020). In this way, the compound becomes 
encapsulated within the gel network during retrogradation (Y. Zhu 
et al., 2023). For starch systems, this can be done either before or after 
gelatinization. It is the simplest method but requires the compound to be 
water-soluble and stable under synthesis conditions such as temperature 
and agitation. Depending on solubility and loading level, the nutra
ceutical may also interfere with network formation during retrograda
tion through steric hindrance (Zheng et al., 2020). In the case of 
supercritical drying with CO₂, an additional challenge is preventing 
compound loss during solvent exchange and drying. The extent of loss 

Fig. 7. Methods for loading the bioactive compound into the aerogel matrix: (a) encapsulation after dispersion in precursor solution, (b) wet impregnation; (c) 
simultaneous impregnation and supercritical drying, (d) impregnation after drying, either by supercritical impregnation or wet impregnation.
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depends on the strength and nature of matrix–compound interactions, as 
well as the solubility of the compound in the organic solvent and scCO₂ 
(García-González et al., 2021).

Several authors, including Zhang, Wang, et al. (2023), H. Li, Lv, et al. 
(2024), and Yang et al. (2024), have dispersed the bioactive compound 
in the starch solution before gelatinization (Table 1), all following a 
similar procedure. Starch is dispersed in water with sodium hexameta
phosphate (SHMP) for modification, supplemented with an ethanol so
lution of the bioactive compound, then agitated and heated for 
gelatinization, followed by retrogradation and freeze-drying. Ethanol is 
used to overcome the low solubility of the compound in water. Although 
dispersion-based encapsulation was proven simple and effective, 
improving compound stability, the high gelatinization temperature 
(60–130 ◦C) can be limiting for heat-sensitive substances.

An alternative is to add the bioactive ingredient to the starch paste 
after gelatinization and partial cooling, but before retrogradation, as 
described by Clare et al. (2024, 2025). Clare et al. (2025) detailed the 
protocol for water-soluble compounds. Combining early encapsulation 
with freeze-drying helps avoid the nutraceutical losses typically 
observed during solvent exchange and supercritical drying, achieving 
loading efficiencies close to 100 %.

Another approach, commonly known as wet impregnation (Fig. 7b), 
involves immersing the hydrogel in a liquid phase saturated with the 
bioactive compound, allowing it to gradually diffuse into the porous 
network (García-González et al., 2021; Selvasekaran & Chidambaram, 
2021; Zheng et al., 2020). If the compound is soluble in the alcoholic 
solvent used for solvent exchange, both steps can be combined by 
soaking the gel in a solvent, typically ethanol, saturated with the 
bioactive compound. This is followed by supercritical drying with CO₂, 
where the solvent is removed and the compound precipitates within the 
aerogel pores via an anti-solvent mechanism (Selvasekaran & Chi
dambaram, 2021). A key requirement is that the compound must not be 
soluble in scCO₂, otherwise it will be extracted. This method also de
pends on the diffusivity of the compound into the gel pores, which may 
lead to slow or incomplete loading, and gradients of concentration in the 
solid matrix (García-González et al., 2021; Y. Zhu et al., 2023). Alter
natively, water or other solvents can be used as the soaking medium, 
followed by freeze-drying or a separate solvent exchange step.

Soleimanpour et al. (2020) and Alavi and Ciftci (2024a, 2024b)
investigated immersion in an ethanol solution containing the food 
ingredient. They suggested that this approach enables nutraceutical 
molecules to penetrate the gel's porous structure and subsequently 
precipitate within the mesopores during supercritical drying, in amor
phous or low-crystalline form, thereby enhancing delivery. Sol
eimanpour et al. (2020) further reported that the reduced crystallinity of 
genistein after impregnation promoted rapid release in aqueous solu
tion, improving its bioavailability.

The third method (Fig. 7c) involves impregnating the gel during the 
drying step, using scCO₂ saturated with the compound (García-González 
et al., 2021). In this case, the compound's solubility in scCO₂ is a key 
factor. The dissolved ingredient diffuses into the network pores, and 
impregnation occurs either through chemical adsorption or by conden
sation and precipitation upon depressurization (Manzocco et al., 2021; 
Selvasekaran & Chidambaram, 2021).

Lastly, loading can be carried out after drying (Fig. 7d). In this 
approach, the aerogel is exposed to a liquid or gas phase containing the 
dissolved bioactive ingredient, which then precipitates or adsorbs into 
the pores as the solvent is removed. When aqueous or organic solvents 
are used, the procedure resembles conventional wet impregnation but is 
applied to the dry aerogel rather than the gel. However, due to the 
typically hydrophilic nature of bioaerogels, they tend to collapse or 
partially dissolve in such media, risking structural damage. An addi
tional drying step is also required after loading, and incomplete solvent 
removal may compromise food-grade safety (García-González et al., 
2021; Manzocco et al., 2021; Y. Zhu et al., 2023). Despite these limi
tations, wet impregnation of the aerogel with an appropriate solvent still 

offers advantages, such as the ability to tailor loading capacity, mini
mize bioactive ingredient consumption, and enable impregnation with a 
second nutraceutical during the subsequent drying step with scCO₂ 
(Pantić et al., 2024).

Another option for loading dried aerogels (Fig. 7d) is supercritical 
impregnation, a technique widely applied in drug delivery. In this 
method, the aerogel − wrapped in a porous mesh or filter paper − and 
the food ingredient, often placed in an open container, are introduced 
into the chamber. The wrapping prevents direct contact between the 
aerogel and the ingredient before dissolution in scCO₂. Once the 
chamber is filled, the dissolved compound diffuses into the aerogel pores 
(García-González et al., 2021). Loading occurs mainly through two 
mechanisms: adsorption, where nutraceutical functional groups interact 
with starch during scCO₂ flow (e.g., via hydrogen bonding), and pre
cipitation, where the ingredient is physically trapped in the aerogel 
pores during chamber depressurization (Hatami et al., 2024).

Once again, the solubility of the bioactive ingredient in scCO₂ is a 
critical factor, as it determines the amount that can be impregnated into 
the carrier. Solubility can be enhanced by adjusting process conditions 
(e.g., pressure and temperature) or by adding co-solvents such as ethanol 
(García-González et al., 2021; Hatami et al., 2024; Manzocco et al., 
2021). Solubility studies are therefore often carried out as a preliminary 
step to define optimal impregnation conditions, aiming to maximize 
solubility − and consequently loading − up to the capacity of the aerogel 
matrix (De Marco & Reverchon, 2017; Milovanovic et al., 2015; Mottola 
et al., 2023).

Supercritical impregnation combined with supercritical drying with 
CO₂, leading to high surface areas, is considered the preferred loading 
method (see Table 1). Performing supercritical drying and impregnation 
in sequence also enables a “one-pot procedure,” as proposed by Villegas 
et al. (2019).

Several studies have focused specifically on supercritical impregna
tion and its optimization (Araujo et al., 2023; Araujo et al., 2024; Dias 
et al., 2022; Lukic et al., 2022). The influence of process variables such 
as pressure, temperature, depressurization rate, and cycling has been 
investigated in relation to both loading capacity and aerogel properties, 
including surface area (Araujo et al., 2023; Dias et al., 2022). Hatami 
et al. (2024) further analyzed the process in detail and proposed a 
mathematical model to describe the precipitation of β-carotene mole
cules into corn starch aerogels during supercritical impregnation.

Pantić et al. (2024) investigated the incorporation of two compounds 
− xanthohumol and usnic acid − into the same carrier. Because of their 
different solubilities, two loading methods were required. After super
critical drying with CO₂, the aerogel was immersed in an ethanol solu
tion of xanthohumol for wet impregnation. The scCO₂ process was then 
applied again, both to dry the wet aerogel and to impregnate it with 
usnic acid. The authors justified the use of wet impregnation on the 
dried aerogel, rather than adding xanthohumol during solvent ex
change, by the substantial reduction in bioactive ingredient consump
tion it provided, along with greater control over the loading step. Given 
the aerogel's soaking capacity, the loading capacity can be tuned by 
varying the nutrient concentration in the solvent.

4.3.1. Influence of carrier properties on loading and resulting effects
The loading capacity is significantly influenced by the properties of 

the bioactive compound and the loading method, but the matrix prop
erties also play a key role. Among these, the specific surface area of the 
carrier often constitutes the main factor, as it determines the available 
interface for adsorption. It is therefore especially important for both wet 
impregnation and supercritical impregnation. In highly porous mate
rials, the prevalence of mesopores typically results in the high specific 
surface area characteristic of aerogels.

Alavi and Ciftci (2024b) compared starch aerogels with different 
amylose contents (25 %, 55 %, 72 %) and found that loading capacity 
(mg g− 1) increased with amylose content, rising by more than half be
tween aerogels with 25 % and 72 % amylose. They attributed this to the 
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higher surface area, which increases the contact between the matrix and 
the bioactive ingredient, promoting stronger interactions. To further 
compare the impregnation performance, the calculation of loading per 
surface area (mass of nutrient per accessible surface area of aerogel, 
expressed in mg m− 2) can provide additional insight into how effective 
the occupation of the available surface is. Due to very low densities and 
high specific surface area of aerogels, normalizing the loading capacity 
by surface area may help identify saturation limits and evaluate the 
efficiency of the impregnation. However, up to now, this approach (mg 
m− 2) has not been applied for starch aerogel-based carriers, and it 
should be interpreted in combination with the standard loading capacity 
(mg g− 1) and with caution, as the metric can be influenced by impreg
nation mechanism and pore accessibility.

In turn, some studies emphasize porosity as the key contributor. 
Lukic et al. (2022) reported that higher porosity leads to higher loading 
capacity, while Alavi and Ciftci (2024a) showed that low bulk density 
combined with high porosity provides more voids for nutraceutical 
impregnation. The latter also highlighted the distinct roles of pore types 
in the carrier: micro- and mesopores contribute to loading and adsorp
tion, whereas macropores facilitate mass transport during release. 
However, porosity and surface area are not always directly proportional, 
as materials rich in macropores may exhibit exceptional porosity yet 
limited surface area. Therefore, porosity must be considered alongside 
surface area and pore size distribution when evaluating loading 
capacity.

Along with the structural properties of the aerogel, the affinity be
tween the nutraceutical and the matrix can significantly affect the 
impregnation. This may explain the higher curcumin impregnation re
ported by Alavi and Ciftci (2024a) for starch/chitosan composite aero
gels, despite their lower surface area compared with neat starch 
aerogels. Additionally, saturation effects or kinetic limitations, such as 
restricted diffusion into certain regions of the network, may also influ
ence the maximum amount of compound effectively loaded in the 
carrier.

In the case of wet and supercritical impregnation methods, adsorp
tion equilibrium is essential to understand the loading mechanism, and 
optimize its efficiency. Adsorption isotherms determine how the 
bioactive ingredient concentration in the fluid phase relates to the 
impregnated quantity, at the equilibrium state, and are specific to the 
temperature and pressure. Adsorption models from the literature (e.g., 
Langmuir, Freundlich and Temkin isotherms) can then be fitted to 
experimental data to evaluate the nutrient affinity for the matrix, un
derstand the adsorption mechanism, and predict the maximum loading 
capacity. Additionally, adsorption kinetics can be assessed to evaluate 
the rate of impregnation and explore the diffusion mechanisms, which 
can affect the distribution of the compound in the carrier. Kinetic models 
(e.g., pseudo-first-order and pseudo-second-order) can also be applied to 
experimental data. Despite their importance, thermodynamic and ki
netic studies are still rare in the nutraceutical delivery field (De Marco & 
Reverchon, 2017; Soleimanpour et al., 2020).

On the other hand, nutrient impregnation also alters the aerogel 
matrix, typically evaluated through morphological and textural prop
erties. As shown in Table 1 (for studies reporting such data), the specific 
surface area consistently decreases after nutraceutical incorporation 
using supercritical and/or wet impregnation. However, the extent of this 
reduction varies widely, from about 4 % (De Marco & Reverchon, 2017) 
to 45 % (Pantić et al., 2024).

Dias et al. (2022) reported that β-carotene molecules penetrate the 
aerogel pores during supercritical impregnation, occupying the avail
able spaces and reducing surface area, pore volume, and pore size. 
Araujo et al. (2023) observed a 19 % decrease in surface area but noted 
that the overall aerogel morphology remained mostly unaffected, as 
shown by SEM images and nitrogen adsorption/desorption profiles. 
They attributed the reduction to phenolic compounds impregnated in 
the mesopores. In a subsequent study, Araujo et al. (2024) achieved a 
smaller decrease of 8 %. By contrast, Pantić et al. (2024) reported 

reductions of 34–45 %, although SEM images again indicated that the 
aerogel structure was mostly preserved, even though wet impregnation 
after drying was applied.

In the case of encapsulation after dispersion (Fig. 7a), Zhang, Wang, 
et al. (2023) observed that β-carotene impregnation caused the loss of 
the aerogel's porous structure. A similar effect was reported by H. Li, Lv, 
et al. (2024) after cannabidiol impregnation, attributed to the use of 
ethanol in the loading process. Ethanol promotes the formation of 
amorphous starch, which establishes non-covalent interactions with 
cannabidiol, leading to a disrupted microstructure. Likewise, Zhang, 
Wang, et al. (2023) concluded that ethanol addition to the starch paste 
produced an amorphous network that encapsulated β-carotene through 
non-specific binding.

In the case of encapsulation by dispersion followed by freeze-drying, 
conflicting results have been reported regarding the effect of nutrients 
on the specific surface area. H. Li, Lv, et al. (2024) observed a 33 % 
decrease with cannabidiol incorporation, whereas Yang et al. (2024)
found a higher surface area in aerogels loaded with procyanidin, likely 
because the compound inhibited ice crystal growth during freeze- 
drying.

Overall, supercritical impregnation preserves the aerogel's porous 
structure better than encapsulation after dispersion. In the latter, the 
structure forms around the nutrient and is therefore more affected by it. 
Clare et al. (2024) showed that this effect depends on loading quantity: 
the carrier with a small amount of folic acid (0.390 ± 0.003 wt%) 
maintained a structure similar to pure starch, while high iron loading 
(11.05 ± 0.01 wt%) disrupted reticulation, producing a more fragile 
matrix (Fig. 8). This fragility also led to faster iron release under intes
tinal conditions, as the carrier degraded more easily.

In contrast, when supercritical impregnation is applied after the 
porous network is fully developed, the structure is preserved, likely due 
to the absence of capillary forces in the supercritical state. It is worth 
noting that, even with surface area reductions of up to 45 %, aerogels 
produced by supercritical drying combined with supercritical impreg
nation still retain higher surface areas than those obtained by encap
sulation followed by freeze-drying, as shown in Table 1.

Table 3 summarizes the main features of the three combined syn
thesis and loading strategies, but comparisons remain highly dependent 
on the type of nutraceutical. Although several methods have been tested 
individually in the studies reviewed, the literature still lacks systematic 
comparisons of loading methods applied to the same nutraceuti
cal–carrier system. Such studies would provide valuable insights into 
how the loading method affects parameters like LC and LE, as well as the 
properties of the loaded aerogels, and could serve as a basis for selecting 
the most suitable method.

As shown in Table 3, the choice of a loading method strongly de
pends on the nutraceutical's properties, as these determine its solubility 
in water, organic solvents, and scCO2, as well as its affinity for the 
matrix. The limitations of experimental techniques can be mitigated by 
complementing them with molecular simulation, particularly for pre
dicting the interactions involved.

4.4. Starch digestion and nutraceutical release

Most nutraceuticals are absorbed in the small intestine. Therefore, 
oral administration is the preferred route, and the carrier must remain 
stable throughout the gastrointestinal tract until reaching the target site, 
where the nutraceutical is released (Gonçalves et al., 2018). It is 
essential to evaluate both carrier integrity and bioactive compound 
bioavailability throughout the gastrointestinal tract to determine release 
efficiency. For starch carriers, in vitro tests can be performed to assess 
two interconnected processes: starch digestibility, measured by the de
gree of digestion, and the release of the nutraceutical over time in the 
digestive environment (Brodkorb et al., 2019; Sun et al., 2023).

In vitro digestion methods are classified into static and dynamic ap
proaches. The latter are usually more complex and costly, simulating 
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real-time variations in the gastrointestinal tract, such as pH and enzyme 
concentration. In contrast, static models rely on electrolyte solutions 
with fixed concentrations and pH values to represent each gastrointes
tinal fluid (saliva, gastric, and intestinal). The stages can be performed 
sequentially to better mimic human digestion, being contact time, 
temperature, and agitation considered key factors.

Several recent studies on starch-based aerogel carriers do not include 
delivery tests (Araujo et al., 2023; Araujo et al., 2024; Dias et al., 2022; 
Lukic et al., 2022), although some authors have begun to emphasize 
their importance (Pantić et al., 2024). When release protocols are 
applied, they often use only phosphate-buffered saline solutions to 
mimic intestinal conditions (De Marco & Reverchon, 2017; Mottola 
et al., 2023), both gastric and intestinal phases (Soleimanpour et al., 
2020; Yang et al., 2024), or the full gastrointestinal tract with saliva, 
gastric, and intestinal fluids (H. Li, Lv, et al., 2024; Zhang, Wang, et al., 
2023). In addition, most studies focus exclusively on measuring nutra
ceutical release rather than starch digestibility, with few exceptions 
(Clare et al., 2024; Ubeyitogullari et al., 2019).

It is clear that the complexity of the protocols used varies greatly, 
which hinders comparison. To address this issue, INFOGEST provides a 
standardized protocol for static in vitro simulation of gastrointestinal 
digestion, suitable for evaluating micronutrient release from the food 
matrix. The method was designed to mimic digestion of any food system 
and has been validated against in vivo physiological data (Brodkorb 
et al., 2019). The conditions for a general simulated digestion study for 
starch-based samples are summarized in Table 4. To date, only a few 
reports on starch have used adapted versions of the INFOGEST protocol 
(Alavi & Ciftci, 2024a, 2024b; Ubeyitogullari et al., 2019).

The first stage of digestion (the mouth) is usually negligible due to 
the short residence time, although salivary amylase initiates starch 

hydrolysis by cleaving α-1,4-glucosidic bonds. In the stomach, the low 
pH inhibits salivary amylase, and starch remains relatively stable. More 
substantial digestion occurs in the small intestine: pancreatic amylase 
hydrolyzes α-1,4-glucosidic bonds, while maltase and sucrase, which 
can cleave both α-1,4 and α-1,6 bonds, further convert the resulting 
products into glucose (Boldrini, 2023; Sun et al., 2023).

Based on digestion rate and glucose release, starch can be divided 
into three categories. Rapidly digestible starch releases glucose imme
diately, whereas slowly digestible starch promotes a gradual increase in 
blood glucose. The fraction not digested in the small intestine of healthy 
individuals is known as resistant starch, which behaves as dietary fiber. 
Compared with the other types, resistant starch offers additional health 
benefits, including probiotic effects, lower glucose release, and reduced 
caloric value. Resistant starch can be found as native granules or as 
retrograded or chemically modified starch (Boldrini, 2023; Jiali et al., 
2024).

When it comes to starch aerogel carriers, it is also important to 
consider the impact of the aerogel structure on the digestion rate, 
alongside the intrinsic starch digestibility. The retrogradation step in the 
synthesis of starch aerogels contributes to the increase in resistant starch 
content, delaying digestion. On the other hand, the highly porous 
network, combined with the high surface area, can facilitate release. 
When comparing the release of quercetin from starch aerogels, Mottola 
et al. (2023) reported a fast initial burst of 70–80 % within 20 min for 
corn starch aerogels, whereas the initial release from potato aerogels 
was much slower, reaching 80 % only after 40 min. The authors 
attributed the faster release to the higher surface area, while in the latter 
case the ingredient is retained within the less porous structure of the 
network, slowing release. Although fast release can be advantageous for 
certain nutraceuticals, it is essential that the highest release occurs only 

Fig. 8. SEM images of freeze-dried starch carriers: (a) unloaded; (b) loaded with folic acid; (c) loaded with iron. Reproduced from Clare et al. (2024) with permission 
from Elsevier.

Table 3 
Comparison of main strategies for impregnation of starch-based nutraceutical delivery systems.

Encapsulation Wet impregnation Supercritical impregnation

Impregnation 
protocol(1)

1. Dispersion of BI + starch in water, before 
or after gelatinization 
3. Retrogradation 
4. Freeze-drying

1. Immersion of hydrogel in solvent saturated with 
BI, during solvent exchange 
2. scCO2 drying

1. scCO2 drying 
2. Impregnation of the dried aerogel with the BI 
dissolved in scCO2

Mechanism of 
impregnation

• Encapsulation of BI within the gel as it is 
formed

• Diffusion of BI (in liquid phase) into the porous 
network

• BI adsorption or precipitation upon 
depressurization during drying step

• Diffusion of BI (dissolved in scCO2) into the 
porous network

• BI adsorption or precipitation upon 
depressurization

Restrictions 
for BI

• Soluble in water
• Withstand the synthesis conditions, e.g., 

temperature and agitation

• Soluble in the new solvent
• Not soluble in scCO2, to avoid extraction during 

drying

• Soluble in scCO2

Advantages • Simple method
• Avoids the use of organic solvent
• High LE
• High LC (SSA is not a limiting factor)

• Integration with solvent exchange step
• Precipitation of ingredient in an amorphous/low 

crystalline form that is more bioavailable

• Better preservation of the porous network
• Precipitation of ingredient in an amorphous/low 

crystalline form that is more bioavailable

Disadvantages • BI can hinder reticulation and the proper 
formation of the porous network

• BI degradation during processing steps

• Use of organic solvents
• Often slow, non-homogeneous and/or incomplete 

loading
• Implies previous studies on adsorption isotherms
• LC depends on SSA and solubility

• Use of organic solvents
• Two cycles with scCO2 (cost and safety issues)
• Implies previous studies on adsorption isotherms
• LC depends on SSA and solubility

1 Integrated with the synthesis protocol. BI – bioactive ingredient. scCO2 – supercritical CO2. LE – loading efficiency. LC – loading capacity. SSA – specific surface 
area.
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in the intestine. In this context, it is necessary to find a compromise 
between faster release and higher loading, both of which depend on 
surface area.

Moreover, it is consistently reported that the use of an aerogel carrier 
improves nutraceutical bioavailability, especially for ingredients with 
low water solubility due to high hydrophobicity and/or crystalline form 
(Alavi & Ciftci, 2024b; H. Li, Lv, et al., 2024; Mottola et al., 2023; 
Ubeyitogullari et al., 2019). For impregnation, the nutraceutical must 
first be dissolved in the solvent or in scCO2, and the high surface area 
combined with the small pores of the network prevents recrystallization 
of the ingredient after the solvent/scCO2 is removed. As a result, the 
nutraceuticals in a less crystalline and/or smaller-size form are more 
easily solubilized in intestinal fluid, thereby increasing bioavailability 
(Mottola et al., 2023; Ubeyitogullari et al., 2019). The hydrophilicity of 
starch also plays a key role by facilitating the penetration of the medium 
into the matrix and the dissolution of the nutraceutical (Soleimanpour 
et al., 2020).

Quantifying nutraceutical release is then essential for characterizing 
the carrier. Modeling the release profiles with kinetic models (e.g., 
pseudo-first-order, pseudo-second-order and Korsmeyer-Peppas) can 
help identify the predominant release mechanism. In diffusion- 
dominated release, the aerogel's porous structure remains stable, and 
the transport of nutraceutical through the pores and into the gastroin
testinal medium is governed by concentration gradients. Conversely, if 
starch is rapidly digested, the aerogel structure collapses, and its 
disruption directly dictates the nutraceutical release with sharper 
profiles.

Therefore, the integrity of the carrier throughout the gastrointestinal 
tract and the release of the nutraceutical are strictly related. Since 
nutraceuticals are usually absorbed in the intestine, it is important to 
ensure that the initial burst is delayed until reaching this stage or, at 
least, that the release rate is controlled. Particularly in cases where 
release is not diffusion-dominated, specific strategies can be applied to 
ensure targeted delivery by minimizing starch degradation and diges
tion (Sun et al., 2023). Physical, chemical, and enzymatic modifications 
can increase resistant starch content to reduce digestion and help 
overcome other starch limitations. In recent years, several reviews have 
examined these modifications in detail, discussing methods, resulting 
properties, and application as delivery systems (Garcia et al., 2020; Jiali 

et al., 2024; Karma et al., 2022; Labelle et al., 2020; Tian et al., 2022).
In addition to increasing resistant starch content, chemical modifi

cation can also enhance carrier performance by improving its stability 
and its interaction with the nutraceutical through the incorporation of 
functional groups. Each D-glucopyranosyl unit of starch has three hy
droxyl groups available for reaction (at C2, C3, and C6; Fig. 1), and the 
extent of reaction is expressed as the degree of substitution, i.e., the 
average number of hydroxyl groups replaced per unit (Boldrini, 2023). 
Common chemical modifications include oxidation, esterification, 
etherification, and cross-linking, achieved with different reactants and 
conditions (Boldrini, 2023; Garcia et al., 2020). Karma et al. (2022)
highlighted the use of GRAS organic acids − such as citric, succinic, 
stearic, and malic acid − as a promising approach for nutraceutical 
carriers due to their inherent biocompatibility.

As shown in Table 1, some authors have already explored chemical 
modification of starch aerogels to improve nutraceutical delivery. 
Zhang, Wang, et al. (2023) prepared corn starch aerogels cross-linked 
with SHMP and successfully encapsulated β-carotene in the amor
phous matrix through non-specific interactions. The carrier effectively 
protected the bioactive ingredient, enhancing its bioavailability and its 
stability under UV-light irradiation. Yang et al. (2024) applied the same 
SHMP modification to rice, corn, and wheat starches; after screening, 
SHMP-modified wheat starch was selected to encapsulate procyanidins, 
through a similar mechanism. This carrier also improved compound 
stability and enabled targeted release in the final stage of simulated 
digestion. Thus, it is also frequently reported that the modified starch 
aerogels can enhance compound stability in addition to improving 
bioavailability – both intrinsic challenges in nutraceutical delivery.

The addition of other biopolymers to obtain composite materials has 
also been attempted. Alavi and Ciftci (2024a) used chitosan in different 
concentrations (0, 0.5 and 0.75 % w/w) to modulate the final aerogel 
properties. The highest loading capacity was observed for the composite 
of corn starch and 0.5 % of chitosan, attributed to the higher meso- and 
microporosity and lower density, but it may also be related to favorable 
interactions between the matrix and the nutrients. The addition of chi
tosan also enhanced the bioaccessibility and antioxidant activity of 
curcumin. In another study, Pantić et al. (2024) incorporated nano
cellulose, as cellulose nanocrystals or bacterial nanocellulose, into the 
starch matrix, thus significantly improving its carrier properties, such as 

Table 4 
Simulated digestion fluid compositions and protocol conditions indicated by the INFOGEST model (Brodkorb et al., 2019; Zhou et al., 2023). All solutions are aqueous- 
based.

Mouth Stomach Intestine

Digestion stage 
composition

Ratio Carrier to simulated saliva fluid: 1:1 (w/w); 
add extra water to obtain paste-like 
consistency

Oral bolus (from previous stage) 
to simulated gastric fluid: 1:1 (v/ 
v)

Gastric chyme (from previous stage) 
to simulated intestinal fluid: 1:1 (v/ 
v)

Total digesta (final 
volume at each stage)

2v 4v 8v

Simulated digestion fluid 
composition / mmol L− 1

KCl 15.1 6.9 6.8
KH2PO4 3.7 0.9 0.8
NaHCO3 13.6 25 85
NaCl – 47.2 38.4
MgCl2(H2O)6 0.15 0.12 0.33
(NH4)2CO3 0.06 0.5 –
HCl 1.1 15.6 8.4
CaCl2(H2O)2

(1) 1.5 0.15 0.6
Enzyme activity (in total 

digesta) / U mL− 1
Salivary amylase 75 – –
Pepsin – 2000 –
Gastric lipase – 60 –
Amylase in pancreatin – – 200

Bile salts (in total digesta) / mmol L− 1 – – 10
pH 7.0 3.0(2) 7.0(3)

Temperature / ◦C 37 37 37
Incubation time / min 0–2 120 120

1 Add immediately before the test, to avoid precipitation.
2 Adjust the pH with HCl 5 mol L− 1.
3 Adjust the pH with NaOH 5 mol L− 1.
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surface area, adsorption capacity and stability.
It is important to acknowledge that incorporating these aspects into 

carrier design is essential for enhancing delivery efficiency and efficacy. 
To achieve this, a comprehensive strategy based on a complete simu
lated digestion study using a standardized protocol, followed by 
modeling of the release profile, is recommended. The analysis should 
consider starch digestion and nutraceutical release in an integrated 
manner, modifying the matrix accordingly – either to increase resistant 
starch content or to improve interactions with the nutraceutical. Current 
studies still lack this engineering-oriented perspective, but it should be a 
key priority for future research in the field.

In this context, molecular modeling can help to reduce reliance on 
traditional trial-and-error experimentation by providing insights into 
the interactions between the nutraceutical and the matrix, predicting 
system behavior under simulated digestion conditions, and elucidating 
how different modification strategies may influence these outcomes.

4.5. Safety and regulatory framework of starch aerogels

Starch has long been an essential part of the human diet, mainly from 
potato, rice, maize, and wheat. It is non-allergenic, non-toxic, abundant, 
and inexpensive, making it widely used in the pharmaceutical industry, 
especially in oral medicines as excipients such as binders, filler-diluents, 
disintegrants, and glidants in tablet formulations. The FDA classifies 
starch as GRAS, and several starch excipients —including native corn 
starch and chemically or physically modified starches — are FDA- 
approved for pharmaceutical use (F. Zhu, 2019; Garcia et al., 2020). 
Starch from various plant sources is also listed as a “safe excipient” in the 
European Pharmacopoeia, published by the European Directorate for 
the Quality of Medicines and HealthCare (EDQM, 2023).

Regarding the safety of starch-based aerogels for human consump
tion, clear regulations for their use in the food industry are still lacking. 
The Novel Foods Regulation (EU Regulation 2015/2283) defines “novel 
food” as any food not consumed within the European Union (EU) before 
1997 (EPCEU, 2015). However, most biopolymer aerogels are made 
from polymers long recognized as safe and already present in the human 
diet. This raises the question of whether such materials should fall under 
the scope of this regulation. The two main points of contention are the 
production methods and the final properties of the material. While 
freeze-drying is well established in the food industry, other techniques −
such as supercritical impregnation − remain at the research stage.

It can also be argued that the large surface area and porous structure 
of aerogels are intentionally engineered physicochemical properties that 
make them significantly different from the original biopolymer. As such, 
the need for specific authorization for using biopolymer aerogels in food 
remains a matter of debate (Manzocco et al., 2021). Further studies on 
the toxicity and biocompatibility of starch aerogels are necessary to 
support proper classification and regulation by authorities, and to 
enable their commercial use as nutraceutical carriers.

5. Molecular simulation in nutraceutical delivery

The growing interest in molecular simulation lies in its ability to 
explore matter at the atomic and molecular scale, offering insights often 
inaccessible through experiments. Various simulation methods exist, 
each balancing accuracy, detail, and computational cost differently. The 
choice depends on the study's goals, the level of detail needed, and the 
computational resources available.

At its foundation, molecular simulation uses particle-based models to 
represent molecular systems, generating trajectories based on physical 
principles. The theoretical framework used to describe these systems is 
typically based on either quantum mechanics (QM) or molecular me
chanics (MM) (Jensen, 2017; Braun et al., 2019).

QM methods describe how particles behave at the quantum level by 
explicitly treating electrons, therefore essential for studying electronic 
structure and chemical reactivity. These approaches are typically 

divided into two main categories: ab initio methods, which rely solely on 
quantum theory; and semi-empirical methods, which simplify calcula
tions by incorporating experimental data. A widely used alternative to 
pure ab initio methods is density functional theory (DFT), which offers an 
attractive balance between accuracy and computational efficiency, 
making it ideal for calculating equilibrium properties such as molecular 
geometries, binding energies, and reaction profiles. Both ab initio and 
DFT methods are frequently used to study structural, energetic, and 
spectroscopic properties with high precision (Jensen, 2017; Braun et al., 
2019).

Molecular mechanics (MM), in contrast, simplifies the system by 
representing atoms − or groups of atoms − as charged point masses. 
Interactions are described using empirical force fields, which account for 
bonded terms (bonds, angles, torsions) and non-bonded terms (electro
static, van der Waals), and heavily influence accuracy. These models 
assume a fixed molecular structure − meaning that chemical bonds do 
not break or form during the simulation (Jensen, 2017; Braun et al., 
2019).

A widely used MM-based technique is molecular dynamics (MD). 
Classical MD simulates how particles move over time, allowing the study 
of how molecules behave, interact, and evolve under different condi
tions. MD enables the calculation of a broad range of structural, ther
modynamic, and dynamic properties, including diffusion rates, 
conformational flexibility, and interaction patterns. However, simula
tions become more demanding as system size and simulation time in
crease. Systems with slow molecular dynamics, such as those involving 
biopolymers like starch, require longer simulations to capture mean
ingful behavior. It is therefore important to find a balance between 
system complexity, simulation length, and computational cost, while 
ensuring that enough of the system's behavior is sampled to draw robust 
conclusions (Braun et al., 2019; Y. Wang et al., 2022).

In the context of nutraceutical delivery, molecular simulation is a 
powerful tool to explore how bioactive compounds interact with carrier 
matrices, how they behave under different environmental conditions, 
and how they may be released and absorbed in physiological settings. 
These insights are particularly valuable when designing delivery sys
tems with targeted release, stability, and efficacy in mind. Fig. 9 sum
marizes the molecular simulation methods most relevant to this review.

Computer-aided molecular modeling and simulation is still under- 
exploited in food research when compared to other fields like pharma
ceutical applications (Carpio et al., 2021; Zhang, Li, et al., 2023). 
Recently, Zhang, Li, et al. (2023) emphasized the importance of studying 
molecular interactions in food systems to better understand underlying 
mechanisms. They reviewed available characterization techniques and 
highlighted the growing potential of computational tools in this area.

Y. Wang et al. (2022) provided a comprehensive review of molecular 
simulation in food science, with particular focus on carbohydrates. Their 
work demonstrates how molecular simulation can reveal features that 
are difficult or even impossible to uncover experimentally, including 
mechanisms underlying interactions and structural properties.

Similarly, Carpio et al. (2021) emphasized the value of MD simula
tions in nutraceutical research, particularly for studying how 

Fig. 9. Main features of the molecular simulation methods relevant to this 
review, including classical molecular dynamics, ab initio and density func
tional theory.
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interactions between molecules evolve over time under varying condi
tions such as temperature, pressure, and pH. While these reviews outline 
the broader role of molecular simulation in food and nutraceutical sci
ence, the present review aims to explore this perspective within the 
specific context of designing starch aerogel carriers.

However, due to their complex porous structures and high atom 
counts, simulating aerogels remains computationally challenging. Patil 
et al. (2021) reviewed the use of computational methods for modeling 
and simulating aerogels derived from different precursors. Silica aero
gels are the most frequently studied, while biopolymer-based aerogels – 
including those derived from cellulose – have received far less attention. 
To date, no studies have modeled starch aerogels as full 3D networks 
using molecular simulation. Therefore, although this review focuses on 
starch aerogels for nutraceutical delivery, this section includes any 
starch–nutraceutical carrier system where molecular simulation has 
been applied.

In nutraceutical delivery, MD simulations help assess interactions 
between the matrix and the nutrients, offering insights that support 
carrier design. DFT calculations can complement this by characterizing 
the nutraceuticals at a theoretical level and refining force fields for MD 
when necessary.

Feng et al. (2015, 2016) reviewed the use of molecular simulation – 
particularly MD − for studying carbohydrates. They discussed the most 
common software, protocols, and force fields used for carbohydrate 
modeling, as well as the typical research targets such as structural 
analysis and interaction mechanisms with other molecules. Table 5
updates this overview by summarizing recent studies that used MD to 
explore systems involving starch and bioactive compounds for food- 
related applications. Among them, only Clare et al. (2024) explicitly 
explores starch aerogels as nutraceutical carriers.

Most of the publications summarized in Table 5 use MD to track 
interaction dynamics − especially complexation phenomena between 
the starch-like molecules and nutraceuticals − that can be highly valu
able for carrier design. All simulations were performed in aqueous 
phase, and several metrics were used to analyze how the system evolved 
and to characterize the interactions involved. Across the selected 

studies, non-covalent interactions dominate − notably hydrogen bonds 
(Chen, Chen, et al., 2020; Feng et al., 2020; X. Li, Dai, et al., 2024; X. Li, 
Li, et al., 2024), hydrophobic effects (X. Li, Dai, et al., 2024; X. Li, Li, 
et al., 2024), and electrostatic interactions (Chen, Huang, et al., 2020).

A noticeable trend is the integration of MD with experimental 
techniques, which allows more robust system characterization and 
validation of simulation results. For example, the formation of a com
plex between starch and dodecyl gallate was predicted to be favorable 
by MD simulation, and its conformation was later validated by UV–vis 
spectroscopy, calorimetric, and crystalline measurements (Chi et al., 
2018).

Moreover, the ability to vary conditions such as temperature in MD 
simulations can help predict how the nutraceutical influences the syn
thesis and, consequently, the properties of the starch aerogel. Chen, 
Chen, et al. (2020) evaluated the effect of tea polyphenols on the gela
tinization and retrogradation of starch. They simulated a heating pro
gram (10 ns, from ca. 0 to 340 K) followed by a cooling program (10 ns, 
from 370 to 277 K) and concluded that the presence of the nutraceutical 
interfered with the interaction and arrangement of polymer chains 
through different mechanisms in each case. In carrier design, such an
alyses can be useful for determining whether encapsulation after 
dispersion in the precursor solution is viable and whether the nutra
ceutical should be added before or after gelatinization, ultimately 
serving as a criterion for selecting the loading method.

Furthermore, MD simulation can be used to explain or predict as
pects of delivery. Clare et al. (2024) interpreted the release profile of 
folic acid based on its interactions with amylose observed in MD simu
lations. Similarly, Xie et al. (2024) applied MD to gain molecular-level 
insight into the release mechanism of pH-responsive starch nano
capsules by varying the simulated pH and the protonation state. How
ever, it is important to note that the real gastrointestinal environment is 
far more complex, and its representation in MD simulations through pH 
variations is only weakly realistic.

System size is another significant challenge in MD studies. Due to the 
extremely high computational demand of polymeric systems, most 
simulations simplify the starch matrix, often modeling it as a short 

Table 5 
Main food-related publications involving MD simulation of systems with starch-type molecules and bioactive compounds.

System Main research topic Software/ 
package

Force field (for starch 
and nutraceutical)

Experimental 
component

Main interactions Reference

Amylose (V-type helical structure) +
fatty acids (linoleic and stearic)

Complexation and 
conformational changes

GROMACS GROMOS 56A6CARBO_R No H-bonds Cheng et al. 
(2018)

Amylose chain (35 resid.) + DG Complexation AMBER Amylose: GLYCAM-06j- 
1; DG: AMBER (GAFF)

Yes NA Chi et al. 
(2018)

Two parallel short-chain glucose (3 left- 
handed helixes of 18 resid. each) + tea 
polyphenols (e.g., EGCG)

Interaction mechanism AMBER Starch: GLYCAM-06j-1; 
EGCG: AMBER (GAFF)

Yes H-bonds Chen, Chen, 
et al. (2020)

Single amylose (55 resid.) and double 
helix (each chain: 25 resid.) +
trilinolenin

Complexation (interaction 
forces, conformation and 
stability)

AMBER GLYCAM-06 and GAFF No Van der Waals, 
electrostatic

Chen, Huang, 
et al. (2020)

Debranched starch (12 resid., with 6-fold 
left-handed amylose helix) + curcumin

Interaction mechanism AMBER Starch: GLYCAM-06; 
Curcumin: AMBER

Yes H-bonds, water 
bridges

Feng et al. 
(2020)

Amylose (26 resid.) + egg yolk lipids 
(cholesterol, POPC and triglyceride)

Complexation GROMACS CHARMM36 No H-bonds, 
hydrophobic

Sang et al. 
(2021)

β-cyclodextrin/amylose (36 resid.) +
caffeine

Release behaviors of caffeine GROMACS GROMOS 56A6CARBO_R Yes H-bonds, 
electrostatic, 
hydrophobic,

Shao et al. 
(2021)

Amylose (20 resid.) + folic acid Interaction mechanism GROMACS CHARMM36 Yes H-bonds Clare et al. 
(2024)

V7-type amylose (35 resid. with 7-fold 
left-handed helix) + curcumin

Complexation and stability 
mechanism

GROMACS GLYCAM06 Yes H-bonds, 
hydrophobic

X. Li, Dai, 
et al. (2024)

V7-type amylose (35 resid. with 7-fold 
left-handed helix) + resveratrol

Complexation and stability 
mechanism

GROMACS GLYCAM06 Yes H-bonds, 
hydrophobic

X. Li, Li, et al. 
(2024)

RGD peptide-grafted carboxymethyl 
starch and cationic quaternary 
ammonium starch + ovalbumin

Release mechanism of 
ovalbumin in different pHs

NA AMBER18 
(GLYCAM_06j-1 and 
GAFF)

Yes H-bonds, 
electrostatic

Xie et al. 
(2024)

H-bonds – hydrogen bonds. DG – dodecyl gallate. EGCG – epigallocatechin gallate. NA – data not available. POPC – 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. 
RGD – arginylglycylaspartic acid.
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amylose chain. In the case of starch aerogels, system size becomes even 
more problematic because the porous network is fundamental to the 
carrier's properties. Therefore, although MD simulations can provide 
valuable insights into the delivery system, they are still far from 
capturing a complete model that reflects all its complexities.

X. Li, Dai, et al. (2024) and X. Li, Li, et al. (2024) used molecular 
docking to investigate the interactions between amylose and curcumin, 
and amylose and resveratrol, respectively. Molecular docking is a 
computational approach used to predict the optimal orientation and 
binding affinity between two interacting molecules − typically a small 
ligand and a larger molecule, such as a protein (Jensen, 2017). In these 
studies, docking was applied to amylose–nutraceutical complexes to 
identify likely binding sites and estimate binding energies (X. Li, Dai, 
et al., 2024; X. Li, Li, et al., 2024).

DFT offers a more detailed approach to studying the structure and 
behavior of the interactions between starch molecules and nutraceut
icals. Although still limited in number, existing studies consistently 
report that these interactions are predominantly non-covalent. DFT is 
particularly useful for elucidating the mechanisms and characteristics of 
such interactions (Hao, Xu, et al., 2024).

Wu et al. (2022) combined DFT calculations with experimental 
methods to study interactions between gelatinized/hydrolyzed wheat 
starch and trans-resveratrol. Their results showed that complex forma
tion enhances the stability and bioavailability of the bioactive com
pound. Additionally, the presence of the nutraceutical may both inhibit 
starch hydrolysis − facilitating target delivery − and reduce the glyce
mic index by interacting with the hydrolyzed products.

Similar combined approaches have been reported for other systems, 
including high amylose corn starch–ferulic acid (Hao, Han, et al., 2024), 
maize starch–L-theanine (Hao, Hu, et al., 2024), and corn starch–lauric 
acid (Hao, Xu, et al., 2024). These studies have examined how 
complexation affects starch digestibility, offering mechanistic insights 
into the role of the bioactive compounds. In particular, an increase in the 
short-range ordering of starch due to the presence of helical structures 
and hydrogen bonds led to greater resistance against enzymatic diges
tion (Hao, Xu, et al., 2024).

Zhang et al. (2024) also employed DFT to study the interaction be
tween nobiletin and rice starch, optimizing the molecular structures and 
calculating vibrational spectra of the individual components and their 
complex. Experimental validation confirmed that the hot-melt extru
sion-assisted incorporation of nobiletin enhances starch's nutritional 
value and functional properties, particularly by slowing down its 
digestion. Therefore, DFT has great potential for guiding starch modi
fication toward enhanced digestion resistance and effective nutraceuti
cal binding, thereby ensuring target delivery.

In summary, molecular simulation has primarily been applied to 
investigate starch–nutraceutical complexation, focusing on the stability 
of the resulting complexes and the nature of the interactions involved. 
Although still an emergent field, this work demonstrates the significant 
value of computational tools in guiding the design of nutraceutical 
carriers, offering insights that complement and enhance traditional 
experimental approaches.

As a final note, it is worth mentioning that the advent of artificial 
intelligence and the current momentum in quantum-computing research 
herald a new paradigm in the realm of molecular simulation. Although 
this is not the focus of the present review, interested readers may refer to 
the growing body of published information on the topic – Keith et al. 
(2021), Unke et al. (2021), Mehdi et al. (2024), J. Chen et al. (2025) and 
Poma et al. (2025) on machine learning and related topics, and Cao et al. 
(2019), Ollitrault et al. (2021) and Patel et al. (2025) on quantum 
computing. The suggested references are broad in nature and do not 
specifically address starch, but provide valuable advances that can be 
explored in future research.

6. Final remarks and future perspectives

The appeal of starch aerogels as nutraceutical carriers lies in 
combining the unique properties of aerogels − high porosity and surface 
area − with the biocompatibility, abundance, and low cost of starch. 
Together with their versatility and simple production, these carriers 
offer great potential to enhance the stability and bioavailability of 
nutraceuticals.

The production of starch aerogels relies on two key starch trans
formations: gelatinization and retrogradation. While monoliths are 
easily obtained, carrier morphology plays a crucial role in bioactive 
compounds release. Spherical particles are most suitable for delivery but 
are often overlooked. In contrast, the choice of loading method usually 
depends on the nutraceutical's properties. The most common approach 
is supercritical drying with CO₂ followed by supercritical impregnation, 
which yields high surface areas and good loading capacities.

Although the synthesis of starch aerogels has been studied and 
optimized, few studies adjust production with the final application in 
mind. Tuning carrier properties throughout the production steps re
mains largely unexplored. To advance the field, systematic comparisons 
of loading methods and particle production techniques are needed. The 
literature also lacks a practical approach to carrier design – for example, 
assessing loading capacity against the recommended daily dose would 
help evaluate the aerogel's viability. Co-delivery of two or more nutra
ceuticals is also emerging as a research trend. Possible synergistic effects 
could improve efficacy, enhance absorption, reduce the required dose, 
and simplify supplementation by combining multiple nutrients in a 
single formulation (Clare et al., 2024; Sun et al., 2023).

Simulated digestion studies are essential to understand carrier 
degradation and nutraceutical release under gastrointestinal conditions. 
However, standardized procedures should be used to ensure fair com
parisons and reliable conclusions. To delay degradation and improve 
delivery, starch aerogel properties can be enhanced through starch 
modification or by developing composite systems.

Interactions between the matrix and nutrients − and between nu
trients in co-delivery systems − are a critical aspect of carrier design. As 
these processes often occur at the nanoscale, they are difficult to fully 
characterize experimentally. Molecular modeling offers a powerful 
alternative, enabling early screening of combinations and reducing trial- 
and-error experiments − for example, by comparing the affinity of 
different modified starches for a given nutraceutical. It also allows 
simulation of system dynamics in aqueous solution, under varying 
temperature and pH, to mimic gastrointestinal conditions. In short, 
computational tools can help rationalize carrier design and significantly 
enhance nutraceutical delivery using starch-based aerogels.

Current literature also lacks thorough characterization of the de
livery system, which is essential for practical application. The stability of 
both the nutraceutical and the carrier must be evaluated to determine 
suitable packaging and storage conditions. This includes testing the ef
fects of temperature, oxygen, and humidity over time on the system's 
physical and chemical properties. Additionally, assessing the toxicity of 
the carrier − particularly in relation to its aerogel morphology − is 
crucial to ensure its safety and applicability.

The viability of scaling up is another key aspect for future research. 
Some methods, like freeze-drying, are already well established in the 
food industry, making certain production routes − such as encapsulation 
followed by freeze-drying − more accessible. Although scaling up su
percritical technology is a growing trend in aerogel research, several 
challenges still need to be addressed.

Significant progress has been achieved in the lab-scale synthesis of 
starch aerogels for nutraceutical delivery, but further work is needed to 
optimize carrier design and ensure future applicability and market 
potential.
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AM Amylose
DFT Density functional theory
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EU European Union
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