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Abstract. Starch is a complex polymer produced by plants. It is formed by amylose and amylopectin, 

and it is present in some legumes, cereals, and fruits in a ripe state. Today, starch is mainly responsible 

for providing physicochemical, textural, and rheological properties to pharmaceutical, textile, and 

agricultural products and, most importantly, those from the food sector. Starch is used as a thickener, 

stabilizer, gelling, and loading agent. Nevertheless, native starch has inherent disadvantages, such as 

poor thermal resistance and weak mechanical strength. Diverse methodologies, such as physical, 

chemical, and enzymatic methods, have been used to redress these shortcomings. Porous starch 

obtained by enzymatic modification has gained interest due to improvements in thermal stability, 

protection, and controlled liberation of chemical compounds of interest in the food area. This review 

shows recent advances in porous starch obtained through enzymatic treatment or synergy with 

physical and/or chemical treatments. The treatments potentialize its use as an agent to absorb, 

encapsulate, and liberate different compounds such as probiotics, antioxidants, and essential oils in 

the food field. 
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1. Introduction 

Starch is a renewable, affordable, and biodegradable biopolymer widely distributed 

in nature. It is formed by two polymers of glucose units: amylose, essentially linear, and 

amylopectin, highly ramified and of a higher molecular weight [1]. The shape and size of the 

granules differ depending on the source starch obtained from [2]. Starch granules have a 

semicrystalline structure. The crystalline part presents a high level of organization, and its 

main component is amylopectin, while the amorphous region has a lower organization 

formed by amylose. The latter is most vulnerable to exogenous factors like temperature, 

enzymes, and pH, among others [3-5], so it is the first to be hydrolyzed by enzymatic action. 

Jayakody and Hoover [6] stated that pores appear naturally on the surface of granules of some 

botanical species (e.g., corn, sorghum, and rice), a characteristic that favors enzymatic 

hydrolysis. Recent works have taken advantage of porous starches for different applications, 

such as the bioactive packaging of foods [7], a vehicle for bioactive compounds [8], adsorbent 
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for natural drugs [9], and the formation of compounds with functional compounds [10]. These 

spaces (pores) favor the adsorption of chemical compounds and increase the volume, size, 

and specific surface of contact; as a result, there is a better adsorption yield [11]. In recent 

years, enzymatic methods have been widely used to obtain porous starches since they present 

a high substrate selectivity and specificity [12]. Even though enzymatic hydrolysis can 

produce a porous starch independently, its efficiency and desired characteristics can be 

improved in combination with physical and/or chemical methods [13]. When the starch is 

porous, the size of the chains of amylose and amylopectin can be reduced in the starch grain, 

affecting the viscosity of dispersions. However, the gastrointestinal tract's pH, temperature, 

and digestibility are improved [14]. This review aims to provide information on enzymatic 

methods and their combination with physical and/or chemical processes to obtain a porous 

starch and define its possible application as an encapsulating agent in the food sector. 

2. Obtaining of porous starch 

2.1. Enzymatic methods. 

When selecting the method for enzymatic modification, there are important factors to 

consider, such as time, pH, enzyme, the mixture of enzymes to be used [15], and the source 

to obtain the starch. These physical and enzymatic conditions and the endemic properties of 

each starch source affect the morphology of the pores obtained in the hydrolyzed starch [16, 

17], as reported in Table 1. The morphology of the obtained pores and the time of enzymatic 

erosion produce hydrolyzed starches that are widely used in the food sector. Amylolytic 

enzymes are widely employed in this type of hydrolysis [17], causing different formation 

patterns of pores. The commonly used ones are α-amylase, amyloglucosidase, branching 

enzyme, and cyclodextrin glycosyltransferase [7, 15, 18]. The size distribution, pore area, 

and water and oil adsorption capacity depend on the type of enzyme used in starch hydrolysis 

[19].  

Table 1. Methodology of enzymatic treatment and morphological structure of porous starch produced. 

Starch 

source 

Enzymes Experimental conditions Characteristics of porous 

starch 

Application 
Ref 

Purple 

sweet 

potato 

α-amylase, 

glucoamylase 

Temperature (35–60℃), pH 

(4.0–5.5), 10 min agitation. 

Enzyme: starch ratio 

(0.2:1.4) 

Crater formation on the surface 

and extensive internal erosion. 

Larger specific surface area and 

improved adsorption capacity. 

Significant improvement 

in oxidative stability of 

encapsulated olive oil. 

[22] 

Corn 
α-amylase, 

glucoamylase 

Starch suspension in acetate 

buffer 50mM (pH 4.02) 

(25% w/v), 30°C, 

hydrolysis time 16–20 h. 

Superficial alterations and 

degradations (exocorrosion). 

The internal part is hydrolyzed 

by enzymes that penetrate small 

pores (endo-corrosion). 

Mixed with Arabic gum, 

improved vitamin C 

stability protected during 

accelerated aging 

conditions and in vitro 

digestion. 

[23] 

Corn 
Pancreatic 

α-amylase, 

Starch suspension in 

phosphate buffer (5% w/v). 

Agitation 250 x g, 30 and 

Increase in size and number of 

porous and interconnected 

structures. 

Survival of probiotic 

Lactobacillus plantarum 

299v microencapsulated 

[24] 
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Starch 

source 

Enzymes Experimental conditions Characteristics of porous 

starch 

Application 
Ref 

fungal α-amylase 120 min, 37°C. Superficial pores and similar 

size among starches treated 

with amylases. 

after treatments with acid, 

bile, and heat. 

Potato, 

corn, 

wheat, 

sweet 

potato 

Glucosyl-

transferase, 

branching 

enzyme 

Glucosyltransferase: (35–

55°C; pH: 3.0–7.0; 1–15 h). 

Branching enzyme: (40–

70°C, pH 3.0–7.0, 2–16 h) 

Increase in number of 

micropores (> 50 nm), volume, 

superficial area, and 

crystallinity. 

Adsorption was 2 times higher 

compared to the α-amylase and 

glucoamylase mix. 

Significant increase in oil 

adsorption capacity, dyes 

(methylene blue, neutral 

red), and heavy metal 

ions (Pb2+, Cu2+, Zn2+, 

Cd2+, Hg2+). 

[25] 

Rice 
α-amylase, 

glucoamylase 

Starch in citrate buffer 

(25%) Ultrasound at 450 W, 

25 min. α-amylase and 

glucoamylase, 14 h, 40ºC. 

Formation of more uniform 

pores, some collapsed or 

merged. 

Curcumin- encapsulated 

in combination with 

xanthan gum; showed 

controlled release in vitro. 

[26] 

Wheat α-amylase 

20% (w/w) starch in 

distilled water, pH 6.0. 

Ultrasound at 35 kHz; 240 

W; for 20, 40, 60 min. 

Electric oven at 80°C for 12 

h. 

Combined treatments increased 

the size and number of pores. 

Sonication time and enzyme 

concentration were proportional 

to pore formation. 

Excellent natural 

adsorbent with good 

water, oil, and methylene 

violet adsorption. 

[27] 

Canna 

edulis 

thermostable α-

amylase 

Starch in phosphate buffer 

(0.1 M, pH 6.5) 

(25% w/v), α-amylase 

(100 U/g) at 60°C, 80 rpm, 

and 8 h. 

Visible pores on the granule 

surface are proportional to 

enzyme concentration. 

A few big holes formed. 

Non-conventional 

improvement in solubility 

and water and oil 

adsorption capacity. 

[28] 

Wheat 

α-amylase, 

glucoamylase 

15% starch (w/v) in 0.02 M 

sodium acetate buffer (pH 

6.9), α-amylase (100 U/g), 

agitation at 45°C, 10 h. 

The formation of big pores on 

the surface can result in granule 

breakage. Some small pores 

formed on the surface of the 

starch particles. 

Innovative strategy to 

obtain a super absorbent 

material due to 

modification of internal 

and external structures. 

[29] 

Sequential 

branching 

enzyme 

glucoamylase 

 

The reaction stopped, pH 

was adjusted to 6.5 for 

sequential branching 

enzyme (100 U/g), and 

agitation was at 45°C for 

10h 

Many shallow pores on the 

starch particle surface. 

 

Substantial increase in 

adsorption capacity of 

heavy metal ions (Pb2+, 

Cu2+, Zn2+, Cd2+, and 

Hg2+) and water, oil, 

methylene blue, and 

neutral red. 

α-amylase, 

sequential 

branching 

enzyme, 

glucoamylase 

The reaction stopped, pH 

was adjusted to 5.5 for 

glucoamylase (1500 U/g), 

and agitation was at 48°C 

for 12 h. 

Larger number of bigger, 

deeper holes on the surface. 
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Papakhin et al. [20] concluded that corn starch-modified with α-amylase and 

amyloglucosidase shows physical, chemical, and rheological changes since water adsorption 

capacity is increased 1.6 fold and solubility 4 fold. Still, viscosity decreases 1.7-fold as 

compared to native starch. Based on the report by Dura et al. [12], this happens because the 

enzymes mainly hydrolyze the amorphous part, promoting a disintegration of the granules 

into hydrolyzed glucose and maltose fractions. Benavent-Gil and Rosell [21] reported that 

the use of amyloglucosidase in the hydrolysis of corn starch produces bigger pores (longer 

diameter). At the same time, cyclodextrin glycosyltransferase results in pores with a 

significantly smaller diameter. So, the number and the size of the pores formed can be 

modulated. 

It is also possible to mix enzymes to improve enzymatic hydrolysis: cyclodextrin 

glycosyltransferase and the branching enzyme increase the superficial area of wheat, corn, 

potato, and sweet potato starches by 1216%, 1247%, 93%, and 410%, respectively, as 

compared to the native part [25]. Guo et al. [29] obtained granules of porous wheat starch 

through enzymatic combinations. The comparison of the hydrolysis treatments when using a 

complex of enzymes like α-amylase, sequential branching enzyme, and glucoamylase 

showed a pore volume of 0.005 cm3/g and a pore size of 36.35 nm. When an enzyme of the 

complex was eliminated, the volume and size of the pore in hydrolyzed wheat starch 

decreased. These same authors reported an adsorption efficiency of oil of 1472% in the 

enzymatic complex and a decrease by ~50% in oil adsorption when an enzyme of the complex 

in the starch hydrolysis was eliminated. These results confirm that combining enzymes 

efficiently prepares porous starches with higher adsorption capacities [21]. Studies reported 

that the pore diameter on the starch surface is positively correlated to the adsorption capacity 

of chemical compounds [9]. However, the authors also found that the internal channels of the 

starch granule contribute to increasing the transportation of the compounds by ~55% [30].  

2.2. Synergistic methods. 

2.2.1. Physical and enzymatic methods.  

Physical treatments can cause partial alterations of the structure and surface, which 

translates into higher accessibility of the enzymes into amylose and amylopectin chains and 

a uniform pore distribution [24, 31].  

Ultrasound has been used as an adjuvant in starch hydrolysis due to its capacity to get 

eroded granules and weaken their structure. Zhong et al. [32] improved kudzu root starch 

hydrolysis by combining ultrasound, α-amylase, and glucosyltransferase. The effects of the 

hydrolyzed starch were notoriously compared to those of native starch since crystallinity 

decreased by 48–38% but caused an increase in solubility from 11% to 85%. This behavior 

is due to lower amylose content and molecular weight and a higher branching degree [33]. 

Choi et al. [34] reported that a longer hydrolysis time by glucoamylase was proportional to 

increased size, depth, and micropores in corn starch. This pattern was more notorious in the 

sonication of starches, where this previous process may cause cracks or weaken the structure 

of the starch granule, promoting hydrolysis. Wang et al. [35] observed that after the 

ultrasound-glucoamylase treatment, the water adsorption capacity increased. This behavior 

happened since adsorption mainly started on the surface of potato starch to be absorbed by 
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the larger contact area in the cavities through internal diffusion [36]. Majzoobi et al. [37] 

obtained microporous wheat starch. However, studies reported that excess treatment, such as 

sonication for 40 and 60 min, and using enzymes, almost destroyed the starch granules. 

Keeratiburana et al. [38] developed a new method, including ultrasound with a previous 

freezing-thawing treatment of starch granules in water followed by the combination of 

amyloglucosidase and/or maltogenic α-amylase. The freeze-thaw principle is based on the 

initial crystallization of water during the freezing process that results in physical stress on the 

granular matrix, inducing pore and crack formation [36]. Efficiency is promoted by the use 

of slow freezing rates and multiple cycles [39, 40]. This process has been used in wheat 

starch, causing a significant decrease in amylose content from 28.9 to 24.5 % due to leaching 

by the freezing pressure and resulting in slits on the granular surface [41].  

Enzymatic hydrolysis assisted by microwaves is another efficient way to prepare 

porous starch. When starches are submitted to this process, heat is created inside the granules 

due to the quick alterations in the high-frequency electromagnetic field. This affects the 

granule surface and leads to structural damage in the shape of cracks, which favors enzymatic 

hydrolysis [42, 43]. Jiang et al. [44] obtained porous rice starch through enzymatic hydrolysis 

assisted by microwaves as an efficient preparation way. The water adsorption rate increased 

by 48% as compared to native starch. The pre-treatment with microwaves promoted the loss 

of crystallinity, leading to a quick hydrolysis by an enzymatic attack [45]. They modified 

corn starch for 2 min at 300 W, followed by hydrolysis with α-amylase [44]. 

Besides the emergent technologies aforementioned, the external electric field is 

another adjuvant treatment for more efficient and homogeneous preparation of porous starch 

[46]. The technology is based on controlled permeability due to electric fields, generally in 

the range of 1–1000 V/cm [47], and arbitrary waves with or without heating effects. It has 

been reported that the enzymatic activity of α-amylase increases up to 41% through an electric 

field at an intensity of 1 V/cm and a frequency of 60 Hz [48]. Studies by Li et al. [49] reported 

that the hydrolysis rate in the first 40 min increases 4 times when the voltage changes from 2 

to 20 V (50 Hz, room temperature), favoring the enzymatic activity in starch hydrolysis. A 

low-intensity electric field causes a light increase in enzymatic activity due to changes in the 

configuration, exposing the α-amylase active site. The opposite is observed in magnetic fields 

of high intensity, which destroy enzymes [50].  

2.2.2. Chemical and enzymatic methods. 

There are different chemical methods to improve the properties of porous starches 

since their applications may be restricted. As a result of the chemical modification, the 

structure of the starch granule is stabilized, and resistance to factors like pH, heat, and 

leaching improves [27]. The molecular weight of starch can be reduced through oxidation 

reactions and acid hydrolysis [51, 52]. On the other hand, it can increase through cross-

linking, esterification, and etherification reactions [27, 53, 54]. 

Cross-linking consists of the insertion of intramolecular and intermolecular functional 

groups in random sites of amylose and amylopectin chains [55, 56].  

Gao et al. [57] prepared cross-linked porous oxidized starch. The corn starch was 

hydrolyzed with α-amylase and glucoamylase, and the porous starch obtained was reacted 
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with sodium hypochlorite to promote oxidation, followed by citric acid cross-linking. The 

starch granules suffered changes on the surface and severe deformations (erosion); the 

polygon shapes were completely lost, and even the surface of some granules started to 

collapse [58]. The starches obtained by an enzymatic method followed by a double chemical 

modification showed a significant increase (~100 fold) in the adsorption capacity of 

ammonium ions when compared to native starch. The carboxyl groups obtained by oxidation 

promoted adsorption through ionic exchange, while the intercrossing reaction stabilized the 

reaction sites, avoiding the release of ammonium ions already encapsulated.  

Epichlorohydrin, followed by α-amylase, has been used in potato and taro starches as 

a cross-linking agent to improve mechanic resistance and form a porous starch. As the amount 

of epichlorohydrin grows, the structure becomes more complex due to the formation of 

crossed bonds; this characteristic improves the water adsorption capacity [59]. Sodium 

trimetaphosphate has been used to cross-link corn starch, followed by hydrolyzation with a 

mixture of α-amylase and glucoamylase [60]. Porous starch with 6% intercrossing showed 

an increase in the total pore area from 0.4 to 7 m2/g and a larger number of pores (from 7 to 

62%) compared to native starch. The structure of the largest pores is formed due to the 

extensive enzymatic hydrolysis and the intercrossing that favors hydrolysis [61].  

Wang et al. [27] obtained cross-linked porous starch from Cyperus esculentus through 

the enzymatic complex α-amylase: amyloglucosidase (1:3) and the insertion of sodium 

phytate. The results showed 3 times more oil adsorption capacity compared to native starch 

and better stability as well. The most formed pores resulted in more binding sites and a large 

specific surface [62]. The insertion of phosphoric acid groups promoted the formation of a 

more stable three-dimensional network due to intermolecular interaction with porous starch 

[63]. 

In another study, corn starch and calcium ions (Ca2+) underwent oxidation and self-

assembly [64]. It was observed that the depth of the micropores was proportional to the 

hydrolysis time with the glucoamylase and α-amylase mix. These modified starches showed 

longer slits and a highly rugged surface, attributed to the erosion of the surface after oxidation. 

The adsorption percentage increased from 56% in native starch to 161% in porous starch and 

244% in porous starch with self-assembled calcium ions. 

Additionally, etherification plays an important role when obtaining cationic starch. 

Chen et al. [54] carried out an enzymatic hydrolysis of corn starch with glucoamylase and α-

amylase, followed by an assembly of quaternary ammonium groups through etherification. 

The results showed that the CH3-N+ groups were successfully inserted in the spine of the 

modified starch. They presented a water adsorption rate of 304% and increased swelling 

capacity (4 fold). The porous structure, increased specific surface formed by the enzymatic 

hydrolysis, and the etherification with quaternary ammonium groups considerably 

strengthened the adsorption. 

3. Use of porous starches as a protector system of bioactive compounds 

Porous starch has been used to encapsulate compounds of food interest, such as fatty 

acids, antioxidants, and even probiotics (Figure 1). 
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Figure 1. Representation of enzymatic hydrolysis to obtain porous starch and its application as a carrier material 

for compounds of interest in the food area. Adapted from "Hybrid spherical microparticles for in vitro tumor 

modeling", from BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates. 

Fatty acids are protected to reduce oxidation and, therefore, the unpleasant flavor of 

oxidized products. An alternative to solve this issue is encapsulation with porous starch [22, 

65]. The encapsulation efficiency and oxidative stability of encapsulated oil are key 

parameters to evaluate the encapsulation efficiency [22, 66, 67]. According to Wang et al. 

[67], potato starch enzymatically modified with α-amylase and amyloglucosidase, followed 

by ultrasound treatments combined with freeze-thaw cycles, showed a better digestion 

resistance than native starch after encapsulating the soy oil. This is likely because the 

hydrolysis starch sites were blocked after oil adsorption, resulting in a more complete barrier 

than native starch. Belingheri et al. [66] obtained encapsulated sunflower oil with corn porous 

starch by spray drying, reducing the peroxide value of light exposure at any temperature. In 

turn, oxidation reactions were reduced when compared to non-encapsulated oil. In another 

study, Lei et al. [22] encapsulated olive oil with porous starch of purple sweet potato, 

previously hydrolyzed with α-amylase and glucoamylase. The microencapsulation protected 

the olive oil from environmental factors, and consequently, oxidation was reduced. The 

capsules showed low peroxide concentrations as compared to non-encapsulated olive oil. 

Similar results were presented by Piloni et al. [68]; they obtained porous microparticles with 

corn starch hydrolyzed with α-amylase and glucoamylase. The highest oxidative stability was 

achieved with a porous starch vacuum impregnated with 10–25% chia oil vs bulk oil. 

Encapsulation likely delayed the interaction with oxygen, showing that encapsulation with 

porous starches improves oil oxidation stability [22]. To preserve the antibacterial activity of 

orange oil, Qiu et al. [69] formed microcapsules using corn starch enzymatically hydrolyzed 

with α-amylase and glucoamylase as base to absorb the oils, while chitosan and sodium 

alginate were used as covering material. Orange oil was disseminated towards the wall 

material, and the low degradation of the coating material led to a controlled release [70]. 
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Porous starches can be an innovative option to improve the protection of oils in the food 

industry. 

Natural antioxidants potentially benefit human health. Their efficiency regularly 

depends on their bioactivity, stability, and bioavailability [71]. Still, they are vulnerable to 

heat, oxidant agents, and light, so they can lose their biological activity [72]. Therefore, 

porous starches have been used as protective materials. Ji et al. [51] modified corn starch 

through glucoamylase oxidation and hydrolysis, using trisodium phosphate for cross-linking. 

The obtained porous microgels exhibited a higher capacity to load anthocyanin, a controlled 

release, and improved compound stability under environmental conditions like humidity and 

light. Over 22% of the encapsulated anthocyanins (22.7%) are released from oxidated 

microgels vs 10.4 % released from porous microgels. In addition, the antioxidants taken 

orally usually have a low bioaccessibility [73] due to the high sensibility of the 

gastrointestinal tract [74]. According to Li et al. [75], corn starch enzymatically modified 

with α-amylase and amyloglucosidase, followed by an esterification with octenyl succinic 

anhydride, showed good bioaccessibility and emulsion capacity of β-carotene. Given this 

double function, this study opens a new road for the food industry since stable microcapsules 

are potential emulsion stabilizers in the processed foods industry. Another example of 

microcapsules using porous starch with double functionality was reported by Chen et al. [76]. 

They obtained microcapsules from porous wheat starch and esterified with caffeic acid to 

protect linoleic acid. The encapsulates presented excellent adsorption and antioxidant activity 

of up to 4 days of storage under environmental conditions, such as relative humidity and 

luminous intensity. The authors suggest that the stability of the encapsulated compound is 

due to the larger porous starch area. This increases the number of active sites for chemical 

interaction with caffeic acid, which chemically stabilizes the linoleic acid, thus extending its 

activity [77].  

Probiotics are also of interest since they benefit human health only by passing through 

the gastrointestinal tract; their high viability is maintained until arrival in the intestine [78]. 

They play an important role in the maintenance of growth and balance of the gut flora. 

However, the conditions in the digestive system may negatively affect probiotics by reducing 

their activity [78]. Li et al. [24] encapsulated Lactobacillus plantarum in porous corn starch. 

The modified starches had significantly higher viable initial cells than the native starch. The 

modified starches had significantly more viable initial cells than the native starch. Unlike free 

cells, the microencapsulated probiotic bacteria showed a higher tolerance to acid. When used 

as protective materials, modified starches increased probiotic viability since this supported 

extreme conditions due to the exposition to acid, biliary salts, and conditions in the 

gastrointestinal tract. Benavent Gil et al. [79] obtained an encapsulation yield of 100% 

Lactobacillus plantarum using corn starch enzymatically hydrolyzed with α-amylase or 

glucoamylase, indicating better adsorption. The superficial wholes could facilitate bacterial 

trapping due to the expanded space that might be filled with bacteria [24]. 

Furthermore, the microencapsulation conferred stability to the cells, which survived 

even after 35 min at 55°C. The survival of the microorganisms largely depends on the 

concentration of porous starch [80]. However, even when the same starch concentration is 

used, the size and number of pores may significantly affect the microorganism's stability. So, 
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the degree of hydrolysis of porous starches may be used to modulate the starch morphology 

and the effect on encapsulation and protection of microorganisms [79]. 

4. Conclusions and Future Perspectives 

In recent years, the synergy of enzymatic hydrolysis and other methods, including 

emergent technologies, has been the most effective approach to preparing porous starches 

and offers a wider variety that will be useful for future applications. Compared to its native 

counterpart, porous starch shows improved stability, protection, and controlled release of 

compounds of interest in the food sector. It is a potential vehicle to carry and protect bioactive 

compounds. 

In this sense, it is important to focus more studies on modifying starches, using a 

combination of techniques such as enzymatic, physical, and chemical, to obtain a synergistic 

effect to obtain porous starches. The physicochemical characterization of these porous 

starches contributes to understanding their use that would be given to them in the food and 

pharmaceutical sectors. So, a wider exploration of the properties of porous starch is needed. 

This review contributes to a better understanding of the behavior and properties of modified 

porous starches and their potential applications in different fields, such as the food and 

pharmaceutical industries. 
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