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In this work, starch nanocrystals were successfully produced from 
downgraded potatoes using enzymatic hydrolysis combined with a 
supercritical carbon dioxide pretreatment to improve the accessibility of 
the enzyme to the starches. Enzymatic hydrolysis was carried out using 
the pullulanase enzyme at a temperature of 60 °C and a pH of 4. Following 
hydrolysis, the starch nanoparticles were recovered via precipitation and 
recrystallization. Comparative characterization of the native, supercritical 
carbon dioxide-pretreated, and hydrolyzed-recrystallized starch materials 
was conducted via transmission electron microscopy, scanning electron 
microscopy, Fourier transform infrared spectroscopy, and X-ray 
diffraction. The scanning electron microscopy images revealed alterations, 
e.g., layered strips, on the surface of the potato starch granules after the 
supercritical carbon dioxide pretreatment. The transmission electron 
microscopy images revealed that spherical nanostructures from 80 nm to 
150 nm were successfully produced. The Fourier transform infrared 
spectroscopy spectra displayed several absorption bands corresponding 
to the molecular structure of starches. The X-ray diffractograms exhibited 
a typical B-type scattering pattern for all the samples. In addition, it was 
found that the crystallinity of the potato starch nanoparticles was 
considerably increased compared with native starch. 
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INTRODUCTION 
 

Starch is the second most abundant carbohydrate polymer after cellulose in the 

biosphere. Starch is used in numerous industrial applications due to its low cost, 

availability, biodegradability, biocompatibility, and derivability (Tan et al. 2009). It is a 

major source of carbohydrates in animal and human food and is also used in non-food 

industrial sectors, e.g., paper, pharmaceutics, cosmetics, textiles, etc. (Boursier 2005). 

Newer and more advanced applications utilizing starch have been continuously explored 

in the last decade (Xiao 2013; Zhang et al. 2014). For instance, starch was used as a 

precursor material in the synthesis of starch-based nanoparticles for various biomedical 

and industrial applications, e.g., drug delivery carriers (Rodrigues and Emeje 2012) and 

biodegradable edible films (Gonzalez and Igarzabal 2015). 

Basically, starch consists of two molecules: the linear and helical α-D-

glucopyranose, consisting of glucose units linked by α-(1-4) bonds (amylose: 20% to 30% 

in typical potatoes) with a molecular weight of 106 Da; and the branched amylopectin (70% 
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to 80%) consisting of glucose units with α-(1-6) bonds, with a molecular weight of 

approximately 1010 Da (Odeku 2013). Potato starch occurs naturally in the form of 

insoluble, semi-crystalline granules. Each granule has a layered organization with 

alternating amorphous and semi-crystalline growth rings with similar 120 to 400 nm 

thicknesses (Gallant et al. 1997).  

Starch nanoparticles derive from the disruption of the semi-crystalline structure of 

starch granules. Such particles are valuable in food packaging technology because they can 

enhance the mechanical and water vapor resistance of a polymer. In medicine, starch 

nanoparticles are appropriate as carriers for the drug delivery of immobilized bioactive or 

therapeutic agents. Starch nanoparticles with different physicochemical and mechanical 

properties were obtained using various preparation methods (Aldao et al. 2018) 

Several researchers reported three widely used methods for the preparation of starch 

nanoparticles, namely acid or enzymatic hydrolysis, regeneration, and mechanical methods 

(LeCorre et al. 2010). The resulting materials from such methods may be nanocrystals, 

nanoparticles, or nano-colloids. Generally, nanocrystals are produced through enzymatic 

and acid hydrolysis, nanoparticles are obtained via regeneration and precipitation 

processes, while nano-colloids, which are solid nanoparticles dispersed in a liquid medium, 

are produced by mechanical treatments, e.g., high-pressure homogenization and reactive 

extrusion (Kumari et al. 2020). To increase the yield of starch nanoparticle production, 

acid hydrolysis combined with ultrasonication (Kim et al. 2013; Rodríguez-Pineda et al. 

2018), and nanoprecipitation (Wu et al. 2019) were reported. Nanoprecipitation is also a 

promising method, as it does not require specialized equipment or complex operating 

conditions. The associated costs are reasonably low, and the risk of sample contamination 

is often considerably reduced. As for the mechanical treatment processes, the primary 

drawback is related to their high energy consumption. The enzymatic hydrolysis of starch 

has an advantage over acid hydrolysis of being faster with higher yields (Aldao et al. 2018). 

In addition, acid hydrolytic treatment processes pose a problem in the form of the recovery 

of chemicals. 

Recently, the use of green technologies, e.g., the combination of pretreatments 

using supercritical CO2 (SC-CO2) with the enzymatic hydrolysis of different biomass 

materials, has received great interest (Silveira et al. 2015; Baruah et al. 2018). The use of 

active enzymes to modify carbohydrates is an extremely selective and versatile 

biotechnological tool. Moreover, supercritical CO2 ensures a mass transfer similar to that 

of gases and has a solvating power identical to liquids. Such characteristics make SC-CO2 

more easily penetrate the micropores of the biomass. The sudden release of this fluid causes 

the disaggregation of the previously impregnated biomass, which becomes more accessible 

to enzymatic hydrolysis. In addition, enzymatic processes, which are carried out under mild 

conditions, are specific, regio-selective, and environmentally friendly, which is not the case 

for chemical processes. They can therefore be used effectively after a pretreatment step to 

ensure the desired modification of the targeted biomass. The supercritical CO2 pretreatment 

process is also convenient, owing to its low critical coordinates (a temperature of 31 °C 

and a pressure of 7.38 MPa) when compared to supercritical water for instance. 

Furthermore, SC-CO2 exhibits interesting advantages, including non-inflammability, non-

toxicity, availability at relatively low costs and high purity, recyclability, and volatility at 

atmospheric pressure, thus allowing an easy separation from the treated compounds 

without leaving toxic residues in the extracts (Chemat et al. 2017).  

The aim of the present investigation was the synthesis of nanocrystals from potato 

starch granules via enzymatic hydrolysis combined with supercritical carbon dioxide 
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pretreatment and nanoprecipitation. To the best of the knowledge of the authors, no study 

has been performed on the use of this combination to produce potato starch nanocrystals. 

 

 

EXPERIMENTAL 
 

Materials 
The starch used in this study was extracted from potatoes produced by La Ferme 

Valupierre (Quebec, Canada) and marketed under the brand name Gabrielle. Sodium azide 

(NaN3), sodium nitrate (NaNO3), a citric acid/sodium hydroxide/hydrogen chloride buffer 

solution at a pH of 4, as well as pulullanase enzyme were purchased from Sigma-Aldrich 

and used without further purification. An industrial grade gas cylinder of CO2 was 

purchased from Praxair Canada Inc. (Mississauga, Ontario, Canada).  

 

Methods 
 

All the tests, analyses, and characterizations were performed in triplicate. In 

addition, the different analyses were repeated twice for the same sample and each value 

reported herein is the average of the duplicate measurements. 

 

Potato starch extraction 

Potato starch was isolated according to the methods in Singh et al. (2008) with 

slight modification. Peeled potato was ground using a blender (707SB, Waring 

Commercial, Torrington, CT) with distilled water and filtered stepwise through cheese 

cloth. The residues and the top purplish layer were discarded, and the remaining precipitate 

starch slurry was washed with distilled water, centrifuged at 10000 r/min for 5 min, and 

then freeze-dried. 

 

Supercritical CO2 pretreatment of the potato starch 

The supercritical CO2 pretreatment was conducted in a 1 L stainless-steel high-

pressure autoclave mounted on a pressure pump capable of operating up to 6000 PSI, 

connected to a CO2 cylinder and a thermostatic bath, which made it possible to achieve and 

maintain the CO2 under supercritical conditions (a pressure greater than 1073 PSI and a 

temperature greater than 31 °C). In a typical run, according to the previous work of the 

authors, with slight modification (Nlandu et al. 2019), the reactor was loaded with 20 g of 

native potato starch. Then liquid CO2 was aspirated from a cylinder equipped with a dip 

tube and pressurized by a motorized pump to 2000 PSI. The temperature of the thermostatic 

bath was adjusted to heat the double wall of the reactor to a temperature of 70 °C. Then, 

the starch sample was exposed to supercritical CO2 for 1 h. At the end of operation, a quick 

pressure release was performed by opening a valve attached to the reactor, thus bringing 

the pressure levels back to atmospheric conditions. The obtained pretreated starch sample 

was dried at room temperature for 24 h before further treatments and analyzes. 

 

Enzymatic hydrolysis  

A preliminary investigation on the enzymatic hydrolysis of the native and 

supercritical CO2-pretreated potato starch was conducted under different operating 

conditions to optimize the hydrolysis reaction. The obtained results showed that the process 

was optimized at a temperature of 60 °C and in a buffer solution with a pH of 4. 
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Consequently, all the enzymatic hydrolysis processes performed in the present 

investigation were conducted under these optimized conditions. In a typical run, the native 

and supercritical CO2-pretreated starch samples were mixed in a buffer solution with a pH 

of 4.0 (5% (W/V)) in a 250 mL Erlenmeyer. For better dispersion of the starch, the 

suspension was sonicated at an amplitude of 22% for 20 min using a high-intensity 

ultrasonic processor (750 W Model, 20 kHz from Branson Ultrasonics Corporation; 

Danbury, CT, USA). Boiling water was then added to the dispersion and vigorously stirred 

for 20 min, until complete starch gelatinization was achieved. After cooling the gelatinized 

starch to a temperature of 60 °C, pullulanase (135 npun/g of dry starch) was added. After 

7 h of enzymatic hydrolysis, the reaction was stopped, and the suspension was put into a 

boiling water bath for 15 min to deactivate the enzyme. The mixture was then centrifuged 

at 10000 rpm for 5 min to remove the precipitate. Ethanol, in a 1 to 10 ratio, was added to 

the gelatinized supernatant solution for 24 h at a temperature of 4 °C. Afterwards, the 

precipitation could be achieved by causing supersaturation, followed by nuclei and particle 

growth, causing the colloidal starch particles to subsequently form. The suspension was 

centrifuged at 10000 rpm and a temperature of 5 °C for 5 min and the obtained precipitate 

was freeze-dried leading to debranched starch particles in powder form.  These particles 

were put in water (5%), reheated to a temperature of 120 °C for 30 min, stored at a 

temperature of 4 °C for 24 h, then oven-dried at a temperature of 30 °C for 24 h, and finally 

milled and passed through a 140-mesh sieve to obtain the potato starch nanocrystals.  

 

Monitoring of the enzymatic hydrolysis reaction kinetics 

During the enzymatic hydrolysis reaction, 1 mL aliquots of the suspension were 

taken after 1, 2, 3, 4, 5, 6, and 7 h to determine the amylose content, which was evaluated 

according to the methods outlined in Morrison and Laignelet (1983). Hence, 1 mL of 

dimethyl sulphoxide (DMSO) was added to 1 mL of the 5% starch suspension in glass test 

tubes and incubated in a water bath at a temperature of 85 °C for 15 min. The suspension 

was cooled down to room temperature, vortexed, and then diluted to 25 mL with distilled 

water. Then, 1 mL of the sample was diluted again with distilled water (up to 50 mL) in a 

volumetric flask, and an iodine solution (5 mL) was added to the sample solution. The 

iodine solution was prepared by mixing iodine and potassium iodide in distilled water to 

get a concentration of iodine (I2) and potassium iodide (KI) of 0.0025 M and 0.0065 M, 

respectively. The solution was then analyzed using a spectrophotometer (Spectronic 

Genesys 20, Thermo Fisher Scientific, Waltham, MA, USA) at a wavelength of 635 nm.  

 

Size-exclusion chromatography 

The molecular weight distribution of the native and treated starches was determined 

via size exclusion chromatography coupled with a refractive index detection. Starch 

samples (10 mg) were suspended in 10 mL of buffer (3.1 mM NaN3 and 0.1 M NaNO3, at 

a pH of 6) at a temperature of 60 °C for 4 h. The suspensions were filtered through a 5 µm 

filter and 50 µL of the filtrate was injected into a an HPLC device (Agilent series 1100) 

equipped with a Waters 2414 refractive-index detector, and two TSK gel columns 

(G6000PWxl and G4000PWxl) were used in tandem at a temperature of 60 °C. The TSK 

gel G6000PWxl column is ideally suited for the analysis of water-soluble linear polymers 

with molecular weights up to 8 × 106 Da. The TSK gel G4000PWxl is ideally suited for 

the analysis of water-soluble linear polymers with molecular weights up to 3 × 105 Da. The 

buffer was used as a mobile phase at a low rate of 0.4 mL/min. The pullulan standards: P-

1600 (Mw = 166.00 × 104 g/mol), P-400 (Mw = 38.00 × 104 g/mol), P-200 (Mw = 18.60 × 
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104 g/mol), P-100 (Mw = 10.00 × 104 g/mol), P-50 (Mw = 4.80 × 104 g/mol), P-20 (Mw = 

2.37 × 104 g/mol), P-10 (Mw = 1.22 × 104 g/mol), and P-5 (Mw = 0.58 × 104 g/mol), were 

used to determine the molecular weight of the samples. The data obtained from the RI 

detector was analyzed using OpenLAB CDS ChemStation software (Rev C.01.07, Agilent 

Technologies, Santa Clara, CA, USA). 

 

Characterization 
The native and different pretreated starch samples were mixed and ground with 

KBr in a weight ratio of 1 to 100 to prepare the pellets. The infrared spectra were obtained 

using a Varian 1000 FTIR spectrometer (Scimitar series, Foster City, CA, USA) and 

recorded at wavenumbers between 4000 and 400 cm-1. 

The surface morphology of the native and different pretreated starches was 

examined using a scanning electron microscope (JEOL 840-A, Tokyo, Japan) operated at 

an accelerating voltage of 10 to 20 kV. Before analysis, the samples were prepared via 

sputter coating with platinum to obtain conductive surfaces.  

The microstructure and sizing of the potato starch samples were investigated using 

a transmission electron microscope (JEOL JEM-1230) at an accelerating voltage of 80 kV. 

Before analysis, each representative sample was suspended in ethanol and sonicated for 5 

min. Then, a drop of the suspension was placed on a carbon microgrid and dried at a 

temperature of 60 °C for 20 min.  

The X-ray powder diffraction data of the native and different pretreated starch 

samples were collected on a Rigaku D-Max-Ultima III diffractometer (The Woodlands, 

TX, USA) using nickel-filtered Cu-Kα with a wavelength of 1.5406 Å at a voltage of 40 

kV and a current of 44 mA. Powder diffraction patterns were obtained between 5° and 55° 

with a scan speed of 2 degree/min. The degree of crystallinity of the starch samples was 

quantitatively estimated as the ratio of the area of the crystalline reflections to the overall 

diffraction area as previously reported by Nara and Komiya (1983) and Jiang et al. (2016), 

and shown in Eq. 1, 

Relative crystallinity (%) =
Area under the peaks

Total curve area
 x 100              (1)  

 

 

RESULTS AND DISCUSSION 
 

Production of the Starch Nanocrystals 
Pullulanase is well known as a debranching enzyme in the hydrolysis of native 

starch. This enzyme can produce starch with high amylose content (Wong et al. 2007). In 

this work, a starch pretreatment process utilizing supercritical CO2 was conducted to 

improve the accessibility of the enzyme to starch. The effect of this pretreatment on the 

production of high amylose starch is shown in Fig. 1. The addition of this pretreatment 

resulted in a runnier solution after letting the reaction run for 7 h. The starch suspension 

was initially very viscous with the initial amylose concentration at 76 mg/L for all samples, 

corresponding to an amylose content of 20%. As depicted in Fig. 1, the hydrolysis 

proceeded at a rapid rate during the first hour of the reaction, leading to a considerable 

increase in the amylose content, which indicated that the enzyme effectively broke down 

the starch by hydrolyzing the α-1,6 bonds of amylopectin. As the reaction time increased, 

the rate of hydrolysis slowed down and the amylose concentration reached 312 mg/L (an 
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amylose yield of 82%) for the non-pretreated potato starch (A), which was in agreement 

with previously reported data by  et al. (2012). For the supercritical CO2-pretreated starch 

(B), the amylose concentration reached 343 mg/L (an amylose yield of 90%) after 7 h of 

hydrolysis. Clearly, the supercritical CO2 pretreatment improved the accessibility of starch 

to the enzyme, which translated into a higher amylose content in the hydrolyzed pretreated 

starch.  

 

 
Fig. 1. Time profile of the amylose yield of hydrolyzed native potato starch (A) and SC-CO2-
pretreated potato starch (B). Error bars denote standard deviation. 

 

The molecular weight distributions of the branch chains of the potato starch 

nanocrystals are shown in Fig. 2. After hydrolysis with the addition of pullulanase, all the 

produced potato starch samples showed polymodal distributions with small, large, and 

extra-large molecular weight fractions of chain lengths at degrees of polymerization (DP) 

at approximately 13 to 18 (F1), DP 50 to 52 (F2), and DP 79 to 82 (F3), in accordance with 

previous literature (Fredriksson et al. 1997, 1998). The native and supercritical CO2-

pretreated starch samples led to starch nanocrystals containing large amounts of F3, i.e., 

approximately 98% and 68% fractions, respectively, indicating that they were primarily 

composed of branched chains of DP 80. In addition, the potato starch nanocrystals from 

the SC-CO2-pretreated starch exhibited a large amount of the F2 fraction, i.e., 29% 

branched chains of DP 50, and a small amount of F1 fraction, i.e., 2% minor branched 

chains of DP 17 and 13, whereas these fractions were not observed in the native starch. 
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Fig. 2. Size exclusion chromatography of the potato starch nanocrystals from the native potato 
starch (A1) and the SC-CO2-pretreated potato starch (B1) 

 

Morphology of the Potato Starches 
For the sake of clarity, the terms commonly used, i.e., starch crystallite, starch 

nanocrystal, microcrystalline starch, and hydrolyzed starch, all refer to the crystalline part 

of starch obtained via hydrolysis but to a different extent (from the most to the least). These 

materials should be distinguished from starch nanoparticles, presented later, which can be 

amorphous (LeCorre et al. 2010). In the present investigation, potato starch nanocrystals 

were obtained via the enzymatic hydrolysis of CO2-pretreated starch using pullulanase 

enzymes, according to the methods outlined in Lu et al. (2019), with slight modification, 

and recrystallized according to Chang et al. (2020), with slight modification. Pullulanase 

enzyme selectively hydrolyzes the 1,6-α-D-glycosidic bonds, leading to the formation of 

linear short chain molecules with a low molecular weight.  

Scanning electron microscopy was used to compare the morphological changes in 

the potato starch after SC-CO2. Figure 3 shows the SEM images of the native and SC-CO2-

pretreated starches. The native potato starch granules were mostly quasi-spherical or 

polygonal with a smooth surface and flat edge (as shown in Fig. 3A), corroborating the 

structure described by Guo et al. (2020). Few layered strips on the surface of the SC-CO2- 

pretreated starch can be observed (Fig. 3B). The changes in the surface morphology could 

be used to explain the differences in the hydrolysis process of native and SC-CO2-

pretreated potato starch samples.  

The TEM images of the potato starch nanocrystals are shown in Fig. 4. The images 

revealed that elongated spherical-like nanostructures with sizes ranging from 20 nm to 200 

nm were produced. The nanocrystals stemming from the SC-CO2-pretreated starch (B1) 

exhibited almost the same shape as the particles stemming from the native starch; however, 

their size was smaller, ranging from 20 nm to 150 nm. These results were in agreement 

with previous observations reported by LeCorre et al. (2011) and Kim et al. (2012) for 

enzymatically hydrolyzed maize starch. These authors stated that the starch particles 

appeared to be in relation to the modification method, the crystalline structure of blocklets, 

and the amylose content of the original native starch. In addition, B-type starches, e.g., 

potato starch, gave rise to spherical-like particles. 

Elution Time (min) 
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Fig. 3. SEM images of native potato starch (A) and SC-CO2-pretreated potato starch (B). 

 

 
 
Fig. 4. TEM images of the potato starch nanocrystals from the native potato starch (A1) and from 
the SC-CO2-pretreated potato starch (B1). 

 

Figure 5 shows the FTIR spectra of the native (A), SC-CO2-pretreated (B) starch 

samples (as shown in Fig. 5.1), and their corresponding nanocrystals (as shown in Fig. 5.2, 

A1 and B1). All the FTIR spectra exhibited several absorption bands that can be attributed 

to the molecular structure of starch. The bands at 1160 and 1018 cm−1 were attributed to 

C=O and C-O-C stretching, respectively; the band at approximately 2950 cm−1 was 

ascribed to C-H stretching, while the broad band at approximately 3400 cm−1 was assigned 

to the hydrogen bonded hydroxyl group stretching of the starch granules (Lammers et al. 

2009). The absorbance band at approximately 1660 cm−1 was attributed to the bending 

vibration of the O-H of bound water in the amorphous region, and the peaks at 1400 to 

1450 cm−1 were attributed to CH2 twitching (Kizil et al. 2002). The peak at 995 cm−1 was 

related to the water–starch interaction, and its absorption intensity was produced by C–O–

H bending vibrations; this reflected the sensitivity of the sample to water, which is a 

characteristic of hydrophilicity of starch (Warren et al. 2016). Peaks observed between 766 

and 995 cm−1 were due to the hydrogen bonding of an OH group, the skeletal mode 

vibration of the α-1,4 glycosidic linkage, and C-C stretching (Reddy et al. 2017). 

A B

50 mm 50 mm
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Fig. 5. FTIR spectra of (1) the native (A) and SC-CO2-pretreated (B) potato starch samples, and 
(2) the corresponding nanocrystals (A1 and B1) 

 

The X-ray diffractograms of the native (A), the SC-CO2-pretreated (B) potato starch 

samples, and their corresponding nanocrystals (A1 and B1) are displayed in Fig. 6. Both 

exhibited the typical B-type scattering pattern with prominent diffraction peaks centered 

around 5.5°, 17°, 21°, and 23°. The relative crystallinity of the native samples (A) was 

40.6%, which was in agreement with the results reported by Cai and Shi (2010). The 

relative crystallinity of the SC-CO2-pretreated potato starch sample was 44.4%. After 

undergoing hydrolysis and directed crystallization, the obtained starch nanocrystals from 

the native (A1) and SC-CO2-pretreated potato starch (B1) were 61.2% and 60.2%, 

respectively.  

No major change in the type of crystalline pattern was observed for the SC-CO2-

pretreated starch nanoparticles when compared to the native starch, as the major peaks were 

similar. However, the SC-CO2-pretreatment induced a slight increase in the relative 

crystallinity of the potato starch. This could be related to the SC-CO2-pretreatment, which 

caused enough damage to the amorphous surface of potato starch, further exposing the 

crystalline regions and thus resulting in an increase in crystallinity (Nlandu et al. 2019). 

Compared to the relative crystallinity of the native (A) and SC-CO2-pretreated starch (B) 

samples, the corresponding crystallinity of their nanocrystals (A1 and B1) was 

considerably increased. This was due to the fact that, after pullulanase enzyme debranching 

and directed crystallization, the amylopectin became the relatively short amylose, which is 

ideal for nanocrystal formation through self-assembly, i.e., the gelatinized starch is 

converted from an amorphous state to a more ordered or crystalline state (Miao et al. 2009; 

Shi and Gao 2011). 

 

Wavenumber (cm-1) Wavenumber (cm-1)Wavenumber (cm-1) Wavenumber (cm-1) 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Nlandu et al. (2021). “Potato starch nanocrystals,” BioResources 16(4), 7671-7683.  7680 

 
 
Fig. 6. XRD patterns of (1) the native (A) and SC-CO2-pretreated (B) potato starch samples, and 
(2) the corresponding nanocrystals (A1 and B1) 

 

 

CONCLUSIONS 
 

1. In this study, potato starch nanocrystals were prepared via enzymatic hydrolysis 

combined with a supercritical (SC) carbon dioxide pretreatment and nanoprecipitation, 

followed by directed recrystallization.  

2. Starch was extracted from potatoes and pretreated with supercritical CO2, and the 

effects of this pretreatment process on the properties of potato starch were investigated. 

3. The scanning electron micrograph (SEM) results revealed few layered strips on the 

surface of the SC-CO2-pretreated starch and the damages exposed the crystalline 

regions of the starch, which resulted in an increase in crystallinity from 40.6% to 44.4% 

after pretreatment. However, no change was observed in the quality of the chemical 

composition of the starch after the SC-CO2 pretreatment, as revealed by the Fourier 

transform infrared (FTIR) analysis. In addition, the SC-CO2 pretreatment further 

improved the accessibility of the starches to the pullulanase enzyme. A difference of 

10% in the amylose content was found after the hydrolysis of the pretreated starch 

samples compared to the native starch samples.  

4. Enzymatic hydrolysis and nanoprecipitation yielded starch particles with nanometric 

dimensions and directed recrystallization led to nanocrystals with higher crystallinity. 

The potato nanocrystals obtained had a spherical shape with a diameter ranging from 

20 to 150 nm and an increased crystallinity of approximately 60%. 

5. The nanocrystals obtained from the native starch were primarily composed of branched 

chains of DP 80 (98%), while those obtained from the SC-CO2-pretreated starch were 

composed of branched chains of DP 50 (29%) and DP 17-13 (2%), in addition to 

branched chains of DP 80 (68%).  
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