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A B S T R A C T   

This study aims to enhance the understanding of the structure of maize phytoglycogen nanoparticles, and the 
effect of shear scission on their architecture, radius, stiffness, and deformability. Compared to amylopectin, 
phytoglycogen had a lower A:B chain ratio, a lower number of chains per B chain, and a much higher number of 
Afingerprint chains. Phytoglycogen (Mw = 28.0 × 106 g/mol) was subjected to high-shear extrusion with varying 
Specific Mechanical Energies (SMEs) using different screw speeds, showing a maximum stable molecular weight 
Mw of ~9.31 × 106 g/mol and a particle radius R reduction of 36 %, with a corresponding 20 % increase in the 
average mass density. Atomic force microscopy force spectroscopy revealed that nanoparticles extruded at the 
lowest SME (122 Wh/kg) exhibited a 20 % increase in Young’s modulus. Higher SME values (up to 488 Wh/kg) 
resulted in an overall decrease in stiffness without further significant reductions in radius.   

1. Introduction 

Phytoglycogen is a highly branched, naturally occurring poly-
saccharide made of glucose monomers largely found (~20–35 % kernel 
weight) in the endosperm of the maize with sugary-1 (su1) mutation 
together with granular starch (Boyer, Damewood, & Simpson, 1981; 
Dickinson, Boyer, & Velu, 1983). Phytoglycogen molecules are made of 
α-1,4-linked glucose units (GU), forming linear chains with average 
chain length (CL) of 10–12, and with a branching degree (α-1,6 glyco-
sidic linkages) that is almost double that in normal maize amylopectin 
(Inouchi, Glover, & Fuwa, 1987; Yun & Matheson, 1993). In contrast to 
amylopectin biosynthesis, phytoglycogen molecules grow outward with 
the addition of glucose units. However, because of the flexibility of the 
glucose chains, they fold back in towards the centre of the molecule, 
resulting in a large density of GUs throughout the nano-sized particles 
(Nickels et al., 2016). Eventually, the GU density becomes very large, 
and it has been proposed that the biosynthetic enzymes for the growth 
process cannot operate freely, sterically hindering further growth and 
branching (Powell et al., 2015). Importantly, phytoglycogen possesses a 
symmetric distribution of α-1,6 branches within the molecule, that is, 
branching takes place in a non-clustering fashion, preventing tight 

packing of parallel chains that intertwine to form double helices, which 
leads to dendrimer-like structures (Ball et al., 1996; Yun & Matheson, 
1993). Thus, phytoglycogen naturally exists in the form of dense, 
compact, spherical, water-soluble nanoparticles that can be isolated as 
individual particles (beta) with a fully hydrated particle radius of 20–23 
nm as measured by different techniques (Baylis, Shelton, Grossutti, & 
Dutcher, 2021; Shamana & Dutcher, 2022; Simmons et al., 2020; Sul-
livan et al., 2014). 

The highly branched, dendritic-like structure of phytoglycogen leads 
to highly ordered hydration water (Grossutti & Dutcher, 2016), and a 
dramatic dependence of the mechanical stiffness of the particles on 
hydration (Baylis et al., 2021; Grossutti & Dutcher, 2021). These attri-
butes, together with their exceptional stability in water, non-toxicity, 
non-immunogenicity, and their amenability to be grafted with food 
grade or non-toxic bioactives (Simmons et al., 2020), position phyto-
glycogen as an attractive biocompatible nano-platform technology that 
is ideal for applications, including personal care, nutrition and 
biomedical formulations (Korenevski, Erzsebet, Dutcher, & Stukalov, 
2019). 

Soft colloids, such as phytoglycogen nanoparticles, can be used as 
rheology modifiers and drug delivery systems (Shamana & Dutcher, 
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2022). For example, softness and deformability are key to enhance 
penetration through dense tissue (Teixeira et al., 2010), allow access to 
sterically hindered targets (Myerson et al., 2018), and control their 
diffusion through biological barriers (Meeker, Poon, & Pusey, 1997). 
Interestingly, phytoglycogen partially digested through acid or enzy-
matic hydrolysis has been shown to have properties that differ signifi-
cantly from those of the native particles. Specifically, acid hydrolysis of 
phytoglycogen nanoparticles, which produced a significant reduction of 
their radius and stiffness, also led to significant changes in the in-
teractions between particles in solution (Shamana & Dutcher, 2022). 
The continuous decrease of the radius of the particles with acid hydro-
lysis time suggests that non-preferential bond cleavages occurred 
throughout all regions of the molecule (Powell et al., 2015). Size- 
reduced phytoglycogen has also been achieved using exo-acting hydro-
lases such as β-amylase and amyloglucosidase. In these cases, exo-acting 
amylolysis enabled an apparent preferential surface trimming without 
causing substantial structural changes inside the phytoglycogen parti-
cles (Chen, Narsimhan, & Yao, 2015). The production of softer phyto-
glycogen particles with reduced size using acid or enzymatic hydrolysis 
could enhance penetration and delivery of bioactives (Shamana & 
Dutcher, 2022). However, the long processing times required to produce 
uniformly hydrolyzed material, and the high cost of enzymes and/or the 
equipment to handle very low pH, could result in a prohibitive cost of 
manufacturing. 

High-shear extrusion is a scalable and cost-effective technology that 
fragments polysaccharide molecules through the application of shear 
without the need for harsh chemicals. For amylopectin from maize, 
which has reported molecular weight values in the native state of 
70–600 × 106 g/mol (Yoo & Jane, 2002), high-shear extrusion results in 
a maximum stable molecular weight (that is, for a given shear envi-
ronment, no further shear degradation occurred for molecules smaller 
than this molecular weight) of ~3.5 × 106 g/mol (Brümmer, Meuser, 
van Lengerich, & Niemann, 2002) for a Specific Mechanical Energy 
(SME) of ~350 Wh/kg (~1260 kJ/kg). Likewise, Roman, Campanella, 
and Martinez (2019) reduced the molecular weight of banana amylo-
pectin down to 4 × 106 g/mol using extrusion at a similar SME. 

Since phytoglycogen exists as small nanoparticles with a different 
(dendritic) chain architecture and smaller molecular size than starch 
(~24.5 × 106 g/mol, Peng & Yao, 2020), it is not clear that extrusion 
could fragment phytoglycogen and, if it does, the effect of preferential 
shear scission on breaking glycosidic bonds within the particles. The 
goal of this study is to mechanistically understand how screw extrusion 
at different SMEs can fragment phytoglycogen particles and alter their 
fine molecular structure, and how shear-induced bond cleavage could in 
turn affect the mechanical stiffness of phytoglycogen nanoparticles. 

2. Materials and methods 

2.1. Materials 

Two forms of non-GMO sweet maize phytoglycogen were provided 
by Mirexus Biotechnologies Inc. (Guelph, ON, Canada): high-purity (Lot. 
July 30, 2018), and slightly lower purity (P028-24Apr2018-c1). Briefly, 
centrifugation and ultrafiltration techniques were used to separate 
phytoglycogen from fiber, proteins, lipids and starch granules. Proxi-
mate analysis (%, w/w) of the phytoglycogen produced by spray drying 
was determined according to the AACC methods (AACC, 2015) for 
moisture (44-15.02) and protein content (46–30.01), the latter using a 

Leco TruMac CN device (St. Joseph, Michigan, USA). Lipid content was 
determined by Mérieux Nutrisciences (Mississauga, Ontario, Canada) 
according to AACC 30-10.01 method (AACC, 2015). For internal and 
unit chain length distributions of phytoglycogen, high-purity phyto-
glycogen was used (purity higher than 98 %), with protein and lipid 
contents of 0.03 % and 0.09 %, respectively. For extrusion experiments 
and subsequent analyses, due to the higher amount of phytoglycogen 
needed (10 kg), phytoglycogen of a slightly lower purity was used, with 
0.43 % and 1.02 % protein and lipid contents, respectively. 

For comparison with the unit and internal CL distributions of phy-
toglycogen, Amioca TF (ST10052) waxy maize starch (Ingredion, 
Bridgewater, NJ, USA) was purchased from Caldic (Mississauga, ON, 
Canada). Waxy maize starch contained 0.1 % protein and below 0.1 % 
fat according to the manufacturer specifications. 

Dimethyl sulfoxide (DMSO, HPLC grade), lithium bromide (LiBr, 
ReagentPlus), maltose and maltohexaose were purchased from Sigma- 
Aldrich (St Louis, MO, USA) and Beantown Chemical (Hudson, NH, 
USA), respectively. Isoamylase (E-ISAMY, EC 3.2.1.68, enzyme activity: 
200 U/mL) from Pseudomonas sp., pullulanase M1 (E-PULKP, EC 
3.2.1.41, enzyme activity: 700 U/mL) from Klebsiella planticola and 
β-amylase (E-BARBL-50KU, EC 3.2.1.2, enzyme activity: 10000 U/mL) 
from barley were purchased from Megazyme (Bray, Wicklow, Ireland). 
A series of pullulan standards (P-5, P-10, P-20, P-50, P100, P-200, P-400, 
and P-800), lot number 190205, with molecular weights ranging from 
0.66 × 104 to 73.6 × 104, were purchased from Shodex (Tokyo, Japan). 

2.2. Methods 

2.2.1. Extrusion treatment of phytoglycogen 
Phytoglycogen was extruded in a Coperion ZSK MV PLUS 27 twin- 

screw extruder (Ramsey, NJ, USA) with co-rotating and closely inter-
meshing screws of 27 mm diameter and a length to diameter ratio (L/D) 
of 24. The die head consisted of two circular dies of 4 mm diameter. 
Phytoglycogen was extruded based on the extrusion parameters detailed 
by Xu et al. (2021) for a starchy flour, with some modifications. For all 
the extrusion experiments, the total flow input was 12 kg/h with a total 
moisture content adjusted to 17 %. The extruder was equipped with 6 
barrel sections, where the temperature for the last five barrel sections 
was controlled and kept constant, from the feeding to the die zone, at 40, 
60, 80, 80 and 80 ◦C, respectively. The screw speed was modified from 
condition 1 to 3 (Extruded-1 to Extruded-3) to obtain increased shear 
corresponding to three extrusion treatments varying in specific me-
chanical energy (SME). It is noteworthy that the increase in SME also 
resulted in a lower pressure and a slightly higher temperature, referred 
to as the melt pressure and the melt temperature, respectively, within 
the extruder, as detailed in Table 1. Extruded phytoglycogen samples 
were equilibrated overnight at room temperature (20 ◦C) and then 
ground using a rotor mill (Rotor Beater Mill SR 300, Retsch, Haan, 
Germany) using a 500 μm mesh screen. Milled samples were stored in 
airtight plastic bags at − 20 ◦C until analysis. Moisture was measured 
according to AACC 44-15.02 method (AACC, 2015). 

2.2.2. Production of β-limit dextrins from high-purity phytoglycogen and 
analysis of unit and internal chain length distributions (UCLD and ICLD) 

β-Limit dextrins (β-LDs) were produced from high-purity phyto-
glycogen and waxy maize starch following the method of Laohaphata-
naleart, Piyachomkwan, Sriroth, and Bertoft (2010), with the 
modifications reported by Roman et al. (2020). Briefly, 100 mg of 

Table 1 
Extrusion settings and responses of phytoglycogen nanoparticles.   

Total throughput (kg/h) Moisture content (%) Screw speed (rpm) Melt Pressure (Bar) Melt Temperature (◦C) SME (Wh/kg) SME (kJ/kg) 

Extruded-1  12  17  200  15.2  83  122  439 
Extruded-2  12  17  500  10.7  92  278  1000 
Extruded-3  12  17  800  9.0  98  488  1756  
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phytoglycogen or waxy maize starch was dissolved in 90 % DMSO (50 
mg/mL concentration) in a water bath at 90 ◦C for 10 min and then at 23 
◦C with overnight stirring. Dissolved samples were diluted with water 
(70 ◦C) to a concentration of 5 mg/mL. Sodium acetate buffer (2 mL, 
0.01 M, pH 6.0) followed by β-amylase (0.5 μL/mg) were added to each 
sample for overnight incubation at a temperature of 23 ◦C. Subse-
quently, the enzyme was inactivated by boiling in a water bath for 5 min 
and further centrifuged (4000 ×g, 5 min). Maltose residues were sepa-
rated from the β-LDs using a Jumbosep centrifugal device (Pall Corpo-
ration, New York, USA) fitted with a 10 kDa molecular weight cut-off 
ultrafiltration membrane (Yee et al., 2021). The volume of the result-
ing samples (15 mL) was adjusted to 20 mL by adding Milli-Q water, and 
sodium acetate buffer (2 mL, 0.01 M, pH 6.0) and β-amylase equivalent 
to a 0.5 μL/mg sample were added for a second β-amylolysis. The 
β-amylase treatment and filtration were performed in the same manner 
as described above and the resulting β-LDs were freeze-dried for further 
analysis. 

The chain size-distribution and the organization of the chains of 
phytoglycogen, typically referred to as unit and internal chain length 
distribution, respectively, was investigated and compared to that of 
maize amylopectin using high-performance anion exchange chroma-
tography (HPAEC). Phytoglycogen (high-purity), waxy maize starch and 
their isolated β-limit dextrins were debranched for analysis by HPAEC 
following the method described in Bertoft (2004) with the modifications 
reported by Yee et al. (2021). Briefly, 2 mg of sample was dissolved in 
50 μL of 90 % (v/v) DMSO boiling for 10 min at 100 ◦C and allowed to 
stir for 16 h at 25 ◦C. Then, 400 μL of Milli-Q water, and 50 μL of sodium 
acetate buffer (0.1 M, pH 5.5) were added to the sample prior to 
debranching with simultaneous addition of 1 μL of isoamylase and 
pullulanase. Debranching was performed for 24 h at 25 ◦C. Afterwards, 
the reaction was finished by adding 1.5 mL of boiling Milli-Q water to 
the debranched samples, which were then filtered (0.45 μm nylon fil-
ters) and injected into the HPAEC system. This debranching treatment 
was carried out at least in duplicate. The chain length distributions of 
the debranched amylopectin and the β-LDs of amylopectin were 
analyzed using a Dionex ICS 3000 HPAEC equipped with a pulsed 
amperometric detector (PAD) (Sunnyvale, CA, USA), using a Gold AAA 
waveform, and a CarboPac PA-100 precolumn and column (4 × 250 
mm) connected in series. A 20 μL debranched sample was eluted with a 
gradient of 0.15 M sodium hydroxide (NaOH, Eluent A) and 0.15 M 
NaOH containing 0.5 M sodium acetate (Eluent B) as follows: 15–36 % B 
from 0 to 9 min, 36–45 % B from 9 to 18 min and 45–100 % B from 18 to 
110 min. The PAD signal was transformed to carbohydrate concentra-
tion according to Koch, Andersson, and Åman (1998). Carbohydrate 
concentrations were normalized and relative molar amounts (mol %) 
and average degree of polymerization (DP) values were calculated 
(Bertoft, Piyachomkwan, Chatakanonda, & Sriroth, 2008). All the ex-
periments were performed at least in duplicate. 

The UCLD of native and extruded phytoglycogen was also investi-
gated using high-performance size exclusion chromatography (HPSEC). 
Briefly, 4.0 mg of phytoglycogen were solubilized in 100 μL of boiling 
90 % (v/v) DMSO for 10 min, cooled to room temperature and allowed 
to solubilize in 90 % DMSO for 16 h at 25 ◦C. Subsequently, 800 μL of 
Milli-Q water and 100 μL of sodium acetate buffer (0.1 M, pH 5.5) were 
added to the sample. Isoamylase and pullulanase (2.0 μL) were added to 
the solution, which was vortexed and allowed to incubate at 25 ◦C for 
24 h. Then, the debranched phytoglycogen was heated at 100 ◦C in a 
boiling water bath for 15 min to inactivate the enzymes. Debranched 
samples were freeze-dried, redissolved in 1 mL of 0.45 μm nylon filtered 
DMSO containing 0.5 % (w/w) LiBr, and injected into a PSS GRAM 
precolumn, a GRAM 100 column and a GRAM 1000 column (PSS GmbH, 
Mainz, Germany) connected in series. The UCLD of debranched phyto-
glycogen was analyzed in duplicate using a HPSEC system (Agilent 1260 
series, Agilent Technologies, Waldbronn, Germany) equipped with a 
refractive index detector thermostated at 45 ◦C (RI, Shodex RI-501EX, 
Munich, Germany). The injection volume, flow rate, and temperature 

were 100 μL, 0.6 mL/min, and 80 ◦C, respectively. A series of maltose, 
maltohexaose and pullulan standards were used for calibration to 
convert the SEC elution volume to the hydrodynamic volume (Vh) or the 
corresponding radius (Rh) using the Mark-Houwink-Kuhn-Sakurada 
(MHKS) equation (Vilaplana & Gilbert, 2010). The MHKS parameters 
K and α of pullulan in DMSO/LiBr solution at 80 ◦C were 2.424 × 10− 4 

dL g− 1 and 0.68, respectively. Data analysis and calculations to convert 
Rh to degree of polymerization (DP) using pullulan standards and the 
MHKS equation were performed as described in Wang, Hasjim, Wu, 
Henry, and Gilbert (2014). All the experiments were performed at least 
in duplicate. 

2.2.3. Molecular weight and size distribution of phytoglycogen by HPSEC- 
MALS-RI 

The weight average molecular weight (Mw), dispersity index (Mw/ 
Mn) and z-average root mean square radius (Rz) values of phytoglycogen 
in water were determined using the HPSEC-RI system described above, 
coupled to a multi-angle light scattering (MALS, Dawn, Wyatt Tech-
nology, Santa Barbara, CA, USA) detector, following the method of 
Rodriguez-Rosales and Yao (2020), with small modifications. Briefly, 
lower purity native and extruded phytoglycogen nanoparticles (5.0 mg/ 
mL) were dispersed in deionized water (pH 6.8) containing 0.02 % so-
dium azide and stirred in a thermomixer (Eppendorf, Hamburg, Ger-
many) set at 350 rpm and 80 ◦C for 15 min for solubilization. 
Subsequently, samples were vortexed, allowed to cool down and filtered 
through 0.45 μm nylon filters. The filtered samples were transferred to 
glass vials and 50 μL was injected into the HPSEC system equipped with 
a PL aquagel-OH guard column (50 × 7.5 mm, 8 μm) and two PL aquagel 
OH Mixed-H (300 × 7.5 mm, 8 μm) columns (Agilent Technologies, 
Waldbronn, Germany) connected in series and held at 25 ◦C. 0.2 μm 
filtered deionized water (pH 6.8) containing 0.02 % sodium azide was 
used as a mobile phase at a flow rate of 0.7 mL/min. Sample preparation 
and injection was performed at least in duplicate and data was analyzed 
using ASTRA software (Wyatt Technology Corporation, Goleta, CA, 
USA) and selecting a first-order Berry plot procedure. The specific 
refractive index increment dn/dc for phytoglycogen in water was 
determined to be 0.148 mL/g ± 0.024, which was calculated based on 
refractive index measurements at 6 different concentrations ranging 
from 0.02 % to 0.10 %. The second viral coefficient A2 was assumed to 
be negligible. A monodisperse pullulan (P-50) was used for normaliza-
tion of the MALS signal. All the experiments were performed at least in 
duplicate. 

2.2.4. Hydrodynamic radius of phytoglycogen nanoparticles using dynamic 
light scattering (DLS) 

Dilute aqueous dispersions (0.005 % w/w) of native and extruded 
phytoglycogen were mixed using a Stovall shaker and filtered using a 
0.22 μm syringe filter to remove the presence of aggregates between the 
particles. Triplicate DLS experiments were performed at 25 ◦C on the 
phytoglycogen dispersions using a ZetaSizer Nano ZSP (Malvern Pan-
alytical, Worcestershire, United Kingdom) with a detector angle of 173◦. 
The intensity-averaged and number-averaged hydrodynamic radii Rh 
were determined using the CONTIN algorithm within the Malvern 
software (Stetefeld, McKenna, & Patel, 2016). In addition, the intensity- 
averaged Rh and average-zeta potential ζ were determined without the 
filtration step to provide insight into dispersions of unfiltered particles in 
water (Table S1 and Fig. S3). All the experiments were performed at 
least in duplicate. 

2.2.5. Atomic force microscopy (AFM) force spectroscopy experiments and 
analysis 

Phytoglycogen nanoparticles were deposited onto gold-coated sub-
strates containing a monolayer of 4-mercaptophenylboronic acid (4- 
MPBA) (Baylis et al., 2021). Atomic force microscopy (AFM) force 
spectroscopy measurements were performed on isolated phytoglycogen 
nanoparticles in water using the Quantitative Imaging (QI) mode on a 
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JPK NanoWizard Ultra Speed AFM, for which each image consisted of a 
dense array of force-distance curves (Baylis et al., 2021). Further details 
on the AFM force spectroscopy experiments are provided in the Sup-
plementary material. 

AFM images of lower purity native and extruded phytoglycogen 
nanoparticles were analyzed using a procedure similar to that developed 
for high-purity native phytoglycogen nanoparticles (Baylis et al., 2021). 
Specifically, each individual force-distance curve was analyzed within a 
cropped region of an AFM scan containing a single nanoparticle and a 
small portion of the surrounding substrate. The region occupied by the 
particle was determined following the same procedure described in 
Baylis et al. (2021) using an R2 goodness-of-fit threshold value of 0.995. 
The indentation portion of each force F versus vertical AFM tip height ztip 
curve collected on the particle was fit using a modified Hertz model 
(Dimitriadis, Horkay, Maresca, Kachar, & Chadwick, 2002) to determine 
the Young’s modulus E. A detailed description of the data analysis 
procedure is provided in the Supplementary material. 

2.2.6. Turbidity measurements 
The turbidity of phytoglycogen aqueous solutions (0.5 % w/w) was 

measured using a DR 6000 UV–Vis spectrometer (HACH, Loveland, CO, 
USA) by monitoring the optical density at 400 nm, as reported in 
Tateishi and Nakano (1997). The turbidity was measured 10 min after 
preparing the dispersion, which was mixed under magnetic stirring for 
10 min, and then every hour for 6 h at 25 ◦C. Turbidity was performed at 
least in duplicate. 

2.2.7. Statistical analysis 
Significant differences between the parameters for the different 

phytoglycogen samples were studied by one-way analysis of variance 
(ANOVA). Fisher’s least significant difference (LSD) was used to 

describe means with 95 % confidence intervals. The statistical analysis 
was performed with Statgraphics Centurion XVI software (Statpoint 
Technologies, Inc., The Plains, VA, USA) or MATLAB (MathWorks, 
Natick, MA, USA). All the experiments were performed at least in 
duplicate, with RSD generally <15 %, and results were expressed as 
average values with standard deviation or error bars. 

3. Results and discussion 

3.1. Unit and internal chain length distribution of native phytoglycogen 
using HPAEC-PAD and β-amylolysis 

The unit CL profiles (in glucose units, GU), relative molar amounts 
and chain ratios of both phytoglycogen and waxy maize starch are re-
ported in Fig. 1 and Table 2. It is noteworthy that previous studies 
reporting the CL of phytoglycogen used SEC with a refractive index 
detector (Inouchi et al., 1987; Peng & Yao, 2020; Yun & Matheson, 
1993). Nevertheless, individual chains cannot be resolved due to 
insufficient resolution at low DP and band broadening in SEC. In the 
present study, we used HPAEC-PAD, which offers high resolution with 
individual chain lengths. Specifically, it can separate glucan chains with 
a DP of up to 80 with high resolution (Bertoft & Nilsson, 2017), offering 
more reliable CL distribution values for amylose-free samples. 

Phytoglycogen exhibited a significantly higher molar proportion of 

Fig. 1. Unit (A) and internal (B) chain length distribution of native high-purity 
phytoglycogen (black) compared to waxy maize amylopectin (grey). β-LD, 
β-limit dextrin obtained after β-amylase treatment of phytoglycogen and 
amylopectin to remove external segments. 

Table 2 
Chain length distribution, β-limit value, relative molar amounts (%) and molar 
ratios of chain categories for waxy maize amylopectin (AP) and native high- 
purity phytoglycogen (PG).   

Maize AP PG 

Chain length (glucose units) 
AP CL  18.4  13.7 
β-LD CL  8.6  7.7 
SCL  16.0  13.5 
LCL  49.9  42.2 
BS CL  10.0  10.0 
BL CL  37.2  29.1 
ECL  11.8  8.0 
ICL  5.6  4.7 
TICL  13.2  9.6 
β-LV (%)  53.3  44.0  

Relative molar amounts (%) 
S (=A + BS)  92.9  98.8 
L  7.2  1.2 
Afp  5.0  19.4 
Acrystal  45.2  20.3 
B2  6.2  0.9 
B3  1.0  0.0 

β-limit dextrins   
A  50.2  39.7 
B  49.9  60.3 
BS  41.2  57.0 
Bfp  15.6  21.7 
BSmajor  25.6  35.4 
BL  8.6  3.3  

Molar ratios 
S:L  13.0  82.3 
A:B  1.0  0.7 
BS:BL  4.8  17.4 

AP, amylopectin; CL, average chain length in glucose units (GU); SCL, average 
CL of short chains (DP < 36); LCL, average CL of long chains (DP ≥ 36); ECL, 
average external chain length; ICL, average internal chain length; TICL, average 
total internal chain length (TICL = B-CLLD - 1.5); β-LV, β-limit value. 
Chains in whole amylopectin/phytoglycogen: S-chains, CL < 36; L-chains, CL ≥
36; Afp-chains, CL 3–8; Acryst-chains, CL ≥ 9, B2-chains, CL 36–61; B3-chains, CL 
≥ 61. 
Chains in β-LD: A-chains, CL 2; B-chains, CL ≥ 3; BS-chains, CL < 24; Bfpchains, 
CL 3–7; BSmajor-chains, CL 8–24; BL-chains, CL ≥ 24. 
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S-chains (CL < 36; 98.8 % vs 92.9 %) and a lower molar proportion of L- 
chains (CL ≥ 36; 1.2 % vs 7.2 %) than amylopectin and, hence, a 
significantly higher ratio of S:L chains (82.3 vs 13.0). Moreover, phy-
toglycogen lacked long B3 chains (Fig. 1b and Table 2). The average CL 
values for both S and L chains of phytoglycogen were significantly 
smaller (13.5 and 42.2 GU for S and L chains) than those for amylopectin 
(16.0 and 49.9 GU for S and L chains). Among S-chains, which encom-
pass A and B-short (BS) chains, BS chains (DP 3–23) accounted for most 
of the structure in phytoglycogen (57 % of the chains), being even more 
abundant than A-chains (~40 %). In contrast, A-chains encompassed 
~50 % of all chains in amylopectin, as reported in other studies (Bertoft 
et al., 2008; Roman et al., 2020). We note that the small shoulder at DP 
20 of phytoglycogen (Figs. 1A and 2B) has also been reported by Chen 
et al. (2015). The DP 20 shoulder nearly disappeared with an increasing 
presence of DP 2 stubs during β-amylolysis, suggesting that some of 

these chains are present at the surface of the nanoparticles. Compared to 
amylopectin, phytoglycogen also exhibited a significantly higher rela-
tive molar amount of A fingerprint chains, Afp, (19 % v 5 %), those with 
DP < 9 (starting from DP 3 and 6 in phytoglycogen and starch, respec-
tively) that are too short to effectively form double helices. Likewise, the 
number of chains with DP < 12 GU, encompassing both A- and very 
short B-chains, was also significantly higher in phytoglycogen (52 %) 
compared to maize amylopectin (32 %). Hence, phytoglycogen is 
characterized by a high proportion of chains that cannot form double 
helices and crystallize, explaining its good dispersion stability as 
colloidal particles and representing a distinctive feature of phytoglyc-
ogen performance as a biomaterial. 

For the study of the internal structure, β-limit dextrins of amylo-
pectin and phytoglycogen were produced after removal of external 
chains with β-amylase, which are composed of the internal chain 

Fig. 2. Normalized signals of chromatographs in water obtained from (A) Refractive Index detector (RI) and molar mass distribution (dotted line) for native and 
extruded phytoglycogen molecules as a function of elution volume. (B) Size exclusion chromatograms of debranched native and extruded phytoglycogen molecules 
showing their unit chain length distribution. 
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segments, branch points, and external stubs of A-chains in the form of 
maltosyl and maltotriosyl residues (DP 2 and DP 3) (Bertoft, 2004), as 
seen in Fig. 1B. The β-limit value (β-LV, portion of the molecule removed 
during β-amylolysis) ranged between 53.3 % for maize amylopectin and 
44.0 % for phytoglycogen, corresponding to a higher percentage of 
external chains in amylopectin. This agrees with previous studies 
showing β-LV values of 40–44 % and 57 % for su1 phytoglycogen and 
waxy maize, respectively (Inouchi et al., 1987; Peng & Yao, 2020). The 
short B-chains (BS-chains), especially abundant in phytoglycogen as 
mentioned above (see also BS:BL ratio > 17.4), were subdivided into 
short fingerprint B-chains (Bfp-chains) and the major group of BS-chains 
(BSmajor) with a DP of 8–23 (Bertoft et al., 2008). The latter group rep-
resented 25.6 % and 35.4 % of all β-LD chains for amylopectin and 
phytoglycogen, whereas Bfp represented 15.6 % and 21.7 % for amylo-
pectin and phytoglycogen, respectively. These values highlighted the 
lack of long segments (BL chains) in phytoglycogen (i.e., having only a 
few B2 and no B3 chains). 

The average external chain length (ECL) of phytoglycogen was 
shorter than that of maize (8.0 vs 11.8 GU), indicating that the external 
chains are generally not long enough to form double-helical structures. 
Likewise, the average internal chain length (ICL), indicative of the 
average number of glucosyl units between the branch points in the 
macromolecules, and the average total internal chain length (TICL), 
including all internal segments of B-chains as well as their branch-point 
residues, of phytoglycogen were shorter than those of amylopectin (4.7 
vs 5.6 GU for ICL, and 9.6 vs 13.2 GU for TICL). The ECL and ICL values 
for waxy maize and phytoglycogen slightly differed from the values 
reported by Yun and Matheson (1993) using SEC. It is likely that this can 
be attributed to the different resolutions of SEC and HPAEC, as explained 
before, or to potential differences in maize variety and/or ripening state 
of phytoglycogen (Tateishi & Nakano, 1997). The study of the internal 
structure also revealed that many B-chains of phytoglycogen do not 
carry many A-chains, as suggested by the A:B molar ratio of 0.7. Simi-
larly, the number of chains per B chain (NC:B = TICL / (ICL + 1)) of 
phytoglycogen (1.7) was found to be lower than that of amylopectin 
(2.0), indicating that the longer chains of amylopectin could carry a 
higher number of branches. We now consider how this distinctive fine 
molecular structure of phytoglycogen could produce unique fragmen-
tation patterns under shear and tensile forces. 

3.2. Molecular weight and size distributions of native and extruded 
phytoglycogen 

Phytoglycogen nanoparticles were subjected to screw extrusion at 

the same feed output, moisture content, and barrel temperature profile, 
but increasing screw speed to produce different SMEs (Table 1). Pre-
liminary tests with our extruder indicated that the screw speed could be 
increased to 800 rpm for safe continuous operation that resulted in a 
SME of 488 Wh/kg (1756 kJ/kg). It is noteworthy that the increase in 
screw speed (from Extruded-1 to Extruded-3) also resulted in a slightly 
higher melt temperature (from 82 to 98 ◦C) and a lower melt pressure 
(from 15.2 to 9 Bar) at the die or exit point of the phytoglycogen ma-
terial from the extruder. The Mw of native phytoglycogen, 28.0 × 106 Da 
(as measured using HPSEC-MALS-RI in water), significantly decreased 
down to 10.3 × 106 Da for Extruded-1, 9.2 × 106 Da for Extruded-2 and 
9.3 × 106 Da for Extruded-3 samples (Table 3, Fig. 2A), with the latter 
two samples showing no statistically significant difference between 
them. The lack of difference in the reduction of Mw between the 
Extruded-2 and -3 samples could indicate an approach towards a 
maximum stable molecular weight of ~9.2 × 106 Da for SME values 
>278 Wh/kg (Table 3, Fig. 2A), below which no further shear degra-
dation occurs (Liu, Halley, & Gilbert, 2010; Roman et al., 2019). For 
amylopectin from different sources, including maize, the maximum 
stable weight was found to be ~3.5–4.0 × 106 Da at a SME close to 400 
Wh/kg (Brümmer et al., 2002; Roman et al., 2019). In other words, 
phytoglycogen particles were susceptible to shear-scission, although 
amylopectin molecules seemed to be more susceptible to shear-scission 
than phytoglycogen. Firstly, this could be explained by the small size of 
phytoglycogen, since shear-induced fragmentation is size-dependent, i. 
e., it decreases as the polymer becomes smaller (Liu et al., 2010). Sec-
ondly, shear preferentially breaks longer chains that are part of a 
semicrystalline granular form, as is the case for amylopectin. Therefore, 
the higher susceptibility of amylopectin molecules to shear scission 
could also be attributed to its rigid semicrystalline form, which is absent 
in phytoglycogen. It is noteworthy that the Mw reduction of phytoglyc-
ogen achieved by extrusion, apparently close to its maximum stable 
weight/size, is less than that achieved by acid hydrolysis, which can 
decrease the Mw to 2.6 × 106 Da for 2 h hydrolysis in sulfuric acid at pH 2 
(data not shown). 

For high-purity phytoglycogen, excellent agreement has been ob-
tained between three different measures of the fully hydrated particle 
radius: that determined using small angle neutron scattering (SANS) (r 
= 22 nm) (Simmons et al., 2020); the equivalent spherical particle 
radius using atomic force microscopy (AFM) (r = 23 nm) (Baylis et al., 
2021); and the number-averaged hydrodynamic particle radius 
measured using dynamic light scattering (DLS) (Rh = 22 nm) (Shamana 
& Dutcher, 2022). These values of the particle radius are also in excel-
lent agreement with the value of the hydrodynamic radius of native 

Table 3 
Molecular and hydrodynamic properties in water of filtered phytoglycogen nanoparticles in native and extruded form measured using static light scattering (SLS), 
atomic force microscopy (AFM), and dynamic light scattering (DLS).   

SLS AFM DLS 

Mw (×106 g/mol) Dispersity (Mw/Mn) Rz (nm) r (nm)a Rh (nm)b 〈Rh〉I (nm)c PdId 

Native 28.01 ± 0.07c 1.22 ± 0.01a 22.6 ± 0.6a 19.7 ± 0.9c 22.3 ± 0.5c 35.7 ± 0.1d 0.113a 
Extruded-1 10.25 ± 0.22b 1.89 ± 0.03bc 15.0 ± 0.1b 8.6 ± 0.3b 16.4 ± 0.5b 27.9 ± 0.2c 0.139b 
Extruded-2 9.23 ± 0.15a 1.96 ± 0.05c 15.4 ± 0.6b 7.1 ± 0.3a 13.5 ± 0.3a 27.4 ± 0.1b 0.167c 
Extruded-3 9.31 ± 0.06a 1.84 ± 0.02b 13.5 ± 1.7b 8.0 ± 0.3b 15.4 ± 0.5b 26.9 ± 0.1a 0.152b 

Values ± standard deviations followed by different letters in the same column are significantly different (p < 0.05). 
Mw, weight-average molecular weight, Mn, number-average molecular weight; Dispersity; ratio between Mw and Mn; Rz, z-average radius of gyration. This data was 
obtained using static light scattering (SLS) from HPSEC-MALS-RI analysis of phytoglycogen in water. 

a r, equivalent spherical radius obtained from atomic force microscopy (AFM) imaging for native particles (n = 51), Extruded-1 phytoglycogen nanoparticles 
(n = 99), Extruded-2 phytoglycogen (n = 104), and Extruded-3 phytoglycogen nanoparticles (n = 110). The error bars correspond to the standard error of the measured 
mean radius values. 

b Rh, hydrodynamic radius obtained from the number-averaged mean radius using dynamic light scattering (DLS). The error reported is the standard deviation of the 
mean values from three DLS measurements. 

c
〈Rh〉I, hydrodynamic radius obtained from the intensity-averaged mean radius using dynamic light scattering (DLS). The error reported is the standard deviation of 

the mean values from three DLS measurements. 
d PdI, polydispersity index obtained for Rh and 〈Rh〉I in the DLS measurements. 
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phytoglycogen measured by Sullivan et al. (2014) using SEC in an 
aqueous mobile phase (Rh = 20 nm). Excellent agreement is expected 
between the different measures of the particle radius because the ratio 

Rg/Rh is very close to 1 for highly branched, dendritic particles such as 
glycogen (Ioan, Aberle, & Burchard, 1999; Putaux, Buléon, Borsali, & 
Chanzy, 1999). 

In the present study, we measured the radius of native and extruded 
phytoglycogen nanoparticles using several techniques (Table 3). The 
radius values for the native phytoglycogen nanoparticles measured in 
water using the different techniques are in good agreement. Specifically, 
the number-averaged values of Rh from DLS were almost identical to the 
z-average radius of gyration Rz from HPSEC-MALS (~22 nm), as ex-
pected for highly branched, dendritic particles (Ioan et al., 1999). The 
equivalent spherical radius r obtained from AFM imaging was slightly 
lower (19.7 nm). The intensity-averaged value of Rh, 〈Rh〉I, for native 
phytoglycogen, dispersed in Milli-Q water and filtered using a 0.22 μm 
pore diameter, was also determined (Table 3 and Fig. 3), yielding a value 
of 35.7 nm that is similar to values reported previously (Nickels et al., 
2016; Putaux et al., 1999). 

Extrusion decreased the radius of the fully hydrated particles 
measured by DLS, AFM and HPSEC-MALS (Table 3). As was observed for 
the Mw, a maximum stable radius reduction was approached through 
shear degradation, below which no further shear degradation occurred 
(Liu et al., 2010; Roman et al., 2019). 

As listed in Table 3, the Rh and Rz values decreased from ~22.6 nm to 
~14.6 nm with extrusion (combining all extruded values) - a factor of 
~1.5 decrease in radius that is equivalent to a factor of (1.5)3 = 3.4 
decrease in the particle volume Vp. For Mw, the values decreased from 
~28 × 106 g/mol to ~9.6 × 106 g/mol - a factor of ~2.9 decrease. Since 
the particle volume and mass are related by the average mass density, 
mp = ρVp, where mp = Mw/NA and NA is Avogadro’s number, the de-
creases in Mw and Vp with extrusion correspond to an average increase in 
the mass density by a factor of 1.2 ± 0.1. This analysis was performed for 
all extruded samples for Rh and Rz with the error corresponding to the 
standard error of the mean of the six values. This increase in the average 
mass density is consistent with the removal of less dense regions of the 
particles with extrusion. The UCLD, as measured by SEC, showed no 
significant differences between native and extruded counterparts 
(Fig. 2B). It is noted that the peak maximum DP value for all phyto-
glycogen samples in SEC measurements was found at DP ~13.5 (with a 

Fig. 3. Radius distribution of native and extruded phytoglycogen nanoparticles 
as a function of (A) intensity (%) and (B) number (%) of particles measured 
using dynamic light scattering (DLS). 

Fig. 4. AFM images of a native phytoglycogen nanoparticle and the corresponding distributions of Young’s modulus values E. (A) Contact point height image of the 
phytoglycogen nanoparticle and the surrounding substrate. (B) Height image of the particle shown in A corresponding to an applied force of 2 nN using the same 
force-distance curves as in A. (C) Young’s modulus map of the particle shown in A and B. (D) Composite image for the particle shown in A, B and C revealing three 
different regions: inner region (white), corresponding to the internal structure observed in B; outer region (grey) in which the internal structure is absent in B; and the 
surrounding substrate (black). Histograms of E values for the particle shown in A–D for (E) the entire particle region and (F) the outer region (blue) and inner 
region (orange). 
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shoulder at DP ~ 20), which is in agreement with the results obtained 
using HPAEC (Fig. 1). We note that large reductions in the molecular 
size of polysaccharides, as reported with amylopectin, can occur with 
the cleavage of only a few branches, without apparent changes in the 
polymer chain length profile (Li, Hasjim, Xie, Halley, & Gilbert, 2014; 
Liu et al., 2010; Roman et al., 2019). Remarkably, this occurrence also 
seemed to be the case for phytoglycogen. All the above suggests that 
some chains or segments of chains in phytoglycogen could be cleaved, 
releasing chains (or group of chains) belonging to less dense regions of 
the nanoparticles. 

We note that the equivalent spherical radius r values from AFM were 
consistently smaller than Rh and Rz, and that r decreased with extrusion 
from 19.7 nm to ~8 nm – a factor of 2.5 decrease. This large decrease in r 
with extrusion corresponds to a decrease in the particle volume by a 
factor of (2.5)3 ~ 15, which is much larger than that determined from 
both Rh and Rz. The considerably smaller values of r suggest that smaller 
particles produced by extrusion preferentially adhere to the substrate 
used in the AFM force spectroscopy experiments. 

Extrusion did not produce significant changes in the electrophoretic 
mobility (zeta-potential) of phytoglycogen (Table S1) and polydispersity 
(Table 3). Therefore, dispersion stability of extruded phytoglycogen 
nanoparticles in water was similar to that of native phytoglycogen. We 

found that extrusion decreased the turbidity of unfiltered phytoglycogen 
dispersions (the Z-size hydrodynamic radius values (〈Rh〉I, UF) measured 
using DLS as shown in Table S1 and Figs. S3 and S4), which is consistent 
with the reduction in particle size with extrusion. 

3.3. Atomic force microscopy (AFM) force spectroscopy of native and 
extruded phytoglycogen 

Different types of AFM force spectroscopy images are shown in Fig. 4 
for a representative native phytoglycogen nanoparticle. The large 
number of pixels within each nanoparticle allowed us to generate high- 
resolution maps of the spatial distribution of Young’s modulus E values 
within each nanoparticle, as recently shown by Baylis et al. (2021). 
These maps can be correlated with the observation of internal structure 
in AFM height images of hydrated phytoglycogen nanoparticles at a 
relatively high applied force of 2 nN (see Supplementary material for 
details). 

Height images corresponding to initial contact between the AFM tip 
and a phytoglycogen particle (contact height images, as shown in 
Fig. 4A) revealed approximately circular particles with a relatively 
rough or “fuzzy” surface that was attributed to the presence of short (20 
GUs long) chains on the surface of the particles as determined using 

Fig. 5. The top part of this figure represents a phytoglycogen nanoparticle (1) and the same molecule with the external chains, A-chains and external segments of B- 
chains, highlighted in red and blue, respectively. External chains are removed during β-amylolysis, which represented 44 % of the phytoglycogen molecule, by weight 
(β-Limit value). The remaining portion after β-amylolysis is termed β-limit dextrin (3). AFM force spectroscopy images revealed inner (shaded in green) and outer 
regions varying in stiffness. The bottom part displays comparative atomic force microscope (AFM) height images of native and extruded phytoglycogen at different 
Specific Mechanical Energy, SME, from 122 to 488 Wh/kg. The image corresponds to the contact point between the AFM tip and the sample containing a large array 
of force–distance curves. Blue and red horizontal fading arrows indicate the effects of extrusion at low and high SME, respectively. Low SME extrusion caused the 
outer softer region of the phytoglycogen nanoparticle to be preferentially disrupted, increasing the Young’s modulus by a factor of 1.2, in agreement with the increase 
in the mass density of the extruded particles by a factor of ~1.2 ± 0.1. Extrusion at high SME further disrupted the stiffer inner regions, decreasing the Young’s 
modulus of the particle without further reductions in size and mass density. 
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SANS (Simmons et al., 2020). In the current work, results from the unit 
and internal fine structure of phytoglycogen indicate that these short 
external chains possess an average length (ECL) of 8 GU, representing 
external segments of BS-chains and, in slightly lower proportion, A 
chains, in reasonable agreement with the SANS value. Height images 
corresponding to an applied force of 2 nN (as shown in Fig. 4B) revealed 
an internal structure within the nanoparticles that allowed us to define 
an inner region containing the internal structure (white region in 
Fig. 4D), and an outer region outside the internal structure (grey region 
in Fig. 4D) (Baylis et al., 2021). Corresponding images of Young’s 
modulus E values within phytoglycogen nanoparticles were also ob-
tained (Fig. 4C). We note that the inner region identified in the AFM 

height images (as indicated by the white region in Fig. 4D) are likely a 
subset of stiffer chains within the β-LDs (i.e., the remaining portion of 
the molecule after β-amylolysis, Fig. 5), which represented 56 % (β-LD 
= 100 % - β-LV) of the phytoglycogen molecule by weight. 

In Figs. S2 and 5, AFM images measured for representative phyto-
glycogen particles extruded at different SME values are shown. In 
agreement with the results presented in Section 3.2, the extrusion pro-
cess produced smaller particles. AFM images collected on a significant 
number of extruded particles (n = 313) showed that the extruded phy-
toglycogen particles remained as particles after extrusion processing. 
Contact height images of the extruded particles (Fig. S2 D, G and J) 
showed a “fuzzy” surface, like that observed for the native particles 
(Simmons et al., 2020), also indicating the presence of short chains on 
the surface of the extruded particles. AFM height images of the extruded 
particles corresponding to an applied force of 2 nN (e.g., Fig. S2E) 
showed internal structures that were smaller than for the native particles 
(Fig. S2B), suggesting that extrusion produced changes throughout the 
volume of the particles. We note that, although the percentage volumes 
of the internal structures were similar for all four samples in the present 
study, the HPSEC-MALS results indicated an increase in mass density by 
a factor of 1.2 ± 0.1. However, it is not clear whether the inner or the 
outer regions differed in sensitivity to shear scission. 

In Fig. 6A, the mean equivalent spherical radii r for the entire par-
ticles and rint for the internal structures as a function of SME used in the 
extrusion process are shown. Both r and rint for the extruded nano-
particles were substantially smaller (by more than a factor of 2) than the 
corresponding values for the native particles, with little difference be-
tween the values measured for different SMEs. 

In Table S2 and Fig. 6B, the mean of the median Young’s modulus 
values, E measured for a large number of phytoglycogen nanoparticles 
for the inner, outer and entire particle regions versus the SME of the 
extrusion process are shown. For the native particles, the inner region is 
significantly stiffer than the outer region. Because the extent of the inner 
region is so small, the stiffness of the entire particles is close to that of the 
outer region. As the SME was increased, the stiffness of the inner and 
outer regions became comparable, with an overall decrease in the par-
ticle stiffness. Interestingly, the extruded particles produced with the 
lowest SME (Extruded-1) are stiffer than the native particles by a factor 
of 1.20. This result, together with the factor of 1.2 increase in mass 
density inferred from the HPSEC-MALS experiments, suggests that low 
SME extrusion conditions preferentially removed the softer outer region 
of the native phytoglycogen nanoparticles. Extrusion at the two larger 
SME values (Extruded-2 and Extruded-3) produced a further disruption 
of the internal structure that resulted in an overall decrease in the E 
values of the particles. This decrease, without further changes to the 
particle radius and average mass density as the SME was increased, 
suggests that the additional applied shear reduced the structural integ-
rity of the particles, presumably by removing only a few key linkages 
that do not significantly alter the radius of the particles, as the slight but 
statistically significant reduction in Mw between Extruded-1 and 
Extruded-2 and -3 suggested (Table 3). It is important to note that the 
measured changes to average mass density and E with increasing SME 
show that extrusion produces more than just a non-preferential frag-
mentation of the particles into smaller pieces, with changes occurring 
throughout the volume of the smaller particles. 

4. Conclusions 

In this work, for the first time, we reported changes to the fine mo-
lecular structure and nanomechanical properties that occur in phyto-
glycogen nanoparticles subjected to high-shear extrusion, enhancing the 
current knowledge about the internal architecture of phytoglycogen 
molecules. Screw extrusion was efficient at producing size-reduced 
phytoglycogen nanoparticles on the multikilogram scale. Decreases in 
the molecular weight Mw and the Rh and Rz values of the particle radius 

Fig. 6. (A) Mean equivalent spherical radius r (entire particle; solid red circles) 
and radius rint (internal structure; open blue circles) of phytoglycogen nano-
particles versus specific mechanical energy (SME) of the extrusion process. (B) 
Mean Young’s modulus E of the inner region (open blue circles), outer region 
(solid grey circles) and entire particle region (solid red circles) for phytoglyc-
ogen nanoparticles extruded using different SME. The mean E values were 
calculated using the median of the distribution of Young’s modulus values in 
individual phytoglycogen nanoparticles within the inner, outer and entire 
particle regions. Data is shown for native particles (n = 51), Extruded-1 parti-
cles (SME = 122 Wh/kg, n = 99), Extruded-2 particles (SME = 278 Wh/kg, n =
104), and Extruded-3 particles (SME = 488 Wh/kg, n = 110). The error bars 
correspond to the standard error of the measured mean radius and E values. 
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were observed, corresponding to an increase in the average mass density 
of the extruded particles of 1.2 ± 0.1, which indicates the removal of less 
dense regions of the particles with extrusion. High-resolution maps of 
the spatial distribution of Young’s modulus values within individual 
nanoparticles, obtained from AFM force spectroscopy images, revealed 
stiff inner and soft outer regions, the former likely corresponding to a 
subset of stiffer chains within the β-LDs. Phytoglycogen nanoparticles 
extruded at the lowest SME were slightly stiffer than the native nano-
particles, whereas higher SME extrusion further disrupted chains that 
were integral to maintaining the internal structure, resulting in an 
overall decrease in the Young’s modulus without further changes to the 
size and average mass density. The present results show that extrusion of 
phytoglycogen nanoparticles produced significant changes to the prop-
erties of the particles, beyond just a fragmentation of the particles into 
smaller particles. 
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