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ARTICLE INFO ABSTRACT

Keywords: Starch nanoparticles (sNPs) are attractive for numerous applications due to their non-toxicity, environmentally
Starch nanflpaftitles friendly nature, readily available raw materials worldwide, and biodegradability. However, the heterogeneous
Green fabrication nature of starch makes it a challenge to prepare homogeneous sNP. The lack of existing preparation methods for

Small-sized
Near-monodispersity
High stability

small-sized sNPs (ss-sNPs) with high quality has been limiting their practical applications. In this study, we have
developed a new method by combining nanoprecipitation and successive centrifugation to generate ss-sNPs with
well-defined properties from six different starch types. The method is simple, environmentally friendly, requires
a relatively short processing time (<4 h) and generated sizes smaller than 50 nm diameter. The products were
thoroughly investigated, structurally, microscopically, and physically. The ss-sNPs products derived from all
starch types demonstrated high stability in water (up to three weeks), meeting the requirements for practically
any application. The formation of near monodisperse 10 nm diameter ss-sNPs was achieved using a high amylose
(more linear) starch type as starting material. However, all ss-sNPs were mainly comprised of short-chained
amylopectin. This general and efficient method for producing ss-sNPs offers significant opportunities for their
application in various fields.

metals, semiconductors, ceramics, polymers, and organic dyes (Chen
et al., 2021; Chen et al., 2023; Chen, Messing, Zheng, & Pullerits, 2019;

1. Introduction Khan, Saeed, & Khan, 2019). For biomedical, food, and cosmetic ap-
plications, the chemical composition of NPs must provide non-toxic,
Nanoparticles (NPs) provide dimensions ranging from a few nano- biodegradable, and environmentally friendly properties. Starch, a bulk
meters to a few hundred nanometers (in diameter). As compared to bulk natural product derived from our main crops, fulfills all these re-
materials, NPs possess extreme surface-to-volume ratio, enhanced quirements and is renewable, inexpensive, and readily available
reactivity, and distinctive optical and electrical properties. NPs have worldwide. Consequently, starch-based nanoparticles (ss-sNPs) have
found applications in various fields, including drug delivery (Flores attracted increasing attention for critical applications (Corre, Bras, &
et al., 2019; Mitchell et al., 2021), bioimaging (Erathodiyil & Ying, Dufresne, 2010), such as Pickering emulsions, encapsulation of various
2011), catalysis (Astruc, 2020), solar cells (Chen, Seo, Yang, & Prasad, agents including pharmaceuticals, nano probes and fat replacer (Cal-
2013), light emitting diodes (Xing et al., 2016), food (Kou, Faisal, Song, donazo et al., 2021; Marta et al., 2023).
& Blennow, 2023), cosmetics (Arroyo et al., 2020), medicine (Salata, Apart from the chemical composition of NPs, their applications are

2004), and agriculture (Zhang, Ying, & Ping, 2022). NPs have hitherto also dictated by other physicochemical properties, including size, size
been synthesized using a wide range of chemical materials, such as
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List of abbreviations
AM Amylose
AP Amylopectin
ATR-FTIR Attenuated total reflectance-Fourier transform
infrared
CLDs Chain length distributions
D-0 Deuterium oxide
DMSO  Dimethyl sulfoxide
DLS Dynamic light scattering
G50 High amylose content maize starch
'H NMR Proton nuclear magnetic resonance
NBS Normal barley starch
NMS Normal maize starch
NPs Nanoparticles
NPES Normal pea starch
NTS Normal tapioca starch
NWS Normal wheat starch
WAXS  Wide-angle X-ray scattering
SEC Size-exclusion chromatography
ss-sNPs  Small-sized starch nanoparticles
TEM Transmission electron microscopy
TSP 3-(Trimethylsilyl) propionic-2,2,3,3d4 acid sodium salt

distribution, stability, and surface chemistry. Particularly, size and size
distribution, i.e., polydispersity, are the most foundational properties of
NPs, which play a crucial role in any application. For example, small-
sized NPs (<50 nm) are preferred for drug delivery (Villanueva-Flores,
Castro-Lugo, Ramirez, & Palomares, 2020), bioimaging (Erathodiyil
et al., 2011), and in plant and agriculture (Wang, Lombi, Zhao, &
Kopittke, 2016). Specifically, NPs with a size of 40-50 nm exhibit
optimal use in terms of uptake and delivery of medical nanodevices
(Villanueva-Flores et al., 2020). For specialized use as probes in plant
cells, NPs with a size around 10 nm are preferred for efficient penetra-
tion of the cell wall, which has a pore size in the range of 5-20 nm (Dietz
& Herth, 2011; Eichert & Goldbach, 2008). Moreover, size is a key factor
that determines the resolution of bioimaging, and small-sized NPs are
preferred for super-resolution bioimaging (Jin et al., 2018). A narrow
size distribution is indicative of a well-defined characteristic of NPs, and
thus, NPs with a narrow size distribution are attractive for virtually any
application.

Different methods have been reported to prepare small-sized (<50
nm, listed in Table S1) sNPs, (ss-sNPs) including strong acid hydrolysis,
recrystallization, nanoprecipitation, ultrasonication, gamma irradia-
tion, microemulsion, high-pressure homogenization, and reactive
extrusion. However, the prepared ss-sNPs based on these protocols show
a rather wide or not even documented size distribution (Table S1).
Additionally, very little is known about their hydrocolloidal stability,
which is also overlooked in this field (Ahmad, Lim, Navaranjan, Hsu, &
Uyama, 2020; Akhavan & Ataeevarjovi, 2012; Bayer et al., 2016; Boufi,
Haaj, Magnin, Pignon, & Mortha, 2018; Chao et al., 2016; Dukare,
Arputharaj, Bharimalla, Saxena, & Vigneshwaran, 2021; Elham et al.,
2015; Gong, Li, Xiong, & Sun, 2016; Haaj, Thielemans, Magnin, & Boufi,
2016; Hasanvand, Fathi, & Bassiri, 2018; Hu et al., 2023; Ip, Tsai,
Khimji, Huang, & Liu, 2014; Jiang, Liu, Wang, Xiong, & Sun, 2016;
Kheradvar, Nourmohammadi, Tabesh, & Bagheri, 2018; H. Y. Kim, Lee,
Kim, Lim, & Lim, 2012; J. Y. Kim & Lim, 2009; Lamanna, Morales,
Garcia, & Goyanes, 2013; Maryam, Kasim, Novelina, & Emriadi, 2020;
Minakawa, Faria-Tischer, & Mali, 2019; Miskeen, Hong, Choi, & Kim,
2021; Moran et al., 2023; Qin, Liu, Jiang, Xiong, & Sun, 2016; Ruan
et al., 2022; Shabana et al., 2018). Apart from these, only strong acid
hydrolysis has generated very small size (10 nm) ss-sNPs, and the
preparation time is unacceptably long, more than one week (Ayadi et al.,
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2016). Phytoglycogen presents as a promising material for the produc-
tion of small-sized biodegradable NPs, owing to its inherent biode-
gradability and small particle size. Additionally, high-shear extrusion
emerges as a cost-effective and practical technology for the synthesis of
small-sized NPs (Roman et al., 2022). Thus, there is a need to develop
technology for producing small-sized, narrow size distribution ss-sNPs,
conferring high stability in relevant liquid media.

In this work, we report a new protocol combining nanoprecipitation
and successive centrifugation, to produce small and well-defined narrow
size distributions ss-sNPs. Hence, as compared to previous studies, we
focus on obtaining near-monodisperse ss-sNPs using a centrifugation-
based separation protocol. We successfully produced ss-sNPs with a
size of 10 nm by using this protocol. Followed by the preparation of the
ss-sNPs, we analyzed the molecular composition of the prepared ss-sNPs
and found their main composition is short-chained amylopectin. This
study provides the first simple method for producing ss-sNPs with well-
defined size.

2. Materials and methods
2.1. Materials

Normal maize starch (NMS, Commercial Clinton 106) was kindly
provided by Archer Daniels Midland (ADM, Decatur, IL, USA). High
amylose content maize starch (G50) was purchased from Penford
Australia Ltd., NSW, Australia. Normal wheat starch (NWS) was pro-
vided by Semper AB (Sweden). Normal barley (NBS) starch was obtained
from Svalof-Weibull AB (Sweden). Normal pea starch (NPES), and
normal tapioca starch (NTS) were obtained from KMC (Brande,
Denmark).

2.2. Preparation of small-sized starch nanoparticles

Ss-sNP were prepared by a combination of nanoprecipitation and
sequential separation process (Fig. 1). Specifically, 2% (w/v) starch (0.8
g) slurry was prepared in MilliQ water (40 mL). Then the mixture was
heated up to different temperatures (100 °C for normal starch, 120 °C for
high amylose starch) in an oil bath. The temperature was kept for 1 h to
ensure a complete gelatinization while keep stirring the mixture at a
constant speed (400 RPM). Complete gelatinization was confirmed by
iodine staining until there was no starch granule remnants as judged by
microscopy. A 4-fold volume of absolute ethanol with 4% (w/v) tween
80 (1.6 mL) was swiftly added in the cooled starch slurry (60 °C). The
mixture was stirred at a constant speed (500 RPM) for 1 h followed by
centrifugation at 2000g. Finally, the precipitate was collected and re-
dispersed in MilliQ water for further separation of ss-sNPs. In this
step, the supernatant was discarded.

In the above-mentioned preparation process, the used parameters
were based on previous studies showing ss-sNPs can be prepared at such
conditions including the types of starch (normal starch or high amylose
starch) (Sadeghi, Daniella, Uzun, & Kokini, 2017), concentration of
starch during the nanoprecipitation (Wu et al., 2016), the amount of
ethanol as antisolvent for nanoprecipitation (Qiu et al., 2016; Sadeghi
et al., 2017). In our study, 4% tween 80 was used to encapsulate the
surface of the ss-sNPs, induces the precipitation of ss-sNPs. (Chin, Pang,
& Tay, 2011).

At the separation step (Fig. 1), ss-sNPs were obtained using a suc-
cessive centrifugation process. The centrifugation time of 15 min at
different centrifugal speeds (2000g; 4000 g; 6000 g; 8000 g; 10000 g;
15000 g) was used in this experiment. Finally, ss-sNPs were collected in
the supernatant after 15,000 g centrifugation.

2.3. Dynamic light scattering (DLS)

The nanoparticle size, size distribution, PDI and zeta potential of ss-
sNPs were determined by a Zetasizer (Zetasizer Advance Series - Ultra)
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Fig. 1. Schematic illustration for preparation of ss-sNPs combing nanoprecipitation with centrifugation-based separation.

at room temperature. Size, PDI and zeta potential were calculated in
triplicate.

2.4. Transmission electron microscopy (TEM)

To visualize the size and morphology of the prepared ss-sNP, we
stained them with uranyl acetate as negative stain and the samples were
imaged by a Philips CM100 TEM. Statistical analysis of ss-sNP size was
conducted based on a minimum of 300 particles from TEM images.

2.5. Determination of the apparent amylose content of native starch and
$s-sNPs

Apparent amylose content was estimated by an iodine-affinity pro-
tocol as previously described (Zhong, Li, et al., 2021). Five mg of sample
in powder form (native starch or ss-sNPs) was dissolved in 0.75 mL of 4
M NaOH with vigorous stirring overnight. The sample was diluted 4-fold
with 1 M NaOH and 10 pL solution was added into 200 pL of
potassium-iodide (Lugol) solution and absorbance was measured at 620
and 550 nm.

2.6. Size-exclusion chromatography (SEC)

Chain length distributions of debranched samples and analysis of the
hydrodynamic radii of the raw samples were monitored by a size
exclusion chromatography (SEC)-triple detector array (SEC-TDA) sys-
tem (Viscotek, Malvern, UK) according to a reported method (K. Wang,
Hasjim, Wu, Henry, & Gilbert, 2014). For the preparation of raw sample,
5 mg of sample in powder form was dissolved in 1 mL dimethyl sulfoxide
(DMSO, containing 0.55% w/w LiBr). The starch was gelatinized at 80
°Covernight, precipitated and rinsed by 5 mL absolute ethanol twice and
the pellet was fully dissolved in 1 mL DMSO (containing 0.55% LiBr) at
80 °C prior to analysis. For analysis of chain length distributions (CLDs)
the gelatinized sample was enzymatically debranched with 0.8 U iso-
amylase at 40 °C overnight, freeze dried and the debranched powder
sample collected. The debranched sample was fully dissolved in 1 mL
DMSO (containing 0.55% LiBr) at 80 °C before analysis. For both native
and debranched samples, separation was performed in DMSO (0.55%
w/w LiBr) at a flow rate of 0.4 mL/min and a column temperature of 60
°C using a SEC instrument equipped with GRAM1000 (Polymer Stan-
dard Services, Mainz, Germany) connected to a TDA302 detector array.
The differential refractive index (DRI) signals were recorded by a
refractive index detector (PN3140, PostNova Analytics, Landsberg,

Germany). Data analysis was carried out by OmniSec Software 4.7
(Malvern Instrument, Ltd, UK). A series of near-monodisperse, pullulan
and dextran polysaccharides with molecular weights ranging from 342
to 8.7 x 10° Da were used as external standards. The standards were
dissolved in the SEC eluent and then injected into SEC setups to generate
universal calibration curves to relate elution volume (Vilaplana, F &
Gilbert, 2010).

2.7. Attenuated total reflectance-fourier transform infrared (ATR-FTIR)
spectroscopy

The short-range order structure of the native starch granules and ss-
sNPs was carried out by a Bomem MB100 FTIR spectrometer (ABB-
Bomem, Quebec, Canada) equipped with an attenuated total reflectance
(ATR) single reflectance cell with a diamond crystal. The powder sam-
ples were scanned 64 times in the spectral range from 600 to 4000 cm ™!
with a resolution of 8 cm™!, using air as the reference medium. The
short-range order was described as the ratio of absorbance between
1047 ¢cm ™! and 1022 cm™! based on a previous study (Wang, Wang,
Guo, Liu, & Wang, 2017).

2.8. Wide-angle X-ray scattering (WAXS)

The crystalline structures of the samples were carried out by a Nano-
inXider instrument (Xenocs SAS, Grenoble, France) equipped with a Cu
Ka source with a 1.54 A wavelength and a two-detector setup according
to the method described previously (Zhong, Li et al., 2021). The sam-
ples, equilibrated at approximately 90% relative humidity, were
enclosed within mica films with a thickness of 5-7 pm before analysis.
Samples were scanned through a diffraction angle 26 range of 5-35°
after subtraction from the mica background. The total relative crystal-
linity was calculated as the ratio between crystalline peak area to the
total diffraction area by PeakFit software (Version 4.0, Systat Software
Inc., San Jose, CA, USA).

2.9. Proton nuclear magnetic resonance ( H NMR) spectroscopy

The degree of branching of ss-sNPs were detected by 'H NMR spectra
acquired on 600 MHz NMR spectrometer (Bruker Avance III; Bruker
Biospin, Rheinstetten, Germany) according to our published protocols
(Zhong, Li, et al., 2021). Five mg ss-sNPs were dissolved in 1 mL
deuterium oxide (D20) and complete gelatinized at 99 °C for 1 h. Af-
terwards, the gelatinized ss-sNPs were freeze-dried for 24 h. The powder
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samples were re-dissolved in 1 mL of a mixture solution containing 900
pL of DMSO with 1.0 mg/mL of 3-(Trimethylsilyl) propionic-2,2,3,3d4
acid sodium salt (TSP) and 100 pL of D30. The solubilized starch was
heated at 100 °C for 30 min, and 700 pL of the solution was transferred
into NMR glass tubes with a length of 178 mm and a diameter of 5.0 mm.
The data was acquired using 'H NMR spectroscopy at a temperature of
60 °C.

2.10. Statistical analysis

All experiments were carried out in triplicates, except for 'H NMR,
which was measured once. Statistical analysis of significant differences
(p < 0.05) was performed using Analysis of Variance (ANOVA) followed
by Duncan’s test with SPSS 25.0 software (SPSS, Inc., Chicago, IL, USA).
A time-related trajectory analysis based on a principal component
analysis map was performed to visualize temporal changes in stability
between different ss-sNP based on two descriptors (size and PDI) using
SIMCA-P 14.1 (Umetrics, Umed, Sweden) (Sun et al., 2021). The cor-
relation results were visualized using Origin 2023b (OriginLab Corpo-
ration, Wellesley, MA, USA).

3. Results and discussion
3.1. Preparation of ss-sNPs

As a natural product, starch contains two main components (Fig. 2a):
amylose (AM) and amylopectin (AP) (Bertoft, 2017). AM entails a
mainly linear structure of a-1,4 linked p-glucose residues and only few
branches of «-1,6 linked p-glucose residues. AP is composed of more
highly branched structures consisting of shorter chains of a-1,4 linked
p-glucose residues and branch-chains of a-1,6 linked p-glucose residues
(Fig. 2a). Moreover, the degree of polymerization of each fraction is
highly heterogeneous and there is a high genotypic diversity among
starches. As a result, during the nanoprecipitation process, both small
and large particles can be formed. In the following size characterization,
often based on DLS, the presence of large NPs might overshadow the
existence of small-sized NPs.

To test this hypothesis and prepare ss-sNPs, we employed a nano-
precipitation method to prepare ss-sNPs and the use of successive
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centrifugation to separate ss-sNPs from the products (Fig. 1 and Fig. S1).
By following the above-mentioned procedure, we choose six different
starches as raw materials (Table 1 ). These starches included normal
starches (NMS, NWS, NPES, NTS, NBS) and high-AM starch (G50). Using
this nanoprecipitation protocol, we successfully prepared ss-sNPs with
hydrodynamic size in the range of 10-30 nm and narrow size distribu-
tion (PDI<0.3) (Fig. 2). Among them, ss-sNPs prepared by the G50
starch (termed G50-NP) had the smallest hydrodynamic size of 13 + 3
nm, which, to our knowledge, is the smallest ss-sNPs reported based on a
nanoprecipitation protocol without harsh chemical treatment. The small
size of G50-NP was furthermore confirmed by TEM (Fig. 2d) to 10.3 +
2.2 nm. The size of the other five ss-sNPs were also confirmed by TEM
(Figs. S2 and 2f). However, as compared to the DLS data, TEM slightly
underestimated the sizes, which can be ascribed to the large hydrody-
namic shell around the ss-sNPs (Pabisch, Feichtenschlager, Kickelbick, &
Peterlik, 2012) during DLS. The successful preparation of ss-sNP with
low PDI based on different starches indicates our method to be widely

Table 1
Preparation of ss-sNPs.
Materials hydrodynamic size Stability Long-range
(nm) order (%)

Normal maize starch 28 More than 7 ND
(NMS): d
36% AM

High maize amylose 13 More than 38
starch (G50): 21d
49% AM

Normal wheat starch 27 More than 5
(NWS): 21d
39% AM

Normal pea starch 21 More than ND
(NPES): 21d
42% AM

Normal tapioca starch 19 More than 7 4
(NTS): d
23% AM

Normal barley starch 19 More than 6
(NBS): 21d
35% AM

ND: not detected.
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applicable. The preparation process only involves common instruments
(Fig. 1, hot plate and centrifuge) and environmentally friendly solvents
(water and ethanol) and the process takes less than 4 h. The
above-mentioned metrics indicate that our method can be widely
applied to prepare ss-sNPs in different production sites.

3.2. The composition analysis of ss-sNPs and their formation mechanism

The ss-sNPs formation mechanism is directly linked to the compo-
sition of the formed ss-sNPs. Herein, we use G50-NP as a model system to
analyze the molecular composition and understand the relevant for-
mation mechanism of the ss-sNPs. Size-exclusion chromatography (SEC)
was used to analyze the composition of both G50 native starch and the
formed ss-sNP. The composition of the G50 native starch displays two
types of starch molecules (AM and AP). These molecular fractions
constitute very different chain length distributions (CLDs). With
different degree of polymerization (DP) of the constituent chains. Spe-
cifically, AP can be divided into chain of DP < 36 and DP 37-100, while
AM has considerably longer side chains; DP > 100 (Fig. 3a). After the
nanoprecipitation step (Fig. 1), the molecular composition of the sus-
pension (G50-S) was similar to that of the G50 native starch (Fig. 3a).
The end-product small-sized G50-NP mainly consisted of AP with low
DP side chains, suggesting that these NPs consisted of short chain AP
(Fig. 3a). To further confirm the composition of the small-sized G50-NP,
we used 'H NMR spectroscopy to analyze the a-1,6:0-1,4 ratios which is
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a widely used parameter to determine the degree of branching
(composition) of starch materials (Tizzotti, Sweedman, Tang, Schaefer,
& Gilbert, 2011). The obtained a-1,6 ratio of the small-sized G50-NP was
13.3, which was much higher than that of waxy maize starch with 100%
AP (7.3) (Ding et al., 2023). This result confirms that the composition of
G50-NP was mainly short chain AP. The compositional analysis based on
SEC revealed that the other five ss-sNPs were also comprised of short
chain AP (Fig. 3b) with low molecular weight, which is further sup-
ported by the six low apparent AM content of these ss-sNPs (<10%,
Fig. 3d) and absolute AM content to be 0% as determined by SEC.

The preparation of ss-sNP involves two phases: i) the nano-
precipitation phase (Fig. 1), in which mixed ss-sNPs with different sizes
are prepared; ii) the purification phase (Fig. 1), in which ss-sNPs are
accumulated via successive centrifugation. Based on the molecular
composition and AM contents throughout the preparation process of the
small size G50-NP, a possible formation mechanism for the ss-sNPs is
suggested (Fig. 3e). The process of preparing ss-sNP involves several
important stages. Initially, starch molecules are enclosed within the
natural starch granular matrix, supposedly in the form of so called
nanoblocklets (Patel, 2018). These undergo complete hydration and
gelatinization, and transform into free entities, acting as precursors.
During the nanoprecipitation phase, these precursors combine to form
ss-sNPs with a wide range of size distribution (e.g., from 10 nm to few
pm), hence including a wide distribution of large and small NPs. In the
fractionation phase, some AM <textboxend>was lost following the

Native starch

Gelatinization

Free starch molecules

Nanoprecipitation

ss-sNPs

{large size+ small size)

Large size Small size

{3

Fig. 3. The possible formation mechanism for ss-sNPs based on composition analysis. a-b) Molecular characteristics of G50-NP from different fractions a) and six
different ss-sNPs b). c-d) The apparent and absolute AM content of G50-NP of different fractions c) and ss-sNPs d). e) The proposed formation mechanism of ss-sNPs
based on composition analysis. AP1: short AP (DP < 36); AP2: long AP (DP 37-100); AM (DP > 100). G50-Raw: native G50 starch; G50-P: suspension after
nanoprecipitation; G50-15 S: G50-NP, supernatant after 15,000 g centrifugation (ss-sNP).
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removal of ethanol (Figs. 1 and 3 S4c and S5). Then, centrifugation at a
speed of 2000g removed large (micron-sized) particles causing the
amount of AM in the supernatant to be higher than in the discarded
pellet (Fig. S4c and Fig. S5). This phenomenon arises from the smaller
molecular size of AM compared to AP. (Kobayashi, Schwartz, & Line-
back, 1985). To separate ss-sNP from the mixture, a series of increasing
speed centrifugation steps ranging from 4000 to 15,000 g were
employed. This process resulted in the accumulation of AM in the
sediment (Figs. S4c and d and Fig. S5) stemming from aggregation of AM
with long-chain AP, causing an enrichment of AM in the sediment.
Finally, ss-sNPs were acquired from the supernatant after a centrifugal
speed of 15,000 g. These ss-sNPs mainly comprised short-chain AP
molecules with low molecular weight (Fig. 3b).

3.3. Short-range molecular order and long-range order of ss-sNPs

The short-range molecular order of the prepared ss-sNPs was char-
acterized based on the characteristic bands of the deconvoluted ATR-
FTIR spectra. The 800-1200 cm ™! range is sensitive to the molecular
short-range order of the starch surface, the band around 1047 cm™! is
sensitive to the crystalline structure, and the band around 1022 cm™! is
related to the amorphous structure (Soest, Tournois, Wit, & Vliegen-
thart, 1995). Therefore, the ratio between the ATR-FTIR intensity at
1047 cm ™! and 1022 cm™! can be applicable to describe the short-range
order of starch. Except for G50-NP, the short-range order of all the other
ss-sNP were notably lower as compred to the native starch granules
(Fig. 4a and Figs. S3a-b). This decrease was expected as an effect of the
complete structural destruction of the starch granular crystalline
lamellae during gelatinization followed by a non-complete recrystalli-
zation of the dissolved material during ss-sNP formation. However,
interestingly, for the G50, the short-range order of G50-NP increased
significantly as compared to native G50 starch (Fig. 4a and Figs. S3a-b).
The significant change in ss-sNP short-range order resulted in a corre-
sponding change in the long-range order of the ss-sNPs. WAXS data
showed that only the long-range order of G50-NP increased significantly
following the formation of ss-sNPs (Fig. 4b and Figs. S3c-d). Peaks
observed at 20 diffraction angles 21.5° and 23.9° likely resulted from the
V-type crystalline pattern from single helix complexing with Tween 80
(Chang, He, & Huang, 2013). Combenedly, the FTIR and WAXS data
indicates that native starch with high AM content (G50) has the po-
tential to generate more ordered short- and long-range structures in
ss-sNPs.

3.4. Stability of ss-sNPs

The stability in solution of the ss-sNPs was measured based on their
change in size and PDI, indicating aggregation, at different time after
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preparation, and visualized through a time-related principal component
trajectory analysis (Fig. 5a and b). The stability of the ss-sNPs is depicted
by the distance between its initial coordinate point (the stability data at
day 0) and subsequent ones. Hence, close clustering indicates high sta-
bility and scattered coordinates suggest low stability. The stability of
G50-NP, NPES-NP, and NBS-NP were found higher than those of NWS-
NP, NMS-NP, and NTS-NP. G50-NP, NPES-NP, and NBS-NP exhibited
stability for at least 21 days (Fig. 5a and b). Although NWS-NP showed a
size fluctuation of 7.2 nm within 21 days, its stability remains acceptable
due to the manageable size variation (Fig. S6¢). NMS-NP becomes un-
stable after 7 days, with an increase in size from 27.8 nm to 37.6 nm and
a PDI from 0.23 to 0.36 at 14 days (Fig. S6a). Despite the increase in PDI
from 0.29 to 0.32 for NTS-NP after 7 days, the PDI fluctuation was
smaller than that observed for NMS-NP (Fig. S6e). Among the six ss-
sNPs, NMS-NP exhibited the lowest stability; nonetheless, its stability
is judged suitable for various applications.

The stability of ss-sNPs exhibited a significant correlation with the
Zeta-potential of the ss-sNPs, characterized by a strong correlation co-
efficient of 0.62* (Fig. 5c). This observation aligns with the stability
analysis of the six ss-sNPs visualized by PCA. Notably, G50-NP, NPES-
NP, and NBS-NP demonstrated higher Zeta-potentials compared to the
other three ss-sNPs, which corresponds to their superior stability as
indicated by the PCA plot (Fig. 5 and Fig. S7). Additionally, the stability
showed a positive correlation (0.67*) with the long-range order of the
native starch (LRO-NS) as measured by WAXS relative crystallinity.
Furthermore, the variation in PDI showed a higher correlation coeffi-
cient (0.53*%) with the stability of ss-sNPs compared to the variation in
size (0.26) (Fig. 5c). This result indicates that the fluctuation in PDI
plays a more significant role in contributing to the stability of ss-sNPs
than the fluctuation in average size. The correlation analysis further
revealed a robust negative correlation (—0.79%) between the zeta-
potential and the AM content of the native starch. This observation
can be attributed to the fact that high-AM starch exhibits fewer branched
structures compared to normal starch, resulting in a higher degree of
exposed regions. The exposed regions may exert an influence on the
crystalline structure of starch, consequently impacting its susceptibility
to amylase activity and its hydrolytic properties (Lin, Zhao, Li, Guo, &
Wei, 2022; Wang, Wang, et al., 2017). Besides, these exposed regions
offer more active sites for interactions between starch molecules and
surfactants, consequently leading to an augmentation of negative
charges on the surface of G50-NP, NPE-NP and NB-NP.

4. Conclusion
In this study, we have reported a simple and environmentally

friendly approach, only involving water and ethanol as solvents and
nano-precipitants, combining nanoprecipitation and successive
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Fig. 5. The stability of different ss-sNPs and correlation plot of correlations between stability of ss-sNPs and other potential factors. a-b) Time-related principal
component analysis trajectory plot of stability based on particle size for the six different ss-SNPs. ¢) Correlation plot of the correlations between stability of ss-sNPs
and other potential factors. AAC-ss-sNPs/NS: apparent AM content of ss-sNPs/native starch; AC-NS: absolute AM content of native starch; SRO-ss-sNPs/NS: short-
range order of ss-sNPs/native starch; LRO-NS: long-range order of native starch; Zeta-P: zeta-potential; Size-V: the size variations of ss-sNPs; PDI-V: the PDI variations

of ss-sNPs; Stability: the stability of ss-sNP.

centrifugation, for producing ss-sNPs. In our approach, we used nano-
precipitation to form particles with a broad size distribution, followed
with successive centrifugation to separate ss-sNPs with narrow size
distributions from the products. By using six different native starches as
raw material, we successfully prepared ss-sNPs with hydrodynamic size
in the range of 10-30 nm and narrow size distribution (PDI<0.3). The
approach is simple, relatively fast (<4 h) and only standard laboratory
instrumentation is required. Furthermore, the prepared ss-sNP show
high stability up to three weeks for most practical applications. The
molecular component analysis reveals that all ss-sNPs are mainly
comprised of short-chain amylopectin with content over 90%. Further
investigations on the mechanisms behind how a preferably linear (high
AM) starting material can be optimal for the generation of a highly
branched nanoproduct remains to be done. However, the emphasis on
simplicity and universality in our method leads to ss-sNPs with a yield
below 10%. We identify two primary approaches by which the yield of
ss-sNPs can be enhanced: a) As based on the composition analysis (see
section below) the ss-sNPs contains mainly short-chained amylopectin;
hence, selecting optimized starch material with short-chained amylo-
pectin as the main composition which can produce a higher fraction of
ss-sNPs; b) generating a higher quantity of such starch structures
through pre-treatment methods such as ultrasonication.

Our method offers a significant opportunity for using specially
engineered starch types as raw material to prepare ss-sNPs with homo-
geneous size distribution and high stability for different applications.
Big and small research groups, regardless of their experience in this
field, can be engaged in such ss-sNPs production. This study provides the
first simple method for producing ss-sNPs with well-defined size and lays
the foundation for the development of ss-sNPs for a wide range of
applications.
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