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Background: Starch nanoparticles (SNPs) are biocompatible carriers for drug delivery in molecular
medicine, leveraging their biodegradability and versatility for diseases, like cancer and infections.

Article info: This narrative review evaluated fabrication methods and their suitability for encapsulating hydrophilic
Received: 10 Jan 2025 ¢ and hydrophobic compounds.

Revised: 25 Feb 2025 Materials and Methods: A systematic search of PubMed, Scopus, and Web of Science (2010—
Accepted: 13 Mar 2025 : 2025) identified 34 studies on SNP fabrication. Seven methods of nanoprecipitation, emulsion/

microemulsion, emulsion cross-linking, dialysis, sacrificial template, ball milling, and ultrasound
were categorized as bottom-up or top-down approaches. We extracted data on particle size,
morphology, encapsulation efficiency (EE), and drug release kinetics, focusing on hydrophilic (e.g.
ciprofloxacin) and hydrophobic (e.g. paclitaxel) compounds. We also reviewed medical uses of SNPs
and summarized them to link applications to method selection.

Results: Bottom-up methods (e.g. nanoprecipitation) offer precise control, producing 30-870 nm
particles with 20.5-97.56% EE, ideal for lab-scale applications. Top-down methods (e.g. ultrasound)
enable scalability, yielding 40-600 nm particles. Hydrophilic compounds integrate well in aqueous-
based methods, while hydrophobic compounds benefit from organic phases and chemical modifications
(e.g. acetylation). Amphipathic compounds show variable outcomes, requiring optimized conditions.
SNPs enhance drug delivery for cancer (e.g. paclitaxel) and infectious diseases (e.g. ciprofloxacin),

Keywords: :  improving solubility and reducing toxicity.

Starch, Nanoparticles, Conclusion: The polarity of encapsulated compounds governs SNP fabrication method selection,
Hydrophobic and : with chemical modifications enhancing stability and EE. This review provides a framework for
hydrophilic interactions, :  optimizing SNP production for targeted drug delivery in molecular medicine, particularly for cancer
Drug delivery systems :  and infectious diseases, highlighting the need for tailored fabrication strategies.
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Introduction

tarch, a prevalent biopolymer in plants,

serves as an energy reservoir and is prized

for its abundance, affordability, non-toxic-

ity, biodegradability, and biocompatibil-

ity [1]. These properties position starch
as a valuable material across diverse industrial sectors,
including food, pharmaceuticals, and medical applica-
tions. The physicochemical attributes and morphology
of starch vary depending on extracted sources, such as
corn, cassava, wheat, and potato, as well as climatic and
geographic factors, with corn accounting for approxi-
mately 75% of global starch production [2].

As biomaterials, these nanoparticles offer significant
potential for improving product quality and enabling in-
novative applications, such as food packaging, encapsu-
lation, nanocomposite films, emulsion stabilization, and
pharmaceutical excipients (e.g. diluents, disintegrants,
and binders) [3].

In food packaging, starch-based nanocomposite films
and edible coatings can substantially improve tensile
strength and water/oxygen-barrier performance, and they
can be formulated as active agents with antimicrobial/
antioxidant functionality [4]. Starch-based biomaterials
are also used in wound dressings and tissue-engineering
scaffolds, where hydrogels offer a moist healing envi-
ronment, tunable degradation, and matrices that support
cell adhesion and regeneration [5].

However, native starch faces limitations, including
poor thermal and mechanical stability and high hydro-
philicity, constraining its industrial utility [6]. Various
methods have been proposed to address this issue, in-
cluding chemical modifications to the constituent units
of starch [7], which can be highly complex and may in-
volve changes to the fundamental nature of the materi-
als, and altering the size of starch particles [8], which are
comparatively simpler and more feasible for industrial-
scale applications. Another method to improve the prop-
erties of starch in the pharmaceutical and food industries
is by reducing the particle size of starch. Reducing starch
particle size to the nanoscale through various fabrication
techniques enhances its functionality by increasing sur-
face-to-volume and surface-to-weight ratios [9]. Starch
nanoparticles (SNPs) are classified into starch nanocrys-
tals (SNCs), formed by disrupting amorphous granule
structures to isolate crystalline regions, and SNPs, pro-
duced via the gelatinization of amorphous regions [10].
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The fabrication of SNPs employs diverse methodolo-
gies, each imparting distinct characteristics in terms of
size, solubility, and stability, tailored to specific types
of starch. These nanoparticles facilitate targeted or con-
trolled drug release, mitigating risks associated with
excessive drug concentrations and toxicity. Fabrica-
tion methods are broadly divided into top-down and
bottom-up approaches. Top-down methods mechani-
cally or chemically reduce starch into smaller particles
using techniques such as ultrasonication, homogeniza-
tion, or hydrolysis, while bottom-up methods synthesize
nanoparticles through controlled molecular aggregation
[11,12].

Bottom-up approaches yield nanoparticles with pre-
cise control over size and morphology, high efficiency,
and rapid production; however, they require specialized
equipment. While suitable for laboratory-scale synthe-
sis, top-down methods are preferred in industrial ap-
plications due to their simplicity and cost-effectiveness
[13]. The choice of method depends on factors, such as
molecular size, hydrophilic or hydrophobic properties,
stability, and drug release kinetics.

Starch is gaining importance across medicine and the
pharmaceutical industry, as well as in related fields such
as food systems and advanced packaging. This paper
systematically reviewed the applications of SNPs in
medicine, along with seven key fabrication methods:
nanoprecipitation, emulsion/microemulsion, emulsion
cross-linking, dialysis, sacrificial template, ball milling,
and ultrasound. These methods are categorized based on
the hydrophilic or hydrophobic nature of the encapsu-
lated compounds, emphasizing the critical role of these
properties in method selection.

Application of SNPs in medicine

Beyond starch’s role as a drug carrier, SNPs and related
starch-based nanoforms are increasingly used in wound
care. When incorporated into hydrogel dressings, they
help maintain a moist healing microenvironment and
can be endowed with antibacterial, pro-angiogenic, and
hemostatic functions to accelerate repair in both acute
and chronic wounds [14]. Recent prototypes include
nitric-oxide—releasing thiolated SNPs embedded in gela-
tin sponges and starch-fabricated silver nitroprusside
nanoparticles, both showing antimicrobial activity and
faster closure in preclinical models [15, 16].

SNPs also contribute to medical barrier devices and

biofabrication. As reinforcing fillers, SNCs/SNPs have
been dispersed into natural-rubber latex to strengthen
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thin films relevant to medical gloves [17]. In tissue
engineering, starch is used as a printable bio-ink and
in starch-hydroxyapatite composites to create cell-
compatible scaffolds with controllable mechanics and
degradation [18]. Additionally, in biosensing, starch’s
film-forming and functional chemistry are leveraged to
build electrochemical sensors and biosensors for clinical
analytes [19]. Taken together, these converging applica-
tions position SNPs as a versatile medical material. We
therefore turn next to fabrication strategies, emphasizing
how the polarity of agents shapes method selection and
performance.

Materials and Methods

The review systematically analyzed 34 studies from
PubMed, Scopus, and Web of Science (2010-2025),
prioritizing transparency in data selection and reporting.
All referenced studies were evaluated for ethical compli-
ance, including proper acknowledgment of authorship
and funding sources. The following sections detail the
seven fabrication methods, organized into bottom-up
and top-down approaches, with a focus on their suit-
ability for encapsulating hydrophilic and hydrophobic
compounds. Table 1 shows recent studies that we dis-
cuss further.

Bottom-up methods

Bottom-up processes for synthesizing SNPs involve
the controlled assembly of molecular or macromolecu-
lar units into nanostructured particles, offering precise
control over size, morphology, and functionality [2, 54].
Unlike top-down methods that mechanically or chemi-
cally reduce starch granules, bottom-up approaches rely
on thermodynamic and molecular interactions, such as
hydrogen bonding, Van der Waals forces, and hydropho-
bic effects, to drive particle formation [55]. The hydro-
philic nature of native starch, attributed to its amylose
and amylopectin components, and the hydrophobic
properties introduced via chemical modifications (e.g.
acetylation, octenyl succinylation), significantly influ-
ence nanoparticle structure and stability [56]. These
properties determine how starch interacts with organic
and aqueous phases, surfactants, and encapsulated com-
pounds, tailoring SNPs for applications in drug delivery,
food encapsulation, and emulsion stabilization [57]. This
section reviews key bottom-up methods: nanoprecipita-
tion, emulsion/microemulsion, emulsion cross-linking,
dialysis, and sacrificial template, emphasizing how hy-
drophobic and hydrophilic interactions shape SNP struc-
ture, with insights drawn from recent studies.

Res Mol Med, 2025; 13(2):59-76
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Nanoprecipitation

Nanoprecipitation involves mixing an organic phase
containing dissolved starch or modified starch with an
aqueous phase to induce controlled precipitation [9,
54]. The process leverages the differing polarities of the
phases, with hydrophobic and hydrophilic interactions
driving the assembly of starch molecules into nanopar-
ticles [58]. Native starch, rich in hydrophilic hydroxyl
groups from amylose and amylopectin, is typically dis-
solved in the aqueous phase (e.g. water with NaOH or
urea), while hydrophobic loading compounds enhance
compatibility with organic phases, like acetone or etha-
nol [3]. The gradual addition of the organic phase to the
aqueous phase causes starch to precipitate around encap-
sulated compounds, with particle size and morphology
governed by the hydrophobicity or hydrophilicity of
both the starch and the compound [12]. Figure 1 pres-
ents a diagrammatic illustration of the nanoprecipitation
technique. The hydrophilicity or hydrophobicity of the
encapsulated compound significantly shapes SNP struc-
ture and encapsulation efficiency (EE). Studies demon-
strate nanoprecipitation’s versatility. The studies below
demonstrate nanoprecipitation’s versatility across com-
pound polarities, with outcomes influenced by solvent
selection, starch modifications, and compound proper-
ties.

Hydrophilic compounds

Mahmoudi Najafi et al. encapsulated ciprofloxacin, a
hydrophilic antibiotic, in acetylated corn starch SNPs us-
ing acetone as the organic phase, achieving particle sizes
of 221-324 nm, a polydispersity index (PDI) below 0.5,
and encapsulation efficiencies of 20.5-89.1% depending
on phase ratios [20]. Because ciprofloxacin is hydrophil-
ic, it preferentially partitions into the external aqueous
phase during nanoprecipitation. This typically lowers EE
[59] and depending on phase ratios and mixing, can shift
formation toward growth-dominated regimes, yielding
larger and/or more polydisperse particles [60, 61].

Hydrophobic compounds

Acevedo-Guevara et al. encapsulated curcumin, a hy-
drophobic polyphenol, in acetylated green banana SNPs,
yielding 135-190 nm particles with 85-90% EE [22]. Fu
et al. encapsulated lutein, a hydrophobic carotenoid, in
corn and high amylose starch SNPs (250-350 nm), not-
ing that ethanol as the organic phase improved dispers-
ibility and oxidative stability [23].
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Figure 1. Nanoprecipitation process for snps. a diagram showing the mixing of aqueous and organic phases to form SNPs via

controlled precipitation

Note: Original artwork by the authors; no prior publication or third-party content was used.

The water-repelling nature of these compounds drives
tighter clustering in the organic solvent, resulting in
smaller, more compact particles with higher drug loads.
Acetylation enhances starch compatibility with the or-
ganic phase, explaining the high encapsulation efficien-
cies and stability observed. Similarly, Jaizia dos Santos
Alves et al. encapsulated propolis extract, a hydrophobic
compound, in potato and cassava SNPs, yielding 8340
nm particles with 65-73% loading [24]. Wan-Hong et
al. encapsulated piperine, a hydrophobic alkaloid, in
sago SNPs, achieving 52—-154 nm particles and 2.268
mg/mL loading capacity [31]. Zhang et al. encapsulated
lutein into lotus root SNPs, achieving 84.6% EE and
86.5% controlled release in simulated intestinal fluid,
attributed to hydrogen bonding and hydrophobic inter-
actions [32]. Kumar et al. loaded quercetin, another hy-
drophobic compound, into Sago SNPs using a modified
nanoprecipitation method. The nanoparticles had a Z-
average size of 292.1 nm (dynamic light scatter [DLS])
and 113.51+43.24 nm (scanning electron microscope
[SEMY]), with an EE of 80+2% and a loading capacity of
42.5+1.2%. In vitro release reached 96.12+1.8% within
12 hours [26]. Bhatia et al. prepared piroxicam, a hydro-
phobic anti-inflammatory agent, loaded in quinoa SNPs.
Particle sizes ranged from 282-870 nm with a PDI of
0.339-0.772, and in vitro release reached 98.8% within
2 hours, indicating efficacy for compounds with mixed
characteristics [28]. Wang et al. compared direct loading
and nanoprecipitation for paclitaxel, a hydrophobic drug,
in porous corn starch. Nanoprecipitation outperformed
the direct method with drug loading of 14.13+0.27% and
EE of 73.9240.54% vs 9.79+0.31% and 71.17+0.67%.

SEM confirmed paclitaxel in starch pores, with MTT
assays showing IC50 values of 85.68+7.38 uM for
SNPs [21]. These consistent results for hydrophobic
compounds, like curcumin and lutein, exhibit enhanced
compatibility with organic solvents, such as acetone
or ethanol, promoting compact particle assembly and
higher encapsulation efficiencies driven by their water-
repelling properties.

Amphipathic compounds

Kumar et al. used unripe banana starch to encapsulate
quercetin, an amphipathic compound, producing spheri-
cal SNPs (67.67-133.27 nm) with encapsulation effi-
ciencies of 39.6-85.28% and drug release of 30.71-98%
over 12 hours [27]. Jiang et al. encapsulated quercetin,
an amphipathic compound, in corn SNPs using DMSO/
ethanol, achieving 166.35 nm particles and enhanced
stability [30]. Amphipathic compounds can partition into
both organic and aqueous phases; consequently, nano-
precipitation outcomes (size, PDI, EE) become highly
sensitive to solvent/antisolvent ratios and mixing con-
ditions that set supersaturation, nucleation, and growth
[60]. Optimizing these phase conditions is therefore
essential to balance the compound’s dual affinities and
reduce variability in particle characteristics [62]. In par-
allel, chemical modification of starch (e.g. acetylation or
OSA-substitution) increases hydrophobic character and
interfacial activity [63], improving compatibility with
organic phases and consistently enhancing the encapsu-
lation and delivery of hydrophobic actives [22].

Res Mol Med, 2025; 13(2):59-76
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General trends

Qin et al. utilized seven starch types (e.g. waxy corn,
potato, pea) with amylose content ranging from 0.8%
to 69% to form SNPs. Particle sizes reduced from 15-
49 um (original starch) to 30-75 nm, all exhibiting a V-
shaped crystalline structure, demonstrating the method’s
adaptability across starch types [25]. Gutiérrez et al. used
normal, high amylose, and waxy maize starches, observ-
ing that an organic phase addition rate of 4 ml/h yielded
optimal SNPs (29.7+77.4 nm, PDI 0.43+0.04) for nor-
mal starch. Waxy starch produced smaller SNPs, sug-
gesting that amylopectin aids in hydrophobic compound
encapsulation [29]. The smaller sizes of the waxy starch
suggest that amylopectin’s branched structure aids in the
encapsulation of hydrophobic compounds by enhancing
precipitation efficiency in organic phases. Future re-
search could focus on optimizing solvent compositions
to stabilize amphipathic compounds or developing novel
starch modifications to improve encapsulation across di-
verse polarities.

Emulsion/microemulsion

Emulsion and microemulsion methods emulsify an
aqueous phase containing starch with an organic phase,
stabilized by surfactants [11, 54]. Native starch’s hydro-
philic nature and modified starches’ hydrophobic prop-
erties (e.g. octenyl succinylation) facilitate stable droplet
formation [35]. In emulsions, vigorous homogenization
(e.g. microfluidization, ultrasonication) creates droplets,
while microemulsions form spontaneously due to ther-
modynamic stability, yielding smaller, more uniform
SNPs [12]. The hydrophilic-lipophilic balance (HLB) of
surfactants influences droplet size and particle structure.
A visual depiction of this method is provided in Figure
2a.The studies below illustrate how compound polarity
and emulsion type shape outcomes.

Hydrophilic compounds

Ismail et al. encapsulated hydrophilic antibiotics (peni-
cillin, streptomycin) in corn SNPs via water-in-oil (W/O)
emulsions, achieving stable particles with antibacterial
activity [33]. Hydrophilic compounds, like penicillin,
align effectively with W/O emulsions, where their aque-
ous compatibility supports stable particle formation.
However, the dominance of the water phase often results
in larger particles, as hydrophilic compounds disperse
broadly rather than forming tight clusters.

Res Mol Med, 2025; 13(2):59-76
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Hydrophobic compounds

Gong et al. encapsulated curcumin, a hydrophobic
agent, in rice starch modified with octenyl succinic anhy-
dride, achieving 91.73% EE with Tween 20 [34]. De Paz
et al. encapsulated -carotene, a hydrophobic compound,
in various modified OSA-starch, reporting particle sizes
of 300600 nm with an EE of 70% [37]. Bi et al. encap-
sulated resveratrol, another hydrophobic compound, in
corn starch microemulsions, achieving a particle size of
145.20+1.37 nm and a PDI of 0.096+0.006, with a load-
ing efficiency of 98.81+2.34% [38]. These hydrophobic
compounds, such as curcumin and f-carotene, thrive in
oil-in-water (O/W) emulsions or microemulsions, where
surfactants, like Tween 20, facilitate their integration
into the starch matrix. The high efficiencies and smaller
particle sizes result from the compounds’ preference for
the oil phase, enhanced by modified starches and the
thermodynamic stability of microemulsions.

Amphiphilic compounds

Gao et al. encapsulated epigallocatechin gallate
(EGCQG), an amphiphilic catechin, in corn and modified
SNPs, yielding particle sizes of 413—-841 nm with encap-
sulation efficiencies of 41.43—63.89% [35]. Alp et al. en-
capsulated CG-1521, an amphiphilic histone deacetylase
inhibitor, in corn SNPs, achieving particle sizes of 200
nm and extended release [36]. The dual-phase affinities
of these compounds complicate emulsion stability, as
they interact with both water and oil phases, leading to
larger, less uniform particles and moderate efficiencies.
This variability highlights the need for fine-tuned surfac-
tant and phase conditions.

General trends

Gutiérrez et al. synthesized SNPs from maize starches
(normal, high amylose, waxy), achieving sizes ranging
from 35 to 147 nm. Waxy and high amylose starches
with Tween 20 (hydrophilic surfactant) produced small-
er SNPs, with the type of oil having little effect. This
suggests their suitability for encapsulating hydrophobic
compounds with oil type having little effect, suggesting
suitability for hydrophobic compounds [29]. The smaller
sizes associated with waxy starch indicate its appropri-
ateness for hydrophobic compounds, as amylopectin en-
hances emulsion stability in oil-rich systems.

These methods rely on the stabilization of aqueous and
organic phases through surfactants, with the HLB dictat-
ing particle size and uniformity. Microemulsions, ben-
efiting from thermodynamic stability, offer superior con-
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Figure 2. Emulsion/microemulsion and emulsion cross-linking method for SNPs

a) [llustration of starch emulsification with an organic phase, stabilized by surfactants; b) Schematic depicting the formation of
networked SNPs using cross-linking agents in emulsified droplets

Note: Original artwork by the authors; no prior publication or third-party content was used.

trol for hydrophobic compounds. Further studies could
explore surfactant formulations tailored to amphiphilic
compounds or investigate the influence of phase dielectric
properties on emulsion stability across varied polarities.

Emulsion cross-linking

Emulsion cross-linking combines an aqueous phase
with cross-linking agents and starch, which is emulsi-
fied in an organic phase with surfactants [11, 54]. This
process forms networked nanoparticles through cross-
linking reactions within emulsified water droplets, with
particle size dependent on emulsion type [12]. This pro-
cess is schematically shown in Figure 2b.

Hydrophilic native starch and hydrophobic modified
starches (e.g. OSA-modified) stabilize emulsions, while
the amylose/amylopectin ratio and the type of cross-link-
er (e.g. epichlorohydrin, POCL,) influence SNP structure
and biocompatibility.

The studies below show the method’s effectiveness,
particularly for hydrophilic compounds.

Hydrophilic compounds

Ding et al. encapsulated 5-fluorouracil, a hydrophilic
drug, in resistant starch type 3 SNPs, achieving particle
sizes of 300 nm with controlled release in simulated

gastrointestinal conditions and a loading efficiency of
49.25% [39]. Wang et al. encapsulated methylene blue,
another hydrophilic compound, in acid-treated starch
granules with epichlorohydrin, resulting in particle siz-
es of 94.3 nm and a loading efficiency of 80.27% [40].
Jain et al. encapsulated insulin in potato SNPs, reporting
particle sizes ranging from 194.24+6.3 to 229.5£7.2 nm
based on the concentration of epichlorohydrin as a cross-
linking agent, along with sustained release over 12 hours
[42]. Hydrophilic compounds, like 5-fluorouracil, which
are compatible with aqueous phases, interact effectively
with cross-linkers, such as epichlorohydrin, resulting in
well-structured particles with high loading capacities.

Hydrophobic compounds

Xie et al. encapsulated paclitaxel as a hydrophobic
drug in acid-modified cassava SNPs with POCI,, yield-
ing particle sizes ranging from 326 to 775 nm with load-
ing efficiencies of 14.56 to 32.07 mg/g [41]. Hydro-
phobic compounds, like paclitaxel, face challenges in
water-dominant emulsions, where their organic-phase
preference leads to reduced loading and larger particle
sizes due to phase incompatibilities. The choice of cross-
linker, such as the potentially toxic phosphorus oxychlo-
ride (POCL,), impacts biocompatibility and process safe-
ty. Nanoemulsions enhance particle size control, while
modified starches improve hydrophobic compound in-
tegration.

Res Mol Med, 2025; 13(2):59-76
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Figure 3. Dialysis method for starch nanoparticle synthesis

Research in Molecular Medicine

Note: Schematic diagram illustrating starch aggregation through polarity changes across a dialysis membrane. Redesigned by

the authors based on Morén et al. 2021 [65].

Emulsion cross-linking integrates cross-linking agents
within emulsified systems to form networked nanopar-
ticles, with compound polarity shaping the efficacy of
the process. Future research could prioritize biocom-
patible cross-linkers to enhance safety for hydrophobic
compounds or adjust emulsion compositions to better
accommodate diverse polarities.

Dialysis

Dialysis is a bottom-up method for synthesizing SNPs,
where starch dissolved in an organic phase within a di-
alysis bag is submerged in an aqueous phase, inducing
aggregation and precipitation through polarity changes
[11, 54]. Figure 3 displays a schematic outline of this
approach.

The method leverages hydrophilic native starch and
hydrophobic modified starches, with amylose content
and phase ratios critically affecting particle uniformity
[12]. High-amylose starches enhance structural stabil-
ity, while optimizing the phase ratio ensures controlled
precipitation.

The studies below emphasize the method’s success
with hydrophobic compounds.

Hydrophobic compounds

Xu et al. encapsulated curcumin and cholesterol-imid-
azole conjugates as hydrophobic compounds in oxidized
SNPs, achieving particle sizes of approximately 212 nm
and pH-responsive release [43]. Delsarte et al. encapsu-
lated Benzo[a]pyrene, another hydrophobic compound,
in OSA-BS-SNPs, achieving particle sizes of 5 nm with
a loading efficiency of 28% [44]. The low water solubili-
ty of these compounds drives compact particle formation
under organic phase influence, explaining the small sizes

Res Mol Med, 2025; 13(2):59-76

and precise control. Modified starches enhance compat-
ibility, supporting stimuli-responsive release.

Hydrophilic compounds

Alzate et al. encapsulated potassium sorbate (PS), a hy-
drophilic antimicrobial, in tapioca starch using dialysis
within a microemulsion. Nanoparticles (<450 nm) de-
rived from diluted solutions retained up to 6889 ppm PS,
significantly exceeding the retention in microparticles
(20-200 um, up to 1243 ppm), with acetylated starch
demonstrating the highest retention at 2564 ppm [45].
The larger particle sizes result from broader dispersion in
the aqueous phase, although modified starches improve
stability and retention.

Dialysis facilitates nanoparticle formation through
controlled polarity transitions across a membrane, with
compound properties governing aggregation dynamics.
The method’s reliance on phase polarity gradients under-
scores its suitability for hydrophobic compounds, while
high-amylose starches bolster structural integrity for
hydrophilic ones. Further investigations could optimize
diffusion parameters to improve particle uniformity for
hydrophilic compounds or explore membrane composi-
tions to enhance precipitation control across polarities.

Sacrificial template

The sacrificial template method involves coating a
template (e.g. silica, calcium carbonate) with starch, fol-
lowed by template removal to create hollow nanopar-
ticles [11, 54]. A graphical representation of this method
is shown in Figure 4.

The method leverages hydrophilic starch for aqueous
phase coating and hydrophobic modifications for organ-
ic phase compatibility, with template porosity and amy-
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Figure 4. Sacrificial template method for hollow nanoparticles
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Note: Representation of starch coating on a template, followed by removal to create hollow nanoparticles. Redesigned by the

authors based on Moran et al. 2021 [64].

lose content affecting loading capacity and particle size
[12]. High-amylose starches enhance structural integrity,
while porous templates increase EE. The studies below
focus on hydrophilic compounds.

Hydrophilic compounds

Yang et al. encapsulated doxorubicin hydrochloride in
hollow SNPs using CaCO, templates, achieving particle
sizes ranging from 30 to 300 nm and a loading efficiency

Figure 5. Ball milling for starch particle reduction

0f 97.56% [46]. Li et al. encapsulated phenolic acids, an-
other hydrophilic compound, in corn starch with short
linear glucan, achieving particle sizes of 87 to 123 nm
with an EE of 95.26% [47].

The sacrificial template method excels in producing
hollow nanoparticles for hydrophilic compounds, le-
veraging aqueous-phase interactions to coat templates,
such as calcium carbonate. Hydrophilic compounds,
such as doxorubicin hydrochloride, integrate seamlessly

Note: Diagram of mechanical size reduction of starch particles via high-energy impact and friction. Original artwork by the

authors; no prior publication or third-party content was used.

Res Mol Med, 2025; 13(2):59-76
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Figure 6. Ultrasonication for Starch Nanoparticle Production

Research in Molecular Medicine

Note: llustration of sound wave-induced cavitation to produce SNPs. Original artwork by the authors; no prior publication or

third-party content was used.

into starch matrices, achieving high encapsulation effi-
ciencies due to favorable hydrogen bonding and phase
compatibility. The method’s applicability to hydropho-
bic compounds remains limited, as their organic-phase
preferences challenge aqueous-based template coating.
Template porosity and starch amylose content enhance
loading capacity, though the complexity of template re-
moval restricts scalability. Future studies could simplify
template dissolution processes or investigate hydropho-
bic starch modifications to expand the method’s utility
for water-repelling compounds.

Top-down methods

Top-down methods are distinguished from bottom-up
methods, which synthesize nanoparticles by assembling
smaller molecular units. Instead, top-down approaches
focus on size reduction, leveraging mechanical energy
(e.g. grinding, shear forces) or chemical degradation
(e.g. radiation-induced bond cleavage) to achieve na-
noscale particles [65]. These methods are versatile and
can be tailored to produce SNPs with specific sizes,
morphologies, and functional properties, depending on
the starch source and processing conditions. The result-
ing nanoparticles often exhibit increased surface area,
improved solubility, and enhanced encapsulation capa-
bilities, making them ideal for various applications [66].
These techniques are particularly advantageous for pro-
cessing hydrophilic starches due to their ability to dis-
rupt hydrogen bonding and crystalline structures without
requiring complex molecular assembly.

Res Mol Med, 2025; 13(2):59-76

Ball milling

Ball milling reduces starch particle size through high-
energy impact and friction, suitable for dry or wet condi-
tions without chemical additives [11, 54]. This technique
is illustrated diagrammatically in Figure 5.

The method leverages starch’s hydrophilic nature for
effective size reduction, with milling time and energy af-
fecting particle size. The studies below focus on hydro-
philic starches.

Hydrophilic starches

Ahmad et al. encapsulated camel milk probiotics
(Pediococcus acidilactici), which are considered hy-
drophilic, in hazelnut SNPs, achieving particles with a
size of 271 nm and a zeta potential of -19.9 mV [48].
Dai et al. produced corn SNCs with ball milling and
acid hydrolysis, yielding particles sized between 66 and
320 nm [49]. Dai et al. milled waxy maize starch at 300
rpm, which reduced crystallinity over time. Following
acid treatment after 30 minutes of milling, particle sizes
were reduced from 320.6+10.3 nm to 66.7+3.6 nm, with
yields decreasing from 41.6+2.3% to 13.5+0.7% over
five days [49]. Lin et al. produced spherical potato SNPs
(120 nm) after 90 min of grinding [50].

Ball milling employs mechanical energy to reduce
starch particle size, proving effective for hydrophilic
starches due to their compatibility with aqueous-phase
processing. The method’s high-energy impacts disrupt
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starch granules, producing particles with retained crys-
talline properties, making them well-suited to water-
compatible materials. Its application to hydrophobic or
amphipathic compounds is less explored, as their phase
incompatibilities may hinder effective size reduction.
Milling parameters, such as duration and energy input,
critically influence particle morphology. Future research
could adapt milling conditions to incorporate modified
starches for hydrophobic compound encapsulation or
optimize energy inputs to enhance particle uniformity.

Ultrasound

Ultrasonication uses high-frequency sound waves to
generate cavitation and shear forces, reducing starch
particle size, with acid hydrolysis enhancing disruption
[11, 54]. A diagram illustrating this process is depicted
in Figure 6.

The method suits hydrophilic starches, with ultrasound
intensity and hydrolysis conditions affecting outcomes.
The studies below highlight outcomes for both hydro-
philic and hydrophobic compounds.

Hydrophilic compounds

Shabana et al. encapsulated hydrophilic antioxidants
(L-ascorbic acid and oxalic acid) in potato SNPs, achiev-
ing particle sizes of 80 nm with ultrasonication alone
and 40 nm with hydrolysis [51]. Ahmad et al. loaded
resveratrol, a hydrophilic compound, into water chest-
nut (691 nm), horse chestnut (419 nm), and lotus stem
(797 nm) starches. The encapsulation efficiencies were
79.37%, 81.46%, and 75.83%, respectively, with porous
or film-like structures and reduced crystallinity. Without
loading, the sizes were 606 nm, 420 nm, and 535 nm,
achieved using ultrasonication and alkaline hydrolysis
[8]. Hydrophilic compounds, like L-ascorbic acid, with
their affinity for the aqueous phase, form well-dispersed
particles that benefit from hydrogen bonding within the
starch matrix.

Hydrophobic compounds

Remanan et al. encapsulated rutin, a hydrophobic fla-
vonoid, in quinoa and corn SNPs, yielding particle sizes
between 107 and 222 nm with encapsulation efficiencies
of 63.1% to 67.4% [52]. Hydrophobic compounds, like
rutin, which are less compatible with aqueous systems,
tend to result in larger particles with reduced encapsula-
tion efficiencies, reflecting weaker phase interactions.

Research in Molecular Medicine

General trends

Boufi et al. reduced the sizes of normal and waxy SNPs
from 600 nm (after 15 minutes) to 40 nm (after 75 min-
utes) via ultrasonication, producing platelet-like shapes
(5 nm thick) and demonstrating consistent efficacy
across starch types [53].

Ultrasonication utilizes high-frequency sound waves to
generate cavitation and shear forces, effectively reduc-
ing particle size, especially for hydrophilic starches. The
method’s high energy requirements pose challenges for
industrial scalability. Further studies could develop en-
ergy-efficient ultrasonication protocols or explore modi-
fied starches to improve compatibility with hydrophobic
compounds, broadening the method’s applicability.

Conclusion

The fabrication of SNPs reveals a dynamic interplay
between the properties of encapsulated compounds and
the inherent mechanisms of each method. The polarity
of the compound—whether hydrophilic, hydrophobic,
or amphipathic—serves as a fundamental driver of par-
ticle formation, influencing how effectively the starch
matrix can adapt to the compound’s behavior. Methods
that leverage aqueous environments tend to favor hydro-
philic compounds, allowing their water-compatible na-
ture to integrate smoothly into the process, often yield-
ing particles with robust structural integrity. Conversely,
hydrophobic compounds thrive in systems where or-
ganic phases or stabilizing agents bridge their aversion
to water, promoting tighter aggregation and enhanced
encapsulation. Amphipathic compounds, with their dual
characteristics, challenge the adaptability of any given
approach, often requiring fine-tuned conditions to bal-
ance their competing tendencies. Starch modifications
emerge as a critical factor, offering a means to adjust
the matrix’s compatibility with diverse polarities, while
process parameters, such as phase interactions or energy
inputs, dictate the precision and scalability of the out-
comes. Looking ahead, exploring tailored modifications
or hybrid techniques could unlock greater versatility, en-
abling these methods to accommodate a wider spectrum

of compounds with improved consistency and efficiency.
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