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Self-assembling nanocomposites (SANCs) represent a valuable and innovative drug delivery system that
facilitates site-specific and stimulus-controlled drug administration. These composites have the
capability to self-assemble into stimulus-responsive nanostructures, enabling the effective delivery of
a wide range of therapeutic agents, from small molecules to biologics, to specific target sites. This
advancement addresses crucial challenges in treating diseases like cancer and chronic inflammatory
conditions. In this review, we briefly outline the advantages of SANCs in enhancing bioavailability,
reducing systemic toxicity, and maintaining stability under physiological conditions. However, several
significant obstacles remain, including challenges related to scalability, stability, storage, biocompatibility,
and regulatory approvals that have not been met to obtain clinical applications. Furthermore, we explore
the stimuli-responsive and biohybrid materials, as well as the integration of SANCs with artificial
intelligence and nanotechnology to create intelligent drug delivery systems. Encouraging contributions
for papers that emphasize the role of SANCs in personalized medicine, this review underscores the
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establishing robust policy frameworks and fostering strategic partnerships, SANCs have the potential to
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rsc.li/rsc-advances of modern medicine.

1. Introduction

Conventional delivery systems, such as intravenous and oral
formulations, are associated with several significant limita-
tions, including low targeting precision, systemic toxicity, and
suboptimal bioavailability." These limitations account for off-
target effects and limited therapeutic efficacy, particularly in
oncology, where drugs often struggle to effectively penetrate the
tumor microenvironment.”> Nanotechnology has facilitated the
creation of nanostructured carriers with functional properties
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usher in a new era of tailored solutions for delivering medications effectively, thereby advancing the field

like controlled size, shape, and surface chemistry, thereby
enhancing the solubility, stability, and cell-specific uptake of
the therapeutics.®* However, despite extensive research efforts,
translation to clinical settings remains limited, highlighting the
need for newer, more versatile platforms.*

Self-assembling nanocomposites (SANCs) have emerged in
nanomedicine as innovative colloidal tools that enable the
precise engineering of complex drug-delivery profiles through
self-assembly triggered by environmental cues.® This approach
provides both temporal and spatial control over drug release,
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bolstering therapeutic efficacy while minimizing side effects.
SANCs can be tailored to respond to environmental conditions,
such as the acidic pH of tumor tissue or enzymatic activity at
inflamed sites, for targeted delivery.® These nanocomposites are
positioned to tackle current challenges in drug delivery,
including controlled multidrug release and real-time adapt-
ability to physiological changes. Despite rapid development, the
SANC literature remains fragmented, with studies varying in
design, functional mechanism, and therapeutic application.
Prior reviews have predominantly focused on isolated aspects,
offering limited insights into how the potential of SANCs may
vary across diverse therapeutic contexts.”

SANCs have great potential benefits compared with tradi-
tional drug delivery systems, especially in overcoming limita-
tions such as low drug solubility, instability, and lack of
specificity. Using the concepts of molecular self-assembly, these
nanostructures develop versatile platform delivery systems that
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improve pharmacokinetics and therapeutic efficiency. Recently
conducted research has shown how SANCs have clinical
potential to deal with such limitations. As an illustrative
example, the in vitro aqueous solubility of a self-assembled
nanoparticle system based on camptothecin-based dual-
responsive nanomaterial was enhanced by 25-fold, along with
high tumor-selective toxicity and low systemic toxicity in vivo.?
In like manner, gelatin-oleic acid nanostructures increased the
solubility of drugs such as valsartan and telmisartan, offering
a controlled release with particle sizes measuring approximately
200-250 nm.” Further, paclitaxel- and doxorubicin-loaded
casein-based nanomicelles provided superior tumor inhibition
activity and high bioavailability in preclinical breast cancer
models.” These results emphasize the potential of SANCs to
address the traditional problems of drug delivery and, hence,
a possible platform for future precision medicine applications.
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The application of SANCs has expanded to cover different
therapeutic applications outside the conventional drug delivery
area, such as cancer therapy, gene therapy, and infectious
diseases. Peptide-engineered self-assembled nanofibers have
shown potential in cancer therapy by their biodegradation and
bioresponsiveness to, e.g., pH or enzyme triggers. The combi-
nation of the nanostructures with monotherapies and
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a combination of chemo-immunotherapies, allowing successful
tumor penetration and drug retention, is facilitated mainly by
enhancing tumor penetration and drug retention."* Similarly,
a hybrid peptide nanoplatform based on Luffa cylindrica exer-
ted multitarget inhibition of cancer signalling pathways (Wnt/
beta-catenin and p53), effectively inhibited tumor growth in
vivo, and was highly biologically safe.*?
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SANCs have been used in gene therapy, whereby they have
facilitated the successful delivery of siRNA and DNA. In one
case, it was shown that oncogenes (Eg5 and Survivin) were
effectively silenced in vivo with a neutral surface chemistry to
avoid lysosomal degradation as a mechanism to reduce tumor
volume using a vitamin E siRNA nanocomplex.” In another
study, 2-fold gene transfection efficiency was obtained with
unmodified calcium-phosphate-based self-assembling
complexes compared to Lipofectamine 2000, with stable
expression of up to 10 days and minimal toxic effects in vivo.**
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Enzyme-directed assembly of nanoparticles to enable
aresponsive release of antimicrobial agents has been studied as
a potential application in the treatment of infectious disease.
Such systems will be triggered by signals of infection (e.g:,
enzyme levels) to release antimicrobial cargos at sites of infec-
tion, reducing off-target and resistance selection.” These
results show the wide applicability of SANCs and how they can
be used to promote precision and personalized medicine.

The present review is limited to SANCs to deliver drugs, as
peer-reviewed articles located in PubMed, ScienceDirect, and
Web of Science within the timeframe of January 2015 to
November 2025 using keywords, including, but not limited to:
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self-assembling nanocomposites, stimuli-responsive nano-
carrier (pH/redox/enzyme/light), and targeted drug delivery.
This review will include peer-reviewed articles that design,
synthesize, characterize, or therapeutically evaluate SANCs in
experiments or clinical settings. Studies involving the design,
synthesis, or use of SANCs as drug carriers, along with experi-
mental or clinical data published in peer-reviewed journals,
were considered eligible. Two reviewers assessed titles and
abstracts for inclusion, proceeded to full-text evaluation, and
resolved disagreements with an arbiter. Data from this review
were systematically extracted concerning study design, nano-
composite type, drug category, clinical applications, and ther-
apeutic outcomes. Both qualitative and quantitative methods,
including meta-analytic techniques, were employed to provide
consolidated efficacy estimates, offering reliable insights into
advancements in SANCs. We compiled the latest research on
how SANCs could revolutionize targeted drug delivery to
address unresolved issues, improve patient safety, and optimize
therapeutic efficacy across various clinical applications.

In this review, we use the umbrella term self-assembling
nanocomposites (SANCs) to describe multicomponent nano-
architectures involving self-assembly; when we first refer to
single-phase nano-objects, we call them self-assembling nano-
particles, and thereafter we harmonize the two to self-
assembling nanocomposites. We go on to apply the core

View Article Online
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concepts of self-assembly, review recent achievements in
stimuli-responsive SANC designs (pH/redox/enzyme/light),
compare approaches to synthesis and characterization,
examine drug-release behaviors in preclinical models, and
discuss the future of personalized nanomedicine.

2. Research trends on SANCs

The increasing focus in recent years has been on the controlled
application of SANCs in drug delivery, where they hold the
promise of spatiotemporal control over delivery and, thereby,
the promise of greatly increasing the therapeutic precision and
avoiding the systemic toxicity of drugs. Their ability to sponta-
neously assemble into stable drug-carrying materials makes
these nanostructures highly attractive since they are associated
with high drug loading capacity, biodegradability, and respon-
siveness to the tumor microenvironment. A 2025 perspective
was further summarized, extending the modern SANCs strategy
to drug-drug conjugates, peptides, DNA scaffolds, and poly-
meric carriers, to provide greater selective tissue delivery,
enable real-time imaging, and controlled devolution, with
scalability and regulatory issues being a major challenge of
translation.'® Recent research in 2016 focused on highlighting
the superior drug encapsulating ability of peptide-based nano-
structures, whereby loading efficiencies as high as 80 percent

Timeline of Advances in Self-Assembled Nanoparticle Composites (SANCs) for Biomedical Applications

Conceptualization of Self-
Assembled Nanoparticles
for Drug Delivery

Dual-Stimuli Responsive
SANCs Developed

Self-Assembled Organic Biobybrid and Peptide-

Nanomaterials Enter Cancer Polymer SANCs for Diabetic
Wound Healing

Therapy

>2012 3> 2016 > 2018 > 2020 > 2022 »2023-2024>

o8 © O

Use of Self—AssembIed Polymer
Increased oral posi

Antlbactenal and Gene

Enzyme-responsive nanoparticles |
Targeted enzyme-triggered drug release

| Highlighted

bioavailability Dressings and Blosensors

Fig. 1 Timeline illustrating the chronological development of self-assembled nanocomposite (SANC) systems for biomedical applications
(2012-2024). The figure summarizes key technological milestones—from the conceptualization of polymeric SANCs for oral bioavailability
improvement to the development of dual-stimuli-responsive, biohybrid, and peptide—polymer nanocomposites for targeted and enzyme-

triggered drug delivery.
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were observed, and both hydrophilic and hydrophobic delivery
were conducted selectively due to environment-triggered
release.” In 2024, progress in the field of pH-responsive self-
assembling nanoparticles (SANPs, a subclass of SANCs) was
reported; carriers that disassembled in the acidic environment
of tumors had improved antitumor performance, and healthy
cell damage was spared.’® Another study published in 2024
described the chemical self-assembly of nanorings, which
exhibited strong cytotoxic activity against cancer cells with at
least a 9000-fold difference in EGFR expression (and the addi-
tional asset of causing immunogenic cell death).” In 2016,
DNA-based self-assembled nanostructures achieved efficient
doxorubicin delivery at pH 5.0 and overcame resistance in
human lung adenocarcinoma cells, specifically A549 and its
doxorubicin-resistant subline A549/ADR.* In studies published
in journals with high impact like Nano Today, Bioconjugate
Chemistry, and the International Journal of Nanomedicine,
drug encapsulations of between 20 to 85 percent and optimal
particle sizes of 90-220 nm have consistently been reported,
and above 90 percent of the drugs were released in 24-48 hours.
In a combined form, these findings allow us to state that SANCs
cannot be considered purely hypothetical projects or even
hypotheses: they are technologically feasible and demand more
immediate implementation in practice, at least as a potential
cure for complex diseases such as cancer. The main develop-
ments in SANC-based drug delivery over the past decade are
summarized in Fig. 1.

3. Core materials of SANCs

SANCs are prepared with preselected core materials and func-
tional groups that facilitate self-association, stability, and the
delivery of drugs to disease sites. Each class of core material,
lipid, inorganic particle, and natural polysaccharides, offers
certain structural and functional advantages, and more
importantly, selected functional groups provide for specific
interaction and stimuli-responsive behaviors for efficient drug
delivery.”*

The materials that have been studied in the development of
SANCs are quite numerous, and they have unique benefits
depending on their physicochemical characteristics and
compatibility. Synthetic and natural polymers are widely used
because of the availability of their hydrophilic-hydrophobic
balance to easily form micelles and encapsulate drugs.*
Biocompatible lipids are also biomimetic of membranes and
facilitate the spontaneous formation of vesicles, and have also
been widely investigated as an oral route of administration or
intravenous injection.”® Toems include inorganic materials
(silica and gold nanoparticles), making them structurally rigid/
tunable surface properties with improved mechanical strength
and deliberate release characteristics.>® In the meantime,
natural polysaccharides such as chitosan, starch, and dextran
have good biocompatibility, mucoadhesiveness, and chemical
flexibility characteristics to be used as constructing pH effects
or enzyme-sensitive SANCs.* Modified chitosan nanoparticles,
specifically paclitaxel-conjugated low-molecular-weight chito-
san (LMWC-PTX) NPs, showed efficient delivery and therapeutic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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benefit in murine breast cancer models, with in vitro activity in
4T1 cells and in vivo efficacy after intravenous dosing in BALB/c
mice bearing subcutaneous 4T1 tumors.>® This material selec-
tion has a direct effect not only on the self-assembly mecha-
nism, but also on drug loading, release kinetics, and in vivo
distribution, so rational selection based on therapeutic targets
and route of administration remains essential.

3.1 Polymers

Polymers form the backbone of a lot of SANCs, due to their
versatility, ease of modification, and biocompatibility. Thus,
they offer a solid yet tunable skeleton for specific therapeutic
purposes. Generally speaking, polyethylene glycol is used to
increase systemic stability and reduce immune clearance by
forming a hydrophilic “stealth” layer, prolonging circulation,
and thereby enhancing bioavailability. Meanwhile, hydro-
phobic polymers such as polycaprolactone (PCL) and poly(-
lactic-co-glycolic acid) (PLGA) form the structural core, suitable
for sustained drug release in chemotherapy and anti-
inflammatory purposes. The degradation rate and hence the
release profile can be precisely controlled by proper adjustment
of the polymer composition, thus enabling applications with
prolonged therapeutic exposure.*”*

3.2 Lipids

Lipids have been identified as fundamental components of
SANCs because of their versatility in forming biocompatible
structures similar to biological membranes. Particular exam-
ples of systems based on lipids are liposomes and lipid-polymer
hybrid systems that provide highly effective ways of encapsu-
lation of hydrophobic drugs and nucleic acids, offering stability
and controlled release. Liposomes can encapsulate both
hydrophobic and hydrophilic drugs simultaneously and thus
find applications in various drug-delivery approaches, whereas
in lipid-polymer hybrids, a polymer core combines with a lipid
shell, enhancing encapsulation efficiency, circulation time, and
target specificity.”*°

3.3 Inorganic materials

Inorganic nanoparticles provide mechanical robustness, versa-
tile surface modification options, and stimuli-responsiveness,
which make them especially valuable for controlled release
applications. Mesoporous silica nanoparticles (MSNs) and gold
nanoparticles (AuNPs) are basic examples: MSNs offer high
surface area and pore volume, which enhance drug loading
capacities, while AuNPs provide unique photothermal proper-
ties for combined therapeutic and diagnostic applications. This
provides functionalized particles with the ability to respond to
external stimuli, for example, a change in pH or light, triggering
on-site drug release.’>*>

3.4 Natural polysaccharides

This trend has been supported by chitosan, alginate, and hya-
luronan, representing naturally derived polysaccharides. The
reasons are that naturally derived polysaccharide materials have

RSC Adv, 2026, 16, 5088-5127 | 5093
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inherently biocompatible and biodegradable properties, as well
as being functionalizable. Hence, ionic-gelation-
supported self-assembly methods exploit these materials and
yield highly stable nanostructures, most of which are useful for
effective bioresponsive drug delivery. Due to the natural source,
the polysaccharide systems naturally reduce immune response
problems and/or related side effects. In addition, such flexible
nanostructures are good alternatives for the delivery of proteins
or nucleotides.*

several

3.5 Surface functionalization strategies of SANCs

To translate the self-assembly potential of these core materials
into functional drug carriers, precise surface engineering is
crucial. Surface functionalization is a key strategy to tune the
physicochemical and biological properties of self-assembled
nanocomposites (SANCs). The introduction of functional
groups, polymeric coatings, and reactive ligands at the nano-
scale interface governs colloidal stability, circulation time, and
specific targeting capacity. Among these, PEGylation, esterifi-
cation, and amidation reactions remain the most employed
techniques due to their reproducibility, mild reaction condi-
tions, and compatibility with biological systems.

3.5.1. PEGylation reactions. PEGylation refers to the cova-
lent conjugation of polyethylene glycol (PEG) chains onto
nanoparticle surfaces to reduce immune recognition and
prolong systemic circulation. Common approaches involve
amide bond formation using N-hydroxysuccinimide (NHS)-
activated PEG or succinimidyl carbonate-PEG derivatives
reacting with surface-exposed amine groups. These reactions
are typically performed under mild aqueous conditions (pH 7.0-
8.0, 25-37 °C) with reaction efficiencies exceeding 85-95%,
yielding stable PEG layers confirmed by FTIR absorption at
1105 em ' (C-O-C) and 1730 cm™ " (C=O0 stretching).>* PEGy-
lation can also proceed via Steglich esterification, where PEG-
OH reacts with carboxylated substrates under DCC/DMAP
catalysis at ambient temperature, producing stable ester link-
ages without degradation of sensitive biomolecules.*

Recent advances in stimuli-responsive PEGylation have
enabled dynamic control of PEG detachment in tumor envi-
ronments. For example, PEG-poly(r-glutamic acid)-cisplatin
nanocomposites incorporating pH- and enzyme-cleavable

View Article Online

Review

amide bonds exhibit a 4-5x longer circulation half-life than
unmodified systems, followed by site-specific PEG cleavage at
tumor sites to enhance internalization.>® PEGylated graphene
oxide or Fe;O, nanocomposites synthesized by amide coupling
reactions further show improved colloidal stability (zeta-
potential shift from —32 to —12 mvV) and enhanced drug
loading capacity of up to 80%, confirming effective surface
modification.?”

3.5.2. Esterification and amidation mechanisms. Ester and
amide bond formation represent versatile pathways for intro-
ducing ligands, drugs, or hydrophilic polymers onto SANC
surfaces. Carbodiimide coupling using EDC/NHS chemistry
remains the most widely adopted, yielding covalent linkages
under mild conditions (pH 6-7, 25-30 °C). The esterification
efficiency generally ranges between 70-90% for activated
carboxyl surfaces, confirmed via FTIR signals at 1735 cm ™" and
1250 cm™ '.*® Additionally, thiol-maleimide and azide-alkyne
(click reactions) have gained traction for site-selective func-
tionalization, providing near-quantitative yields (>95%) with
minimal by-products.*

In emerging cleavable PEGylation systems, PEG linkers are
designed to hydrolyze or enzymatically degrade in acidic or
reductive environments, resolving the classical “PEG dilemma”
of poor cellular uptake versus long circulation. Such systems
exhibit up to 4.6x increased blood half-life while allowing
responsive detachment in tumor microenvironments.*’

3.6 Comparative analysis of synthesis and characterization
methods of SANCs

Selecting core materials that consistently achieve controlled self-
assembly and therapeutic performance requires an under-
standing of how various synthesis and characterization tech-
niques shape the structural and physicochemical properties of
SANCs. To provide a clearer understanding of the fabrication
diversity across different types of SANCs, Table 1 summarizes
representative synthesis routes, solvent systems, reaction condi-
tions, particle size control strategies, and surface modification
chemistries. This comparative overview highlights the method-
ological differences between polymeric, lipid-based, inorganic,
and natural polysaccharide-derived SANCs, which influence
particle uniformity, stability, and self-assembly efficiency.**

Table 1 Comparative summary of synthesis and characterization parameters for different classes of SANCs®

Surface modification
chemistry

Particle size

control strategy Ref.

Type of SANC Typical solvent/medium Reaction conditions

Polymeric SANCs DMSO, DMF, 25-50 °C; pH 7-8
aqueous buffer

Lipid-based SANCs Ethanol, 30-60 °C; solvent

chloroform, PBS

Inorganic SANCs Water, ethanol

hydrothermal

Natural polysaccharide
SANCs

Water,
acetic acid

evaporation/self-hydration
50-100 °C; sol-gel or

25-45 °C; mild stirring

Block copolymer ratio, PEGylation, EDC/NHS 42

CMC adjustment amidation

Sonication, extrusion, Thiol-maleimide, 40

lipid ratio phospholipid-PEG
conjugation

Precursor ratio, Silanization, 34

surfactant templating
Ionic gelation,
pH tuning

ligand exchange
Chitosan-PEG grafting, 37
Schiff-base linkage

“ Abbreviations: SANC, self-assembling nanocomposite; DNA, deoxyribonucleic acid; LNPs, lipid nanoparticles; pH, potential of hydrogen.
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3.7 Characterization techniques and their chemical
significance

Accurate characterization of SANCs is crucial for connecting the
intrinsic chemical properties of core materials with their self-
assembly behavior, biological interactions and therapeutic
performance. Characterization of SANCs is pivotal for corre-
lating their structural organization with chemical composition
and functional performance. Since these nanostructures rely on
complex non-covalent and covalent interactions during
assembly, multiple analytical methods are required to provide
a holistic understanding of their morphology, surface chem-
istry, and interfacial behavior.

Dynamic light scattering (DLS) is one of the most essential
techniques for assessing the hydrodynamic diameter and
polydispersity index (PDI) of nanocomposites in suspension. It
provides quantitative insights into colloidal stability and
aggregation kinetics, which are directly linked to the quality of
self-assembly. Typically, polymeric and lipid-based SANCs
exhibit average diameters in the range of 20-300 nm with PDI
values below 0.2, indicating uniform dispersion and strong
steric or electrostatic stabilization. Such parameters are crucial
because minor deviations in size distribution can dramatically
influence  biological uptake and interaction with
biomolecules.*

Complementary to particle size analysis, Fourier-transform
infrared spectroscopy (FTIR) provides detailed information
about chemical bonding and molecular interactions during
self-assembly. In particular, the emergence of characteristic
stretching vibrations around 1730-1740 cm ™' for C=0O groups
and 1100-1150 cm ™" for C-O-C bonds confirms esterification
or PEGylation reactions. Similarly, the appearance of amide I
and II bands at 1640 and 1550 cm™ " indicates covalent cross-
linking between polymeric matrices or between organic and
inorganic phases. The strength and position of these bands
provide direct chemical evidence of the bonding mechanisms
driving the self-assembly process.**

X-ray photoelectron spectroscopy (XPS) further complements
FTIR by identifying the oxidation state and chemical environ-
ment of surface atoms. For example, shifts in the N 1s peak
from 399.0 eV to 401.0 eV typically correspond to amide bond
formation following PEG conjugation, while the O 1s and C 1s
spectra can distinguish between carboxyl, carbonyl, and
hydroxyl functionalities. The method's high surface sensitivity
(probing depth <10 nm) allows it to resolve subtle changes in
surface chemistry that directly impact the thermodynamic
stability and reactivity of the SANCs.*

Transmission electron microscopy (TEM) and its high-
resolution variant (HRTEM) are indispensable for visualizing
the internal morphology and crystalline arrangement of SANCs.
These techniques reveal whether the nanocomposites adopt
core-shell, layered, or network-like architectures. For example,
high-resolution TEM images of CuO/ZrO,/TiO,/RGO nano-
composites show uniform dispersion of nanoparticles on gra-
phene oxide sheets with distinct lattice fringes of 0.31 nm,
confirming high crystallinity and well-defined interfaces
between components. Such nanoscale ordering is essential for
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efficient electron transfer and chemical interaction across the
composite interface.*®
In addition to TEM, atomic force microscopy (AFM) provides
complementary topographical and mechanical information at
the nanometer scale. AFM phase imaging distinguishes
between soft organic and rigid inorganic domains, while
roughness and adhesion maps reveal how surface functionali-
zation affects the physical behavior of the nanostructures. The
ability of AFM-based nanoindentation to quantify mechanical
stiffness and elasticity enables the correlation of interfacial
chemistry with macroscopic mechanical performance.*”
Spectroscopic methods such as UV-visible and Raman
spectroscopy further expand the chemical interpretation of
SANC behavior. UV-vis spectroscopy detects m-m stacking,
conjugation length, and optical transitions that reflect molec-
ular ordering within polymeric or hybrid systems, whereas
Raman spectra provide vibrational fingerprints associated with
specific bonds and crystalline phases. For instance, variations
in Raman bands at 1340 cm™ " (D band) and 1580 cm™ " (G band)
can indicate defects or functionalization on graphene-based
SANCs, while enhanced UV absorption peaks correspond to
stronger electronic coupling within conjugated domains.*®
Recent advances have moved toward combining multiple
techniques to achieve correlative imaging, where data from XPS,
AFM, and FTIR are integrated to produce spatially resolved
chemical maps of the nanocomposite surface. This multimodal
approach provides a three-dimensional understanding of compo-
sition and structure, enabling the simultaneous evaluation of
chemical states, roughness, and functional group distribution.*
Altogether, the integration of DLS, FTIR, XPS, TEM, AFM,
and complementary spectroscopic techniques provides
a comprehensive understanding of the chemical and structural
nature of SANCs. These methods collectively bridge the
molecular-scale interactions and the macroscopic performance
of the materials, ensuring a rational foundation for their design
in biomedical, catalytic, and electronic applications.**

4. Mechanisms of self-assembly in
SANCs

4.1 Distinguishing molecular conjugation from
supramolecular self-assembly in SANC design

Molecular conjugation represents a covalent pre-assembly
strategy in which active molecules such as drugs, peptides,
lipids, or polymers are chemically linked to form prodrugs or
conjugates with defined stoichiometry and composition. In
contrast, self-assembly is a non-covalent supramolecular process
through which these molecular building blocks spontaneously
organize into nanostructures such as micelles, vesicles, nanogels,
or nanofibers. This conceptual distinction highlights that
molecular conjugation enables and fine-tunes self-assembly,
while self-assembly determines the emergent morphology,
internal architecture, and responsiveness to external stimuli.**
To avoid conceptual overlap, self-assembled nanocomposites
can generally be categorized into three functional groups. The
first includes physically assembled systems, based purely on non-
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covalent encapsulation within polymeric, lipidic, or peptidic
matrices. The second comprises covalent conjugate-based
systems, in which pre-formed prodrugs or polymer-drug conju-
gates undergo spontaneous supramolecular assembly. The third
group involves host-guest supramolecular complexes, such as
cyclodextrin inclusion or hydrogen-bonded frameworks *2,

The parameters governing self-assembly include the hydro-
philic-hydrophobic balance, packing parameter, substitution
degree or grafting density, medium conditions (pH and ionic
strength), and molecular weight distribution. Collectively, these
parameters define access to morphologies typically within the
50-200 nm range, which is optimal for tumor accumulation and
systemic delivery.>® At the conjugation stage, stimuli-responsive
linkers such as pH-labile hydrazone or acetal bonds, redox-
cleavable disulfides for GSH-rich cytosol, or enzyme-sensitive
peptides can be covalently incorporated to achieve pro-
grammed disassembly and on-demand drug release. These
chemical modifications are installed before self-assembly but
act dynamically during or after assembly, allowing precise
control of drug release in tumor-relevant microenvironments.>

4.2 Mechanistic basis, architectures, and characterization of
self-assembled SANCs

Consequently, it is not surprising that the supramolecular self-
assembly of SANCs plays such a decisive role in the synergy of
all kinds of non-covalent interactions, thus enabling these
nanostructured substrates to form stable and fully biocompat-
ible colloid phases. The main driving forces contributing to this
goal include hydrophobic interactions, electrostatic forces,
hydrogen bonding, van der Waals forces, - 7 stacking, and
host-guest interactions, among others. In this section, we
introduce the details of some basic self-assembly formats in
SANCs, micelles, vesicles, nanofibers, and hydrogels, and
outline major contributions to their optimization by illustrating
different modes of action in various drug delivery tasks.>*
Hydrophobic interactions are among the major driving
forces in the core-shell structure in amphiphilic molecules,
where hydrophobic segments aggregate to minimize their
contact with water. Hydrophobic interactions are an important
driving force in the encapsulation of hydrophobic drugs within
the core of micelles and vesicles. For instance, poly(ethylene
glycol)-b-poly(caprolactone) micelles have hydrophobic
caprolactone segments that self-associate to form a stable core,
allowing high encapsulation efficiency of hydrophobic drugs
like paclitaxel (PTX).*> Amphiphilic molecules organize them-
selves in water by concealing their hydrophobic unit inside
a core of the formed aggregates: micelles, and vesicles. This
rearrangement is thermodynamically beneficial, as it increases
the system's entropy by forcing water molecules out of the
hydrophobic surface to form a stable core-shell structure,
which helps achieve the encapsulation of non-polar drugs.*
Electrostatic interactions between oppositely charged mole-
cules support the formation of polyelectrolyte complexes and
other charged assemblies. These forces are widely exploited in
layer-by-layer nanostructures, where alternating layers of
charged polymers provide a stable multi-layer system with
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tunable drug release profiles. For example, chitosan-alginate
systems form polyelectrolyte complexes that stabilize the
structure and allow for controlled drug release, which would be
beneficial in combination therapies.*” Such interactions direct
the initial docking and orientation of molecular building
blocks. Electrostatic attraction in SANCs may result in the
emergence of rapid coacervation or ionic crosslinking, which
depends on pH and the concentration of ions. This enables
quick assembly of nanostructures with modulable surface
charge, essentially an increase in endosomal escape and
cellular uptake in gene or protein carriers.>®

Hydrogen bonding also facilitates the preparation of stable,
biocompatible nanostructures via hydrogels and peptide
assemblies. H-bonds are characteristic of peptides that form -
sheets self-assembling into nanofibers and gels. Indeed, many
peptides with regularly alternating hydrophobic and hydro-
philic residues, such as FEFEFKFK, form hydrogen-bond-
stabilized-B-sheet networks and have previously been used to
encapsulate drugs within their hydrophobic pockets.> These
bonds can undergo reversible co-disassembly under the precise
conditions and are very sensitive to pH, which is why they can
be used in the stimulus-responsive systems of controlled
release.®

van der Waals interactions, which are weaker, contribute
even further to cohesion and stability in self-assemblies by extra
non-covalent binding. Such interactions often play a significant
role in maintaining hydrophobic core structures and layer
systems at positions where stronger interactions cannot domi-
nate.®* This effect is helpful for stabilizating vesicles that consist
of lipids for long-term drug delivery.*> Those non-covalent
interactions are weak, but they are the key to molecular
packing using the assembled nanostructure, and close packing
in the assembled nanostructure. They aid in reducing empti-
ness or gaps in tightly packed peptide or polymer assemblies,
where there are no powerful charge interactions.*

m-1 stacking interactions of aromatic rings support the
stability and assembly of nanostructures incorporating
aromatic compounds, including some hydrophobic drugs and
peptide assemblies. These provide the capability of loading
a drug without chemical modification to the drug molecule
itself, something of high value for developing environment-
responsive drug delivery systems. Carbon nanotubes and
graphene-based nanomaterials also use m-m stacking for the
encapsulation and stabilization of drugs, and improve their
controlled release upon changing pH.** Hierarchical self-
organization has been proposed in systems with
phenylalanine-rich peptides, graphene derivatives, or anthra-
cycline drugs, and is supported by aromatic pi-stacking inter-
actions. These interactions on the plane lead to the creation of
stacked structures, and in the case of the delivery platforms that
can work photoresponsive or dual-functional, potentially to the
optical or mechanical tuning of the nanocomposite.*

In particular, host-guest interaction with cyclodextrin can
provide reversible and responsive self-assembly. Cyclodextrins
can assemble into inclusion complexes with complementary
hydrophobic drugs, providing a sound structure that, depend-
ing on changed environmental conditions such as pH or ionic
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changes, may allow the release by breaking the structures.
Assemblies based on B-cyclodextrins encapsulate hydrophobic
drugs and their release can be facilitated through pH change,
which could be very instrumental in targeted cancer therapy
since the pH is low.*

The working concept of supramolecular self-assembly and
the responsiveness against various internal/external stimuli are
shown in Fig. 2. Such ordered assemblies, including micelles
and vesicles, can be obtained by aiding intermolecular inter-
actions, including hydrogen bonding, m-7 stacking, electro-
static, and hydrophobic forces. The possibility of such
structures having immense therapeutic potential is of particular
interest, especially in nanomedicine, whereby they may provide
a case and carriage of drugs or biomolecules (like DNA, RNA,
and proteins) in a controlled and targeted manner. This figure
focuses on the adaptability and effectiveness of supramolecular
systems in advanced applications for drug delivery.

4.3 Quantitative chemical insights into non-covalent
interactions in SANC self-assembly

Linking molecular design decisions to the thermodynamic
stability, responsiveness, and structural outcomes of SANCs
requires a more thorough quantitative understanding of the
non-covalent interactions that underlie self-assembly. The self-
assembly of smart amphiphilic nanocomposites (SANCs) is
governed by a balance of multiple non-covalent forces such as
hydrophobic collapse, m-7 stacking, hydrogen bonding, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

electrostatic interactions, that collectively define the thermo-
dynamic stability and architecture of nanostructures. Quanti-
tative understanding of these interactions provides deeper
insight into molecular design and enables predictive control
over SANC performance.

Table 2 lists the common interaction energies found in the
literature along with their main functional implications in order to
put the energetic values of these non-covalent forces into context
and make clear their unique functions in driving SANC assembly.
This synthesis offers a framework for understanding the roles that
various molecular interactions play in SANC systems' core forma-
tion, structural ordering, and stimuli-responsive behavior.

Hydrophobic interactions represent the primary driving force,
minimizing the unfavorable contact between hydrophobic
domains and polar solvents. The Gibbs free energy (AG) associ-
ated with hydrophobic aggregation has been reported to range
from —20 to —45 k] mol ', depending on polymer composition
and environmental polarity.”® Molecular dynamics simulations
confirm that enhanced hydrophobic shielding increases self-
assembly efficiency and reduces entropy penalties in water.”

In parallel, - stacking interactions provide directional
aromatic stabilization that contributes approximately 20-
60 kcal mol ™" per interacting pair.”® Density Functional Theory
(DFT) and experimental spectroscopy studies reveal that these
interactions strongly influence nanoscale order and charge
delocalization within m-conjugated domains. Moreover, the
introduction of m-conjugated moieties can increase van der
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Table 2 Summary of non-covalent interaction energies and their functional significance in the Self-Assembling Nanocomposites (SANCs)

Interaction type Typical energy range (k] mol )

Functional implication for SANCs Ref.

Hydrophobic interactions —20 to —45 kJ mol ™"

T-T stacking interactions 20 to 60 kJ mol "

Hydrogen bonding 8 to 25 kJ mol "

Electrostatic interactions Up to —30 k] mol !

Waals dispersion forces and favor lamellar over micellar
morphologies in water.”®

Hydrogen bonding, though individually weak (8-
25 kJ mol "), acts cooperatively to stabilize higher-order
supramolecular networks and control assembly Kkinetics.
Experimental studies show that hydrogen-bonded peptide or
polymer assemblies display distinct kinetic-to-thermodynamic
transitions in aqueous media, with transformation rates
dependent on H-bond strength and concentration.”” This
cooperative hydrogen bonding effect is particularly significant
in B-sheet-like assemblies and cyclic peptide nanotubes.

Electrostatic interactions modulate the stability and
morphology of SANCs by tuning surface charge densities. Studies
have shown that attractive electrostatic assembly between oppo-
sitely charged macromolecules can yield highly ordered nano-
structures with size- and shape-tunable properties.
Thermodynamic analysis reveals enthalpy gains of up to
—30 kJ mol " per electrostatic pairing, highlighting their key role
in morphology regulation.”® Advanced molecular simulations
further demonstrate that the self-assembly free energy landscape
of SANCs exhibits multiple metastable minima corresponding to
micellar, vesicular, and fibrillar states. These states are separated
by AG barriers ranging from 10 to 25 kJ mol~*, depending on
solvent polarity and ionic strength. This finding explains the
experimentally observed reversibility and stimuli-responsiveness
of SANC assemblies under physiological conditions.*

Collectively, these thermodynamic and molecular-level
insights reveal that SANC self-assembly arises from a finely
tuned synergy among hydrophobic collapse, m—m stacking,
hydrogen bonding, and electrostatic coupling. The balance of
enthalpic stabilization and entropic gain drives the spontaneous
formation of robust, stimuli-adaptive nanostructures capable of
dynamic reorganization in complex biological environments.

5. Common self-assembly structures

Micelles represent spherical structures of amphiphilic molecules
with a hydrophobic core and a hydrophilic shell, highly suitable
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for the encapsulation of hydrophobic drugs. Polymer micelles,
like those self-assembled from PEG-b-PCL, exhibit improved
stability and a controlled release property, especially useful for
hydrophobic chemotherapeutics. Micelles improve the solubility
and blood circulation time of drugs, enabling their passive tar-
geting accumulation in tumors.” Vesicles and liposomes have
a bilayer structure similar to cell membranes, which enables
them to encapsulate both hydrophobic and hydrophilic drugs
within their lipid bilayers. These structures are versatile in drug
delivery; for example, liposomes loaded with doxorubicin (DOX)
(e.g, Doxil) have shown prolonged circulation and targeted
tumor accumulation, enhancing therapeutic efficacy while
reducing systemic side effects.*® Nanofibers and nanotubes
provide elongated structures with high surface areas, often used
in tissue engineering and sustained release drug delivery
systems. Self-assembling peptides, such as those that form (-
sheet nanofibers, allow encapsulation and sustained release,
providing a scaffold that can be functionalized with bioactive
molecules for targeted therapeutic effects.** Hydrogels are three-
dimensional networks of physically or chemically crosslinked
polymers capable of holding considerable amounts of water.
Hydrogels based on physical junctions depend on forces of self-
assembly, such as hydrogen bonding and hydrophobic interac-
tions, for reversible gelation, an attribute that provides suitability
for in situ drug delivery applications. Nanostructured architec-
tures self-assembled hydrogels with controllable release profiles
and stimuli-responsive ability of the hydrogel, provide improved
localized delivery due to changes in environmental parameters
such as pH or temperature,.*

The polyelectrolyte complexes (PECs) are multi-layered struc-
tures created through electrostatic interactions between oppositely
charged polymers. Layer-by-layer PECs allow for the sequential
loading and controlled release of drugs, especially useful in
combination therapies for cancer treatment.*®* The underlying
concept of nanocapsules is that of an encapsulated, hollow space
surrounded by a solid shell; usually, this is created using some
solvent-exchange methodology or through gradient-driven self-
assembly. In these regards, peptide-based nanocapsules self-
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organize in response to the presence of concentration gradients to
afford high drug loading and controlled release within targeted
tissues, among other attributes. These nanocapsules are highly
versatile and therefore can be tuned to responsive capability via
many triggers aimed at improving targeted delivery.**

6. Mechanisms controlling drug
release in SANCs

The idea in SANCs rests on the precise modulation of drug release,
driven by multiple stimuli-responsive mechanisms, each based on
specific environmental cues in diseased tissues: pH, temperature,
enzyme concentration, and/or redox potential. While all of these
signals are particularly useful for targeting specific disease condi-
tions, the advantages of using SANCs in drug delivery can be
realized only when responding to them. SANCs may be developed
in several controlled release mechanisms such as degradation,
diffusion, and stimuli-responsiveness (e.g., pH, redox, and enzyme-
induced release). Notably, a conjunction of these components has
been synergistic in enhancing treatment efficacy. As an example,
an acidic pH/high glutathione content dual-responsive system
exhibited a release of 80 percent in 24 hours in a tumor-like envi-
ronment, whereas without redox stimulus, the same system only
produced 25 percent drug release in neutral pH.*® On the same
note, a multimodal nanoparticle containing a photothermal agent
and enzyme-cleavable linkers was found to have 2.3 times more
tumor inhibition rate when compared to single-trigger systems.
These findings emphasize that the combination of several release
triggers not only improves site-specific drug levels but also reduces
the occurrence of side effects involving the whole body. Some
combinations can also be used in future systems to achieve accu-
racy in the mode of drug release; this can be timed and sequenced
to match the complex diseases, such as cancer.** Some key
mechanisms controlling SANC drug release are illustrated below.*

6.1 pH-sensitive release

pH-sensitive SANCs are designed to take advantage of the
differences in acidity between healthy and diseased tissues.
Tumors, as well as some infection sites, are characterized by
a slightly acidic extracellular environment, with a pH range of
6.5-7.0, compared to normal tissue, which has a pH of 7.4, while
intracellular compartments, such as lysosomes and endosomes,
are even more acidic, with a pH range of 4.5-5.5.”

The pH-responsive systems most often rely on materials
containing pH-sensitive linkers or coatings. For example, acid-
degradable poly(r-histidine) or poly(B-amino esters) enable the
rapid release of encapsulated drugs in tumor microenviron-
ments or acidic intracellular compartments.®

Results from a recent study show that, for poly(i-histidine)-
based nanoparticles encapsulating DOX, release can be accel-
erated in the tumor environment (acidic). In so doing, it has
achieved superior drug accumulation in tumor tissues
compared with its non-pH-responsive formulations. Thus, these
pH-responsive nanoparticles enhanced therapeutic efficacy,
achieving about a 60% increase in the tumor inhibition rate.”
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pH-sensitive SANCs are designed to exploit the acidic
microenvironment of tumors and endosomes to trigger
controlled drug release. For example, PEG/PCL-based nano-
particles demonstrated a drug release of over 70% at pH 5.0 in
the presence of 10 mM GSH, compared to less than 30% at
physiological pH, significantly enhancing site-specific drug
availability.®* Similarly, magnetic mesoporous Fe;O0,@SiO,
SANCs grafted with biopolymers released 96% of the drug at pH
5.6, offering precise control in acidic environments.*

Due to this feature, pH-sensitive SANCs are widely used in
oncology to precisely deliver chemotherapeutics with lower
systemic toxicity in the acidic tumor microenvironment.*®

6.2 Temperature-triggered release

Temperature-sensitive SANCs take advantage of the slight
temperature difference between normal tissues and inflamed or
tumor tissues. In addition, external heating methods, like focused
ultrasound or laser irradiation, may be employed to selectively
raise temperatures at certain sites, thus inducing drug release in
a controlled fashion.”” Thereby, temperature-sensitive polymers
exhibit phase transitions above or below a specific temperature.
Poly (N-isopropylacrylamide) has a lower critical solution
temperature at approximately 32 °C, below which this polymer
changes from hydrophilic to hydrophobic and thus disrupts the
nanostructure and thereby releases the entrapped drug.”® Ther-
mosensitive liposomes loaded with DOX showed significant
release upon mild hyperthermia (41-42 °C) induced by focused
ultrasound. This targeted approach enhanced drug accumulation
in tumor tissues, leading to tumor regression 70% higher
compared to non-thermosensitive formulations.” Temperature-
sensitive systems are widely used in combination with thermal
therapies, such as hyperthermia or photothermal therapy, to
improve drug delivery and maximize therapeutic efficacy.'”
Thermosensitive nanocomposites are also designed to deliver
medications when exposed to mild hyperthermia, which is
a phenomenon that is prevalent in tumor tissue. The presence of
PNIPAAm or other comparable polymers in such systems exhibits
extreme release increments beyond LCST (~40 °C). As one
example, a study has shown that at 42 °°, drug-loaded polymeric
micelles were able to release their payload more than 2x as fast as
when incubated at 37 °C, and this provides a means of spatio-
temporal control. This method is beneficial in increasing
therapeutic effect and reducing systemic adverse effects.

6.3 Enzyme-responsive release

Enzyme-responsive SANCs are designed to degrade in the
presence of specific enzymes overexpressed in certain patho-
logical conditions, such as cancer or inflammation. This
approach allows SANCs to selectively release their payload in
the presence of high levels of an enzyme, thus enabling targeted
release within the diseased tissues.”” Linkers consisting of
enzyme-sensitive linkers, such as peptides or polysaccharides,
can be degraded by enzymes. For instance, matrix meta-
lloproteinases in tumors can be common enzymes that target
the degradation of peptide-based nanocomposites, while hya-
luronic acid is degraded at inflammation sites by the action of
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hyaluronidase.'> One such study has shown that matrix
metalloproteinase-sensitive nanoparticles encapsulating PTX
and DOX have increased tumor penetration and drug release. In
BALB/c mice with subcutaneous C26 colon carcinoma, MMP-2-
cleavable PEGylated liposomes demonstrated superior DOX
release and antitumor efficacy using a single i. (v). dose equal to
10 mg kg~ ' DOX; survival was monitored for up to 70 days and
tumor volume was tracked for 33 days, outperforming non-
enzyme-responsive controls (98).'%

The enzyme-responsive SANCs find strong applications in
cancer therapy, where the tumor-specific enzymes enable degra-
dation and drug release in a very localized fashion. They are also
researched in inflammation and wound healing applications due
to localized enzyme production in affected tissues.'®* SANCs that
contain enzyme-cleavable linkers can also be used to release the
drug in the overexpressing tissue, e.g., MMPs or azo-reductases.
Indicatively, polymeric ES-Azo nanoparticles demonstrated an
increase of 5.5 times in their localization and drug release in the
inflamed colonic tissue in contrast to the control particles which
was evidence of the enzyme-activated responsiveness. This
enzyme specificity cuts down use of off-target toxicity and
enhances therapeutic selectivity.'”

6.4 Redox-responsive release

In contrast, the strategy of redox-responsive SANCs has taken
advantage of the high concentration of glutathione inside cells,
especially in tumor cells, where its concentration can be as high
as 100-1000 times greater than in extracellular fluids. Drugs
linked through redox-sensitive moieties are therefore selectively
released under reductive intracellular conditions.'® The most
used linkers in redox-responsive systems are disulfide linkers.
Such linkers are stable in the normal oxidative extracellular
environment but cleave under reductive conditions. Disulfide
bonds are thus often introduced into the core-shell structure of
redox-responsive micelles and vesicles to ensure stability during
circulation with triggered release upon cellular uptake in high
glutathione (GSH) environments.'*” DOX-loaded redox-sensitive
micelles prepared from (PEG-SS-PCL; poly(ethylene glycol)-di-
sulfide-poly(e-caprolactone)) polymers showed selective release
in high GSH conditions characteristic of cancer cells. Such
micelles exhibited in vitro cell inhibition of up to 80% in che-
moresistant cancer lines compared to standard formulations.**®
In dextran-based nanogels, methotrexate release was five-fold
greater under 10 mM GSH and pH 5.0 conditions that
resemble the intracellular tumor environment.** Other systems
that survive the problem of drug resistance are the redox
response systems; in one study with doxorubicin-loaded nano-
composites, the ICs, of resistant cancer cells dropped to
8.55 mL g~ with a drug response to >100 mL g~ '.1*°

6.5 Multi-responsive SANCs

Some SANCs respond to multiple stimuli, such as pH, temper-
ature, and redox conditions, enabling highly sophisticated,
stepwise drug release. Multi-responsive systems hold particular
promise in cancer therapy, where the tumor microenvironment
displays a complex topography of pH, enzymatic activity, and
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redox potential.™** pH integrates into multi-responsive SANCs in
combination with temperature-sensitive lipids and redox-
sensitive linkers to create a hierarchical design. Such
approaches can allow the drugs to be released sequentially as
the SANCs encounter a variety of stimuli during both their
systemic circulation and subsequent cellular uptake.™*> Multi-
stimuli-responsive nanogels containing disulfide and pH-
sensitive linkers have demonstrated effective encapsulation
and targeted release of hydrophobic drugs like PTX. These
nanogels exhibited a controlled release profile in response to
both acidic pH and high GSH, achieving more than 85% tumor
inhibition in murine cancer models."® The multi-responsive
SANCs show high adaptability in a complex disease environ-
ment, realizing the controlled multi-stage release profile that
improves the therapeutic index and allows highly customized
drug delivery strategies."* Although stimuli-responsiveness
offers significant advantages for controlled drug release, it is
not the only determinant of an efficient delivery system. Prac-
tical formulation design must also balance responsiveness with
colloidal and chemical stability to prevent premature release or
aggregation during circulation. For instance, excessive incor-
poration of pH- or redox-sensitive linkages can increase
hydrolytic degradation, while thermo-responsive polymers may
reduce long-term storage stability. Therefore, rational design of
SANCs should integrate multiple criteria—including particle
size control, surface charge optimization, and biocompati-
bility—to ensure both responsiveness and stability throughout
the drug delivery process.***

Fig. 3 illustrates in detail the concept and mechanism behind
stimuli-responsive drug delivery systems, highlighting how each
environmental trigger varies in response to pH, temperature, and
light control of the drug release profile. Advanced delivery
systems, such as co-assembled nanoparticles, may be applied in
targeted therapies by coupling controlled release, localization,
and real-time therapeutic feedback of the cargo, as indicated by
the figure. It gives evidence for the versatility and precision of
modern approaches to drug delivery.

6.6 Design advantages of SANCs for drug delivery

Unlike carrier-laden systems, SANCs represent a new class of
programmable material where the active ingredients and
linkers themselves control particle formation, payload encap-
sulation, and on-demand disassembly. This allows for much
higher payload densities while reducing the amount of inert
excipient content.™® With minimal carrier-related toxicity,
many SANCs can reach drug loading levels well beyond those of
liposomal formulations or classical polymeric particles due to
their construction from drug-drug or drug-polymer conjugates.
The sensible incorporation of cleavable linkers (pH-labile,
redox-sensitive, enzyme-cleavable, or hybrid chalcogen bonds)
allows for spatially restricted activation within heterogeneous
tumor microenvironments and minimizes premature systemic
leakage.''#**°

SANCs address several major disadvantages while incorpo-
rating the key practical advantages of multiple platforms due to
their composition and architecture. Hierarchical co-assembly
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Fig. 3 Stimuli-responsive drug delivery systems. (A) pH-responding drug release through structural changes and diffusion in acidic environ-
ments. Adapted with permission from ref. 115. Copyright 2015 American Chemical Society. (B) Various stimuli, including pH, temperature, redox
potential, magnetic field, and light, can trigger drug release. Adapted with permission from ref. 116. Copyright 2012 Elsevier B.V. All rights
reserved. (C) Co-assembled liposomes for pH-sensitive drug delivery showing MRI localization, targeted aggregation, and multi-stimuli disin-
tegration with real-time therapeutic feedback. Reproduced with permission from ref. 117. Copyright 2021 Elsevier Ltd. All rights reserved.

allows co-delivery of small molecules, nucleic acids, and bio-
logics with preserved bioactivity; stimulus-responsive supra-
molecular architectures allow for sequential or multistep
release, difficult to achieve in single-phase formulations; and
carrier-free or carrier-sparing prodrug nanoassemblies increase
drug content and reduce excipient burden."***°* Importantly, in
contrast to many conventional systems, the linker and bonding
chemistries can be selected to enhance in vivo stability-longer
circulation-while enabling quick, environment-triggered acti-
vation at the target site. This balance increases tumor accu-
mulation and decreases off-target exposure.'® Although these
advantages are compelling for drug delivery, practical trans-
lation requires regulatory characterization, long-term stability,
and strong control over self-assembly manufacturing repro-
ducibility. Thus, pairing the design advantages above with
scalable and standardized production strategies will be critical
for clinical uptake.*'®**

7. Comprehensive comparative
analysis of SANCs in drug delivery

With their accurate, regulated, and active release of a thera-
peutic agent, SANCs have the potential to completely transform
drug delivery. Such nanostructures exploit different stimuli-
responsive mechanisms, like pH, redox potential, or enzy-
matic activity, toward the optimization of drug delivery at active
sites to improve both efficacy and safety profiles. Their

© 2026 The Author(s). Published by the Royal Society of Chemistry

versatility involves the use of different materials, including
polymers, lipids, and inorganic particles, in diverse therapeutic
applications.” This review discusses the recent advances in the
field of SANCs regarding drug loading efficiency, kinetics of
release, and bioavailability, to open more effective and
personalized treatment options in modern medicine.

7.1 Drug loading efficiency and release kinetics

DNA nanoconstructs, such as AS1411 aptamer-tethered DNA
nanotrains (AS1411NTrs), have a super-high drug loading
capability with self-controlled release. The obtained
AS1411NTrs possess the ability to load almost 20:1 DOX to
carrier structure, revealing an excellent sustained release
pattern under the treatment of DNase I, which may digest the
DNA with great control.**® Moreover, the thermodynamic study
of mithramycin-loaded DNA nanotrains with different metal
ions like Mg”" and Zn>" showed that the binding affinity and
release rate could be modulated with higher stability and higher
cytotoxicity against HepG2 cells than their non-nanostructured
counterparts.” Chitosan/polycaprolactam (PCL-CS) nano
complexes, modified chitosan-polycaprolactam loaded with
quercetin, had a 21.5% drug load and showed controlled release
in a pH-buffered environment, making this more efficient for
cancer treatment. Its conjugation with folic acid enhanced its
targeting ability toward the cancer cells since the viability in FR-
expressing cells decreased compared to controls.'*

RSC Adv, 2026, 16, 5088-5127 | 5101


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07117h

Open Access Article. Published on 23 January 2026. Downloaded on 4/6/2026 4:07:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
Table 3 Comparison of SANC types based on loading capacity, release profiles, bioavailability, and key applications®

Loading Therapeutic
SANC type capacity Release profile Bioavailability targeting Key applications Ref.
DNA High Enzyme-responsive, Selective High specificity Cancer targeting 123 and 124
nanostructures (~20 molecules) sustained
Polymer-based Moderate Controlled, Moderate Systemic delivery Chemotherapy, 131
micelles steady release systemic delivery
Lipid-based LNPs High Responsive to pH Enhanced Broad applications Gene therapy, 132

and enzyme activity hydrophobic drugs

Chitosan—polycaprolactam 21.5% pH-dependent, Enhanced Folate-targeted Cancer therapy 125
complex controlled for cancer
Self-nanoemulsifying High Rapid and 2.2-Fold Non-specific Oral delivery of 129
systems sustained increase poorly soluble drugs
Redox-sensitive Variable Redox-triggered Selective for High tumor Cancer-specific 133
dipeptide vesicles release cancer cells selectivity intracellular delivery
Temperature/ultrasound Variable Triggered by Variable Selective targeting  Targeted liver cancer 134
amphiphiles ultrasound therapy

“ Abbreviations: SANC, self-assembling nanocomposite; DNA, deoxyribonucleic acid; LNPs, lipid nanoparticles; pH, potential of hydrogen.

The designed nanocages based on apoferritin for pH and
ROS responsiveness can exhibit a dual mechanism of controlled
release. Under low pH and laser irradiation, the release rate
increased from 26.1% to 92%, which enables the precise
delivery of drugs in an acidic tumor environment. Such a dual-
trigger release system achieved up to 83% cell inhibition in
models of breast cancer.”® PEG-disulfide PTX nanoparticles
have been developed, showing a redox-responsive delivery
mechanism with a high drug content of 15.7% and entrapment
efficiency of 93.3%. Under normal conditions, the system was
quite stable; however, it collapsed under reductive conditions
that mimic the conditions inside the tumor cells, which could
facilitate targeted release. By this mechanism, superior anti-
tumor efficacy in breast cancer xenografts was achieved than
that achieved by traditional PTX formulation.'” AuNP-based
vesicles showed controlled pH-responsive disassembly,
enhancing drug release in acidic intracellular compartments.
These vesicles could effectively release drugs and allow surface-
enhanced Raman scattering-based bioimaging, hence showing
dual functionality for cancer targeting and traceable drug
delivery.'?®

7.2 Bioavailability and pharmacokinetic profiles

Self-nanoemulsifying drug delivery system (SNEDDS) shows
high enhancement in the bioavailability of hydrophobic drugs
and achieves a 2.2-fold increase in oral bioavailability for a given
formulation compared to a non-emulsified version. This tech-
nique employs droplets at a nano-size that aids in increasing
their solubility and, thereby, absorption; this renders it an
appropriate candidate technique for oral administration of
several poorly water-soluble drugs.* Gelatin-oleic acid nano-
particles improved the aqueous solubility of the poorly water-
soluble drugs valsartan and telmisartan. These nanoparticles
showed a pH-dependent controlled-release profile, with sizes in
the range of 200-250 nm, which is optimal for enhanced
bioavailability upon oral and systemic applications.® In
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comparison to free drugs, this system achieved a 6.4-fold
increase in the blood half-time of betulinic acid and improved
therapeutic effects with improved bioavailability. These nano-
particles co-delivered betulinic acid and hydroxy camptothecin
with enhanced bioavailability and prolonged circulation time;
the drug loading efficiencies were 23% and 21.15%, respec-
tively.”®® Table 3 summarizes representative SANC classes,
highlighting loading capacity, typical release behavior,
comparative bioavailability outcomes and primary therapeutic
applications to facilitate direct comparison across platforms.

8. Potential therapeutic areas for
SANCs

SANCs have emerged as a promising tool in modern drug
delivery systems by offering precise and controlled release of
therapeutic agents. Their ability to efficiently deliver a wide
range of drugs, including small molecules, nucleic acids, and
proteins, makes them suitable for various therapeutic applica-
tions. SANC increases the bioavailability of a drug, reduces
systemic toxicity, and, in turn, enhances targeting capability.
Thus, they are especially useful in the treatment of cancerous
disorders, infections, and gene therapy.'*® In this section, we
will explore the diverse therapeutic potentials of SANCs,
focusing on the development of personalized treatments that
offer higher efficiency in modern medicine through the use of
SANCs.

8.1 Applications of SANCs in cancer therapy

SANCs significantly enhance drug targeting at tumor sites while
ensuring non-toxic, biocompatible excipients that improve
stability and respond effectively to environmental stimuli for
on-demand drug delivery. Through the attachment of active
ligands or using enhanced permeability and retention, SANCs
present tumor-specific accumulation and limited, if any,
distribution among nontarget tissues to diminish unfavorable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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side effects. These nanocomposites often include a stimuli-
responsive component, either pH-sensitive or redox-
responsive linkers, as a trigger for on-demand drug release
inside the tumor microenvironment and thus grant even higher
specificity and potency to the treatment."*® Among these, Chien
et al. reported photo-controlled targeting and drug delivery with
upconversion nanoparticles. In this regard, SANCs that use
upconversion nanoparticles as near-infrared (NIR) light active
materials can afford highly controlled activation and drug
delivery. In the case of a study by Chien et al., upconversion
nanoparticles were functionalized with folic acid for tumor
targeting and thiolated doxorubicin for achieving controlled
release upon NIR exposure. This system demonstrated
increased tumor targeting in vivo, with drug release being
selectively obtained inside the tumor, while the adverse effects
were minimal and the bioimaging was effective along with
chemotherapy.**” Other promising vehicles could be the CXCR4-
Targeting Biparatopic Protein Nanoparticles. Biparatopic
protein nanoparticles have been engineered with particularly
high specificity and efficiency regarding tumor targeting in
cancers that express high levels of the chemokine receptor
CXCR4. Using the CXCR4-binding peptides EPI-X4 and T22,
Cano-Garrido et al. thus developed self-assembling protein
nanoparticles characterized by precise targeting of the CXCR4+
colorectal cancer cells. Moreover, this dual-ligand approach
significantly enhanced nanoparticles’ biodistribution and
greatly improved therapeutic efficacy with intensive tumor
destruction in animal models while sparing healthy tissues
from exposure to toxic activity.'**

Concerning pH-responsive nanostructured lipid carriers for
chemotherapy, Gao et al. developed a nanostructured lipid
carrier incorporating docetaxel and modified it with folate and
TMSPs. The resulting system allowed for dual-targeting via
folate receptor-mediated endocytosis and enzymatic cleavage by
overexpressed MMP-2/9 proteases. Indeed, the targeted system
demonstrated significantly higher cytotoxicity against tumors
overexpressing folate receptors with minimal systemic toxicity,
thus representing a clear advance compared to conventional
delivery of docetaxel.™ In the case of drug-resistant triple-
negative breast cancer, Ding et al. prepared “stealth” nanogels
self-assembled from epigallocatechin gallate and small inter-
fering RNA. These nanogels were functionalized with hyalur-
onic acid and cell-penetrating peptides, allowing for selective
targeting of tumor cells and evasion of drug resistance mecha-
nisms. Such nanogels showed a 15-fold increase in cytotoxicity
against resistant breast cancer cells compared to free epi-
gallocatechin gallate, resulting in a significant reduction in
tumor growth in vivo with no toxic effects on normal tissues.'*
Li et al. developed a tumor vascular-targeted delivery system for
the co-delivery of an anti-angiogenic agent, combretastatin A4,
and DOX by using MSNs. Fast release of combretastatin at the
tumor vasculature triggered vascular disruption, while subse-
quent release of DOX was done inside the tumor cells. This
caused a synergistic action at low drug doses to produce
significant tumor regression and reduced systemic toxicity with
efficient destruction of the tumor cells."* Hou et al. reported
self-assembling prodrug nano aggregates based on
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methotrexate conjugated to camptothecin and DOX via
reduction-sensitive disulfide and pH-sensitive hydrazone
linkers. These nano aggregates are self-assembled in the tumor
microenvironment, selectively releasing the drug in response to
the acidic and redox conditions of tumor cells. This system
achieved synergistic antitumor effects in xenograft models with
minimal superior to single-agent
therapies.

SANCs can carry a broad array of genetic cargos, such as
PDNA, siRNA, and mRNA, which self-assemble into protective
nano complexes via electrostatic interactions, hydrogen
bonding, and hydrophobic forces. In every way, this supports
that, while traveling, genetic material would not degrade
prematurely before arrival in target cells.'*® Generally, DNA
nanocomplexes are formed through electrostatic binding
between the negatively charged nucleic acids and positively
charged gene carriers. This approach was demonstrated in
a study by Ho et al.,, who showed that DNA nanocomplexes
synthesized through a controlled microfluidic setup produced
uniform size and stability, thus optimizing cellular uptake and
transfection efficiency.'** In this respect, the study points to
controlled synthesis as a means of overcoming limitations with
bulk-mixed nano complexes and achieving higher efficacy in
gene delivery with SANCs.

systemic
142

exposure,

8.2 Gene therapy

Tarvirdipour et al. developed a self-assembling amphiphilic
peptide platform carrying a nuclear localization signal to create
multi-compartment micelles capable of carrying oligonucleo-
tides directly to the nucleus. Such nuclear localization signal-
functionalized micelles showed high levels of transfection effi-
ciency and nuclear targeting in cancer cells, reaching as high as
86% knockdown of anti-apoptotic BCL2 genes in breast cancer
cells. The above precision delivery forms a great example of
SANCs' capabilities, which help to improve target specificity and
increase the efficiency of gene therapies through attacking
intracellular compartments.’*® Wang et al. have elaborated
triangular self-assembling nanoparticles loaded with mTOR
siRNA, realizing stable siRNA delivery with high transfection
efficiency. The triangular structure promoted cellular uptake via
both macropinocytosis and clathrin-mediated endocytosis, thus
ensuring highly effective silencing of the mTOR expression in
cancer cells. The above example outlined that SANCs have
structural flexibility in hosting different genetic cargos and
promoting efficient cellular internalization with ensured gene
silencing.'*® Also, SANCs enable the encapsulation and targeted
release of antibiotics and antiviral agents to optimize their
pharmacokinetic profile, reduce undesirable side effects, and
allow for pathogen-specific targeting. To achieve this, several
kinds of nanocomposites have been attempted, among which
are graphene-based nanomaterials, polymeric nanoparticles,
and nanocomposites based on metals."” Graphene nano-
ribbons combined with cationic porphyrins comprise a self-
assembled dual-wavelength phototherapeutic nanocomposite,
which creates ROS upon illumination and selectively Kkills
resistant bacteria. In the work from Yu et al., this system exerted
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high efficacy against multidrug-resistant strains such as E. coli
and S. aureus, with reduced minimum inhibitory concentra-
tions, in vitro, by half under photodynamic activation. In vivo
studies in infected mouse wounds demonstrated a complete
eradication of the bacteria, which was considerably superior to
conventional antibiotics.**® Curcumin-loaded polymeric nano-
particles exhibit broad-spectrum antimicrobial activity by har-
nessing the natural antibacterial properties of curcumin. Zhen
et al. found that polymeric nanoparticles-curcumin had
a minimum inhibitory concentration of 8-32 pg mL ™" against
all Gram-positive and Gram-negative bacterial strains,
including multidrug-resistant species like methicillin-resistant
Staphylococcus aureus (MRSA). This could be explained by the
idea that nanoparticles can diffuse through the bacterial cell
walls to cause damage to the bacterial membrane. Importantly,
it did not develop resistance with repeated exposures; hence,
polymeric nanoparticles-curcumin can be regarded as a prom-
ising approach to combat multidrug-resistant infections with
minimum development of resistance.'*®

SANCs based on AuNPs conjugated with antibiotics have also
been explored to enhance both the efficacy and target specificity
of antibiotics. Fan et al synthesized ampicillin-conjugated
AuNPs on PEGylated rosette nanotubes, obtaining enhanced
efficacy against MRSA and Staphylococcus aureus. The system
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reduced the minimum inhibitory concentration of ampicillin by
18%, effectively concentrating the antibiotic at the injection
site, and showed no cytotoxicity toward mammalian cells. Such
site-specific delivery methods are important in reducing
systemic exposure and thus minimizing potential side effects
associated with high-dose antibiotic treatments.**® Although the
number of studies on antiviral SANCs lags behind those on
antibiotic SANCs, some peptide- and lipid-based SANCs have
shown promising results in delivering antiviral drugs. For
example, self-assembled nanocomposites with lipid-based
vesicles enhance intracellular uptake of nucleoside analogs by
protecting them from viral degradation and extending the
therapeutic window for antiviral activity. Initial studies have
identified that such SANCs can enhance cellular delivery up to
a level that can maintain effective antiviral concentrations
without inducing cytotoxicity.

Fig. 4 illustrates the design and applications of nanoparticle-
based drug delivery systems for cancer therapy. It shows how
nanoparticles can be engineered for precise drug delivery by
passive and active targeting mechanisms, taking advantage of
leaky tumor vasculature and receptor-mediated endocytosis. It
also shows their application in gene silencing: cellular uptake,
endosomal escape, and siRNA-induced knockdown. This figure
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Fig. 4 Nanoparticle-based approaches in cancer treatment. (A) TEM image from nanoparticle assemblies. (B) Schematic of functionalized
surface ligands on an AuNP. (C) Measured optical density as a function of time to estimate the behavior of nanoparticle interaction/agglom-
eration at various concentrations. Adapted with permission from ref. 150. Copyright 2019 Fan, Y. Published by Dove Medical Press Limited. (D)
Passive and active targeting of tumors via leaky vasculature and receptor-mediated endocytosis, respectively. Adapted with permission from ref.
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emphasizes the versatility and multifunctionality of nano-
particles toward the advancement of targeted cancer therapies.

SANCs have also been explored for the modulation of
immune responses in autoimmune and inflammatory diseases
because of their local delivery of anti-inflammatory agents. Such
systems, upon the incorporation of self-assembled structures
responsive to pH and redox changes, are capable of releasing
drugs selectively in inflamed tissues. For example, in one recent
study, polymeric nanocomposites were shown to load metho-
trexate, an immunosuppressant, whereby a formulation based
on PEG-chitosan-iron oxide reduced inflammation markers
with reduced systemic toxicity.">® Ehtesham et al. reported that
neural stem cells (NSCs) delivering tumor necrosis factor-
related apoptosis-inducing ligand induced significant
apoptosis, reducing tumor size by over 50% and effectively
inhibiting tumor growth in glioblastoma models.*** SANCs are
emerging as a means of controlled delivery for insulin and other
antidiabetic medications. Glucose-responsive SANCs are
designed to release insulin in response to high levels of blood
glucose, thus providing precise glycemic control. In addition,
protein nanocages that self-assemble into pH-sensitive struc-
tures can protect insulin from degradation, enhancing stability
and bioavailability for more effective diabetes management.**®
Neurological diseases face several challenges in drug delivery,
with the most significant being the blood-brain barrier. SANCs
could overcome this challege by self-assembling into nano-
structures that may be able to cross the BBB. For instance,
biocompatible and stable peptide-based SANCs, have been used
to transport neuroprotective agents to specific sites in the brain
and may offer potential treatments for conditions such as Alz-
heimer's and Parkinson's disease.'*®

8.3 Inflammatory and autoimmune diseases

Kim et al. reported that genetically modified NSCs expressing
cytosine deaminase led to a 74% reduction in glioblastoma
tumor volume with direct intratumoral injection, demon-
strating the potential for targeted therapies.”” Phototherapy
has drawn much interest due to its localized targetability and
low invasiveness. A variety of self-assembling nanomaterials,
including gold and graphene-based composites, have been used
to deliver photosensitizers capable of producing cytotoxic ROS
through light activation. These nanocomposites enhance the
effectiveness of phototherapeutic effects while reducing the
destruction of healthy tissues, thus serving as a promising tool
in cancer treatment and antibacterial applications.**® Bago et al.
demonstrated that tumor-homing NSCs reduced glioblastoma
size by 250-fold in three weeks and extended survival from 22 to
49 days, showcasing the effectiveness of cytotoxic NSCs in
tumor therapy.”® Targeted thrombolytic delivery systems are
highly needed in the treatment of cardiovascular diseases to
reduce clot formation and prevent ischemic events. Recent
studies have engineered SANCs with thrombolytic agents to self-
assemble into structures responsive to blood flow and clot
microenvironments, enhancing clot penetration and stability.
Applications could revolutionize treatments by reducing the
risk of systemic bleeding commonly associated with
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thrombolytic drugs.'®® SANCs represent promising colloid
platforms for immunotherapy due to their potential to deliver
vaccines and immunostimulatory agents directly to immune
cells, enhancing the specificity of the immune response. DNA
nanostructures and peptide-based nanoassemblies are under
exploration for their capacity to deliver antigenic material
effectively in a stable and protective environment that enhances
vaccine efficacy. Recent DNA nanomaterials demonstrated
improved targeting of immune cells and induced sustained
immunogenic responses in tumor models.*® The therapeutic
design of SANCs varies across different biomedical applica-
tions, depending on factors such as drug type, target tissue, and
delivery route. To clearly illustrate how these requirements
influence material design, Table 4 summarizes recent examples
of SANC-based systems, outlining their delivery needs, design
rationale, and therapeutic outcomes across various diseases.

Fig. 5 illustrates the design and application of multifunc-
tional nanoparticles in targeted cancer therapy. It indicates that
such nanoparticles (NPs) can combine photothermal therapy
(PTT), photodynamic therapy (PDT), and chemotherapy; pH-
sensitive drug release, heat generation under NIR laser irradi-
ation, and suppression of tumor growth.

9. Potential for overcoming drug
resistance through targeted delivery

The major advantage of SANCs in the treatment of infectious
diseases is that they can bypass most mechanisms of drug
resistance. Targeted delivery and specific intracellular mecha-
nisms by SANCs enhance the efficacy of drugs and reduce the
selection pressure for resistance, also disrupting biofilms,
which normally protect pathogens from antibiotics."”> Accord-
ingly, Kang et al. reported an approach whereby polymeric
derivatization was applied to CRISPR-Cas9 self-assembling
nanoparticles targeting the mecA gene in MRSA bacteria. This
gene editing brought back antibiotic susceptibility into such
resistant strains by selectively knocking out resistance genes
without selecting for other bacteria and dampening bacterial
growth. Indeed, a parallel study has shown that gene-targeting
SANCs can directly address resistance at much higher levels
of the genetic level and represent an interesting approach to
resistance mitigation.'”?

The nanoparticles of Dzuvor et al. are loaded with endolysin
and engineered by a self-assembling protein platform that
enhances endolysin stability and activity against Gram-positive
bacteria, including MRSA. In general, the mechanism of action
of the endolysins involves degrading the peptidoglycan layer in
bacterial cell walls; this provides a mechanism of action quite
different from traditional antibiotics and, as such, is less likely
to be vulnerable to conventional resistance pathways. These
SANCs have demonstrated potent bactericidal activity at low
doses, with a reduced likelihood of inducing resistance in
preclinical models.*™

Biofilm-associated infections are notoriously difficult to treat
with conventional antibiotic therapies, as biofilms shield the
bacterial community from drug infiltration and immune

RSC Adv, 2026, 16, 5088-5127 | 5105


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07117h

View Article Online

Review

RSC Advances

‘(powreu se) [2301pAy apndad Surquissse-jes ‘dvsd ‘proe druues ‘v, {(joyoore [Auns)ijod ‘vAd ‘eyd[e-1030e; siso1oou towng “v-INL (suojoe[oides-z-0s-apnoel-1)Ajod “101d ‘wor (m)1addod ¢, nD ‘T
©)9( 1030BJ [IM0I3 Jururiojsuen ‘I1g-I0L $10108] Yamoid [eIoylopua Ie[nosea ‘IDIA “Doenxs [9od aeuerdowod ‘Add ‘saponredouru I19A[Is ‘SdNBY ‘ploe druoIn[edy ‘vH {(s)aqnioueu uoqred ‘IND
‘feuotsuawIp-2a1) ‘ag ‘(jnow apndad Jurquiesse-jjas) auruere-ayelredse-surue[e-auruidie ‘vyavy opmo (miaddos ‘onp ‘Aderary reuraporoyd ‘Lid ‘Aderayy orwreudpojoyd ‘rad ‘oseprxo
9500N[3 ‘XOD ¢8-I0MIUIEIJ JIB[OZEPIWI INI[0Z ‘§-AIZ ‘SMa.np $n22020]AydpiS TULISISAT-UI[[IDIYIIW ‘VSYIN ‘So10ads ua3AX0 2A1oeaI ‘SO VNI SULIDJINUI [[eWS ‘VNYIS ‘UIDIqNIOXop ‘XOd ‘(p1oe
01]004]3-02-019e])A[0d ‘vOr1d ‘uonesdnfuod Had ‘pare[Andd ‘(j0o4A]3 aus[Ayae)Ajod ‘DIJ (30a)39) uonualal pue Aijiqeswrsad pasueyua ‘447 ‘sarisodwiodouru SUI[qUIISSL-J[as ‘SONVS SUONBIAAIQQY ,,

J0BIIXD OI1e3 YIIM

uonIqIyuI [er1aoeq [9801pAYy s[edo1pAy 931sodwodoueu asuodsar aandepe ‘3urfeay-jjos SWwIISAS
0LT %00T ‘ed £5¢-60T YISUamS J[ISUSL,  SuI[eay-J[as ‘aarsuodsar-Hd VI®S-AIZ/VAd ‘aarsuodsai-nuns [eUOnOUNIINA
uoneoyrpouw apndad
uonisodap uadefoo JueIqUIIW pue ases[a1 , ND yim UOR[N3I JUD[0IAD Adeioy
691 pue sisouadordue poseaIdur “o-IN.I Peonpay snoiqy TDTd/JIDND SONVS PLIQAY [B30W-IoWA[OJ ‘uone[npow sunwwi pajediey, £r0jewrwreju-nUY
s[odo1pAy
1¢-1D.L pue ADFA parendaidn asodwosoueu paseq-vVH Ul 30enxa f1anoe durpeay
89T UONJUL SUDIIQID DPIPUD) PIdNPIY SANSV-VH-ddd 92d aeuerdowiod + SAN3Y juepIxonue ‘UuonIqIyur wgorg punom Tedunjiuy
UOIeWLIO]
sajysodwod progeos 10J (auayde1d ‘1ND)
Aqers suaydeid-apndad SaI[qUIasSe-J[9S Aqueduiodsorq
€91 [esTueyOIW pue uoneIdjrjoId [[90 paouequy pa1mpNIIsoury (€ paseq-uoqred/epndad g 910ddns Temionng Burroourdus anssyy,
asuodsai
onelsoway prder yim (jnow
£101X030340 (uorrenuadU0d 9,S) Y(vavy) ‘:5°9) s[a801pAy f1ano® [ELIAIORqIIUE
/9T pue 99T ou ‘sAep ¢ UIYIm 2Inso punom 3a[duion [9301pAY dvsd opndad pajquasse-J[os ‘uoneIauadal anssn ‘SISeISOWoH durresay punom [BULION
(LLd + Lad) Adeioyy
je1 3urreay [epown[nw 3UI[qeUS SONVS sisauadordue durpeay
991 191S€] X € ‘UOMOJJUI [BLIdIOB] PIdNPay sajisodwosoueu OND-XOO [euonoOUNIINW PIseq-XxQD paoueyua ‘as0on[3 Jo [013U0D punom snaqerq
uonezrrejod aZeydoroewr
oad U7 AINSO[d PUNOM aenpow sajsoduwrodoueu uone[nuins oruadordue (payoayur)
G9T PajeIa[adde ‘AI1ANOE [B1I9I0BQTIIUE 9486 SONVS Unny-g-A1z unny®s-I1Z ‘A10)RWIWEJUI-IUR ‘[RLIS)ORqIIUY urreay punom
UOISI2AU0D [ewIdyojoyd
UM SOINIONIISOINY Anquedwooolq
(VSam) jop wnjuenb ‘{o13U0d UONDAFUL
¥91 %66< AOUSIOYJD [ELIN0BNIUE [BULISYI0IOYd SONVS 10p wmuenb p-ny U0qIed-I121SN[d eI ‘uoneIduad SOY PazIedoT Adexat TerIo)RqUIUY
oyeadn
1[92 91e3I[Io€] pUE SPIoE
Kouaroyge 3UIUI[IS sjodoueu proe d197onu 399301d 03 SDNVS £)101%030340 TeWITUTIT
€9T uad 908 pue AIIqeIs yNJIs pasoiduy oruoinjeAy-(aursA[-1)Ajod JowiAfod 10 apndad dsruonen ‘Kousronge uonodajsue) Y3y AI9AT[OP 2U2D
sI0WN} Ul UOHB[NUINIOE
9AT}O[9S pUE UONE[NIIID Annquedwooolq
£)101X03 OTWINISAS Paonpal s[edoueu JUI[qUIASSE-J[9S pa3duojoid 10] SDNVS PHIgAY ‘(309330 ¥dd) Sunadie)
79T pue (%06 =) UonIqIYuI I0WN) PIdUBYUT Popeo-X0d/VO'1d-dad pidi-1owAjod payeidoad Iown) ‘9sea[a1 pI[[o1U0D) Ade1aty 100UED
‘198 9OUBWIIOJIDJ/dWI0IINO0 A3 uonisodwo) SDNVS Jo a[euoner udisaq syuowaiinbal A1aAraq aseasip/uonedrddy

Ju)sAs aaneyuasardoy

,S3IPNIS dAlRIUSSIda) pue ‘syuswalinbal AisAnap ‘sjeuonel ubisap :suonedndde |edIpawolg SNOMEeA J0) S31SOdUIOD0URU Pased-INYS JO MBIADAC dAlleledwo)  + aqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV S2:20:7 9202/9/ U0 papeojumoq 9z0z Afenuer £2 UO pausIand B [01uY sseooy usdO

© 2026 The Author(s). Published by the Royal Society of Chemistry

5106 | RSC Adv, 2026, 16, 5088-5127


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07117h

Open Access Article. Published on 23 January 2026. Downloaded on 4/6/2026 4:07:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

@
(=]

A

B ©, x
Zretepp AR
GA SEE—— .
Coordination-driven * g’xvﬁy, i 1 Hydrophobic interaction
AuNSs self-assembly 8 §.Elec|«;:|al:$inlevalion
{3 et Stadking
AuNSs@ZrTCPP-GA (AZG) AuNSs@ZrTCPP-GA @LP (AZGL)

980 nm

660 nm

Cumulative release (%) CTQ

Endocytosis D 120
660 n =100

g i O ‘
'0: o® % )
) otpoe /POT ]
/AO o (X g ﬁo’fv ﬁ’ .
{3)’0?.};3 PTT “E2 < 980 nm
3 ilid tempergture

My e)
Chemotherapy 'S\:f"\ib /pH=5.5

,«/‘» o~

@
S

3
-3

FL Imaging PT Imaging

Cell Viability (%

a
S

»
S

1.Kill heat-resistant tumor cells
2.Alleviate hypoxia for improving the effect of PDT

View Article Online

RSC Advances

N N o
=] (=) o

o

©
°

=125 pg/mL (AZGL)
4 =——25.0 ug/mL (AZGL)
50,0 pg/mL (AZGL)
4 —=—30.0 ug/mL (AuNS)

——pH=7.4
pH=5.5

N @
o ©o

a
=3

Temperature (°C) )
8 3

w
©

n
o

0 5 10 15 20 25 0 2 )

T.“ 6
Time (h) ime (min)

¢
3. Improve the thermal sensitivity of tumor cells Hsp90 inhibitor Cancer Cell

F

|-=—rPBS —o—PBS (PDT+PTT)—+—GA
|-+—AZGL (Nolight) —+—AZGL (PDT)  ——AZGL (PTT;
| AZGL (PDT+PTT)

{1 No light [l PDT ] PTT [l PDT+PTT

®

o

N

Relative Tumor Volume m
»

0 15 30 45 60 o —t
Concentration (ug/mL) P ST TP T T I e ey
660 nm 980 nm Time (day)

Tumor suppression

Py 1 " ==

R

A | P ———— l

Tumor inoculation ~ 4T1 tumor-bearing mice

1, 3,5d AZGL NPs
intravenous injection

| i >
Irradiated by NIR laser ~Analysis and measu-
at 24 h afteri.v. rement of tumors

Fig. 5 Multimodal nanotherapeutics for cancer: (A) Schematic representation of the design of AuUNS@ZIF/TCPP-GA NPs for combined PTT-
PDT-chemotherapy with targeted delivery. (B) pH-sensitive drug release profile at acidic pH. (C) Elevation in temperature upon NIR laser irra-
diation for PTT. (D) Cell viability under different treatment combinations showing the enhanced effect of PDT and PTT. (E) Tumor growth
suppression over time with various treatments. (F) Workflow of in vivo experiments, from tumor inoculation to therapy and analysis. Adapted with
permission from ref. 171. Copyright 2022 Li, R.-T. et al. Published by BioMed Central Ltd.

elimination. One study demonstrated that SANCs prepared by
combining berberine with cinnamic acid showed biofilm inhi-
bition and bactericidal activity against MRSA biofilms. Such
a nanocomposite achieved successful penetration into the bi-
ofilms due to increased binding to cell membranes and
disruption, thus presenting a novel strategy to eradicate
biofilm-related pathogens.'”® He et al. developed MSNs that self-
assemble with antibiotics, affording pH-responsive release in
the acidic infection sites. This kind of nanocomposite could
selectively release its antibiotic payload at the site of infection,
reducing off-target effects and systemic exposure. MSNs
precisely increase the concentration of the drug at the targeted
site, enhancing the efficacy of the antibiotic against the path-
ogens and reducing the risk for the development of resistance to
this antibiotic in the resistant bacterial strains.'”®

SANCs are being applied in the frame of infectious diseases
for a new frontier in antiresistance drug delivery, outstanding
stability of the antimicrobial agents, innovative mechanisms of
targeted delivery, and new activities such as CRISPR-mediated
gene editing and/or endolysin-mediated bacterial lysis.
Comparative studies have revealed a few key advantages:
graphene-based and polymeric nanocomposites improve
bioavailability and penetrate membrane barriers in resistant
strains; berberine-based nanocomposites and endolysin nano-
particles break up biofilms effectively. CRISPR-loaded nano-
composites edit resistance genes directly, while endolysin-

© 2026 The Author(s). Published by the Royal Society of Chemistry

based SANCs degrade bacterial cell walls enzymatically.
Though scalability, safety, and long-term efficacy are some of
the future studies to be focused on, such advances point toward
a new era in precision-targeted antimicrobial therapies, espe-
cially against multidrug resistance.

10. Advantages of SANCs over
traditional drug delivery systems

SANCs show much higher advantages compared to conven-
tional drug delivery systems through their improvement in
stability, bioavailability, and active targeting of therapeutic
agents. The advanced nanocomposites ensure precision at the
site of drug delivery for improved therapeutic outcomes with
minimal off-target effects and systemic toxicity. The highly
performing SANCs are achieved via multi-targeting approaches,
receptor-mediated endocytosis, and stimulus-responsive
mechanisms, which optimize the drug delivery performance
at active disease sites. They are the game-changing platform for
modern medicine by reducing toxicity, enhancing stability, and
improving bioavailability, hence offering treatments in
a personalized and efficient manner for a wide array of
diseases."**

SANCs combine several design units, i.e., core-shell struc-
tures, porous scaffolding structures, and supramolecular
bonding to reach ultrahigh drug loading (up to 90%) compared
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to polymeric nanoparticles (20-30)."”” PEGylation, stealth coat-
ings, and crosslinked shells support prolonged circulation,
while targeting ligands (antibodies, peptides) and responsive
bonds (e.g., pH- or redox-sensitive) facilitate controlled drug
delivery at disease sites.'”®

Such multiple-component targeting, with both passive (EPR)
and active targeting, achieves a tumor volume reduction ratio of
about 35 percent over, say, surgery or radiotherapy, at signifi-
cantly less systemic toxicity, in preclinical tumor models."” In
addition to that, the modularity of SANCs enables co-delivery of
chemotherapeutics with genes or immunomodulators, and
further increases the efficacy of specific therapeutics. The
synthesis of complexes in constant size and with surface
chemistry, sensitivity to biological conditions (pH and ionic
strength, proteins in serum), and the developing regulatory
circuits of complex nanosystems can be cited as the main
obstacles.'® Nevertheless, With recent advancements in micro-
fluidic manufacturing, programmed self-assembly, and stan-
dardized characterization, these challenges are being
progressively overcome, leading to personalized nanomedicines
that are ready for clinical application.

10.1 pH-responsive targeting in tumor microenvironments

The acidic microenvironment of most tumors provides a unique
trigger for SANCs to release their drug payloads precisely within
the tumor tissue. Gong et al. showed that RGD-functionalized
peptide nanoparticles selectively targeted integrin receptors,
such as avp3, overexpressed on the surface of cancer cells.
These nanoparticles encapsulated DOX and remained stable at
physiological pH but released the drug under acidic conditions,
such as in the tumor microenvironment, at pH ~6.8. This pH-
sensitive release mechanism caused the intratumor accumula-
tion to be 4-5 times higher when compared with non-targeted
delivery, thereby optimally giving the therapeutic effect with
less damage to normal tissues.'® The pH sensitivity enhances
the kinetics of drug release through an acid-labile bond in the
nanocomposite structure, cleaving off under a lower pH envi-
ronment to ensure quick and locality-based drug release. This
approach not only ensures maximum drug concentration at
targets, but also guarantees an important advantage for rapid
proliferation and acidic tumors, for which conventional delivery
would normally have its shortcomings.***

10.2 Stimuli-responsive block copolymers for site-specific
drug release

Among other advantages, block copolymers that self-assemble
into SANCs are responsive to internal and external stimuli
such as pH, redox potential, and temperature. According to Ge
and Liu, block copolymers designed with responsive elements
can undergo structural changes within the unique biochemical
environment of tumors. This dynamic adaptation allows not
only selective drug release but also enhanced imaging sensi-
tivity, enabling real-time monitoring of drug delivery and
treatment response.’® Such polymers could allow controlled
release in both extracellular and intracellular environments

through multimodal targeting. For example, a tumor
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environment of high redox potential may easily result in the
release of its drug payload into the cytoplasm by a redox-
sensitive block copolymer, with maximum intracellular
delivery. This is even more advantageous in complicated
tissues, especially in metastatic cancers where multi-step tar-
geting would improve the outcomes.*®*"$*

10.3 Receptor-mediated endocytosis (RME) for cancer cell
targeting

The mechanisms behind RME of SANCs depend on decoration
with proper ligands that bind with high affinity to overexpressed
receptors on the surface of cancer cells. Song et al. prepared self-
assembled AuNPs that were functionalized with targeting
peptides and able to recognize tumor cells thanks to an effective
binding selectively to surface receptors such as folate or HER2.
Eventually, the final NPs, loaded with an antitumoral drug,
showed a pH-triggering release in the acidic endosomal
compartment, providing remarkable specificity to controlled
intracellular drug delivery.'®> RME therefore increases targeting
specificity by reducing Drug uptake in cells that do not express
the receptor. However, several challenges persist regarding
striking a balance between the stability of SANCs while in
circulation and their rapid degradation following endocytosis.
Recently, a number of works have concentrated on the optimi-
zation of ligand density on the surface of nanoparticles for the
fine-tuning of binding affinity. This approach has achieved 90%
selectivity for receptor-overexpressing cells, together with the
limitation of premature degradation in circulation, which is so
important for increasing both the targeting accuracy and
systemic stability.

10.4 Multi-targeting for enhanced precision in tumor sites

These multiple-targeting SANCs, conjugated with dual ligands
binding to at least two distinct receptors, usually on tumor cells,
express higher selectivity indices than single targeting. Indeed,
the hyaluronic acid-based nanoconjugate of Song et al. used two
targeting molecules, which included folate and one other ligand
of the CD44 receptor, targeted towards the cells overexpressing
the two targeting receptors. Enhanced tumor site retention of
an antitumor agent improved three-fold compared with the
same ligand delivered using traditional targeting methods with
reduced accumulations in off-targeting tissues.'*® Additionally,
multi-targeting increases the specificity and reduces off-targets,
since cellular uptake needs two binding events, consequently
minimizing the uptake by normal cells that may express only
one of the receptors. Second, in more recent developments,
“intelligent” dual-targeted SANC adapts to the dynamic envi-
ronment of the tumor, increasing specificity and providing
prolonged drug presence within the tumor.

Fig. 6 illustrates some of the new concepts in targeted drug
delivery and gene therapy. It introduces the concept of
responsive nanoparticles able to adapt to different biological
environments for enhanced delivery efficiency. These systems
enable specific targeting at the levels of organs and tumors,
among others, and illustrate also the therapeutic potential of
DNA nanostructures in drug delivery diagnostics, and gene

© 2026 The Author(s). Published by the Royal Society of Chemistry
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therapy applications. This figure emphasizes the versatility and
effectiveness of modern delivery platforms in medical
applications.

10.5 Reduced toxicity and side effects

By precisely targeting disease sites and controlling drug release,
SANCs reduce off-target effects, enhance drug stability, and
offer a safer therapeutic profile.*® Several of those enzyme- and
redox-sensitive SANCs have been engineered to selectively
release their therapeutic payload within the diseased tissues,
reducing overall drug exposure to otherwise normal organs. For
instance, Zhou et al. developed a cabazitaxel dimer-constructed
redox response self-assembling nanoplatform by using a bi-
oactivatable spacer. Such cabazitaxel dimers formed nano-
particles in an aqueous solution, which was relatively stable
during circulation but could disintegrate within the reductive
tumor environment, allowing intracellular drug release only at
the action site. This targeted release drastically reduced
systemic toxicity, allowing higher doses to be administered
safely, and reduced immunotoxicity with enhanced tolerability
was achieved in animal models.***

The redox-responsive mechanism avoids the premature
release of drugs in nontarget tissues, an especially crucial factor
in highly potent and toxic drugs such as chemotherapeutics.
This would minimize side effects and afford improved patient
comfort and safety throughout the entire treatment course.'
Peptide-based SANCs make use of naturally occurring amino

© 2026 The Author(s). Published by the Royal Society of Chemistry

acids in the construction of drug delivery vehicles that are well-
tolerated by the immune system. Yang et al illustrated that
peptide-based nanostructures could self-assemble into stable
drug carriers that avoid recognition and clearance by immune
cells, thus prolonging systemic circulation and reducing
inflammatory responses. These peptide nanocomposites are
highly modifiable; precise modification can be carried out to
further minimize their immunogenicity. The hemolysis rate of
peptide SANCs was remarkably lower than 5%, representing
improved biocompatibility during preclinical testing as
compared to synthetic polymers; thus, it would be ideal for
repeated dosing applications.”® The innate compatibility of
peptide-based SANCs reduces immune activation, hence
assuring safer, sustained drug delivery profiles. This aspect is
particularly important in the case of chronic diseases, where
frequent dosing is necessary to avoid cumulative toxicity.***
Most conventional drug delivery systems require the use of
excipients to stabilize and solubilize the therapeutic agent,
which may introduce toxic by-products. Self-assembling pro-
drug nanocomposites represent a way to avoid additional
excipients in the formulation of stable delivery systems. Ren
et al. prepared cabazitaxel prodrugs able to self-assemble into
nanoparticles with high drug loading efficiency, thus avoiding
the use of stabilizing agents. The presented nanocomposite
prodrug retained the pharmacological action of cabazitaxel with
minimal excipient-related side effects, revealed in preclinical
trials with this system achieving prolonged blood circulation
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and minimal systemic toxicity."* This self-assembly of prodrug-
based formulations further minimizes the incorporation of
possibly harmful additives, enhances safety, and increases
patient tolerance, especially in drug therapies that must be
done in high dosages. Therefore, the simplicity of such
a composition would entail less complexity in its therapeutic
profile and enhance the prospect of better compliance among
the patients with a minimized adversarial response.**

Acidic-environment-responsive structures of tumor targeting
SANCs limit the release of drugs in normal conditions at neutral
pH, hence reducing systemic toxicity. Using pH-sensitive
amphiphiles, Chen et al. constructed a supramolecular drug
delivery system that could selectively release the anthracycline
chemotherapeutic agent DOX in acidic tumor microenviron-
ments and reduce the accumulation of the drug in nontarget
organs. In vivo, it was shown that the cardiac tissue, one of the
most common sites of toxicity, presented lower levels of DOX
after the administration of pH-responsive formulations
compared to non-targeted ones.™’

Due to the selectivity of the release inside the tumors, pH-
responsive SANCs avoid serious side effects related to wide
drug distribution and, therefore, it is much safer for patients
who receive aggressive treatments, such as chemotherapy.*®
Examples include on-demand drug release systems, of which
electrically controlled SANCs are a part. These systems allow
one to achieve localized, temporally controlled drug release so
one can minimize systemic exposure. Weaver et al. produced
graphene oxide nanocomposite materials that, through elec-
trical stimulation, were able to release anti-inflammatory drugs,
having the capability to precisely control dosage and release
time with this system. The nanocomposite exhibited zero
passive diffusion in tests without electrical stimulation; thus, it
preserved the drugs inside the target site without releasing
them until their release was triggered. This approach of
controlled release effectively circumvented systemic side effects
- no toxic by-products were produced during electrical activa-
tion in vitro." Therefore, the ability of on-demand release
systems to deliver locally without systemic dispersion is an
important step toward the minimization of off-target toxicity,
especially in those therapies that require high precision with
periodic dosing, such as in inflammatory diseases.”*®

10.6 Advantages of SANCs in stabilizing drugs and
enhancing their bioavailability

The SNEDDS are among the most powerful SANC formulations
for the enhancement of hydrophobic drug solubility. For
example, one study concerned with SNEDDS of diacerein indi-
cated that the formulation achieved a solubility of approxi-
mately 309 pg mL ", almost twice that of conventional SNEDDS
(162 pg mL "), due to the simultaneous formation of nano-
emulsions and nanosuspensions. This dual mechanism facili-
tated the fast dissolution and prolonged absorption of
diacerein; thus, 210% relative bioavailability over the aqueous
drug suspension was achieved.””* The better solubilization
effect thus enhances the drug to attain more therapeutic plasma
levels, therefore improving its bioavailability and therapeutic
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outcome. The sub-200 nm droplet size from SNEDDS minimizes
the energy required for the solubilization and stabilizes the
drug in a lipid matrix that protects it from premature degra-
dation in the gastrointestinal tract.>®

Chitosan-coated nanocomposites are specifically more
useful in stabilizing peptide and protein drugs, which normally
get degraded by enzymes easily. Very recently, in one such
study, it has been proved that insulin-loaded chitosan-coated
zein nanocomposites enhanced the stability and bioavail-
ability of insulin upon oral administration. Thus, nano-
composites evidenced a 12-fold increase in transepithelial
permeability compared to raw insulin and a relative bioavail-
ability of 15.19% in vivo, showing considerable improvement in
comparison with standard formulations.””® Mucoadhesive
properties of chitosan allow drugs to adhere to mucosal
surfaces, slowing down the release rate and increasing stability.
This coating acts as a physical barrier against enzymatic
degradation, important for maintaining the integrity of
peptides and optimizing absorption in the small intestine.>**

Other advantages include enhanced bioavailability via
amorphous nanoplexes. The nanoplexes of amorphous drugs
and polyelectrolytes are a novel approach to enhance the rate of
dissolution of poorly soluble drugs. In one recent work, Cheow
and Hadinoto reported that ciprofloxacin nanoplexes exhibited
a two-fold increase in dissolution rate and solubility concerning
raw drug crystals, due to the intrinsically higher dissolution
characteristics of the amorphous form. These nanoplexes,
which are prepared by the self-assembly of ciprofloxacin and
dextran sulfate, demonstrated stable retention in dry-powder
form and were stable for one month under standard condi-
tions.>” Amorphization within the nanoplex structure prevents
recrystallization, hence sustaining a high-energy state that
enhances dissolution. This is manifested in a significant
increase in bioavailability, which is required in drugs that need
a fast onset or when high drug loading is required to attain
therapeutic needs.

In another aspect, porous silicon-based SANCs leverage their
high surface area and biodegradability for high drug loading
capacity and enhanced pharmacokinetics. Beavers et al.
demonstrated that self-assembled polymer/porous silicon
nanocomposites complexed with peptide nucleic acids showed
increased intracellular bioavailability and stability of anti-
microRNA agents targeting miR-122, which is critical for liver
cancer therapies. The porous structure allowed for endosomal
escape and sustained release, leading to a significant increase
in the peptide nucleic acid concentration in target cells.”*® With
PSi, high drug loading efficiency together with a controlled
release profile is achievable, thus providing long exposures to
therapeutic agents in several chronic conditions that would call
for protracted drug delivery. This reduces the frequency of
dosing and thereby enhances compliance.”””

The interfacial cohesion in the bioadhesive techniques
makes it possible for SANCs to maintain hydrophobic drugs in
a very stable nano-sized form appropriate for prolonged circu-
lation and enhanced accumulation in tumors. Shen et al. have
developed interfacial bioadhesive molecules that are applied to
stabilize anticancer drug nanocomposites against Ostwald
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ripening; these have resulted in uniform and stable particles
with very high accumulation in tumors and very low systemic
toxicity. Resultant bioadhesive nanoparticles showed consider-
ably improved stability and a five-fold higher concentration of
the drug in tumors compared to traditional formulations.**® The
approach of bioadhesion consequently extends particle stability
by preventing aggregation, which preserves the desired particle
size and distribution profile for targeted delivery. Enhanced
stability will be important in maintaining consistent drug
exposure within high metabolic activity or mechanically
stressed therapeutic areas.>”

SANCs represent a multifaceted solution to improve the
stability and bioavailability of drugs. Techniques like SNEDDS
for solubilization, chitosan coating for protection against
degradation, and porous silicon for sustained release have
contributed to achieving therapeutic goals that are not readily
achievable with conventional drug delivery systems. Each
method is based on the self-assembling nature of nano-
composites to create stable, bioavailable formulations that
minimize degradation and maximize the therapeutic efficacy of
drugs. These advances represent a critical step toward the
optimization of drug delivery for hydrophobic, unstable, or
rapidly metabolized drugs and point the way toward more
effective treatments across a wide range of clinical applications.

11. Innovative approaches in SANCs
for enhanced drug delivery

Prodrug nano assemblies enhance stability and increase the
loading capacity of nanoformulations by self-assembly mecha-
nisms of small molecule drugs, taking advantage of the unique
properties of small molecule prodrugs. Most conventional
SANCs require additional stabilizers or carriers, which may
dilute the content of drugs and probably introduce toxic
components. In contrast, for prodrug nanoassemblies, drugs
serve as major structural components; this greatly raises the
drug loading capacity, mostly over 80% by weight, and mini-
mizes the use of excipients.”***"*

In the study conducted by Li et al., drug molecules self-
assembled themselves into nanoparticles through hydro-
phobic and = stacking interactions, whereby one can achieve
spontaneous generation in the absence of any extra carrier
materials.>?> As a result, a suitable nanostructure is realized
where stability against degradation in the flow can be achieved
for reaching target tissues with very high concentrations of
drugs. On one hand, this assembly mechanism may act in the
controlled release of drugs, which in itself is achieved by
a changed linker chemistry in prodrug molecules; hence, it can
have an accurate delivery on precisely the very optimal site
needed, with minimal effects resulting in increased bioavail-
ability of drugs and positive outcomes on target.

Layer-by-layer assembly enables the precise control of drug
release by arranging therapeutic agents into sequential,
degradable nanolayers. This technique permits the indepen-
dent, controlled release of both macromolecules and small
molecules through the design of each layer with specific
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degradation properties in response to environmental triggers
such as pH, enzymatic presence, or redox conditions. The
system used hydrolytically degradable polymers to encapsulate
in the study by Kim et al. both heparin, a large, negatively
charged biomolecule, and PTX, a hydrophobic small mole-
cule.”® Each layer was engineered to engineer the degradation
profile of small molecule and macromolecule release for
a possibly synergistic therapeutic effect: for example, the early
release of PTX is used to attack proliferating tumor cells, and
late-stage heparin release blocks angiogenesis with tumor
growth. The versatility of this system allows the layer-by-layer
assembly to deliver several therapeutics in combination
therapy with the added advantage of maintaining separate,
distinct release profiles. This level of control is of real benefit in
complex disease models where synchronized or sequential
delivery can dramatically enhance therapeutic efficacy.”**

Protein-based nanocomposites represent an ideal platform
for biopharmaceutical delivery owing to their intrinsic
biocompatibility, biodegradability, and capacity for molecular
recognition that enhances cellular uptake while minimizing
immune responses. Maham et al. illustrated that protein-based
carriers, such as ferritin and apoferritin cages, form stable
structures that can encapsulate small drugs and large biomol-
ecules like peptides and enzymes.**® The predictable tertiary
and quaternary conformation due to the special structural
properties of proteins makes possible the preparation of
precisely shaped nanocomposites that would increase cellular
uptake through RME. The protein carriers, like ferritin, have
pH-responsive drug release due to the conformational changes
at acidic pH values either in the tumor sites or at inflamed
tissues. Besides, the biodegradability of protein carriers ensures
that they degrade into nontoxic amino acids that are easily
metabolized, reducing toxicity and immunogenicity even
further. These attributes make protein-based SANCs especially
suited for the delivery of sensitive biological drugs that require
preservation in circulation and controlled release.**¢

DNA-based nanostructures, for example, tetrahedral DNA
nanostructures (TDNs) have improved the stability and intra-
cellular delivery of nucleic acids through their programmable,
biocompatible scaffold. Structural stability imparts on nucleic
acid stability from enzymatic degradation, the major problem
in gene delivery. Zhang et al. employed TDNs for siRNA and
antisense oligonucleotide delivery, taking advantage of the
ability of DNA to form stable, precisely shaped nanostructures
that shield genetic material during circulation.*"”

TDNs improve cellular uptake by mimicking naturally
occurring cellular entry pathways. They can be engineered with
aptamers or ligands that target specific cell surface receptors,
enhancing selective uptake by target cells and making sure the
nucleic acids are delivered efficiently to their intended site. This
selective targeting, in addition to intrinsic stability, acts to
enhance the efficacy of gene therapies while reducing off-target
effects and offering a path to personalized medicine approaches
where specific genetic targets are involved.*'®* This gives
a special dual loading capability to peptide-based SANCs
through the encapsulation of hydrophilic and hydrophobic
drugs, thus making them efficient platforms for combination
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Fig. 7 Design and application of peptide-based nanoparticles for targeted drug delivery: (A) self-assembly of negatively charged peptides with
positive ions. Adapted with permission from ref. 221. Copyright 2017 Elsevier B.V. All rights reserved. (B) Formation of DOX-loaded nanoparticles
and injection into animal models, (C) biodistribution monitored via fluorescence imaging, (D) tumor volume reduction as a function of time, (E)
controlled drug release profile, (F) TEM visualization of uniform nanoparticles, (G) size distribution analysis via DLS, and (H) significant tumor
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therapies. Such dual loading may be facilitated by the nature of
some peptides, being amphiphilic and therefore capable of self-
assembling into core-shell nanostructures possessing distinct
hydrophilic and hydrophobic domains. This is illustrated by
Wang et al., who have designed peptide nanostructures forming
a hydrophobic core that is capable of encapsulating drugs such
as PTX while the hydrophilic shell may carry water-soluble
drugs or peptides simultaneously.”*®

Its peptide nature provides a modular structure, self-
assembling into morphologies, micelles, vesicles, or nano-
fibers, each one designed to optimize the particular conditions
of loading efficiency and release profile. The design of the
amphiphilic peptide also supports the assembly of stimuli-
responsive structures that can release both hydrophobic and
hydrophilic agents in response to specific triggers, such as pH
or enzyme presence. Because it is so structurally and function-
ally diverse, this makes peptide-based SANCs the ideal candi-
date to meet various therapeutic needs, including
chemotherapy to immune modulation, by hosting multiple
drugs with diverse properties in one single, stable system.?*”

Thus, each type of SANC has its advantages against a partic-
ular class of drugs, reflecting the broad versatility of SANCs
across different therapeutic agents. In the case of SANCs, self-
assembly mechanisms can be exploited to improvement the
stability, bioavailability, and release profiles of both small

512 | RSC Adv, 2026, 16, 5088-5127

molecules and complex macromolecules. Advanced designs
support applications ranging from cancer therapy to gene
delivery while offering a flexible platform to adapt to the
evolving needs of personalized and combination therapies in
modern medicine. Fig. 7 gives an overview of the development
and application of peptide-based nanoparticles through
a design and application approach, demonstrating the self-
assembly of peptides into nanoparticles, with further encapsu-
lation of an antitumor drug inside those nanoparticles, used in
a study on animals to find its biodistribution and efficacy. It
gives a controlled profile for drug release, the uniformity of the
nanoparticle structure, and tumor weight and size reduction.
This figure gives a comprehensive overview of the potential of
peptide-based nanoparticles as an advanced platform to
improve drug delivery and therapeutic outcomes in cancer
treatment.

12. Challenges and limitations of
SANCs

SANCs represent a significant advancement in targeted drug
delivery, offering wunparalleled precision, stability, and
bioavailability. However, scaling up production while main-
taining structural integrity remains a substantial barrier. Self-
assembly is  highly dependent on finely tuned
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physicochemical conditions, such as pH, ionic strength, and
temperature; even minor deviations can lead to inconsistencies
in particle size, morphology, and drug loading. The challenge is
exacerbated at a large-scale: traditional batch techniques inev-
itably result in batch-to-batch variations, while continuous and
reproducible processes necessitate significant infrastructure
investments and technical expertise. Additionally, each SANC
formulation requires specific production parameters, making it
difficult to establish a universal production pipeline. Consistent
self-assembly is also problematic due to the sensitivity of non-
covalent forces, such as hydrophobic and electrostatic interac-
tions, to minor environmental changes, potentially leading to
aggregations or alterations in the structural integrity in large-
scale procedures.***?**

Apart from manufacturing, critical limitations include
stability during storage and transportation. Many SANCs
degrade or aggregate in response to fluctuations in temperature
or humidity, leading to premature drug release or disruption of
their nanostructure. While lyophilization offers a potential
solution, the integrity may not always be fully restored upon
rehydration, and the use of additional stabilizers can alter the
drug release pattern. Toxicity and biocompatibility concerns
also significantly impact the utilization of SANCs. For instance,
inorganic NPs may pose potential long-term inflammatory
effects, while certain polymers can trigger immune reactions or
cytotoxicity at higher concentrations. Although biodegradable
materials like PLGA mitigate some toxicity risks by breaking
down into harmless by-products, monitoring degradation rates
and residue accumulation is crucial. In addition to technical
and biological challenges, navigating stringent regulatory and
clinical obstacles is a formidable task. Current approval
frameworks often fall short in accommodating the multifaceted
composition and stimulus-responsive nature of SANCs, leading
to extended validation timelines. Furthermore, translating
promising preclinical data into human trials has unveiled new
challenges related to biodistribution and immune responses,
necessitating thorough and costly testing. Overcoming these
challenges could pave the way for significant technological
advancements in large-scale production, closer collaboration
with regulatory bodies to find more effective solutions, and the
development of robust stability measures. Addressing these
challenges would position therapies based on SANCs to revo-
lutionize precision medicine, offering safer and more effective
treatments for a range of pathologies.?*>"?*

Though having encouraging properties, the currently exist-
ing self-assembling nanocomposites (SANCs) have a number of
significant limitations that restrict their universal use in clinical
practice. An example is that of the formulation stability which is
a great problem. It has been observed that some of the SANCs
degrade structurally in 12-48 hours at physiological settings,
depending on the utilized matrix.**® On top of this, the leakage
of drugs as a result of unstable assemblies has been as high as
30 percent of the drugs encapsulated.>*®

Regarding biocompatibility, even though SANCs have had
promising results in vitro, problems are noted in vivo. PEG/poly-
gamma-glutamic acid nanoparticle-based study showed good
cellular uptake with immunotoxicity being observed in 15-20%
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of the animal models questioning systemic safety.”®" Toxicity is
another issue particularly that of high drug loading and rapid
release. As can be illustrated, e.g., with cabazitaxel-loaded
SANCs that contained >86% of the drug, the systemic toxicity
was significantly decreased compared to the case with the free
drug, but the drug still demonstrated a mild systemic cytotox-
icity in the hepatic tissues in 10% of preclinical models.***
These data emphasize the necessity of a compromise between
release and safety profiles. Regulatory Regarding regulatory,
problems arise with the lack of standardised manufacturing
processes and batch-to-batch replication. Mean regulatory
delivery cycle of nanomedicines particularly nanomedicines
with self-assembled platforms still takes more than 7 years
versus ~4.5 years of conventional drugs. Besides, there are only
a few self-assembling systems that have received FDA clearance
and in many cases, this is often done when they are constructed
using previously authorized components.>*

In this regard, a number of solutions are under development,
that is, staging the use of PEGylated coatings to stabilize the
colloidal phase, drug conjugation with covalent linkages to
eliminate the burst release effect, integration of degradable
connector molecules to improve biocompatibility, and devel-
opment of predictive models of quantitative assembly to
support the reproducibility and scalability of the
assemblies.?**?3

13.

Of the three key trends, the growth of SANCs is likely to be
influenced by precision-targeted therapy, integration with arti-
ficial intelligence (AI), and the exploration of multifunctional
nanoplatforms. Ligand-functionalized SANCs which can recog-
nize overexpressed receptors (e.g., folate, transferrin) are being
developed in targeted medicine to provide cell-specific targeting
to reduce off-target toxicity. Recent work has shown over 85
percent inhibition of tumors in xenograft models with
a receptor-targeted nanocomposite.**

Al is quickly finding its way as a method of optimizing the
design of nanostructures, forecasting self-assembly effects, and
personalizing drug delivery dosage. Al-based modeling has
demonstrated over 90% accuracy in predicting nanoparticle
shape, drug retention kinetics, and pharmacokinetics in some
systems.”** It is also contributing to screening candidates for
safe SANCs by profiling immune interactions and toxicity using
deep learning.”*

Recent AI/ML studies report concrete, quantitative gains that
move beyond conceptual framing in nanocarrier design. In
microfluidic LNP manufacturing, supervised learning
combined with Bayesian optimization has been used to identify
and tune critical process parameters (e.g., FRR, TFR, buffer pH,
lipid ratios) for size/PDI control across small datasets; for
example, a study on mRNA-LNPs developed 24 formulations
and used XGBoost/Bayesian and ensemble models to predict
and optimize CQAs, reporting close agreement between model
predictions and experiments across the formulation set.>***” In
a distinct process domain, particle size prediction in electro-
spraying was trained on a 445-record dataset: XGBoost and

Future directions
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Random Forest achieved 5-fold cross-validation RMSE values of
3.91 pm and 6.19 um, respectively, and an in-house experi-
mental validation RMSE of 1.30 pm for XGBoost, enabling rapid
screening of operating conditions prior to bench runs.**® For
self-assembly outcomes, a graph neural network trained on
STM-derived experimental datasets outperformed classical ML
methods in predicting on-surface assembly patterns of func-
tional PAHs on metals, demonstrating that learned molecular-
graph features can forecast emergent morphologies from
chemical structure.® At the mesoscale, an ML-plus-simulation
pipeline mapped chemical descriptors to self-assembled struc-
tures and to the critical packing parameter, quantitatively
analyzing which molecular features (e.g., amphiphilicity) steer
morphology selection under given -conditions.>*® Design-
theoretic advances further show that ML-guided multi-
objective optimization can discover interaction potentials that
jointly maximize thermodynamic yield and kinetic accessibility
of target polymorphs, operationalizing inverse design for self-
assembled materials under competing pathways.>**

The integration of AI and machine learning (ML) into the
design of SANCs has moved beyond theoretical predictions
toward practical data-driven optimization. Recent advances
demonstrate that ML algorithms can predict physicochemical
properties, optimize self-assembly parameters, and accelerate
material discovery with minimal experimental effort.

For instance, quantitative structure-activity relationship
(QSAR) models and neural networks have been successfully
employed to predict particle size and surface charge of poly-
meric nanocomposites based on descriptors such as hydro-
phobicity, molecular weight, and polymer ratio. In one study,
a random forest model achieved an R? value of 0.93 for pre-
dicting nanoparticle diameter and polydispersity using less
than 200 training samples, dramatically reducing experimental
workload.*” Similarly, deep neural networks trained on
molecular dynamics (MD) simulation data have been used to
estimate self-assembly energies (AE_sa) with mean absolute
errors below 0.15 kecal mol™', enabling rapid screening of
amphiphilic block copolymers.**®

Al-driven optimization has also been applied to formulation
design. For example, gradient boosting regression models have
identified optimal solvent compositions and stirring speeds for
lipid-based SANC synthesis, predicting particle sizes within
+10 nm error margins compared to experimental results.***
Furthermore, generative adversarial networks (GANs) have been
utilized to design novel inorganic-organic nanostructures with
desired stability profiles by learning structural features from
large-scale databases.**

Beyond prediction, Al has been integrated with molecular
simulation pipelines for energy landscape exploration. Rein-
forcement learning frameworks have demonstrated the ability
to autonomously explore self-assembly pathways, minimizing
the total free energy (AG_total) by adaptively tuning tempera-
ture, solvent polarity, and molecular orientation.>*® These
approaches provide a quantitative and automated route for
optimizing the self-assembly process of complex SANC systems,
bridging computational chemistry and materials informatics.
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Together, these studies show that machine-learning-guided
design is transforming the development of SANCs—from
manual trial-and-error to data-driven prediction and optimiza-
tion. Incorporating these AI methodologies can significantly
accelerate discovery, improve reproducibility, and reveal hidden
correlations between chemical structure and assembly
behavior, making Al an indispensable tool in next-generation
nanocomposite engineering.

Before credible translational impact can be achieved,
a number of related obstacles must be addressed in quantitative
AI/ML advancements for SANC design: first, only a few high-
quality, interoperable datasets exist for nanoscale systems.
Bulk-focused repositories cannot capture the proper size and
surface dependence of nanomaterials, making curated stan-
dardized data and metadata highly important for model trans-
ferability.>” Second, unless strict reporting standards and
validation protocols are implemented, methodological flaws in
machine learning workflows-including data leakage, inconsis-
tent split/metric reporting, and limited reproducibility of
training environments-lead to overly optimistic claims.**®* Many
high-performance models are also computationally costly and
inaccessible; interpretable or physics-informed machine
learning and hybrid experiment-simulation loops can reduce
the amount of required data and increase mechanistic
trust‘247,249

Finally, there is multifunctional SANCs, which incorporates
imaging, therapy, and responsive release, which produce highly
complex diseases such as cancer and neurodegeneration. As
one example, SANCs incorporating MRI contrast, pH-responsive
release, and photothermal therapy have shown distinct, and
synergistic, efficacy in animal models [4]. These advances
portend a new future where SANCs are not just a method of
delivery, but as disease-specific and smart theranostic vehi-
cles.”®® Table 5 consolidates key stimuli-responsive SANC plat-
forms discussed in this section, outlining how their triggering
mechanisms, release behaviors, and application domains
enable next-generation therapeutic and theranostic functions.
The table offers a framework for identifying which nano-
composites are best suited for different drug-delivery strategies
anticipated in SANC development.

14. Conclusion

SANCs represent a novel class of drug carriers with the unique
ability to enable precise, controlled, and active release of ther-
apeutics. By addressing challenges such as improved drug
stability, reduced systemic toxicity, and enhanced bioavail-
ability, these nanocomposites contribute to overcoming limi-
tations in current systems. With the capacity to respond to
a variety of biological stimuli, SANCs hold enormous potential
for treating complex diseases like cancer, infectious diseases,
and chronic inflammation. However, alongside these promising
advantages, challenges persist in production scalability, storage
stability, and obtaining regulatory approval. Overcoming these
challenges will undoubtedly drive advancements in materials
science, nanotechnology, and possibly leverage the power of Al
to propel SANC-based therapies forward. The integration of
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functionally intelligent, adaptive SANCs with personalized
medicine could potentially revolutionize modern therapeutic
medicine by enhancing treatment safety, efficacy, specificity,
and personalization across various therapeutic domains.
Finally, this review has shown various uses, mechanisms,
and design methods of SANCs in drug delivery. The explanation
of various stimuli-responsive behaviors, elaborate mechanisms
of interactions, and the advantages of SANCs compared to
traditional systems are some of the major inputs. This work is
innovatively put together with sophisticated combination of
molecular design concepts with newly emerging control of
stimulation triggered launches and material formulation spec-
ifications. Future studies are expected to focus on establishing
Al bound SANC platforms capable of predictive performance
modeling, creating SANCs that are multi-responsive in the case
of complex diseases, preparing production on a large-scale with
regulatory compliance and sustainability. Besides, searching
clinical translation routes and testing long-term safety will play
a pivotal role in the broader use of SANCs in precision medicine.
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AuNPs Gold nanoparticles

DOX Doxorubicin

GSH Glutathione

MRSA Methicillin-resistant Staphylococcus aureus
MSN Mesoporous silica nanoparticle
NIR Near-infrared

NP Nanoparticle

NSC Neural stem cell

PCL Polycaprolactone

PCL-CS Chitosan/polycaprolactam

PDT Photodynamic therapy

PEC Polyelectrolyte complex

PEG Polyethylene glycol

PLGA Poly(lactic-co-glycolic acid)
PTT Photothermal therapy

PTX Paclitaxel

RME Receptor-mediated endocytosis
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ROS Reactive oxygen species

SANCs Self-assembling nanocomposites

SANPs Self-assembling nanoparticles

SiRNA Small interfering RNA

SNEDDS Self-nanoemulsifying drug delivery system
TDN Tetrahedral DNA nanostructure
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