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Recent advances in biomedical applications of

smart nanomaterials: a comprehensive review
Manoj Kumar Goshisht, (2 **® Ashu Goshisht,*® Animesh Bajpai® and
Abhishek Bajpai®

Smart nanomaterials (NMs) have emerged as a transformative tool in the biomedical field owing to their
distinct physicochemical properties and multifunctional abilities. In this comprehensive review, we have
featured the current advancements in utilization of smart NMs in four critical domains of biomedical
science: (i) wound healing, (ii) cancer theranostics, (iii) tissue engineering and regeneration, and (iv) nano-
toxicity assessment. In section 3, we have discussed the wound healing applications of metallic and non-
metallic smart NMs in controlled drug delivery, rapid tissue repair/regeneration, and antimicrobial pro-
perties in synergism with photodynamic and photothermal therapy. Section 4 encompasses recent break-
throughs in cancer theranostics that leverage the dual functionality of smart NMs for simultaneous diag-
nosis and therapy. Nanocarriers designed with imaging agents and therapeutic payloads enable targeted
drug delivery along with a reduction in side effects and improvement in treatment efficacy. The inte-
gration of stimulus-responsive mechanisms, such as pH and temperature sensitivity, further enhances
their theranostic potential. Section 5 underscores NM-based efficient scaffolds and 3-dimensional (3D)
bioprinting strategies to boost tissue engineering and regeneration by delivering growth factors, genetic
materials, and bioactive chemicals. Section 6 encompasses recent breakthroughs in nanotoxicity assess-
ment through in vitro, in vivo, and in silico approaches. The section also includes key toxicity mechanisms
and challenges of smart nanomaterials in clinical translation.

sensing, and various other fields requiring materials with
“intelligent” behaviour.

Nanoscale materials with unique features allowing them to
respond dynamically to different extraneous stimuli like pH/
light/temperature, chemical signals, and magnetic or electric
fields are called smart nanomaterials." Stimulus-responsive
quantum dots, polymers, metal-organic frameworks (MOFs),
metal oxide nanoparticles (NPs) (e.g., iron/zinc/copper/tita-
nium oxide), Au/Ag NPs, carbon NPs (e.g., fullerenes and
carbon nanotubes), and nanocomposites are generally used as
smart nanomaterials.> Their dynamic responsiveness makes
them supreme candidates in wound healing treatments,
cancer theranostics, drug release, environmental monitoring,
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The skin, as the body’s largest organ, is essential for overall
health, functioning both as a protective barrier and an active
participant in physiological processes. It helps maintain
homeostasis by detecting environmental changes, regulating
the temperature of the body, and preserving the humoral
balance.®* Wounds occur when the skin’s structure as well as
integrity are disrupted by various interior and exterior factors.
Common causes include burns, trauma, and/or diabetes.’
Once the skin is compromised, the body becomes more vul-
nerable to microbial infections. Although the natural wound
healing process is initiated to restore skin wholeness,® certain
conditions, including infections and uncontrolled inflam-
mation, can hinder recovery, leading to chronic wounds.”® In
the United States, approximately 6.5 million patients suffer
from chronic wounds each year.’

Nanotechnology has made significant strides in the field of
wound repair over the past few decades.'® The distinct pro-
perties of NMs, like their quantum size effects and surface
chemistry, have led to innovative strategies in wound healing.
These properties of NMs play a crucial role in regulating the
wound microenvironment, controlling infections, promoting
angiogenesis, and enhancing reepithelialization." Moreover,
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the high surface area of NMs makes them an outstanding can-
didate for target-specific drug release owing to their capability
to encapsulate therapeutic drugs, thereby regulating wound
healing processes. Moreover, NM-based composite scaffolds,
hybrid bioinks, and 3D bioprinting strategies have advanced
the tissue engineering and regeneration (TER) field.'?

Cancer represents a serious public health challenge, with
mortality rates rising rapidly worldwide,"? resulting in approxi-
mately 10 million deaths each year.'* Chemotherapy remains
the most prevalent anticancer drug approach owing to its high
effectiveness.'® However, chemotherapy’s effectiveness is often
hindered by its poor selectivity toward tumour cells as well as
difficulties in releasing medicines to the site of tumour
efficiently.’® In addition, the emergence of multi-drug resis-
tance (MDR) further poses obstacles in the successful outcome
of chemotherapy. The intricate nature of the microenvi-
ronment of tumours'® as well as variation in nature of all
patients also add to the challenges of development of worth-
while therapeutic agent options.

Smart NMs represent remarkable progress in cancer therapy,
offering a promising alternative to conventional therapeutics.
These NMs are designed to respond to different biomolecules,
pH, and stimuli, leading to their aggregation at tumour sites
and subsequent release of therapeutic payloads.””'® This tar-
geted and triggered drug delivery mechanism establishes a
smart treatment mode, allowing for enhanced efficacy and
reduced off-target effects."®*! Moreover, smart NMs have the
capability to co-deliver therapeutics and diagnostic reagents
simultaneously. This aspect has greatly contributed to the devel-
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opment of theranostics, which combines therapy and diagnos-
tics in a single platform. By integrating therapeutic and diagnos-
tic functionalities, smart NMs hold immense potential for per-
sonalized cancer treatment strategies.>”

Different types of smart nanomaterial with distinct mor-
phologies and properties used in biomedical applications are
presented in Fig. 1.*

Although smart NMs offer significant benefits in healthcare
and other fields, their potential menace to the environment
and health cannot be ignored.”*° In the last decade, worthy
attention has been given to nanotoxicity assessment.
Nanotoxicity is influenced by various factors related to both
the NMs themselves (e.g., their chemical composition, shape,
size, and coating) and the biological systems they interact
with.”” Exposure of cells/tissues to NMs can affect them
through multiple mechanisms, each contributing to potential
health risks. NMs can reduce the ability of cells to survive and
proliferate, hinder tissue growth and repair processes, and
lead to the generation of reactive oxygen species (ROS)/cyto-
kines, damage to cell membranes/DNA/mitochondria, apopto-
sis, lipid peroxidation, cell cycle dysregulation, genotoxicity,
necrosis, and metabolic/cell morphology changes.””**

In this review, applications of smart NMs based on wound
healing, cancer theranostics, and tissue engineering and regen-
eration have been discussed comprehensively. Different types of
nanocarrier, such as metallic, non-metallic, and polymeric or
biomimetic, used for the delivery of drugs, bioactive chemicals,
and genetic materials in wound healing, cancer therapy and
tissue engineering and regeneration have been highlighted
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Fig. 1 Schematic representation of different smart nanomaterials
employed in wound healing, tissue engineering/regeneration, and
cancer therapy. Reprinted with permission from ref. 23. Copyright 2019,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

throughout the article. However, the applications of smart NMs
are not without concern. That is why in the last section, we have
discussed the in vivo, in silico, and in vitro toxicities of NMs and
summarized them in table format (Tables 6 and 7).

2. General description of smart NMs

NMs’ possess notable properties and characteristics owing to
nanoscale facets, which usually range between 1 and 100 nm.
This size range gives nanomaterials a high surface area and
results in quantum effects which significantly alter their physi-
cal/chemical/biological effects compared with their bulk ana-
logues.*® Smart/responsive/intelligent nanomaterials are fabri-
cated to respond to various environmental and biological
stimuli in a controlled manner. Thermo-responsive NMs
change their properties in response to temperature. For
instance, poly(N-isopropylacrylamide) exhibits a phase tran-
sition near human body temperature, making it useful in drug
delivery and tissue engineering.>* pH-responsive NMs respond
to changes in pH and are useful for delivering drugs to specific
parts of the body (such as infection/tumour sites that have a
typically lower pH).>> Photoresponsive NMs change their
chemical or physical properties in response to light.*® These
NMs are employed in targeted drug delivery, optical devices,
and sensors. Smart magnetic NMs can be manipulated by
external magnetic fields, allowing precise control for appli-
cations like hyperthermia and targeted drug delivery therapy.
Conductive NMs can respond to electrical stimuli, making
them useful in electronics and wearable devices.?”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In biomedical applications, smart NMs are usually engin-
eered to be biocompatible as well as biodegradable, reducing
the menace of adverse reactions. For instance, smart NMs in
medicine delivery systems are fabricated to degrade harmlessly
after releasing their cargo.’® Some smart NMs, such as silver
and zinc oxide NPs, exhibit inherent antibacterial
properties.’®*° They are commonly employed in medical coat-
ings, textiles, and food packaging. Hydrogels, especially those
integrated with NPs, can swell as well as contract because of
pH, temperature, or even magnetic field changes. They are
promising for tissue engineering and drug-release vehicles
that release drugs following specific body conditions.*' Smart
textiles and wearable electronics utilize NMs to add flexibility,
durability, and responsiveness to devices. These effects can be
tuned by altering the material composition, proportion, size,
and functional groups attached to the NPs. Nowadays, smart
NMs are constantly utilized to improve performance, reduce
costs, and enhance compatibility with existing systems.

2.1. Surface chemistry and conjugation of nanomaterials

Surface chemistry and conjugation strategies play a vital role in
designing smart or stimulus-responsive nanomaterials. The
surface chemistry governs the interaction of nanomaterials
with their surrounding environment, affecting key character-
istics such as stability, solubility, and biocompatibility.***?

Covalent bonding provides a strong and stable connection
between different functional groups and nanomaterial sur-
faces, helping to maintain the integrity and activity of the
pairing in aqueous and biological conditions. Covalent strat-
egies like amide bond formation, thioether and disulfide lin-
kages, gold-thiol (Au-S) interactions, Schiff base chemistry,
and click reactions are frequently utilized in the development
of durable nanomedicine systems.**

Noncovalent attachment of different functional groups/bio-
molecules to nanomaterials is driven by fundamental mole-
cular interactions, including electrostatic forces, hydrogen
bonds, n-n stacking, and hydrophobic effects.*> The inherent
sequence tunability and structural adaptability of bio-
molecules like nucleic acids, lipids, and proteins facilitate
these interactions. This approach is economical and maintains
the native functionality of the attached biomolecules without
the need for chemical alterations. However, compared with
covalent strategies, noncovalent methods offer lower stability
and are more susceptible to variations in environmental con-
ditions such as pH and ionic strength. Conjugation techniques
like covalent and non-covalent, which involve attaching func-
tional molecules to the nanomaterial surface, impart respon-
siveness to endogenous (pH, enzymes, hypoxia, glutathione,
etc.) and exogenous (temperature, light, magnetism, etc.)
stimuli.*® This enables a controlled and adaptive behaviour of
the nanomaterials under varying conditions (Fig. 2).

2.2. Stability and degradation kinetics of smart
nanomaterials

Stability governs the circulation time, shelf-life, and targeting
precision of smart nanomaterials. Degradation kinetics
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Fig. 2 Schematic representation of conjugation and detachment strat-
egies along with endogenous and exogenous stimuli. Responsible for
targeted and controlled therapeutic action of smart nanomaterials.

involves the timing and location of therapeutic release and
clearance from the body. Guo et al®” synthesized triblock
polymer functionalized superparamagnetic Fe;O, nano-
materials with pH-responsive properties. In addition, the
synergistic effect between ionic bonding and hydrophobic
interactions increased the loading efficiency of the drug at
7.4 pH. However, at endosomal or lysosomal acidic pH (<5.5)
ionic bonding breaks and the drug is released, showing target-
specific release of the drug. In another study, Fuoco et al.*®
prepared redox-responsive PEG-SS-PLA-based nanomaterials
where PEG stands for poly(ethylene glycol) and PLA stands for
poly(lactide). The nanomaterials were stable extracellularly but
degrade in high glutathione (GSH) environments due to disul-
phide bond cleavage, showing the tumour-specific targeting
ability of nanomaterials.

Table 1 Summary of drug-loading efficiency of smart nanomaterials

View Article Online
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2.3. Drug loading and release efficiency

The drug loading and release efficiency of smart nano-
materials depends on the encapsulation technique, material
matrix, and intermolecular interactions (hydrophobic, electro-
static, H-bonding, etc.).”* The drug loading and release
efficiency of different types of smart nanomaterial has been
discussed in Table 1.

3. Wound healing applications of
smart nanomaterials

Wounds are injuries to the skin and underlying tissues that
disrupt normal anatomical structure and function.”® The
wound healing process involves four coordinated stages:
hemostasis, inflammation, proliferation, and remodeling.>*
Smart nanomaterials can sense and respond to biochemical or
biophysical cues at the wound site. Smart nanomaterials
enhance each phase by delivering bioactive agents or modulat-
ing cellular responses in a stimulus-responsive manner
(Table 2). These materials exhibit adaptive, targeted, and con-
trolled therapeutic functionalities, enabling them to address
the dynamic and complex nature of acute and chronic
wounds.>

The mechanism of smart nanomaterials is inherently adap-
tive, targeted, and intelligent, tailored to wound microenvi-
ronment dynamics.”®> They surpass conventional nano-
materials, which offer static and non-selective functions. By
combining real-time sensing with precise therapeutic delivery,
smart nanomaterials represent a next-generation platform in
advanced wound healing technologies. Mechanistic advance-
ment of smart nanomaterials over conventional nanomaterials
for wound healing and cancer therapy applications is pre-
sented in Tables 3 and 5, respectively.

Despite the promising applications, clinical translation
faces obstacles of (i) the toxicity and biocompatibility of

S. no. Smart nanomaterial type Drug loading (%) Method Ref.
1 Liposomes 5-15% Passive loading, remote loading 49
2 Polymeric micelles 10-20% Self-assembly of amphiphilic polymers 55
3 Dendrimers >20% Covalent or electrostatic conjugation 56
4 Mesoporous silica NPs >30% Pore loading, pH-labile caps 57
5 Nanogels ~10-30% Swelling in drug solution and trapping 58

Table 2 Stimulus-responsive behaviour of smart nanomaterials in wound healing

S. no. Stimulus Typical wound condition Smart nanomaterial response

1 pH Acidic pH in chronic/infected wounds Trigger drug/gene release

2 Enzymes like matrix Overexpressed in chronic wounds Enzyme-triggered therapeutic release
metalloproteinase (MMPs)

3 Temperature Elevated in inflamed/infected tissue Thermosensitive drug release

4 ROS Excess ROS during chronic inflammation Scavenge ROS, release antioxidants

5 Bacterial toxins Infection Smart antimicrobial release or membrane disruption

1230 | RSC Pharm., 2025, 2,1227-1267
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Table 3 Comparative mechanistic insights of smart nanomaterials over conventional nanomaterials in wound healing applications

no. Aspect Conventional nanomaterials

Smart nanomaterials

1 Design Passive delivery systems with fixed properties
2 Stimulus response None/minimal
3 Drug release Continuous/burst release, often non-specific

4 Targeting capability

5 Healing modulation ~ May offer antimicrobial/antioxidant support
6 Biocompatibility and  Biocompatible but potential risk of overdose/
safety toxicity owing to uncontrolled release

certain nanomaterials; (ii) scale-up and reproducibility in man-
ufacturing; (iii) long-term safety and regulatory approval; and
(iv) cost-effectiveness in healthcare settings.>* Advancements
in biodegradable smart polymers, personalized wound care,
and real-time biosensing will guide the next generation of
smart nanomaterial-based wound treatments.

3.1. Wound healing applications of metal-based smart NMs

Metal-based NMs, such as metal NPs (MNPs), metal oxide NPs
(MONPs), and metal nanoclusters (MNCs), exhibit significant
antimicrobial properties against a wide range of bacteria.’®*
The antibacterial mechanistic actions of these NMs usually
involve destruction of the bacterial cell membrane, inter-
ference with cytoplasmic enzyme activities, and oxidative
stress-induced damage to DNA and plasmids.®® Among these,
MNPs and MONPs are particularly noteworthy for their potent
antibacterial activity, in the context of wound healing.

Silver NPs are extensively employed in wound dressings and
coatings due to their broad-spectrum antibacterial effects and
ability to advance wound healing.®® They are often incorpor-
ated into ointments, hydrogels, and bandages. The antibacter-
ial action of AgNPs involves multiple pathways, including
silver ion release, which can derange the bacterial cell wall and
membrane, leading to cell lysis. Silver ions also interact with
thiol groups in proteins, disrupting bacterial enzymes and
metabolic processes.®® Additionally, AgNPs engender oxidative
stress by creating ROS, causing damage to bacterial DNA and
other cellular components.

Gold nanoparticles (AuNPs) are employed in wound healing
primarily for their anti-inflammatory properties and ability to
enhance the healing process.®® They are often combined with
other therapeutic agents to improve their efficacy.®®®® While
AuNPs are less toxic to bacteria compared with silver and zinc
oxide nanoparticles (ZnO-NPs), they can still exert antibacterial
effects. These mechanisms include disrupting bacterial cell
membranes, binding to bacterial DNA and proteins, and indu-
cing oxidative stress.®”*® Moreover, AuNPs can enhance the
efficacy of antibiotics by facilitating their entry into bacteria.®®
Recently, Singh et al.”® developed a smart drug delivery system
(DDS) employing core-shell nanofibers fabricated via coaxial
electrospinning. The system was engineered to achieve sequen-

© 2025 The Author(s). Published by the Royal Society of Chemistry

Non-targeted accumulation at wound site

Engineered to respond to specific stimuli (e.g., ROS, pH,
temperature, enzymes, etc.) in the wound microenvironment
Responsive to internal (e.g:, infection, ROS, pH, etc.) or external
(e.g., light, magnetic field, etc.) cues

Controlled and on-demand release of therapeutics in response to
wound-specific stimuli

Localized and targeted delivery based on microenvironmental
characteristics

Multifunctional: antibacterial, anti-inflammatory, haemostatic,
pro-angiogenic, and even immune-modulatory
Reduced/minimal side effects through spatial and temporal
control of therapeutic action

tial drug release, which is vital for treating complex wounds
that require stage-specific therapeutic interventions. The shell
is composed of poly-i-lactic acid loaded with lidocaine drug,
enabling immediate release at room temperature. The core
contains poly(N-isopropylacrylamide) polymer infused with
gold nanorods (GNRs) and levofloxacin. GNRs enable near-
infrared (NIR) light-triggered heating which induces swelling
and shrinking of the core polymer to enable on-demand, sus-
tained release of levofloxacin. In the absence of smart nano-
materials, it is not possible to deliver on-demand and sus-
tained release of drugs effectively.

ZnO-NPs are commonly employed in wound dressings and
topical applications owing to their antimicrobial benefits, bio-
compatibility, and capability to promote wound healing.”"”*
These NPs provide UV protection, which is beneficial for skin
applications. ZnO-NPs also cause antibacterial activity by releas-
ing zinc ions (zn>"), ultimately disrupting bacterial cell mem-
branes and interfering with enzyme activities.”” Additionally,
ZnO-NPs generate ROS, resulting in oxidative destruction of bac-
terial proteins, lipids, and DNA. The targeted antimicrobial treat-
ments contribute to better clinical outcomes and improved
patient care. The photocatalytic potential of ZnO-NPs in the pres-
ence of UV light further intensifies their antibacterial effects.”

Smart metal-based nanomaterials outperform conventional
ones by offering controlled, targeted, and multifunctional
wound healing support ie., antibacterial, antioxidant, angio-
genic, and pro-regenerative actions tailored to wound microen-
vironments.”> While they reduce toxicity risks through pre-
cision delivery, the long-term safety of the nanocarriers (poly-
mers, ligands, composites, etc.) and metal ion release profiles
still require extensive in vivo and clinical validation. The clini-
cal and translational studies of metal nanomaterials have been
presented in Table 4.

Moreover, scale-up production with reproducibility, regulat-
ory hurdles for complex nanostructures, and comprehensive
toxicity and pharmacokinetic profiles are some of the chal-
lenges that need to be addressed.

3.2. Wound healing applications of non-metallic NMs

The integration of non-metallic NMs in biomedical appli-
cations, particularly in wound healing, has shown promising

RSC Pharm., 2025, 2,1227-1267 | 1231
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Table 4 Clinical and translational studies on metal-based nanomaterials in wound healing

Nanomaterial and

Material/product ~ formulation

Study type

Model/

population Key findings Ref.

Randomized controlled
trials (RCT) (n = 25 silver
vs. n =25 standard)
Observational study
included 50 diabetic foot
ulcer cases

Silver colloid Ionic silver colloid

dressing

Silver-based
dressing
materials

Silver colloid Ionic silver colloid

dressing

Double-blind experiment
included 50 patients

Silver colloid Nanoparticulate Prospective observational

nanoparticle silver hydrogel (n=800)

dressing

Copper dressing Copper oxide In vitro study
microparticles

Copper dressing Copper oxide Randomized controlled
impregnated trials (n = 23)
dressings

results due to their broad-spectrum antimicrobial properties.
Their ability to be functionalized and incorporated into
various forms such as dressings, hydrogels, and coatings
makes them versatile tools in the fight against bacterial infec-
tions and in enhancing wound healing processes.®

3.2.1. Wound healing applications of graphene together
with its derivatives. Graphene, GO (graphene oxide), and rGO
(reduced graphene oxide) hold significant promise in anti-
microbial applications and wound healing. Their ability to
damage the membrane of microbes (by their sharp edges) and
induce oxidative stress, combined with their potential for
functionalization and photothermal therapy, makes them ver-
satile and powerful tools in the fight against bacterial infec-
tions.*> These properties facilitate the development of
advanced wound dressings and Xie et al.®** developed an edge-
selectively passivated black phosphorus (BP) nanosheet (BPNS)
hybrid by covalently fixing fullerene C,, at the edges, resulting
in BPNSs-Cy,, aiming to create a novel hybrid antibacterial
agent with outstanding antibacterial potency (Fig. 3). The syn-
thesis of BPNSs-C,, was obtained via a sustainable and
straightforward one-step mechanochemical process. The
BPNSs-C;, hybrid demonstrated superior hydroxyl radical
("OH) and singlet oxygen (*O,) production capabilities com-
pared with pristine BPNSs and BP-C-,, under light irradiation.
This resulted in improved antibacterial performance (99.97%)
against MRSA (methicillin-resistant Staphylococcus aureus)
after irradiation for just 5 minutes. In vivo examination con-
firmed the superior antibacterial capability of the synthesized
hybrid, showcasing faster disinfection and recovery of

1232 | RSC Pharm., 2025, 2,1227-1267

Diabetic foot
ulcers (Wagner

85.7% healed in silver group versus 41.7% in 76
controls at 12 weeks; mean wound reduction

grade I-1I) 85.6% versus 68.6%, p < 0.05
Diabetic foot 3 cases (6%) showed purulent discharge 77
ulcers from the wound, absence of granulation

tissue, presence of microorganisms and

hence poor healing rate. The remaining 47

cases (94%) showed minimal/serous

discharge, presence of healthy granulation

tissue, no microorganisms on culture report

and thus a good healing rate

67.77 £ 17.82% reduction in ulcer area in the 78
silver group compared with 21.70 + 23.52%

in the conventional saline group

Silver group (23.15 + 8.15 days) required

fewer days to reach the endpoint compared

with saline group (48.35 + 18.07 days)

Complete healing at 4 weeks in <10 cm” 79
ulcers: 100% silver vs. 68.4% control; faster

rate overall

— The dressing showed microbial titer 80
reductions (4-logs) within 3 h of exposure at

37 °C (p < 0.001)

47.83% (11/23) and 34.78% (8/23) of wounds 81

Non-ischemic
DFUs

Acute diabetic
foot ulcers

Diabetic foot

wounds closed in the copper dressings and NPWT
(negative pressure wound therapy) arms,
respectively (p > 0.05)
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Fig. 3 (a) Schematic representation of synthesis of the BPNSs-C;q

hybrid; (b) antibacterial efficacy of the hybrid (BPNSs-C0) under 660 nm
irradiation. Reprinted with permission from ref. 84. Copyright 2023,
Elsevier.

abscesses. The escalated antibacterial efficacy of BPNSs-C,,
was ascribed to the synergistically revamped "OH and singlet
oxygen production owing to intramolecular transfer from
BPNSs to C;,. This innovative approach opens new routes for
antibacterial applications of BPNSs, leveraging the improved
stability and ROS generation capabilities imparted by the full-
erene modification.

3.2.2. Wound healing applications of black phosphorus.
BP, first synthesized in 1914, has achieved remarkable recognition
owing to its distinctive properties and potential biomedical appli-
cations.®® High-energy mechanical milling is a favoured tech-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nique to fabricate BPNPs because it produces NPs with excellent
biocompatibility and biodegradability, making them promising
wound healers.®® For instance, Huang et al.®’ reported a wound
dressing loaded with silk fibroin-functionalized BPNSs, demon-
strating excellent photothermal effects that accelerated wound
healing by eliminating bacterial infections.

Recently, Huang et al.®® presented BP quantum dots lodged
nanohydrogel (BPQDs@NH) for photodynamic and photother-
mal elimination of MDR bacterial infections of diabetic
wounds (Fig. 4). In vitro investigations showed around 90%
MRSA destruction due to the BPQDs and increased tempera-
ture of the hydrogel due to NIR irradiation (808 nm),
suggesting potential improvements in diabetic wound healing.
The strong bactericidal potential of BPQDs was preferentially
ascribed to several mechanisms: (i) the destruction of cell
integrity, (ii) ROS production, (iii) the induction of lipid peroxi-
dation, and (iv) the disruption of bacterial metabolism.
Additionally, in vivo animal model experiments revealed that
treatment with the BPQDs lodged nanohydrogel under NIR
irradiation attained the highest rates of healing of MRSA-
infected diabetic wounds. This treatment also resulted in the
highest expression of vascular endothelial growth factor
(VEGF), indicating enhanced wound healing.

3.2.3. Wound healing applications of MXenes. MXenes are
innovative 2D NMs characterized by the formula M,1X;, Ty,
where M, X, n, and T represent an early transition element (V,
Cr, Zn, Ti, etc.), carbon and/or nitrogen, 1-3, and surface ter-
minating groups (e.g., -F, -0, -OH),°® respectively. Here, M is
an early transition metal (e.g., V, Ti, Cr, Zr, and Nb), X can be
either carbon (C) or nitrogen (N), n ranges from 1 to 3, and T
denotes surface-terminating functional groups (e.g., -F, -O,
-OH).* To date, approximately 70 different MXenes have been
discovered, with Ti;C,T, being the first and most extensively
studied member of this family.®® Ti;C,T, MXene nanosheets

ROS production
MRSA
Protern leakage

Q\) s

Lipid peroxidation

o

Cell Membrane
Damage
(Bacterial Death)

Hyperthermia

-
GSH oxidation

BPQDs@NH BPQDs@NH+NIR treat MRSA
y o :3::.
oy
808nm light o~ -
/ .

FG-F Expr'u.slon

e v:‘} Infected wound

Diabetic Rat Wound Healing

Fig. 4 Schematic illustration of the preparation of black phosphorus
quantum dots lodged nanohydrogel (BPQDs@NH) and its synergistic
antibacterial efficacy in the presence of NIR irradiation for MRSA-
infected wound treatment. Reprinted with permission from ref. 88.
Copyright 2022, Elsevier.
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have demonstrated sturdy antibacterial efficacy, particularly
toward B. subtilis and E. coli. bacteria. Studies have shown that
Ti;C,T, exhibits significantly stronger antibacterial activity
compared with graphene oxide (GO) nanosheets at equivalent
concentrations.” The mechanism of antibacterial activity of
MXene nanosheets is primarily attributed to the combination of
mechanical damage to the cell membranes of the microbes by
the nanosheet’s sharp edges together with oxidative stress
induced by electron transfer.”> Furthermore, photothermally
active MXenes possess strong antibacterial efficacy. Gao et al.*?
indicated that the antibacterial efficacy of Ti;C,T, MXenes corre-
lates inversely with the size of the nanosheet in the presence of
light. Due to their notable antibacterial properties and photother-
mal conversion efficiency, MXene nanosheets can be combined
with other compounds to create composite antibacterial NMs. For
instance, Yu et al®® fabricated indocyanine green (ICG)laden
Ti;C,T, nanosheets to establish a dual effect of PDT and PTT for
treating bacterial infections. The biocompatibility as well as cyto-
toxicity of MXenes are influenced by several factors, including
dosage, lateral size, and surface modifications.”® It is important
to note that MXenes are prone to oxidation, which can compro-
mise the integrity and functionality of the nanosheets. Therefore,
chemical modifications are necessary to prevent oxidation and
preserve their properties.®®

Park et al.®” developed ciprofloxacin and MXene-based
hydrogel (CIPMX@Gel) groups for in vivo treatment of skin
wounds of mice (Fig. 5). The CIPMX@Gel with NIR group
exhibited outstanding wound healing ability at all time points
(Fig. 5A and B). It showed 61.03% (+5.60%) and 90.14%
(+2.31%) wound closure on day 7 and 14, respectively. This
was notably faster than the other groups, where the sham set
attained 77.41% and the 0 pg mL™" set attained 75.15%. The
groups with 100 pg mL™" and 100 pg mL™" with NIR had even
slower healing rates of 53.07% (+7.80%) and 50.93%
(£10.73%), respectively. In the absence of light, the
CIP-MX@Gel set showed 85.74% (+5.71%) closure of the
wound by day 14. Hematoxylin-eosin staining on the seventh
and fourteenth days revealed that the CIP-MX@Gel with NIR
group had only a small panniculus gap and the highest granu-
lation threshold, indicating superior tissue regeneration
(Fig. 5C-G). These trends were consistent over time, with the
CIP-MX@Gel with light group showing the best results.
Masson’s trichrome staining showed that the CIP-MX@Gel
with NIR group had the highest collagen fibre abundance on
days seven and fourteen, indicating that the regenerated tissue
in this group was most similar to normal, uninjured skin.

3.2.4. Wound healing applications of molybdenum disul-
phide. MoS,, as a member of the TMDs (transition metal
dichalcogenides) family, offers a range of beneficial properties
that make it worthy of various advanced applications, dis-
tinctly in the biomedical field.’®°° MoS,-based NMs (e.g.,
MoS, nanosheets, MoS, quantum dots, and MoS, nano-
flowers) offer promising solutions for antibacterial appli-
cations, particularly in treating infected wounds. Their ability
to generate ROS, induce physical damage to bacterial mem-
branes, and convert NIR light into heat makes them effective
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Fig. 5 Evaluation of in vivo healing of wounds by CIP-MX@Gel. (A)
Wound images during the treatment period of 14 days. (B)
Quantification of wound area. (C) H&E staining pictures of treated
wound tissues on day 7th and 14th. (D, E) panniculus gap quantification
of the treated wound tissues on the 7" and 14" days. (F and G)
Granulation tissue thickness quantification of the treated wound tissues
on the seventh and fourteenth days. Reproduced with permission from
ref. 97. Copyright 2023, Elsevier.

in combating resistant bacterial infections.'’® The high bio-
compatibility and low cytotoxicity of MoS, further enhance its
potential for clinical applications. Yin et al'®" demonstrated
an enhancement of healing of wounds by PEG-modified MoS,
nanoflowers (NFs). They converted H,0, into hydroxyl radicals
("OH) and utilized NIR irradiation for synergistic antibacterial
action toward Bacillus subtilis and ampicillin-resistant E. coli
in vitro and acceleration of infected wound healing in vivo. In
another study, Cao et al'®® loaded Ag" ions into MoS,
nanosheets for enhancing infected wound healing. This nano-
composite combined the antibacterial properties of both MoS,
and silver ions. When applied to MRSA-infected wounds, the
nanocomposite promoted faster wound healing.

3.3. NM-based drug delivery systems for the treatment of
wounds

NMs have shown great promise not only as direct therapeutic
agents for promoting wound alleviation but also as effective
DDSs (drug delivery systems).'”®> NMs enhance the wound
healing process by ensuring the sustained release of drugs at
the affected site. This approach ensures a consistent thera-
peutic effect and minimizes the need for frequent application.
Vascular dysfunction at the wound site can impair the delivery
and effectiveness of therapeutic agents. Strategies need to be
developed to enhance drug penetration and retention in such
environments. The wound environment contains various detri-
mental factors which can degrade and dismantle the delivered
drugs. Protective and stabilizing mechanisms should be incor-
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porated into the DDSs. Therapeutic agents must be delivered
in a controlled manner to avoid various off targets due to
excessive dosages. This includes the precise timing and localiz-
ation of drug release to match the wound healing stages.'**'%

Recently, Mao et al.*°® developed antibiotic-free remarkable
nanocomposite hydrogels possessing impressive antioxidant
and antimicrobial virtues, utilizing gelatine (Gel), bacterial
cellulose (BC) as well as selenium NPs for wound-alleviating
applications (Fig. 6). The BC@Gel@SeNPs hydrogel displayed
notable mechanical strength, swelling capability, biodegrad-
ability, and flexibility, together with a controlled release of sel-
enium NPs. The SeNP decoration endowed the hydrogels with
outstanding antioxidant and anti-inflammatory capacities. The
BC/Gel/SeNP hydrogel demonstrated remarkable wound
healing capabilities owing to the collaborative effect of the Gel
and SeNPs. It accelerated the in vivo wound healing process by
lessening inflammatory responses, increasing wound closure,
promoting granulation tissue formation, encouraging collagen
deposition, stimulating angiogenesis, and activating and
differentiating fibroblasts into myofibroblasts (Fig. 6).

Wwang et al'®” developed a novel approach to wound
healing by incorporating antimicrobial peptides (AMPs) and
collagen III (Col III) into microneedle (MN) patches. These
patches were designed to release AMPs and Col III slowly and
in a controlled manner, targeting deep wound tissues. By
encapsulating AMPs in a chitosan (CS) and gum arabic (GA)
based nanogel and embedding them within microneedle
patches, the researchers improved the stability and biocompat-
ibility of the AMPs. Once the MN patches penetrated the
biofilm formed by Staphylococcus aureus, they dissolved and
released CGA-NPs. These nanoparticles then responded to the
infected sites, efficiently killing the bacteria. Simultaneously, Col
I facilitated wound healing, making this dual-action delivery

NH, (aq) ©
—_—

60°C, 5min

BC/Gel/SeNPs
nanocomposite hydrogel

Selenite ion-saturated
BC/Gel hydrogel

BC hydrogel

H,5e0, (aq) + N,H, (aq) — Se (])+N,(])+3H,0

/-/: BC nanofiber fGel molecular chain ® :Se nanoparticle

Healed wound

BC/Gel/SeNPs
hydrogel treatment

Skin wound

Fig. 6 Schematic representation (A) of BC/Gel/SeNPs nanocomposite
hydrogel synthesis; (B) applicability of the synthesized hydrogel in
healing a wound. Reprinted with permission from ref. 106. Copyright
2021, Wiley-VCH GmbH.
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system a promising solution for treating infected wounds. The
study observed wound healing in mice over a period of 10 days
following six different treatments (see Fig. 7A and B). The treat-
ments worked efficiently against S. aureus. The other treatments
lacking antimicrobial potential toward S. aureus had the largest
scar areas and showed a significant presence of S. aureus in skin
tissue. In contrast, NP-based treatments were reported to be
potent bactericidal agents. Moreover, the sustained release of
CGA-NPs from the microneedles further contributed to prevent-
ing the recurrence of S. aureus infections. This prolonged release
ensured that the bacteria were not only killed initially but that
any remaining bacteria were also continuously targeted, reducing
the likelihood of reinfection and promoting more effective wound
healing.

Hematoxylin and eosin staining of the affected tissue was con-
ducted to further assess the wound-alleviating effects across
different treatment groups (Fig. 7C). In the synthesized nano-
composite, the H&E staining results confirmed the superior
healing outcomes, indicating successful re-epithelialization.
Additionally, the formation of hair follicles and blood vessels was
observed, suggesting that the underlying tissue structures were
being effectively restored. These findings reinforced that the MN/
PVP + Col III + CGA-NP treatment provided the best overall
wound-healing effect among the groups studied.

4. Cancer treatment using smart
nanomaterials

Cancer cells have quite a survival toolkit. Their ability to adjust
and thrive under harsh conditions like low oxygen or limited
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Fig. 7 Healing of wounds of mice over a period of ten days. (A) Wound
pictures and (B) wound area quantification of infected mice for diver-
gent treatment groups over a period of 10 days. (C) Pictures with HGE
staining and quantification of data of the newborn skin of the wounded
tissue of infected mice for divergent treatment groups on the 10th day.
Reprinted with permission from ref. 107. Copyright 2023, American
Chemical Society.
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nutrients is one reason why treating cancer can be so
challenging.'*®'% The classification of cancer into solid and
liquid tumours is indeed important, as it affects how they are
diagnosed and treated. Traditional therapies like surgery,
chemotherapy, and radiation therapy have been the mainstays
for a long time, but they do come with limitations and poten-
tial side effects.’'® Theranostic nanomedicines, however, show
great promise in cancer treatment. Their ability to detect
specific cancer biomarkers and simultaneously deliver thera-
peutic agents can lead to more targeted and effective treat-
ments. Nanotheranostics can combine multiple functionalities
in a single nanosystem, such as drug delivery, imaging, and
targeting, thus streamlining the treatment process, and redu-
cing the need for multiple interventions."** This can be par-
ticularly beneficial for early-stage cancers or localized tumours
where precise and localized treatment is crucial.

4.1. Advantage of smart nanomaterials over conventional
nanomaterials in cancer therapeutics

Tumours often have an acidic microenvironment (pH ~
6.5-6.8). Smart nanomaterials utilize acid-labile linkers (e.g.,
hydrazone, imine, etc.) that break at tumour pH to release the
encapsulated/tethered drug.''? Intracellular GSH levels are
100-1000 times higher than extracellular ones. Smart nano-
materials with disulfide and diselenide linkers degrade in
high-GSH environments, promoting intracellular drug release.
Overexpressed enzymes like MMP-2 and cathepsin B in
tumours can cleave the peptide and polymeric shells of smart
nanomaterials, exposing the active core.'”® Photothermal
agents (e.g., GNRs, carbon nanodots, etc.) convert NIR light to
heat, causing local hyperthermia for tumour ablation or drug
release. Key advantages of smart nanomaterials over conven-
tional nanomaterials utilized in cancer theranostics have been
summarized in Table 5.

4.2. Cancer treatment using smart inorganic nanomaterials

Inorganic NMs, particularly metal (gold, iron, zinc, silver, etc.)
and rare-earth metal NPs (e.g., lanthanum oxide and ytterbium
oxide), have garnered remarkable interest in biomedical appli-
cations owing to their distinct physical and chemical virtues at
the nanoscale. Silica NPs are also widely used due to their bio-
compatibility, ease of functionalization, and low toxicity.

4.2.1. Cancer treatment using gold nanoparticles. The
simple production, large surface area, high stability, surface
plasmon resonance (SPR), multi-functionalization, and custo-
mizable surface chemistry of gold nanoparticles (AuNPs)
makes them tremendously useful in the diagnosis of several
malignancies and the delivery of medications. The exceptional
optical and physical properties of GNRs, nanocubes, nano-
stars, nanospheres, and nanocages make them appealing for
targeted delivery of drugs, photodynamic therapy (PDT),
photothermal therapy (PTT), photoimaging, and biosensors to
diagnose and treat tumours.'****3

Xu et al.''® developed a sophisticated nanoplatform for tar-
geted and combination therapy for breast cancer, incorporat-
ing GSH, hyaluronidase (HAase), and pH sensitivity. GNRs
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Table 5 Summary of advantages of smart nanomaterials over conventional nanomaterials utilized in cancer therapy

no. Feature Conventional nanomaterials

Smart nanomaterials

1 Design philosophy

2 Targeting mechanism These generally rely on passive targeting via the
enhanced permeability and retention (EPR) effect

3 Drug release kinetics ~ Uncontrolled release may result in premature drug
leakage and systemic toxicity

4 TME responsiveness  These lack sensitivity to tumour-specific features (e.g.,

hypoxia, acidic pH, high GSH, MMPs, etc.)

5 Therapeutic

modalities drug delivery. These have limited potential for
combinatorial or synergistic effects
6 Tumour penetration  Often limited due to size, lack of dynamic size/charge
modulation
7 Biodistribution and Due to limited biodegradability there is a risk of
clearance accumulation in the reticuloendothelial system

8 Therapeutic

resistance
management

9 Diagnostic Rarely include imaging agents or real-time tracking
integration capability

10 Clinical translation

potential approved for clinical use (e.g., Doxil)

were initially encased with hydrazide and thiol di-functiona-
lized hyaluronic acid (HA) via Au-S linkages. Cy7.5 imaging
agent and 5-aminolevulinic acid (ALA) photosensitizer were
then covalently conjugated onto the HA for fluorescence
imaging and PDT, respectively. Anti-HER2 antibodies, being
highly specific for HER2 receptors, were fixed onto the HA to
get the multifunctional nanomaterial (Fig. 8). The NM is
designed to exploit the dual receptor-mediated endocytosis of
CD44 and HER2, leading to high tumour accumulation.

As all know, cancer cells typically exhibit a more acidic
microenvironment and higher concentrations of HAase and
GSH. This triggers the liberation of ALA and Cy7.5 within
tumour cells. Intracellularly, the HA coating is degraded by the
enzyme HAase and GSH, further enabling the release of Cy7.5
and ALA. Upon near-infrared (NIR) irradiation guided by fluo-
rescence imaging, the dual-targeting and triple-responsive
nanoframework (GNR-HA-ALA/Cy7.5-HER2) achieves superb
remedial efficacy. The combination of PDT and PTT in a tar-
geted manner enhanced treatment effects and minimized det-
rimental effects.

Recently, Liu et al.'"” presented an intriguing study that
investigates how the surface chemistry of NPs can influence
their behaviour in biological systems, particularly focusing on
blood circulation time and targeting efficiency. The study
involves AuNPs, a tumour-targeting peptide (Pep2), a zwitter-
ionic peptide (for instance, EK), and fat (for instance, stearine)

1236 | RSC Pharm., 2025, 2,1227-1267

These are inert or passive carriers of therapeutic
agents, generally lacking stimulus-responsive features

These are primarily responsible for chemotherapeutic

Less capable of addressing MDR mechanisms

These are easier to scale and standardize; several

These are engineered with stimulus-responsive and
multifunctional components that actively respond to
tumour microenvironment (TME) or external signals
These use active targeting through ligand-receptor
interactions (e.g., folate), combined with stimulus-
triggered release (e.g., ROS, pH, enzymes, temperature,
etc.)

Controlled and on-demand release triggered by tumour-
specific stimuli, minimizing off-target effects

These incorporate smart moieties (e.g., redox-cleavable
linkers, pH-sensitive bonds, enzyme-sensitive shells, etc.)
to exploit TME characteristics for site-specific activation
These are enabled with multimodal therapy (e.g.,
chemotherapeutic-photothermal, chemotherapeutic-
immunotherapeutic, PDT/PTT + gene therapy), boosting
efficacy and overcoming resistance

Smart systems can shrink, swell, and switch charge for
deep tumour penetration and intracellular delivery
Surface functionalization (e.g., PEGylation) and
biodegradable cores improve circulation and clearance,
and reduce accumulation in the reticuloendothelial
system

These can bypass MDR by targeting specific pathways
(e.g., endosomal escape, mitochondrial targeting, efflux
pump inhibition, etc.)

These are designed as theranostic platforms integrating
imaging (e.g., magnetic resonance imaging, computed
tomography, fluorescence, etc.) for precision medicine
These are more complex in design and regulation, but
offer superior specificity, lower toxicity, and a higher
therapeutic index in preclinical models

separately or in combination. The study presents a model
system using Pep2-functionalized gold NPs (AuNPs-Pep2) that
are designed to be similar in physical properties (size, shape,
elasticity, etc.) but different in surface composition. The study
further employs engineering strategies, such as modification
of EK and EK-fat for modifying the surface of AuNPs-Pep2
nanoparticles. These modifications are designed to enhance
the binding efficacy of the nanoparticles to tumorous cells and
improve their targeting efficiency (Fig. 9). Preliminary results
from in vitro experiments demonstrate that the modified nano-
particles exhibit higher binding affinity to tumour cells com-
pared with  unmodified AuNPs-Pep2 nanoparticles.
Additionally, in vivo experiments show that the engineered
AuNPs-Pep2-EK-fat nanoparticles achieve significantly higher
rates of accumulation in tumourous areas of mice.

4.2.2. Cancer treatment using iron oxide nanoparticles.
Iron oxide nanoparticles (IONPs) have enormous potential in
theranostics due to their distinct characteristics like biocom-
patibility, magnetic properties,
chemistry."*®''® They can be coated with drugs and functiona-
lized with targeting molecules (e.g., antibodies, aptamers, etc.)
that bind to cancer cells. Upon reaching the tumour site, the
drug can be released in a controlled manner, reducing various
systemic ramifications and ameliorating the therapeutic
index."*® They engender heat after exposure to a magnetic
field."*" This heat can be used to selectively demolish carcino-

and tunable surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic depiction of GNRs and combination therapy for treat-
ing breast cancer. (I) The nanoplatform accumulates at the tumour area
via the EPR (enhanced permeability and retention) effect, taking advan-
tage of the leaky vasculature found in tumours. (Il) The nanoplatform is
identified by HER2 and CD44 receptors present on the tumour surface.
Subsequently, it undergoes internalization into the tumour cells. (lll) The
acidic microenvironment of the tumour triggers the liberation of 5-ami-
nolevulinic acid (ALA), a photosensitizer utilized in PDT. The hyaluronic
acid (HA) coating on the nanoplatform is deteriorated by GSH and the
enzyme hyaluronidase, further smoothing the liberation of Cy7.5 and
ALA. Reprinted with permission from ref. 116. Copyright 2019, Elsevier.

genic cells together with not harming close healthy tissues.
They are targeted to the tumour site, and when exposed to the
magnetic field, they increase the temperature of the tumour
cells to a level that induces apoptosis/necrosis. They also
possess superparamagnetic properties, making them highly
useful in MRI (magnetic resonance imaging) as contrast
agents. Their magnetic behaviour can be exploited to guide
nanoparticles to specific locations in the body using external
magnetic fields, which is particularly useful in target-based
drugs."””>'** Recent reports have demonstrated that IONPs
coated with responsive polymers exhibit different behaviours
in response to variations in temperature and pH
gradients.">*"?

Recently, Li et al.'®® developed an impressive nanodrug
called OPPL that combines oleic acid-amended superpara-
magnetic IONPs (O-SPIONs) with PPL polymer to deliver both
a platinum prodrug and lauric acid for treating colorectal
cancer (CRC), as shown in Fig. 10. OPPL demonstrates syner-
gistic enhancement of biofilm disruption effects toward Fn
(Fusobacterium nucleatum) when combined with the anti-
microbial LA. This synergy is achieved through the production
ROS via the nanodrug’s peroxidase-like activity, OPPL
increases intracellular ROS levels, promotes lipid peroxides,
and depletes glutathione, ultimately leading to ferroptosis.
This mechanism enhances the cytotoxicity of the nanodrug
against CRC cells. In vivo studies demonstrate several favour-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The pictorial representation of fabrication of Pep2-functiona-
lized gold NPs (AuNPs-Pep2) and their interaction with tumour cells
highlights the importance of surface chemical properties in nano-
particle—cell interactions. (a) The AuNPs-Pep2 encounter a challenge in
cell recognition because their surface becomes covered by a protein
corona. This corona, composed of plasma proteins, can hinder the
direct interaction between the nanoparticles and the CD36-overexpres-
sing tumour cells. (b) To address the recognition blockade caused by the
protein corona, EK peptides are added to the nanoparticle surface.
These peptides help reduce the adsorption of plasma proteins on the
NPs’ surface. As a result, the nanoparticles become more accessible for
correct recognition and internalization by the CD36-overexpressing
tumour cells. (c) Further optimization is achieved by adding EK-fat pep-
tides to the nanoparticle surface. These peptides alter the composition
of the protein corona, leading to an increase in the amount of albumin
while reducing the presence of other proteins. This compositional
change in the protein corona facilitates the correct recognition and
internalization of the nanoparticles by the tumour cells. Reprinted with
permission from ref. 117. Copyright 2023, Elsevier.
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Fig. 10 Schematic illustration of development of the multifunctional
nanodrug (OPPL), with integration of antimicrobial properties with tar-
geted cancer therapy to address both the bacterial infection and the
cancer cells, ultimately improving treatment outcomes for Fn-infected
CRC. Reprinted with permission from ref. 126. Copyright 2024, Elsevier.
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able outcomes: (i) OPPL shows increased accumulation at
tumour sites, likely due to its design and magnetic properties.
(if) The nanodrug enables magnetic resonance imaging, fur-
nishing a minimally intrusive means of monitoring tumour
response and drug distribution. (iii) OPPL inhibits tumour
growth effectively. (iv) The nanodrug also inhibits the growth
of Fn within the tumour environment, which is crucial for
CRC infected with this bacterium.

4.2.3. Cancer treatment using mesoporous silica nano-
particles (MSNs). According to IUPAC (International Union of
Pure and Applied Chemistry), mesoporous materials are
characterized by having pores of diameters ranging from 2 to
50 nm."”” MSNs have gained extensive interest due to their
tunable particle sizes (e.g., 50 to 300 nm), large surface areas,
homogeneous as well as adjustable pore sizes (e.g., 2 to 6 nm),
high pore volumes, and biocompatibility. MSNs are particu-
larly valuable as smart nanocarriers in drug-releasing systems
owing to their tunable particle size and configurable pore size,
allowing the loading of drugs in divergent molecular forms.
The high surface areas of both the interior pores and the exter-
nal surfaces are ideal for grafting various functional groups,
enhancing their functionality. MSNs are advantageous for
cancer treatment as they can adhere to tumours by the EPR
effect."”® Their biocompatibility ensures minimal toxicity to
healthy cells.

Conventional MSNs face several challenges, such as non-
specific binding to human serum proteins, hemolysis of RBCs,
and phagocytosis by macrophages. These issues contribute to
the short blood circulation half-lives of these conventional
MSNs. However, various strategies can be employed to over-
come these limitations and enhance their functionality as
smart nanocarriers. Poly(ethylene glycol) (PEG) can be grafted
onto the surface of MSNs to create a stealth layer, reducing
immune recognition and clearance. This modification helps in
prolonging the blood circulation time of MSNs by minimizing
hemolysis, nonspecific protein binding, and phagocytosis.'**
Co-polymers can be grafted onto MSNs to control the pore
openings of MSNs. For example, poly(N-isopropylacrylamide)
fastened to hollow MSNs can switch the nanochannels
between “open” as well as “closed” states in response to temp-
erature changes, enabling on-demand loading and release of
small molecules.'®® The surface of MSNs can be adjusted with
targeting ligands, like folate, peptides, mannose, and transfer-
rin protein. These modifications facilitate active targeting to
cells and/or tissues, enhancing the therapeutic productiveness
and eliminating off-target effects.'*"'*> Smart MSNs are engin-
eered to release their loaded drugs responding to various
stimuli (e.g., pH, redox reaction, magnetic field, temperature,
light, etc.), enhancing their functionality and specificity in
drug delivery.'*

Zhang at el."** developed a redox and pH dual-responsive
targeted drug release system employing hollow MSNs (HMSNs)
grafted with bovine serum albumin-folic acid (BSA-FA),
termed HBF, through imine bonds for the responsive and tar-
geted delivery of doxorubicin (DOX) and methylene blue (MB),
termed MD@HBF. The engineered HBF nanoparticle serves as
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a carrier for the drugs. This targeted delivery enhances the
therapeutic effect while minimizing damage to healthy cells.
The use of combination therapy is emphasized as an effective
approach to address the limitations of monotherapy and
enhance therapeutic efficacy. In this case, the combination
involves both chemotherapy (DOX) and photodynamic therapy
(MB), offering a synergistic effect against cancer cells. In vitro
experiments, including cell uptake studies and toxicity assays,
validate the efficacy and safety of MD@HBF. The in vivo study
demonstrates the induction of apoptosis in cancerous cells
(Fig. 11). The combination of chemophotodynamic therapy
employing MD@HBF shows outstanding synergistic killing
efficiency against cancer cells, as indicated by a low combi-
nation index (CI = 0.325).

4.2.4. Cancer treatment using quantum dots. Quantum
dots (QDs) are semiconductor NPs that exhibit distinct optical
and/or electronic characteristics, making them highly suitable
for biomedical applications, including cancer
therapy.””” QDs can be synthesized employing a top down/
bottom-up scheme, each with its distinct techniques and
advantages. Ion implantation, molecular beam epitaxy, and
X-ray lithography are common top-down techniques to syn-
thesize QDs."*® In contrast, a bottom-up strategy involves the
assembly of QDs from atomic or molecular precursors. This
approach is often employed to create colloidal QDs. Chemical
reduction, self-assembly, and surface passivation are the key
steps in the bottom-up synthesis of colloidal QDs."*” Due to
their tunable fluorescence, high brightness, and stability, QDs
have been explored for imaging, diagnosis, and cure of cancer.
Commercially available QDs are typically composed of three
main components: the core, the shell, and a capping sub-
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Fig. 11 (A) Variation of tumour volume with time. (B) Representative
images of tumours of rats supplied with control (PBS), DOX, MB, MB +
Laser, DOX@HBF, and MD@HBF + Laser. (C) Tumour weight variation
after treatment over the period of 14 days. (D) Mouse weight variation
during the treatment period of fourteen days. Reprinted with permission
from ref. 134. Copyright 2023, Elsevier.
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stance. The core of a QD is made from semiconductor
materials and is primarily responsible for the QD’s optical pro-
perties, such as fluorescence and emission wavelength. The
choice of material and the size of the core determine the
specific colour of light emitted by the QD when excited.
Common semiconductor materials used for the core include
cadmium selenide and telluride. The core’s size and compo-
sition control the quantum confinement effect, which dictates
the emission wavelength and brightness.

The shell is constructed around the semiconductor core to
enhance the QD’s optical properties and stability. The shell
material (e.g., zinc sulphide) is typically another semi-
conductor with a wider bandgap than the core. The shell passi-
vates the core surface, reducing non-radiative recombination
sites and thereby increasing the quantum yield (brightness) of
the QDs. It protects the core from oxidation and other environ-
mental factors, enhancing the stability and durability of the
QDs. The shell can improve the biocompatibility of QDs for
biological applications. Organic molecules, polymers, silica,
etc. are used for capping. The capping layer stabilizes, solubil-
izes, and functionalizes the QDs. QDs functionalized by target-
ing ligands (e.g., antibodies, peptides, proteins, and folate),
can bind to cancer cells, enabling precise imaging and localiz-
ation of tumours."®® They can be conjugated with drugs or
therapeutic agents for targeted delivery, reducing off-targets
and enhancing therapeutic efficacy. They can also serve as
photosensitizers, generating ROS upon light activation to kill
cancer cells.

QDs, like many NPs, are taken up non-specifically by the reti-
culoendothelial system. They accumulate in tumour tissues due
to the EPR effect. This phenomenon occurs because tumour vas-
culature is often more permeable than normal blood vessels,
allowing nanoparticles to pass through and remain in the
tumour environment. The fluorescence properties of QDs make
them highly effective for visualizing cancer cells and tissues, pro-
viding several advantages over traditional imaging agents. For
instance, QDs with a copper indium selenide (CISe) core and a
zinc sulphide (ZnS) shell, doped with manganese (Mn) and func-
tionalized with folic acid, were produced, which exhibited 31.2%
fluorescence efficiency.'*®

4.3. Cancer treatment using polymer-based smart
nanocarriers

Polymer-based smart nanocarriers are gaining significant
attention for their potential in cancer treatment. These nano-
carriers are designed to improve the targeted delivery of anti-
cancer drugs, minimize side effects, and enhance therapeutic
efficacy by exploiting the unique properties of polymers.*%***
4.3.1. Cancer treatment using polymeric nanomaterials.
Polymeric NPs (PNPs) mark a significant advancement in bio-
medical applications, fostering collaboration among various
disciplines like biology, chemistry, engineering, and medicine.
This convergence has spurred a medical revolution, resulting
in remarkable progress in medicine delivery, biomaterials, and
tissue engineering."*>'** The discovery of PNPs has paved the
way for more effective treatments utilizing nucleic acids, pro-
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teins, and other active molecules."** This interdisciplinary
approach has greatly enhanced our ability to deliver therapies
with precision and efficacy, leading to transformative impacts
in healthcare.

PNPs have a variety of advantages over traditional drug for-
mulations in terms of stability, structural decomposition, pre-
mature release, and nonspecific release kinetics. Additionally,
the ability to combine materials with divergent chemical com-
positions allows for the fabrication of nanoparticles with
synergistic characteristics. The most employed techniques for
preparing PNPs include emulsion polymerization, dialysis,
solvent evaporation, etc. Incorporating biological response
elements into polymer designs is a cutting-edge strategy. By
leveraging biological cues or processes, such as specific
enzyme activities or pH levels in different tissues, researchers
can attune medicine release profiles for enhanced therapeutic
outcomes. Polymers like poly(p,L-lactic-co-glycolic acid) (PLGA),
being biodegradable as well as biocompatible, can be
employed for controlled drug release. Its properties can be
manipulated by adjusting factors like drug concentration and
lactide to ethyl ester ratio, allowing for customized release
kinetics. The hydrophobic nature of PLGA, in combination
with methyl groups, influences water absorption and degra-
dation rates. Increasing polylactic acid content typically
reduces water absorption, slowing down degradation and
prolonging the liberation of encased drugs.

Chansaenpak et al.'*® presented an aza-BODIPY derivative
based nanosystem (AZB-CF3@DSPE-PEG NPs) for cancer treat-
ment, which exhibited outstanding photostability as well as
colloidal stability. The nanoparticles exhibited good biocom-
patibility both in vitro (cell cultures) and in ovo (chicken egg
model). The nanoparticles demonstrated high PTT efficacy,
suitable for cancer treatment. When tested on 4T1 breast
cancer cells, the NPs (containing 20 pM AZB-CF3) combined
with 5 minutes of 808 nm laser irradiation resulted in approxi-
mately 10% cell viability, indicating significant cancer cell
death (Fig. 12). The NPs also showed properties that inhibit
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Fig. 12 Schematic representation of the synthesis of polymeric nano-
particles and their usage in the treatment of cancer based on the photo-
thermal effect in the chicken egg tumour model. Reproduced with per-
mission from ref. 145. Copyright 2024, Royal Society of Chemistry.

RSC Pharm., 2025, 2,1227-1267 | 1239


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00137d

Open Access Article. Published on 20 August 2025. Downloaded on 12/10/2025 3:11:50 AM.

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

(cc)

Review

angiogenesis and metastasis. Approximately 40% vascular
destruction was observed in the chicken egg tumour model.

4.3.2. Cancer treatment using dendrimers. Dendrimers
have a nanoscale, spherical, and/or symmetrical make-up
characterized by their tree-like branches or arms.'*® The outer
layer is made up of functional groups employed for drug/medi-
cation conjugation and targeting, enhancing drug encasing
efficacy, reducing drug toxicity, and facilitating controlled deli-
verance mechanisms within the inner layer.'*” Dendrimers
can be customized and modified in various ways, leading to
the creation of numerous molecules with specified character-
istics and functions. In the divergent method, dendrimers
grow from the inside out, with layers being added progressively
from the core to the periphery. In contrast, the convergent
method involves growth from the outside in, where dendritic
branches are synthesized separately and then attached to a
central core. These methods were originally developed to
create dendrite structures.’*® The ability to control the pro-
perties of dendrimers during synthesis makes them highly
promising for various pharmaceutical applications."*°

Recio-Ruiz et al.'*® reported a carbosilane-based dendrimer
that improves compatibility with lipophilic drugs and
enhances nanostructures properties owing to the lipophilic,
stable, and inert essence of the carbosilane scaffolds. For
instance, delivering drugs to the central nervous system, which
is typically hindered by the blood-brain barrier, can be
obtained by linking the medication to a polyamidoamine den-
drimer, allowing it to overcome this barrier.">" Polylysine den-
drimers show potential as biodegradable carriers that can
deliver cytotoxic medications to solid tumours.">

Lee et al."> integrated an active therapeutic agents’ delivery
system with stimulus-controlled drug in a single nanocarrier,
utilizing HA-modified dendrimers encasing gold NPs (AuDEN)
for treating ovarian cancer (Fig. 13). HA was utilized due to its
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Fig. 13 Schematic representation of (A) the HA-AuDEN-DOX synthesis
protocols; and (B) mechanisms of delivery of DOX, HA, and
HA-AuDEN-DOX for treating ovarian cancer, facilitating a better under-
standing of the overall process and its therapeutic potential. Reprinted
with permission from ref. 153. Copyright 2022, Elsevier.

1240 | RSC Pharm., 2025, 2,1227-1267

View Article Online

RSC Pharmaceutics

ability to target cluster determinant 44 (CD44)-overexpressing
cancerous cells. DOX is loaded onto the nanocarriers by self-
assembling thiolated DOX on the gold surface, resulting in
high drug loading content and chemical stability. The high
glutathione concentration and tumour acidic (pH 5.6) micro-
environment control the release of the medications. In com-
parison with free DOX, the nanocarrier exhibited more cyto-
toxicity towards cancer cells.

4.3.3. Cancer treatment using micelles. Polymer micelles
are fascinating nanostructures that have gained significant
attention in biological applications owing to their distinct pro-
perties. Their size normally varies from 10 to 100 nm and they
are composed of two distinct regions: the core part (being col-
loidally stable) and the outer part, also known as the shell or
corona region, which consists of solvated hydrophilic polymer
chains. In contrast, reverse micelles feature a hydrophobic
corona and a hydrophilic core.® The unique structure and
properties of micelles, particularly their corona-core arrange-
ment, enhance the solubility of hydrophobic substances in
water. Consequently, polymeric micelles can encapsulate
amphipathic drugs, making them highly valuable in bio-
medical applications. Polymeric micelles are highly effective in
encapsulating (solubilizing) hydrophobic drugs within their
hydrophobic core. This physical encapsulation offers several
significant advantages: (i) encapsulating hydrophobic drugs
within the core of polymer micelles can help mitigate or elim-
inate adverse effects of the drugs, as the encapsulation can
prevent direct interaction of the drug with healthy tissues; (ii)
enhancement of water solubility of hydrophobic and insoluble
drugs. This escalated solubility improves the bioavailability
and therapeutic efficacy of these drugs; (iii) the tuned structure
of polymer micelles provides control over the drug release rate
precisely. This controlled release can be customized to accom-
plish sustained or targeted delivery, improving the therapeutic
outcomes; and (iv) by encapsulating drugs within their core,
polymer micelles protect drug molecules from degradation
caused by ecological factors such as pH changes and tempera-
ture variations. This protection enhances the stability as well
as shelf life of the drugs. Furthermore, advancements in syn-
thetic chemistry have expanded the functionality of polymer
micelles."?*

The employment of long-established polymer micelles for
targeting tumours in systemic cancer therapy is an innovative
and promising strategy. These nanoscale vesicles, often modi-
fied on their surfaces for enhanced functionality, are designed
to deliver small anti-tumour molecules, such as paclitaxel,
directly to cancer cells. A previous report exhibited preferential
accumulation of micelles in the leaky vasculature of tumours
due to the EPR effect.>® The extracellular microenvironment
of the tumours was reported to be more acidic than normal
tissues and blood due to the high metabolic activity of the
cancer cells.”” pH-Sensitive micelles can be designed to disas-
semble and release their drug payload in reaction to this
acidic environment, providing targeted drug delivery to
tumour sites. These smart nanoparticles can target transferrin
receptors, which are often overexpressed in cancer cells, allow-
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ing for more precise drug delivery.'*® Folate-modified micelles
target folate receptors, which are frequently overexpressed in
various cancers. This system can efficaciously reduce the sys-
temic adverse effects of doxorubicin, particularly its cardiotoxi-
city and pulmonary toxicity, while enhancing its anti-tumour
efficacy.’® The pH-sensitive together with thermosensitive
polymeric micelles can exploit the tumour’s acidic environ-
ment and heat produced by PTT. This dual-responsive
approach allows for controlled drug release, making it suitable
for combined chemophotothermal cancer treatments."®®

PLA-based micelles, particularly those composed of diblock
copolymers, MPEG-SS-PMLA, represent a propitious technique
for enhancing cancer therapy through the effective delivery
and controlled release of ruthenium complexes.'®" Their high
drug-loading capacity, sensitivity to the tumour microenvi-
ronment, and ability to induce targeted apoptosis via PDT
highlight their potential in advancing cancer treatment strat-
egies (Fig. 14). These micelles exemplify the integration of
nanotechnology and smart drug delivery systems to improve
the precision and efficacy of cancer therapies.

4.4. Cancer treatment using biomimetic smart nanocarriers

Biomimetic nanocarriers are designed to mimic natural bio-
logical structures and processes, enhancing their ability to
specifically target cancer cells and deliver therapeutic agents
effectively.'®

4.4.1. Cancer treatment using liposomes. Liposomes are a
type of amphipathic NP characterized by a membrane-like
structure composed primarily of phospholipids. These phos-
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Fig. 14 Pictorial representation of biodegradable Ru-accommodating
polylactide MPEG-SS-PMLA@Ru micelles for increased delivery of Ru(i)
polypyridyl complexes and cancer phototherapy. The disulfide bonds in
the micelles are sensitive to the reductive environment found in
tumours, where the GSH concentration is significantly higher than in
normal tissues. Reprinted with permission from ref. 161. Copyright,
2023, Elsevier.
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pholipids are made up of a phosphatic hydrophilic (water-
attracting) head and a fatty acidic hydrophobic (water-repel-
ling) tail. Liposomes have a fascinating cell-like structure that
makes them versatile carriers for various types of drug, both
lipid-soluble and water-soluble. This dual compatibility allows
liposomes to carry a wide range of drugs. Multi-lamellar vesi-
cles (MLVs) contain multiple lipid bilayers and are larger in
size. They can carry a higher payload but may have slower
release kinetics. Uni-lamellar vesicles (ULVs) have a single
lipid bilayer and come in different sizes.'®® Liposomes can
fuse with cell membranes, facilitating the delivery of encapsu-
lated drugs directly into cells. This mechanism of cellular
uptake is advantageous for targeted drug delivery and improv-
ing therapeutic efficacy.

While conventional techniques for liposome preparation
have been widely used, they come with limitations such as
solvent residues, heterogeneous size distribution, and scalabil-
ity issues. Innovative technologies leveraging supercritical
fluids offer potential solutions by providing more environmen-
tally friendly, efficient, and scalable methods for liposome pro-
duction.'® By incorporating PEGylation, stimulus-responsive-
ness, and radiolabelling, the smart liposomes provide
improved stability, targeted delivery, and multifunctional capa-
bilities, enhancing their potential for effective drug delivery,
diagnostics, and therapeutic applications."®>*¢”

Lee et al.'®® generated liposomes by combining DSPE and
DSPE-PEG-2k lipids, loaded them with DOX and PTX (com-
monly used chemotherapeutic agents), and explored the
effects of LED (light-emitting diode) irradiation on their struc-
ture and drug-loading capability. LsLipo (LED-irradiated lipo-
somes) displayed rougher and more irregular surfaces than
NsLipo (non-irradiated liposomes). LED irradiation increased
the loading efficiency of PTX and DOX in the liposomes. The
structural changes, for instance reduced membrane rigidity,
likely facilitated better encapsulation of the drugs.
Additionally, in a breast cancer mouse model, these LED-irra-
diated liposomes demonstrated a therapeutic effect by effec-
tively reducing the size and weight of the tumours (Fig. 15B-
G). Fig. 15A shows the injection of LsLipo and NsLipo into
nude mice tumours. The tumours treated with LsLipo were
smaller compared with the bigger NsLipo-treated tumours
(Fig. 15B). As compared with conventional liposomes, LsLipo
treatment caused a huge decrease in growth rate of the
tumours (Fig. 15C). LsLipo@N holding greater amounts of
PTX and DOX led to a larger in vivo anticancer effect and
smaller tumour growth compared with NsLipo and LsLipo@B
(Fig. 15D and E). The very few body weight differences between
the different groups show the non-toxic nature of the lipo-
somes, which caused no side effects in the mice (Fig. 15F).
Tumour tissue analysis results showed the highly porous
appearance of the liposome-treated tumour tissues due to
increased tumour cell death compared with the dense tumour
tissues of control mice (Fig. 15G).

4.4.2. Cancer treatment using protein nanoparticles.
Protein NPs have transpired as a propitious strategy for cancer
treatment, offering targeted delivery, controlled release, and
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Fig. 15 (A) Injection of LsLipo and NsLipo into nude mice tumours; (B)
LsLipo-treated tumours were reported to be smaller than the NsLipo
treated tumours; (C) as compared with conventional liposomes, LsLipo
treatment caused a huge decrease in growth rate of the tumours; (D and
E) LsLipo@N holding greater amounts of PTX and DOX led to a larger
in vivo anticancer effect and smaller tumour growth compared with
NsLipo and LsLipo@B; (F) the very small body weight differences
between the different groups show the non-toxic nature of liposomes,
which cause no side effects in the mice; (G) tumour tissue analysis
results showed a highly porous appearance of liposome-treated tumour
tissues due to increased tumour cell death compared with the dense
tumour tissues of control mice. Reprinted with permission from ref. 168.
Copyright 2024, Elsevier.

reduced side effects compared with conventional treatments.
They are simple to synthesize, non-immunogenic, non-toxic,
biodegradable, and biocompatible, and have high binding
potential with various drugs/medications.'®® The presence of
functional groups on protein surfaces allows for easy modifi-
cation with targeting polymers, ligands, and other molecules,
enabling the creation of smart nanoparticles for targeted drug
delivery.””® Albumin, one of the most abundant proteins in
plasma, has been widely employed to create NPs for thera-
peutic systems due to its biocompatibility, non-immunogeni-
city, and ability to bind various drugs. Doxorubicin-loaded
HSA (human serum albumin) NPs have shown more advance-
ments in in vitro anticancer potential toward neuroblastoma
cell lines compared with the pure drug.'”* PTX-loaded BSA
(bovine serum albumin) NPs decorated with folic acid have
demonstrated great potential in targeting prostate cancer.'”
This targeted approach increases the uptake of the NPs by
cancer cells, enhancing the therapeutic effect of paclitaxel.'”
Abraxane, with a diameter of approximately 130 nm, is the
first commercially available nanoparticle drug approved by the
FDA. It has shown remarkable effectuality in treating breast
cancer and represents a significant advancement in nano-
particle-based drug delivery systems.'”*"7>
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Recently, Meng et al.'’® hypothesized an innovative and
promising approach to target tumour cells by leveraging the
natural properties of active HSA to deliver the PTEN (phos-
phate and tensin homology) protein. Leveraging active HSA
can facilitate the delivery of PTEN protein into tumour cells via
Gp60 (albondin)- and SPARC (osteonectin/BM40)-mediated
pathways, thereby restoring the tumour suppressor function of
PTEN and offering a novel anti-tumour strategy (Fig. 16). The
Gp60-mediated pathway leverages the high expression of Gp60
in endothelial cells to facilitate transcytosis and tumour cell
targeting. The SPARC-mediated pathway exploits SPARC’s over-
expression in tumour cells for enhanced albumin binding and
internalization.

4.4.3. Cancer treatment using cell membrane nano-
materials. Conventional NPs for cancer therapy face significant
challenges, including rapid clearance from the bloodstream,
easy recognition and neutralization by the immune system,
and insufficient accumulation at target sites.'”” Cell mem-
brane-coated NPs (CMCNPs) are potent bio-inspired NMs to
address these issues. The presence of numerous proteins on
cell membranes allows CMCNPs to dodge the immune system
and enhance the circulation period and target
specificity.'”” '’ The preparation of CMCNPs involves iso-
lation of cell membranes from the chosen cell source (e.g.,
cancer cells, platelets, etc.) and encapsulation of core nano-
particles within the isolated membrane vesicles, forming
CMCNPs.

Liu et al.'® developed core-shell NPs, comprising upcon-
version NPs (UCNPs) as the core and Zn,Mn,;_,S (ZMS) as the
shell, coated with BxPC-3 pancreatic cancer cell membranes,
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Fig. 16 Schematic illustration of the hypothesis from the formation of
PTEN-albumin complexes to their targeted delivery to tumour cells via
the Gp60 and SPARC pathways, ultimately aiming to restore the
tumour-suppressing functions of PTEN within the tumour environment.
Reprinted with permission from ref. 176. Copyright 2024, Elsevier.
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Fig. 17 Schematic representation of the design and functionality of
BUC@ZMS core-shell nanoparticles, highlighting their components,
mechanisms of action, and therapeutic potential for pancreatic cancer
treatment. Reprinted with permission from ref. 180. Copyright 2023,
Elsevier.

abbreviated as BUC@ZMS, to enhance homologous targeting
and provide a synergistic treatment approach combining CDT
and PDT for pancreatic ductal adenocarcinoma (PDAC)
(Fig. 17). In the presence of NIR, UCNPs cause ROS generation.
Mn ions in ZMS catalyze the Fenton-like reaction, converting
hydrogen peroxide (H,0,) into hydroxyl radicals ("OH), further
increasing ROS levels and enhancing the sensitivity of tumour
cells to oxidative stress. In vitro study confirmed high levels of
ROS production in pancreatic cancer cells treated with
BUC@ZMS nanoparticles as well as a significant reduction in
intracellular GSH levels. In vivo study showed that BUC@ZMS
nanoparticles accumulate in tumour sites and suppress the
growth of PDAC, with minimal observed toxicity to healthy
tissues.

4.5. Cancer treatment using carbon-based nanomaterials

Carbon-based NMs have garnered significant attention in
cancer treatment owing to their distinct characteristics, like
high surface area, chemical versatility, and functionalization
with targeting ligands for targeted therapy.'®"'®* Graphene’s
excellent photothermal conversion efficiency makes it suitable
for PTT. Upon exposure to near-infrared (NIR) light, graphene
can generate localized heat to kill cancer cells. Graphene-
based materials can also generate ROS under light irradiation,
contributing to PDT. This section provides an overview of the
essence of divergent carbon NMs, together with graphene,
graphdiyne, fullerenes, carbon nanotubes (CNTs), and carbon
quantum dots (CQDs), in anticancer strategies."®' %

Being inherently hydrophobic, these carbon NMs are suit-
able for loading drugs via n-r bonding or hydrophobic inter-
actions.'®® Due to their versatile functionalization possibilities,
these NMs can be amended with divergent biomolecules co-
valently as well as non-covalently, which enhances their bio-
compatibility, water solubility, and biosafety.'®> Moreover,
various targeting ligands or functional molecules can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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encased into carbon NMs to escalate their targetability.'®® This
approach can significantly alter the electronic, mechanical,
and chemical properties of NMs. Covalent functionalization
involves oxidation, halogenation, amination, click chemistry,
nitrene addition, Bingel reactions, addition reactions, cyclo-
propanations, etc. Non-covalent functionalization involves
weaker interactions inclusive of van der Waals interactions,
n-7 stacking interactions, hydrogen bonding, host-guest chem-
istry, and electrostatic interactions (Fig. 18)."*”

Wu et al.'®® developed a nanohybrid drug delivery system
sensitive to redox conditions, pH, and enzymatic activity. This
system was fabricated via assembling GSH-sensitive BSA-
encased DOX and MMP-2-sensitive gelatine onto graphene
oxide (GO) nanosheets for attaining controlled drug release
(Fig. 19). In the TME, which has high levels of proteases, the
nanosystem released 5 nm nano-units enveloping DOX. Upon
reaching the reductive, acidic, and enzymatic conditions of the
tumour tissue, the system enables a synergistic therapeutic
effect. This is achieved through the switchable release of DOX,
which can be controlled by an irradiating NIR laser. In vitro
observations showed that the nanosystem could heat up to
45.6 °C after 5 minutes of NIR laser irradiation, ablating
MCF-7 cancer cells.

Recently, Zhao et al'®*® demonstrated the potential of
carbon nanoparticle suspension injection (CNSI) in cancer
treatment through the photothermal effect under NIR
irradiation. This method effectively eliminates primary
tumours and induces immunogenic cell death (ICD).
Additionally, when combined with anti-programmed cell death
protein 1 (aPD-1) therapy, CNSI under irradiation spurs an
immune response that inhibits the growth of distal tumours.

A
TN
LA
LA AN
pNeZ;
F phdiy
B
_/COOH_COOH )§%
\COOH™COOH -
. Carboxyl Protein Nucleic acid
MO\N“ .
NN 3.
WAAA
HOZ N LA=0H
b
Hydroxyl Antibody RGD Dendrimer
F 1
e 0O oIy
F \ \ Y -
Fluorine Amino Hyaluronic acid PEG

Fig. 18 Schematic showing divergent carbon NMs and strategies of
functionalization. Carbon NMs can be functionalized with both covalent
and non-covalent methods employing different biomolecules and
chemical groups. The functionalized carbon NMs play an exuberant role
in targeted drug delivery in cancer treatment. Reprinted from ref. 187.
Copyright 2022, The Author(s). This is an open access article distributed
under the terms of the Creative Commons Attribution License (https://
creativecommons.org/licenses/by/4.0/).
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Fig. 19 Schematic illustration of the construction and functional
mechanism of GO@Gel@BSA-DOX nanohybrids designed for TME-
responsive drug release and cancer treatment. Reprinted with per-
mission from ref. 188. Copyright 2021, Royal Society of Chemistry.

The study also explored the use of phototherapy to treat meta-
static lymph nodes. NIR irradiation of CNSI in these nodes era-
dicates cancer cells and activates the immune response within
the lymphatic system. The synergy between CNSI-mediated
PTT and aPD-1 therapy significantly boosts the overall anti-
tumour effect (Fig. 20), demonstrating the potential to control
and eliminate metastatic disease.

4.6. Cancer treatment using advanced nanomaterials

BP and MOF both represent the forefront of advanced NMs,
each offering unique properties and vast potential across
various applications.’® In this section, I have discussed the
anticancer applications of BP and MOF.
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Fig. 20 Schematic representation of carbon nanoparticle suspension
injection (CNSI)-mediated PTT and immunotherapy toward cancer
metastasis. Reprinted with permission from ref. 189. Copyright 2024,
Elsevier.
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4.6.1. Cancer treatment using black phosphorus. BP has
emerged as a propitious material in cancer treatment, particu-
larly in drug delivery systems and tumour microenvironment
modulators, potentially enhancing the immune response
against cancer cells.®"*°* It can be used in combination with
chemotherapy/radiotherapy to enhance overall treatment
efficacy. PEGylated BP nanoparticles are particularly promising
as a novel nanotheranostic agent due to their ability to: (i)
generate heat from NIR light, which can be used for photother-
mal therapy to ablate cancer cells; and (ii) provide enhanced
contrast for photoacoustic imaging, facilitating better visual-
ization and targeting tumours."®?

Geng et al."®* reported a significant advancement in the
field of pancreatic cancer treatment through the development
of an innovative combination chemotherapeutic approach
leveraging gemcitabine (GEM) and bioactive black phos-
phorus. GEM triggers blockage of the cell cycle in the G0/G1
phase. The co-loading of iRGD-amended zein NPs with GEM
and BP quantum dots (BPQDs), termed BP-GEM@NPs,
ensured direct delivery of the chemotherapeutic agents at the
tumour site and enhanced their effectiveness. After intrave-
nous injection, BP-GEM®@NPs demonstrated marvellous
tumour targeting proficiency, allowing for more sustained
therapeutic effects, and a higher rate of pancreatic tumour cell
apoptosis (Fig. 21).

4.6.2. Cancer treatment using MOF nanomaterials. MOFs
are one- to three-dimensional porous materials made up of
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Fig. 21 Synergistic anticancer results of BP-GEM@NPs on tumour
bearing mice in vivo. (a) Profiles of tumour growth. All the treatments
show a clear inhibition of growth of tumour compared with the blank
Zein-NPs and control groups, showing chemotherapeutic impacts of
GEM and BPQDs toward pancreatic carcinoma. The BP-GEM@NPs
averted the tumour growth completely. (b) Photographs showing
maximum inhibition of tumour growth by the BP-GEM@NPs. (c) The
tumour weights of the BP-GEM@NPs groups are much lower due to
prolonged blood circulation and targeted drug delivery effects. (d)
Hematoxylin & eosin staining and TUNEL assay show that BP-GEM@NPs
cause severe nucleus shrinkage, karyorrhexis, plasmatorrhexis, and a
larger degree of apoptosis. Reprinted with permission from ref. 194.
Copyright 2023, Elsevier.
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metal ions coordinating to organic ligands.'®® Due to their ver-
satile chemical composition and structure, MOFs have gained
significant attention in gas storage, separation, catalysis, and
biomedical applications. The prominent types of MOF include:
(i) zeolitic imidazolate frameworks (ZIFs). ZIFs use imidazole
or its derivatives as ligands; (ii) materials of Institute Lavoisier
(MIL), for example, MIL-53, MIL-88, and MIL-101; (iii) MOFs
with alkaline earth post metals (AEPFs). Metal centers consist
of alkaline earth metals such as calcium, strontium, and mag-
nesium; (iv) MOFs with rare earth post metals (RPFs). Metal
centers include rare earth elements like lanthanides and ben-
zenecarboxylated acids as ligands; (v) HKUST-1 (Hong Kong
University of Science and Technology). Copper ions co-
ordinated with benzenetricarboxylate (BTC); (vi) UiO series
(University of Oslo). These are zirconium-based MOFs.
Examples include UiO-66 and UiO-67; (vii) IRMOF (isoreticular
MOFs). Composition involves zinc ions with terephthalate
linkers. Examples include IRMOF-1 to IRMOF-16; (viii) PCN
(porous coordination networks). Composition involves metal
ions with various organic linkers; and (ix) post-synthetic modi-
fied MOFs.'”°

MOFs have garnered noteworthy attention as hybrid crystal-
line porous biomaterials, distinctly in the realm of DDS. Their
unique characteristics such as adjustable pore sizes and
shapes, ultrahigh surface areas, and versatile functionalities
can be tuned for developing advanced drug delivery
systems."®” However, challenges such as physiological instabil-
ity and cytotoxicity owing to toxic metal ions have limited their
applications, However, this approach enhances the stability,
biocompatibility, and therapeutic efficacy of MOFs.

The multifunctional hybrid systems can be employed to
generate ROS upon light irradiation, effectively killing cancer
cells. MOFs with photothermal properties can absorb NIR
light and convert it into heat, destroying cancer cells with loca-
lized hyperthermia. They can encapsulate chemotherapeutic
drugs, providing targeted and controlled release, minimizing
side effects on healthy tissues. Combining different thera-
peutic modalities (e.g., PDT, PTT, chemotherapy) within a
single MOF platform can produce synergistic effects, improv-
ing overall treatment outcomes.'”® A recent study demon-
strated the use of an endogenous copper MOF nanozyme
therapy for colon cancer treatment. This innovative approach
leverages endogenous biomarkers to trigger the “turn-on” pro-
duction of drugs in situ, simplifying the creation of nano-
medicine and enhancing the targeting of cancer treatment.*®

Ji et al®>*® have developed an innovative multifunctional
copper-based MOF (Cu-MOF) nanoparticle, loaded with mitox-
antrone (MTO) and azobenzene (AXB) and decorated with a
tumour cell membrane (TCM) to form M/A@MOF@CM. This
hybrid system is designed for a synergistic anticancer therapy
that induces cuproptosis, ferroptosis, and apoptosis (Fig. 22).
TCM provides a homologous targeting mechanism, enhancing
cellular uptake through membrane-mediated endocytosis. It
helps evade immune detection, improving biocompatibility
and reducing off-target effects. The mechanism of action
involves depletion of GSH through reduction of Cu*" to Cu".

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Schematic showing synthesis and anticancer mechanism of the
MOF-based nanosystem in mice. Reprinted with permission from ref.
200. Copyright 2024, Elsevier.

Disruption of cellular energy metabolism increases cyto-
plasmic copper concentration, which is conducive to the pro-
duction of hydroxyl radicals ("OH). High copper ion concen-
trations cause the loss of ferredoxin 1 (FDX1) and lipoylated
proteins (LIAS), leading to cell death through a process known
as cuproptosis. Increased ROS levels cause lipid peroxidation,
damaging cell membranes. Glutathione peroxidase 4 (GPX4)
deactivation further enhances ferroptosis. MTO directly inter-
calates DNA, triggering apoptosis through DNA damage and
cell cycle arrest. The combination of cuproptosis, ferroptosis,
and MTO-induced apoptosis leads to robust and efficient
tumour cell elimination. The treatment induces severe ICD,
distinguished by the liberation of damage-associated mole-
cular patterns (DAMPs) and tumour-associated antigens
(TAAs). The release of DAMPs and TAAs elicits strong systemic
immune responses, enhancing the ability to inhibit distant
(abscopal) tumours and reduce metastasis, particularly in the
lungs. M/A@MOF®@CM combines chemotherapy, CDT, and
PTT, providing a broad range of therapeutic activities. TCM
decoration enhances tumour-specific targeting and uptake,
ameliorating remedy proficiency and lessening side effects.

4.6.3. Cancer treatment using MXenes. The properties of
MXenes have been discussed in the wound healing section. In
this section, applications of MXenes in cancer treatment have
been discussed.

Wu et al.>®" reported a smart responsive Ti;C,T, nano-drug
delivery system. The exceptional properties of Ti;C,T, MXenes
inclusive of functional group accessibility, negatively charged
surface, and photothermal effect played an outstanding role in
the construction of a smart Ti;C,T,-DOX-PMAsh-Tf nanoplat-
form by assembling positively charged DOX, a PMAsh (sulfhy-
dryl-modified polymethacrylic acid) shell and the Tf protein
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layer. The carboxyl groups in PMAsh are protonated in acidic
domains, leading to partial cleavage of the shell, while exces-
sive GSH can break the disulfide bonds, resulting in disinte-
gration and controlled release of the drug. The addition of a
tumour-targeting Tf layer ensures that the smart material is
preferentially directed towards tumour cells, enhancing the
specificity and reducing off-target effects.

An MTT assay was used to evaluate the effectiveness of a
nanomedicine release system in killing human hypopharyn-
geal carcinoma cells (FaDu) in vitro. Various treatment groups,
including normal saline (NS), Ti;C,T,, free DOX, TizC,T,-DOX,
TizC,T,-DOX-PMAsh, and Ti;C,T,-DOX-PMAsh-Tf, were
employed for the purpose. Free DOX exhibited higher cyto-
toxicity than Ti;C,T,-DOX-PMAsh-Tf (Fig. 23A). The lower cyto-
toxicity of TizC,T,-DOX-PMAsh-Tf than free DOX was attribu-
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Fig. 23 The MTT assay providing insights into the cytotoxic effects of
different treatment groups on FaDu cells, both with and without NIR
laser irradiation. Enhanced cytotoxicity was observed due to the photo-
thermal effect of TizC,T, MXene, which led to increased cell death,
either through enhanced drug release or direct thermal damage. (B) ICsq
value of different treatment groups. TizC,T,-DOX-PMAsh-Tf + NIR likely
has a lower ICsq than treatment without NIR, indicating enhanced cyto-
toxicity due to the combined chemophotothermal therapy. (C—F) In vivo
investigation of anticancer activity in mice with different treatment
groups. (C) Changes in the body weight of tumour-bearing mice over
treatment of fourteen days. (E) Post-treatment digital images of the
mice. (D) Curve showing the change in tumour volume during a treat-
ment period of fourteen days. (F) Post-treatment digital images of
tumours. Reprinted with permission from ref. 201. Copyright 2023,
American Chemical Society.
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ted to incomplete drug release from the nanocarrier platform
within the 24-hour culture period. This suggested a lower drug
concentration delivered to cells than the originally loaded con-
centration. The survival rate of cells treated with Ti;C,T, alone
was 97.9% without NIR irradiation, indicating good biocom-
patibility of the Ti;C,T, nanomaterial. In the presence of
Ti;C,Ty, laser irradiation reduced the viability of tumour cells,
demonstrating the effectiveness of the photothermal effect in
inducing cell death. The cytotoxicity of Ti;C,T,-DOX-PMAsh
and Ti;C,T,-DOX was similar, but both exhibited higher cyto-
toxicity than that of Ti;C,T, alone. Ti;C,T,-DOX-PMAsh-Tf had
a lower cytotoxicity than free DOX but was more cytotoxic than
the other NM groups. TizC,T,-DOX-PMAsh-Tf was shown to
effectively target tumour cells expressing the Tf receptor. Upon
entering the cancer cells, the GSH cleaved the disulfide bond
present in the nanocarrier which led to drug release and sub-
sequent cell death. The ICs, (half maximal inhibitory concen-
tration) of Ti;C,T,-DOX-PMAsh-Tf + NIR, Ti;C,T,-DOX-PMAsh-
Tf, and DOX were reported as 0.22, 1.26, and 0.41 pg mL™",
respectively (Fig. 23B). The decrease in ICs, value under NIR
indicates enhanced cytotoxicity and confirms that photother-
mal therapy can markedly improve therapeutic efficacy.

They further conducted an in vivo examination to evaluate
the effectiveness of a Ti;C,T,-DOX-PMAsh-Tf nanomaterial as
a drug release system for treating FaDu tumours in mice. The
experiment compared the effects of different treatment
groups, including a control group, a group treated with free
DOX, a group treated with the nanomaterial (TizC,T,
DOX-PMAsh-Tf), and a group treated with the nanomaterial
plus NIR irradiation. Mice were injected with 5 mg kg~" DOX
on days 0 and 5. In the case of the NIR group, nine hours after
injection, the tumour region was treated with radiation for ten
minutes at 1 W cm ™. This irradiation raised the tumour area
temperature from 30° centigrade to 46.3° centigrade, inducing
a photothermal effect. The body weight and survival of all the
mice was reported to be stable after treatment for fourteen
days (Fig. 23C). Tumour volume measurements and post-treat-
ment tumour extraction indicated that the Ti;C,Ty-
DOX-PMAsh-Tf + NIR group exhibited the most significant
inhibition of tumour growth (Fig. 23D-F). Overall, this study
showed significant efficacy of the Ti;C,T,-DOX-PMAsh-Tf com-
posite material in killing carcinogenic cells in vitro and inhibit-
ing tumour growth in vivo when exposed to 808 nm laser
irradiation. The combination of targeted drug delivery and

photothermal effects resulted in enhanced therapeutic
outcomes.
Dai et al.®>*®> showcased a significant advancement in the

field of cancer nanotheranostics by modifying the surface of
Ta,C; MXenes with manganese oxide nanoparticles (MnOx).
They combined multiple imaging and therapeutic modalities
into a single platform and enhanced both the diagnostic and
treatment capabilities in cancer therapy. The tantalum in
Ta,C; MXenes acted as a high-performance contrast agent for
contrast-enhanced CT imaging. This made it easier to visualize
tumours with greater clarity and detail using CT scans. The
manganese oxide nanoparticles incorporated into the MXene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure were responsive to the tumour microenvironment,
making them effective contrast agents for T1-weighted MRI.
This responsiveness allowed for better imaging of tumours,
particularly in distinguishing them from surrounding healthy
tissues.

5. Tissue engineering and
regeneration applications of smart
nanomaterials

NM-based drug delivery systems are crucial components in
TER, offering targeted, controlled, and sustained release of
drugs. These systems can enhance tissue regeneration by
releasing drugs, growth factors, and genes directly to disease
sites.”*%>0

5.1. Bone tissue engineering and regeneration applications
of smart nanomaterials

Bone is an intricate and dynamic tissue essential for structural
support, protection of vital organs, and haematopoiesis.
However, bones can be damaged due to various reasons such
as disease (osteosarcoma, osteoarthritis, and bone metastasis
in cancer), trauma, congenital abnormalities, aging, etc. In one
study, Liu et al?® loaded bone morphogenetic protein-2
(BMP-2) into adhesive liposomes which were then incorpor-
ated into the hydrogel to develop antibacterial and self-healing
multifunctional DDSs for injection into osteoporotic cracks
and bone marrow cavity. The results showed better osteogenic
differentiation and rapid bone remodeling of osteoporotic
fractures.

5.1.1. Bone tissue engineering and regeneration appli-
cations of polymeric micelles. Polymeric micelle-based nano-
carrier systems are widely employed for targeted drug delivery
in TER due to their great loading efficiency, controlled release,
low CMC, enhanced stability, and improved solubility of hydro-
phobic drugs. Lima et al>*® delineated a sophisticated drug
release system utilizing polymeric micelle-based nanocarriers
specifically fabricated for the low-level release of the anti-
inflammatory drug dexamethasone (Dex) for arthritic disease
(Fig. 24A). This innovative approach leveraged the elevated
activity of the glutathione reductase (GR) enzyme present in
inflamed joints to create a system that is sensitive to GR
enzyme activity, thereby enabling efficient and targeted deliv-
ery of Dex in the treatment of arthritic diseases. The micelles
limited the exposure of non-target tissues to Dex, decreasing
the risk of adverse effects.

In another study, Long et al.>*” developed an innovative
polymeric micelle system designed to respond to hypoxic con-
ditions and target bone metastasis for the treatment of bone
metastatic prostate cancer efficiently (Fig. 24B). The system
exploited the unique microenvironment created during bone
metastasis, particularly the hypoxic conditions, to ensure tar-
geted and efficient delivery of DOX medication. Alendronate
was incorporated into the micelles to confer bone-targeting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 24 (A) Schematic representation of the usage of glutathione

reductase (GR)-sensitive polymeric micelles for arthritis treatment.
Reprinted with permission from ref. 206. Copyright 2021, American
Chemical Society; (B) schematic illustration of the applicability of
hypoxia-responsive and bone tissue-targeting polymeric micelles for
targeted treatment of bone metastatic prostate cancer. Reprinted with
permission from ref. 207. Copyright 2021, Elsevier.

properties whereas azobenzene was used as a hypoxia-sensitive
linker which undergoes structural changes in response to
hypoxic conditions, triggering the release of the encapsulated
drugs. In vivo study confirmed the selective accumulation of
micelles in metastatic bone, hypoxia-triggered release of DOX
at the metastatic site, suppression of tumour growth in bone,
and inhibition of bone destruction by a reduction of osteoclast
activity and promotion of osteoblast activity.

5.1.2. Bone tissue engineering (BTE) and regeneration
applications of polymeric nanomaterials. Polymeric NPs,
specifically PLGA and chitosan, are increasingly being utilized
in BTE for targeted drug delivery owing to their notable biode-
gradability, non-immunogenicity, and ability to liberate medi-
cations directly to the targeted sites. These NPs can be easily
engineered to intensify bone regeneration and mending by
imparting controlled growth factors, medications, and diver-
gent bioactive molecules.>*®**® Chitosan NPs have emerged as
highly effective nanocarriers in BTE, primarily due to their
intrinsic osteoinductive and antibacterial properties. These
characteristics not only facilitate bone regeneration but also
help mitigate the risk of infections, which is a significant chal-
lenge post-bone grafting.>°

5.1.3. Bone tissue engineering and regeneration appli-
cations of smart nanofibers. Nanofibers represent an advanced
and versatile class of nanofibrous materials that are increas-
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ingly being explored for their applications in BTE and guided
bone regeneration. These nanofibers can respond to various
physical, chemical, and biological stimuli, making them
highly suitable for creating dynamic and responsive environ-
ments conducive to bone healing and regeneration. One such
example of smart nanofibers in BTE is a nano- or micro-
fibrous composite consisting of polycaprolactone (PCL) and
silk fibroin.>'' This composite has demonstrated enhanced
functionality in promoting bone regeneration and can be tai-
lored by adjusting the nanofiber content within the scaffold.
Additionally, hybrid scaffolds composed of nano- or micro-
fibrous mats have shown increased cellular responses, particu-
larly with MC3T3-E1 cells, compared with individual
scaffolds.?'? Electroconductive composite nanofibers represent
a cutting-edge approach in BTE, offering a combination of
electroactivity, biomimetic properties, and controlled growth
factor delivery.*"® These scaffolds have demonstrated the
ability to promote osteoinductivity, osteoconductivity, and bio-
compatibility, making them highly promising for enhancing
the healing process in bone defects.** With ongoing advance-
ments in materials science and tissue engineering, the electro-
conductive nanofibers hold great potential for clinical trans-
lation and ameliorating patient outcomes in bone regeneration
therapies.

5.2. Cartilage tissue engineering and regeneration
applications of smart nanomaterials

Cartilage-targeting nanoplatforms have been extensively
researched and developed, showing great promise in overcom-
ing the dense type II collagen barriers in cartilage and serving
as effective drug carriers. These nanoplatforms utilize various
materials and strategies to enhance their targeting, pene-
tration, and therapeutic efficacy within the challenging
environment of cartilage tissue.

Bajpayee et al>'® demonstrated a novel approach for the
intra-articular (IA) treatment of osteoarthritis (OA) employing a
DEX-loaded avidin nanoplatform. The approach leveraged the
small size and positive charge characteristics of avidin to
achieve rapid and effective penetration into cartilage tissue.
The positive charge of avidin improved its retention within the
cartilage, ensuring sustained release of DEX and prolonged
anti-inflammatory effects. Hu et al.>'® developed an advanced
cartilage-targeting drug, termed CAP-PEG-PAMAM, employing
a partly PEGylated polyamidoamine (PAMAM) dendrimer, for
the efficacious delivery of drugs to articular cartilage, addres-
sing several challenges associated with cartilage-targeting drug
delivery. The chondrocyte-affinity peptide (CAP) peptide
specifically binds to chondrocytes, enhancing the targeting
and uptake of the nanocarrier in cartilage tissue. The study
revealed efficient delivery and rapid penetration of the nano-
carrier into the deep zones of the cartilage, ensuring that
therapeutic agents reach their target cells effectively.

Recently, Xue et al’*'’ reported a twofold drug delivery
system using an MOF-furbished mesoporous polydopamine
(MPDA) structure. The development of the system involved
loading rapamycin (Rap) and bilirubin (Br) into the mesopores
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Fig. 25 Schematic illustration of (A) fabrication of the RB@MPMW
nanoplatform; (B) cartilage-targeting dual drug delivery mechanism as
well as NIR laser response of the nanoplatform in osteoarthritis therapy.
Reprinted with permission from ref. 217. Copyright 2021, Elsevier.

and shell of the MOF, respectively. To target collagen II in car-
tilage, they conjugated a collagen II-directing peptide
(WYRGRL) onto the nanocarrier, resulting in the RB@MPMW
nanoplatform (Fig. 25A). The results displayed back-to-back
release of Br and Rap from the nanoplatform in the presence
of NIR light. Br’s rapid release from the MOF shell showed out-
standing ROS scavenging potency and anti-apoptotic effects,
albeit reducing autophagy activity to some extent. The pres-
ence of NIR light caused the quick release of Rap from the
MOF-based nanosystem and elevated activation of autophagy
and protection of the chondrocytes (Fig. 25B).

5.3. Tissue engineering and regeneration applications of
smart nanomaterial-based 3D bioprinting

3D bioprinting has emerged as the utmost additive biomanu-
facturing technology, revolutionizing the field of TER medi-
cine. This advanced technology, boosted with outstanding
bioinks and sophisticated bioprinters, enables the construc-
tion of functional tissues and organs, potentially eliminating
the need for artificial organs. Moreover, the integration of
NMs into bioink platforms represents a significant advance-
ment in this technology. Various research groups recently
explored how NMs can enhance the properties and functional-
ities of bioinks, making them more suitable for creating
complex tissue  structures and  promoting  tissue
regeneration.”'®*'® Recently, Rizwana et al.>'® made a notable
stride in regenerative medicines by developing NM-based
multimodal bioink designed for the treatment of peripheral
nerve injuries. This innovative bioink serves dual purposes: it
acts as a carrier for cells and functions as a free radical scaven-
ger (Fig. 26A). The bioink formulation consists of PVA and
cerium oxide NPs (NC), employing a novel dual crosslinking
method with citric acid and NaOH.

Digital light processing (DLP) printing technology has
emerged as a significant tool in BTE, allowing the fabrication
of complex and highly precise polymeric scaffolds. It offers sig-
nificant benefits in terms of material handling, cell viability,
structural complexity, printing speed, and resolution, making

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 Schematic representation of (A) cerium oxide nanoparticles
(nanoceria) based multimodal bioink serving as both a cell carrier as well
as free radical scavenger for the treatment of peripheral nerve injury.
Reprinted with permission from ref. 219. Copyright 2023, American
Chemical Society; (B) schematics of in vivo biocompatibility of DLP-
printed MA@k@CA@BSNP and MA@k@CA hydrogels after subcutaneous
implantation inside laboratory Wistar rats. No symptoms of skin inflam-
mation, illness/mortality, and adverse effects on the liver, kidneys,
spleen, and heart were observed; (C) digital images showing subcu-
taneously implanted MA@k@CA@BSNP, and MA@k@CA hydrogels on
days 4, 10, and 21; (D) assessment of osteogenic differentiation in DLP-
printed-osteoblast-laden MA-k@CA@BSNP, and MA@k@CA hydrogels
employing the alkaline phosphatase (ALP) activity assay. The assessment
showed a remarkable enhancement in ALP activity by the
MA@k@CA@BSNP composite hydrogels compared with native MA-k-CA
hydrogels; (E) digital images demonstrating deposition of calcium in the
Alizarin Red S-stained MA@k@CA@BSNP composite hydrogels (deep
brick orange-red colour) compared with native MA@k@CA hydrogels on
days 14 and 21. Reprinted with permission from ref. 220. Copyright
2024, Royal Society of Chemistry.

it a powerful technique for fabricating complex tissue engin-
eering scaffolds. Recently, Kumari et al.>*° combined meth-
acrylate-k-carrageenan (MA@k@CA) with bioactive SNPs
(BSNPs) using DLP printing, achieving high precision and
resolution in creating complex bone structures (Fig. 26B-E).
The incorporated BSNPs improved the osteogenic properties
(i.e., mechanical strength, viscosity, rheological properties,
etc.) of the hydrogel, promoting bone growth and regeneration.
An in vitro study was executed with pre-osteoblast-loaded
scaffolds of MA@K@CA-BSNP and the results manifested a fos-
tering of cell proliferation, mass transfer, and osteogenesis by
the DLP-fabricated porous structures, showing bone ingrowth.
An in vivo study of the hydrogel scaffold was conducted on
Wistar rats and the results manifested slow degradation of the
MA@K@CA@BSNP hydrogels and good biocompatibility (no
inflammation of subcutaneous tissue, kidneys, liver, spleen,
and heart tissues) over the study period.

5.4. Tissue engineering and regeneration applications of
smart nanomaterial-based hybrid bioinks

NM-based hybrid bioinks furnish a propitious approach to
enhancing the performance of bioinks in 3D bioprinting. By
exploiting the distinct properties of both natural and synthetic
NMs, these hybrid bioinks provide improved biocompatibility,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanical strength, and functionalization, making them
highly suitable for advanced tissue engineering applications.

Zhang et al.**' produced NM-based bioink using a GO/algi-
nate/gelatine composite to construct 3D bone-mimicking
scaffolds employing a 3D bioprinting technique. This bioink
was laden with human mesenchymal stem cells (hMSCs). The
findings reported that while higher GO concentrations (0.5GO,
1GO, and 2GO) generally improved the initial performance of
bioinks, the 1GO concentration maintained the best balance,
providing high scaffold fidelity, bioprintability, cell viability,
mechanical strength, and osteogenic differentiation, making it
the most promising concentration for BTE applications. The
integration of graphene, CNTs, nanoclay, transition metal
dichalcogenides, polymeric NPs, and magnetic and MOF NMs
into polymeric hydrogels enhances their mechanical strength,
biocompatibility, and functionality, providing advanced
materials for 3D bioprinting and proliferating their appli-
cations in TER medicine.?**"***

5.5. Soft tissue engineering and regeneration applications of
smart nanomaterials

Smart NMs hold vast potential in soft tissue engineering and
regeneration, offering innovative solutions for creating tissue
scaffolds, enhancing cell growth, and delivering bioactive com-
pounds precisely. These materials respond to distinct stimuli,
balance with physiological conditions, and mimic natural
tissue properties, which are all critical in soft tissue appli-
cations like skin, muscle, nerve, and cartilage regeneration.>*”

5.5.1. Muscle tissue engineering. The integration of
various NMs and cells in the development of implantable 3D
muscle tissue is a significant area of research in TER medi-
cines. NMs based on CNTs, chitosan, fibrin, PEG, HA, col-
lagen, alginate, decellularized extracellular matrix (dECM),
hyaluronic acid (HA), poly(oligo ethylene glycol) methacrylate/
cellulose nanocrystal (POEGMA/CNC), polycaprolactone (PCL),
and keratin play an important role in the manufacture of
implantable 3D muscle tissue.”*® A variety of cells such as
hMPC (human muscle progenitor cells)) HUVEC (human
umbilical vein endothelial cells), and C2C12 (mouse myo-
blasts) cells are utilized in conjunction with the nanomaterial-
based bioinks.>*?®

NM-infused bioinks present significant advancements in
muscle tissue engineering by overcoming some of the key
limitations of traditional bioinks. These limitations include
challenges in balancing the printability of the bioink with
crucial cellular requirements such as absorbability, adhesion,
and support for cell growth and differentiation.**”
Conventional bioinks often struggle to achieve this balance,
which can impede the effectiveness of tissue engineering
efforts. The infusion of NMs into bioinks addresses these chal-
lenges by enhancing the mechanical properties and biocom-
patibility of the constructs. These nanomaterial-infused
bioinks are particularly effective in crafting tissue constructs
that closely mimic the natural muscle tissue.*?® They offer
improved cellular adhesion and absorption, better mechanical
strength, and enhanced support to cell proliferation. This
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makes them highly suitable for engineering functional muscle
tissues that can integrate well with the body’s natural systems,
thereby improving the potential for successful tissue regener-
ation and repair. Thus, the integration of NMs into bioinks for
muscle TER provides improvements in various critical aspects,
such as biocompatibility, cell viability, printability, and muscle
regeneration. Researchers have observed that these bioinks,
when combined with cells, not only support the creation of
complex tissue structures but also promote the alignment of
cells, which is essential for functional muscle tissue.>2¢:22%

One of the most significant benefits of incorporating NMs
into 3D bioprinted constructs is their ability to enhance myo-
blast cell differentiation, for instance C2C12 cells, into mature
skeletal muscle cells.”® This process is typically challenging
and often requires additional myogenic agents to achieve it.
However, with NM-infused bioinks, the differentiation occurs
more naturally, eliminating the need for these extra agents
and simplifying the tissue engineering process. One of the key
innovations in 3D bioprinting for muscle tissue engineering is
the incorporation of microchannel structures within the
printed constructs. By optimizing the initial cell density and
ensuring a more even distribution of nutrients, these micro-
channels help construct a more conducive environment for
tissue growth and maturation.**®

5.5.2. Skin appendages and other tissue engineering/
regeneration/vascularization. Skin appendages including sweat
glands, hair follicles, and nails play crucial roles in sensation,
thermoregulation, and skin homeostasis.”****! Engineering or
regenerating these structures along with their vascularization
is an advanced field in regenerative medicine and tissue engin-
eering. NMs based on CNTs, alginate, and gelatine have trans-
formative potential in tissue engineering, especially for regen-
erating skin appendages and promoting vascularization, which
are critical for the functionality and longevity of engineered
tissues.>®* Combining gene therapy with skin appendage
engineering to activate or repress certain pathways could yield
more reliable appendage regeneration. Smart biomaterials that
can dynamically respond to the needs of regenerating tissues
(e.g., releasing growth factors in response to local cues) are
being explored for skin and appendage regeneration.

The usage of NM-based hybrid bioinks has opened exciting
possibilities in the bioprinting and manufacturing of various
tissues and organs inclusive of the kidneys, spleen, heart,>*?
liver,>** and pancreas, porous tissues, and even 3D tumour
models,**® for evaluating the efficacy of NMs. Nanocomposite
and nanocolloidal hydrogels represent an exciting approach to
recreating ECM-like environments due to their customizable
properties, including tunable mechanical properties, nano-
scale features, bioactive cues, fibre alignment, porosity, and
surface roughness.**®

6. Nanotoxicity assessment

Nanotoxicity assessment is a complex and evolving field that is
indispensable for confirming the safety and application of
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NMs.>*”?*? By combining advanced experimental techniques,
computational models,>**>* and regulatory frameworks,
researchers can better understand and mitigate the potential
risks associated with NMs, ultimately leading to safer and
more sustainable technologies.

6.1. In vitro toxicity assessment

Advances in personalized medicine and related technologies
are further fuelling the demand for in vitro toxicology testing,
as these methods can provide more relevant and specific
insights into how NMs and other substances can affect human
cells.’*® The market based on in vitro toxicity testing is
expected to grow to USD 17.1 billion up to 2028, manifesting a
total annual growth rate of 9.5% from 2023-2028.>"
Guidelines for evaluating in vitro nanotoxicity proposed by
ISO/TC 229, ASTM, and OECD have been recapitulated in
Table 6. In vitro assays employing divergent cell line models of
various organs are widely used to assess the potency and tox-
icity of NPs. These cell lines are typically chosen based on the
organs where NPs are most likely to accumulate such as the
lungs, kidneys, brain, etc.>*®**°

Lo Giudice et al.>*® reported the usage of immortalized cell
lines to examine the effects of metal nanoparticles (MNPs) on
the immune system. A549 cells were employed to assess how
exposure to silica nanoparticles (SiNPs) triggers innate
immune responses, including the production of inflammatory
cytokines (Fig. 27A). They provided valuable insights into how
different metal nanoparticles can influence immune system
functions. This is critical for assessing the safety and potential
health impacts of nanoparticles, guiding their safe use in
medical and industrial applications.

Clift and colleagues® studied the interactions between
AuNPs and B lymphocytes. They treated human B lymphocytes
with AuNPs of divergent shapes and surface properties
(Fig. 27B). The coated AuNPs had minimal interaction with B
lymphocytes compared with uncoated ones. Importantly, even
at a high concentration of 20 ug mL ™" over 24 hours, none of
the AuNPs affected cell viability. Furthermore, the coated nano-
spheres did not impact on the expression of activation markers
or cause an increase in pro-inflammatory cytokine secretion by
naive B lymphocytes. However, uncoated nanospheres and rod-
shaped AuNPs led to decreased IL-6 cytokine generation by acti-
vated B lymphocytes, indicating a functional impairment.

Duan et al.>®* advanced the understanding of how ENPs
(engineered nanoparticles) affect macrophage functions
through oxidative stress and SSG (S-glutathionylation protein)
modifications (Fig. 27C), offering valuable information for the
development of safer NMs. Their study provided insights into
protein signatures and pathways that serve as ROS sensors,
facilitating cellular adaptation to ENPs, and identifying targets
of ENP-induced oxidative stress that led to irreversible cell
damage. Understanding these mechanisms can aid in design-
ing safer ENPs that minimize adverse effects on immune func-
tions, which is crucial for their biomedical applications.

In vitro platforms play a decisive role in various aspects of bio-
medical research, including drug discovery and toxicity testing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 Schematic illustration of the feasible applicability of immorta-
lized cell lines to examine the effect of MNPs on the immune system. (A)
Schematic representation of the interaction of SiNPs with SRA1 (scaven-
ger receptor Al) on A549 cells and their subsequent effects on inflam-
masome activation, helping to elucidate the immune responses trig-
gered by nanoparticle exposure. Reprinted with permission from ref.
250. Copyright 2022, American Chemical Society. (B) Schematic repre-
sentation of how AuNPs with different surface coatings (PVA/PEG) and
shapes (rods and spheres) affect B lymphocyte immune function.
Polymer-coated AuNPs interacted poorly with B lymphocytes compared
with uncoated AuNPs. Reprinted with permission from ref. 251.
Copyright 2019, American Chemical Society. (C) Illustration of partici-
pation of the suggested pathways and organelles in the initiation of oxi-
dative stress or S-glutathionylation of proteins. It also highlights the
potential influence on phagosome function, endoplasmic reticulum (ER)
stress, and cell survival engendered by ENPs (engineered nanoparticles).
Reprinted with permission from ref. 252. Copyright 2016, American
Chemical Society.

However, despite their importance, these platforms have signifi-
cant limitations, particularly in the assessment of pharmacoki-
netic (PK) and toxicokinetic (TK) parameters. The dynamic and
complex nature of these processes in a whole organism cannot be
fully replicated in vitro, which often leads to an incomplete under-
standing of a compound’s behaviour in the body.

As a result, in vivo models, which appertain to the utiliz-
ation of live animals, remain the gold standard for laboratory
examination to deduct toxicities’*?** and other ecritical
pharmacological properties. In vivo testing provides a compre-
hensive view of how a substance interacts with various biologi-
cal systems, offering invaluable insights that are not possible
to obtain through in vitro methods alone.*®* However, the use
of in vivo models raises ethical concerns and is subject to strin-
gent regulatory and ethical guidelines.

6.2. In vivo toxicity assessment

The in vivo toxicology market, which involves studying the effects
of chemicals on living organisms, is projected to grow from USD
5.0 billion in 2020 to USD 6.6 billion by 2025.>%* This represents a
CAGR of 5.5% over the forecast period. The in vivo toxicology
market is expected to experience steady growth, slightly slower
than the rapid advancements and adoption seen in the in vitro
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market. This reflects a balanced approach in the industry, lever-
aging the strengths of both methodologies.

The selection of appropriate animal models for toxicologi-
cal assessment is critical for obtaining relevant and reliable
data. While no single model perfectly replicates human
biology, a combination of traditional animal models, emerging
technologies, and alternative methods can provide comprehen-
sive insights into toxicological effects. Careful consideration of
the study objectives, ethical implications, and specific advan-
tages and limitations of each model is essential for effective
toxicological research.?®®

Nonmammalian models like Caenorhabditis elegans (C.
elegans, a nematode) and Drosophila melanogaster (D. melano-
gaster, a fruit fly) are valuable tools in the field of nanotoxicol-
ogy. They provide important preliminary data on the safety
and potential biological impacts of NMs, helping to identify
hazards before advancing to more complex mammalian
models. Their ability to reveal toxicity related to both the active
components and the structural materials of nanocarriers is
particularly beneficial in the development of safer nanomedi-
cines. In vivo studies based on C. elegans revealed that poly-
meric NPs and unloaded solid lipid NPs exhibit higher toxicity,
manifesting as increased mortality rates, reduced reproduction
rates, and delayed development compared with tripolypho-
sphate/chitosan carriers.”*®*®” D, melanogaster is a validated
model for monitoring genotoxicity endpoints and has been
utilized to test the safety of polymeric and solid lipid-based
nanocarriers. For example, a study based on D. melanogaster
demonstrated that near-lethal doses of PLA NPs trigger oxi-
dative stress as well as cell cycle arrest at G1.>°® Additionally,
aquatic models like Danio rerio (zebrafish), Artemia salina, and
Daphnia magna have proved highly valuable for assessing the
safety of polymeric NMs.>®*”" These alternative in vivo
models serve as excellent tools for screening initial toxicity or
as complementary steps. However, it is important to note that
each nonmammalian model has its limitations compared with
more complex models like rodents.

Mice are widely employed in preclinical as well as nanotoxicity
examinations since their genomes closely resemble the human
genome. In vivo evaluation in these models typically involves
examining apoptosis and inflammation in primary target organs
such as the spleen, lung, kidneys, heart, and brain, as well as
other systems that may accumulate NPs. For example, Kupffer
and hepatic sinusoids cells are crucial for liver functions in
metabolism and detoxification, where NPs tend to concentrate.
Relevant assessment models for drug nanocarriers should mimic
the exposure route (injection, ingestion, inhalation, and transder-
mal delivery) and the intended applications to ensure accurate
safety and efficacy evaluations.>®®

Different studies based on in vivo toxicity assessment of
NMs have been incorporated in Table 7. Many of the incorpor-
ated studies have focused on the assessment of the toxicity of
the NPs with the purpose of employing them as future nano-
medicines for cancer®®® and infections.?***** Polymer-coated
nanoparticles reduced the associated toxicities and enhanced
their systemic circulation time.>*®?*° The usage of nonmam-
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Table 7 Summary of in vivo toxicity of nanomaterials
Age
NPs Type of NPs  Animal Model (weeks) Gender Remarks Ref.
AgNPs Inorganic Balb/c mice 6-8 Female Caused toxicity based on cell-/organ-type-, 272
particle-type- and dose-dependent manner
AgNPs Inorganic Zebrafish (Danio Caused toxicity based on size and 273
rerio) concentration of AgNPs
Silica nanoparticles (SiNPs) Inorganic C57BL/6 mice 6-8 Female SiNPs cause acute reproductive toxicity 274
Bioinspired Ag and Se NPs Inorganic Swiss albino mice ~ Adult Female The bioinspired synthesized NPs did not 275
cause a remarkable toxic effect at a higher
therapeutic effect
Ultrasmall superparamagnetic Inorganic Balb/c mice Male No systemic toxicity but unexpected anti- 276
iron oxide nanoparticles inflammatory effect of ibuprofen-carrying
(USPIONS) with/without ibuprofen USPIONS
Zirconia nanoparticles (ZrO,NPs)  Inorganic Wistar rats Adult Male The ZrO,NPs caused hepatotoxicity 277
Titanium dioxide nanoparticles Inorganic Wistar rats Adult Male TiO,NPs cause oxidative damage to the 278
(TiO,NPs) with/without eugenol kidneys and liver
However, co-administration of NPs with
eugenol mitigates the induced toxicity
Poly(thioether-ester) (PTEe) Polymeric Swiss mice Male No acute toxicity was caused 279
nanoparticles
B-Cyclodextrin chitosan with/ Polymeric Albino rabbits Caused acute oral toxicity 280
without epalrestat (EPL)
Supramolecular polyamine Polymeric BALB/cJRj 10 Female Reduction in toxicity of PANs was observed 281
phosphate nanoparticles (PANSs) due to PEGylation. PEGylation alters the
with/without PEG charge of PANs and increases their
circulation half-time
Silk nanoparticles Polymeric Mice Systemic administration of silk 282
nanospheres caused no toxicity
Cyclodextrins (CDs) with/without ~ Polymeric Healthy rabbits Male No toxic effects were reported on the 283
docetaxel major organs of the rabbits
Polylactic acid-polyethylene glycol ~ Polymeric Balb/c mice 4-6 Female Biosurfactants loaded in PLA-PEG 284
(PLAPEG) with/without copolymeric NPs were observed to be
encapsulated biosurfactant nontoxic
Chitosan-coated lignin NPs Polymeric Embryonic Compared with plain lignin NPs, 285
zebrafish (Danio engineered Ch-LNP formulations were
rerio) observed to be more toxic at higher
concentrations
Polyacrylic acid-coated cobalt Sprague-Dawley rat ~ Adult Male Injected PAA@CF-NPs appeared to be 286
ferrite core-shell magnetic NPs renally/hepatically biocompatible.
(PAA@CF-NPs) However, more studies are required to
evaluate their biodistribution, homeostatic
conditions, and chronic toxicity
IONPs/haematite nanoparticles Inorganic Albino rats Small inflammatory changes were 287
with/without PEG or citrate and observed in normal parenchymal tissues
polymeric of the spleen, kidneys, and liver, while no
acute damage was observed. PEG-modified
NPs exhibited better biocompatibility
compared with bare and citrate-coated NPs
GONPs Carbon- Nematodes - — — Long exposure to low doses of GONPs may 288
based Caenorhabditis cause issues in locomotion and
elegans reproduction as well as induction of

malian models like Daphnia magna, Danio rerio, Drosophila,
and Caenorhabditis elegans (a type of roundworm) imparted
insights into the effects of NPs on various aspects, including
health, environmental impact, reproductive systems, and be-
havioural changes,?’?%%?88:292293 hence providing valuable
information about the potential risks associated with NP
exposure without using mammalian subjects.

6.3. In silico toxicity assessment

Nanoinformatics, a burgeoning field at the intersection of
nanotechnology and informatics, employs various compu-
tational and predictive modelling approaches to enhance the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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understanding and assessment of NMs’ safety.>**?® The study
aims to predict NMs’ properties, interaction of NMs with cells
and biomolecules, transformation of NMs by divergent stimuli
or biotransformation, and toxicity of byproducts of the trans-
formed NMs as compared with their original forms.>*® Various
computational models and tools**” used to predict the toxicity
of NMs used in biomedical/biological/environmental appli-
cations have been presented in Fig. 28.

The establishment of predictive models for the potential
adverse effects of NPs relies on the encoding of their physico-
chemical properties as mathematical entities called descrip-
tors.”*® These descriptors capture the size, chemical compo-
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In silico Nanotoxicity Assessment

Tools —e*;—- Models

| For Immunotoxicity : HazardExpert, Derck, ProTox-1l l (For physicochemical ‘
For Genotoxicity: QSAR, ProfQSAR, Derek, Derck Nexus, | Lproperies delermination)

ToxTree, MC4PC

‘ ¢ quantitative structure-toxicity relationships ‘
o ST

For Neurotoxicity: HazardCxpert, Derck. Leadscope, PASS, OSTR)

Pallas Suite including ToxAlert ‘ * nano quantitative structure-activity relationships
For Cylotovicily: PASS MCASEMCAPC Molcalde (A 5AR)

Toolbox Pallas Suite including ToxAlert

* nano quantitative structure-property
relationships (nano-QSPR)

For Carcinogenicity: ADMET Predictor, HazardExpert, MDL
QSAR, Derek, Leadscope, Lazar, PASS, BioFpisteme

Fig. 28 Different computational models and tools used for nano/toxi-
cological study.

sition, shape, and surface charge of the NPs. Artificial intelli-
gence (Al), machine learning (ML), and deep learning (DL)
methods play a critical role in generating predictive models
based on these descriptors.”*® ML methods can significantly
reduce the time and labour required for material testing by
automating the analysis process. These methods enable the
handling of large datasets and the screening of numerous
materials simultaneously, facilitating the rapid identification
of promising candidates. By analysing large volumes of data,
Al and ML can uncover patterns and relationships that inform
the design of new NMs with desired properties.***°* Singh
et al.*® utilized a machine learning-based approach to study
how various physicochemical descriptors (like zeta-potential,
size, shape, concentration, polydispersity, and diffusion coeffi-
cients) of NMs influence their interactions with cell mem-
branes and intracellular uptake at sublethal concentrations.
Specifically, their ML algorithm identified the cell shape index
and nuclear area as critical descriptors associated with altera-
tions induced by NMs in the Madin-Darby canine kidney
(MDCK) epithelial cell line model. This finding suggests that
NMs capable of inducing changes in cell and nuclear shape at
subtoxic levels may trigger epigenetic modifications that
control epithelial to mesenchymal transition processes.
Quantitative structure-activity relationship (QSAR) and
quantitative structure-toxicity relationship (QSTR) approaches
have increasingly been recognized as valuable tools for safety
and risk assessment in fields, including
nanotechnology.>***° Some guidelines have been proposed to
navigate the regulatory challenges associated with the develop-
ment and application of QSAR/QSTR models.>*® Modern 3D
QSAR (3D-QSAR) and molecular docking techniques are par-
ticularly useful for predicting molecular characteristics as well
as biological interactions in pharmaceuticals.>*” Nonetheless,
these 3D-QSAR and traditional molecular descriptors often fall
short in capturing the unique properties of NPs. To address
the specificity of NMs, quantitative nanostructure-activity
relationship (QNAR) models, also known as nano-QSAR
models, have been developed.”®® These models are designed to
account for the unique descriptive properties of NMs, provid-
ing a more accurate prediction of their behaviour and inter-
actions in biological and environmental systems.*°®3%° The

various
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NanoTox platform, developed under the GNU General Public
License (https:/github.com/NanoTox), is an open-source and
freely available tool that provides access to nanotoxicology
reports and offers a definite feature space for modelling NM
toxicity.>*> This feature space incorporates both external and
internal physicochemical properties of NMs, and periodic
table properties, and correlates these with cell type, cell line,
and assay methods.

AuNPs have been considerably examined owing to their dis-
tinct characteristics and potent applicability in divergent fields
inclusive of electronics, medicine, and biological sustainabil-
ity.>'® However, understanding their potential toxic effects is
crucial for their safe use. In silico profiling has been conducted
on various AuNPs, leading to the design of geometrical nano-
descriptors. These descriptors are essential for quantitative
modelling and virtual screening of AuNPs. Quantitative nano-
structure-activity relationship (QNAR) modelling has demon-
strated high predictability for certain physicochemical charac-
teristics, particularly hydrophobicity (log P) and zeta-potential.
The QNAR models also show strong predictive power for
simple biological activities, such as the uptake of AuNPs by
human kidney epithelial cells (HEK293 cells) and lung cells
(A549 cells). However, the accuracy of these models decreases
for more complex bioactivities. For instance, moderate accu-
racy was observed for predicting the binding of AuNPs to the
acetylcholinesterase enzyme and the induction of ROS in
HEK293 cells.>"' This indicates that while the models are
useful for certain applications, they may need further refine-
ment for more complex biological interactions. Generation of
ROS (the byproducts of cellular oxidative metabolism, primar-
ily produced by the mitochondria) is a critical endpoint in
nanotoxicity assessments. Elevated levels of ROS disrupt cellu-
lar functions, damage proteins, nucleic acids, and lipids, and
ultimately lead to apoptosis or necrosis.>'? This underlines the
importance of monitoring ROS production when assessing the
toxicity of NPs, including metal and carbon-based NPs, as
ROS generation can have biological
consequences.

CNTs, particularly single-walled CNTs (SWCNTs), are widely
utilized in biomedical applications but are also known to pose
some hazardous effects.>'® One of the notable toxic effects of
SWCNTs is their ability to induce mitochondrial nanotoxicity,
leading to bioenergetic dysfunction. Interestingly, this property
can be exploited as a potential mechanism for cancer treat-
ment, where disrupting cancer cell bioenergetics could be ben-
eficial. Nanoinformatic tools that utilize quantitative structure—
binding relationship (QSBR) models are being developed to
better understand and predict the mitotropic behaviour of
SWCNTs. These models use optimal structural nanodescriptors
to predict how SWCNTs interact with mitochondria. By accu-
rately modelling these interactions, QSBR models can help
assess the risk or benefit relationships of SWCNTs in various
applications, including their potential use in targeted cancer
therapies.>'* This approach aims to balance the beneficial
effects of SWCNTs in medical treatments with their potential
risks, ensuring safer and more effective use of these NMs.

excessive severe
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Gonzalez-Durruthy et al.*'® reported a significant advance-
ment in the assessment of nanotoxicity and therapeutic poten-
tial of CNT-based NMs. They employed molecular docking and
molecular dynamic (MD) simulations to investigate the inter-
actions between SWCNTs and mitochondrial channels, specifi-
cally focusing on the human mitochondrial voltage-dependent
anion-selective channel (hVDAC1). The simulations demon-
strated that zigzag-SWCNTs could selectively block the ATP-
entry-point in hVDAC1 (Fig. 29), potentially disrupting mito-
chondrial function by inhibiting ATP transport. These findings
validated the usage of in silico strategies, such as molecular
docking and MD simulations, to predict the interactions and
potential toxic effects of NMs on cellular components.

MoS, NMs have gained attention for their capability in biologi-
cal applications owing to their properties like carbon-based NMs.
They are promising candidates for drug release applications
toward microorganisms suitable for cancer theranostics.
However, their applications are not without concerns. The find-
ings from MD simulations and electrophysiology experiments
have highlighted a potential concern regarding the interaction of
MoS, nanoflakes with the voltage sensor domain of potassium
channels.*'® This interaction could interfere with the proper func-
tioning of these channels, which are critical for the electrical
activity of cells, including nerve and muscle cells.

6.4. Mechanism of toxicity of nanomaterials

The mechanism of toxicity of nanomaterials in biomedical
applications is complex and depends on various physico-
chemical properties such as size, surface charge, shape, com-
position, and surface functionalization.?'”?'® Understanding
these mechanisms is critical to mitigate adverse biological
effects and ensure safe clinical translation. The evaluation of
mechanism of toxicity of nanomaterials in biological system
involves different steps (Fig. 30) as follows.

(I) Cellular uptake and bioavailability: due to their small
size nanomaterials enter cells directly by membrane pene-
tration or indirectly via endocytosis (clathrin/caveolae-
mediated, macropinocytosis, phagocytosis, etc.) (Fig. 30I).

B) ATP-exit-point

ATP-exit-point

Mitochondrial N'molomcuv

e &%mw] Mitochondria

Fig. 29 Computational modelling showing mitochondrial channel
nanotoxicity by zigzag-SWCNT NMs; (A) strong affinity of ATP molecules
for the ATP-entry-points; (B) the z-z-SWCNT selectively weaken/block
the ATP-entry-point in hVDAC1 cells, potentially disrupting mitochon-
drial function by inhibiting ATP transport. Reprinted with permission
from ref. 315. Copyright 2020, Elsevier.
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Fig. 30 Different pathways for potential mechanisms of toxicity of
nanomaterials in biological systems. (I;) Shows direct physical destruc-
tion of the biomembrane. (I;) Shows direct destruction of DNA. (ll; and
II;) Show epigenetic effects induced by nanomaterials. (ll5) Shows nano-
material-induced blockage of ion channels. (lll}) Shows interaction
between nanomaterials and biomolecules, leading to the activation of
inflammasome responses (e.g., TLRs) and autophagy. (lll, and lll5) Show
interaction of nanomaterials with proteins, leading to the formation of a
corona that alters their functionality, and cellular uptake immune
responses. (IV;) Direct generation of ROS from catalytic reactions. (IV;)
Shows indirect production of ROS by the activation of ROS-related sig-
naling pathways. Reprinted with permission from the ref. 23. Copyright
2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

After cellular uptake, they accumulate in organelles (e.g., mito-
chondria, lysosomes, etc.), interfere with cellular homeostasis,
and trigger stress signalling pathways.*'”

(I1) Oxidative stress and ROS generation: many nano-
materials (e.g., metal oxides like TiO,, ZnO, etc.) catalyze the
formation of ROS (Fig. 30IV,, IV,), leading to DNA damage,
lipid peroxidation, protein denaturation/aggregation, and
apoptosis/necrosis.*'®

(III) Inflammatory responses:
activate innate immune receptors like Toll-like receptors
(TLRs) and the NOD-like receptor protein 3 (NLRP3) inflamma-
some (Fig. 301I1I;), resulting in the release of pro-inflammatory
cytokines (e.g., IL-6, TNF-a, IL-1f), recruitment of immune
cells, and chronic inflammation/tissue damage.**®

(IV) Genotoxicity and DNA damage: genotoxicity occurs via
direct interaction of nanomaterials with DNA (e.g., intercala-
tion, strand breaks, etc.), indirect damage through ROS, chro-
mosomal aberrations and micronucleus formation (Fig. 30L,).
It leads to mutagenesis and carcinogenesis.**°

(V) Protein corona formation: when nanomaterials enter
biological fluids, proteins adsorb to their surface and form a
“protein corona” that alters surface identity, cellular uptake
profile, and immune recognition (Fig. 30I11,). This may lead to
unexpected toxicity and immune activation.***

(VI) Lysosomal dysfunction: nanomaterials can accumulate
in lysosomes (Fig. 301;), causing lysosomal membrane permea-
bilization, and release of cathepsins leading to cell death.*>*

sometimes nanomaterials
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(VII) Disruption of mitochondrial function: nanomaterials
damage mitochondrial functions (Fig. 30IV;, IV,) like impaired
mitochondrial membrane potential, ATP depletion, release of
pro-apoptotic factors, and enhanced ROS generation.>*?

(VII) Autophagy dysregulation: nanomaterials can both
induce and inhibit autophagy (Fig. 30I11,). Disruption of auto-
phagy can exacerbate inflammation and neurotoxicity.***

(IX) Epigenetic alterations: some nanomaterials have been
shown to alter DNA methylation, histone modifications, and
miRNA expression (Fig. 30II; and II,). These changes can have
long-term effects on gene expression and cell behaviour.**

7. Clinical trials of smart
nanomaterials

Clinical trials involving smart nanomaterials are advancing in
various medical or biological fields, including diagnostic
imaging, targeted drug delivery, and cancer therapy. These
materials are designed to respond to specific biological signals
and/or environmental conditions, inclusive of temperature,
magnetic fields, and pH, allowing for precise control over
therapeutic actions. Smart nanomaterials like liposomes, den-
drimers, and polymer-based NPs are being employed to encap-
sulate drugs and release them at targeted sites, minimizing
side effects. These trials often focus on cancer treatments
where drugs need to be released to tumour cells while sparing
healthy cells.

Liposomes, as pioneering drug delivery systems, have
remained prevalent due to their unique advantages. They offer
flexibility in composition, are biocompatible and bio-
degradable, and have low immunogenicity.*****” Structurally,
liposomes are artificially constructed phospholipid vesicles
that can be single or/and multilamellar and are typically
between 50-100 nm in size. They contain a central aqueous
core where hydrophilic drugs can be encapsulated, although
hydrophobic drugs may also be incorporated within the lipid
bilayer or chemically attached to the liposome surface. The key
distinction between liposomes and micelles, despite both
being composed of phospholipids, lies in their structures and
applications. While liposomes have an aqueous core suitable
for hydrophilic drugs, micelles have a hydrophobic core,
making them more suited for encapsulating hydrophobic
drugs. Both systems are utilized to achieve targeted delivery,
thus minimizing systemic toxicity.’*® Traditional liposomes,
known as the “first generation”, showed limitations in circula-
tion time due to rapid clearance by the mononuclear phago-
cyte system, leading to an accumulation mainly in organs like
the spleen and liver rather than in tumour tissues. To over-
come this, new lipid formulations and modifications were
developed, such as sterically stabilized liposomes containing
sphingomyelin and choline or pegylated liposomes. These
modifications led to extended circulation time and reduced
uptake by the reticuloendothelial system (RES), and allowed
passive targeting to tumour tissues through the EPR effect.*’
Doxil™, a PEGylated liposomal formulation, was first approved
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by the FDA in 1995.%%° Like Doxil™, Caelyx™ also uses
PEGylation and was approved in 1996 by the European
Medicines Agency (EMA). Myocet™ is a non-PEGylated liposo-
mal formulation and was approved in 2000 by the EMA. All
these medications (Doxil™, Caelyx™, and Myocet™) represent
significant milestones in the field of nanopharmaceuticals,
especially in oncology treatment, due to their ability to
improve the safety and efficacy of doxorubicin. By encapsulat-
ing doxorubicin within liposomal nanocarriers, these formu-
lations reduce the cardiotoxicity linked with the free drug and
improve its targeting capabilities.**>*** Doxil™ and Caelyx™
have versatile indications across several cancer types due to
their modified release profile and reduced toxicity. Both
Caelyx™ and Doxil™ are used to treat ovarian cancer, particu-
larly in patients whose disease has progressed after platinum-
based chemotherapy. These formulations are also indicated
for treating Kaposi’s sarcoma in patients with AIDS, providing
an option that targets the tumours with minimized systemic
toxicity. Caelyx™ and Myocet™ are approved for treating meta-
static breast cancer, addressing the need for less cardiotoxic
options in this patient population.®*°

Mepact™ (mifamurtide) medication is a liposomal formu-
lation containing muramyl tripeptide phosphatidylethanola-
mine, an immunomodulator. It works by activating monocytes
and macrophages to enhance the immune response in paedia-
tric and young adult patients for the treatment of bone
cancer.**” Marqibo™ medication is a nanoparticle formulation
containing vincristine encapsulated in cholesterol- and sphin-
gomyelin-based liposomes. Vincristine itself is a potent anti-
neoplastic drug with a multitude of activities, particularly
effective against haematological cancers. However, traditional
vincristine administration is associated with side effects such
as neurotoxicity and/or peripheral neuropathy, which occur in
a dose-dependent manner.*3?33*

Protein-based nanoparticles (PrNPs) are also advantageous
in drug release systems owing to their biocompatibility and
biodegradability. Unlike many synthetic NPs, PrNPs can be for-
mulated without organic solvents or toxic chemicals.?*33¢
Oncaspar™ is a PEGylated form of the asparaginase enzyme,
employed in treating acute lymphoblastic leukaemia (ALL) in
both adults and children. This formulation functions by
depleting the blood levels of asparagine, an amino acid vital
for the growth and division of tumour cells. Since these cancer
cells cannot produce their own asparagine, its reduction leads
to their death. Healthy cells, however, are less impacted as
they can synthesize asparagine independently. The PEG modi-
fication helps reduce hypersensitivity, which is a common side
effect in non-PEGylated asparaginase formulations. Moreover,
PEGylation increases the enzyme’s stability and duration in
the bloodstream, allowing for less frequent dosing.**”**®

Abraxane™ and Pazenir™ are albumin-bound forms of
paclitaxel (Taxol), which were approved by the FDA in 2005
and by the EMA in 2008. Paclitaxel, a pioneering member of
the taxane family, is widely employed in cancer chemotherapy
for its cytotoxic effects. It works by stabilizing microtubules,
arresting cells in the G2/M phase of the cell cycle, which pre-
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vents them from forming a normal mitotic apparatus, leading
to apoptosis. These formulations have shown efficacy toward
solid tumours, inclusive of breast, lung, and pancreatic
cancers.>*®

Kadcyla™ (also known as ado-trastuzumab emtansine or
T-DM1) is a pioneering antibody-drug conjugate that was the
first of its kind approved by the FDA and the EMA in 2013.
This innovative formulation combines trastuzumab, a huma-
nized monoclonal antibody targeting the HER2 receptor, with
emtansine (DM-1), an antimicrotubular agent that interferes
with cellular division.>*® DM-1, once internalized, disrupts
microtubule function, leading to cell cycle arrest and apoptosis
in cancer cells.**!**?

As of now, in addition to Kadcyla™, a total of 11 other anti-
body-drug conjugates (ADCs) have received approval from the
FDA and EMA.*** NanoTherm™ is a groundbreaking techno-
logy, specifically as the only metallic-based nanoparticle
therapy for cancer to receive both EMA and FDA approval.**?
Developed by MagForce AG in Berlin, Germany, NanoTherm™
relies on iron oxide nanoparticles with an amino silane
coating, designed to form a colloidal suspension of particles
approximately 15 nm in size. These nanoparticles are injected
directly into the tumour or its surrounding cavity and sub-
sequently heated through an alternating magnetic field, allow-
ing for localized hyperthermia. This heating either destroys
cancer cells directly or sensitizes them to radiotherapy or
chemotherapy, which can help prevent recurrence. The
primary clinical indications for NanoTherm™ are prostate
cancer and glioblastoma multiforme.*** While nanotechnology
holds tremendous potential for advancing cancer therapies,
several challenges such as toxicity and biocompatibility, target-
ing and specificity, clearance and degradation, manufacturing
and scalability, regulatory and approval pathways, cost and
accessibility, and personalization and patient-specific varia-

bility need to be tackled to make sure safe and effective clinical
use 345-355

7.1. Key challenges in the clinical translation of smart
nanomaterials

Despite successful laboratory demonstrations, clinical adop-
tion of smart nanomaterials remains low due to a series of
interconnected translational challenges, many of which are
under-addressed in the current literature.**® In this section, we
discuss some of the critical challenges that need to be
addressed.

1. Manufacturing scale-up and reproducibility

Scaling up the synthesis of smart nanomaterials from lab-
scale experiments to industrial-level manufacturing is highly
challenging. The synthesis of these materials generally relies
on multistep fabrication procedures, involving surface
functionalization, ligand attachment, and core-shell layer
engineering.”®” These techniques are highly sensitive to reac-
tion conditions. Batch-to-batch variations arises due to incon-
sistent shape, size, and surface chemistry. These variations
particularly arise in black phosphorus and MXenes, which
degrade and oxidize readily during processing. Maintaining
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functional stimulus-responsiveness (e.g., GSH- and pH-sensi-
tive drug release) under good manufacturing practice (GMP)
conditions is a difficult task because industrial undertakings
usually prioritize stability and simplicity over complexity. In
addition, equipment employed at industrial scale may not
replicate the fine-tuned parameters of small-scale synthesis.
This leads to a loss of biofunctionality and performance of
smart nanomaterials.

2. Regulatory frameworks and approval pathways

Smart nanomaterials transcend conventional classifications
of drugs, devices, and biologics, leading to a hybrid identity
that introduces regulatory ambiguities and hinders their
timely clinical translation.?*® In addition to that, regulatory
bodies like the EMA and FDA lack established guidelines
specific to stimulus-responsive systems. In continuation, the
smart materials usually undergo dynamic transformations
in vivo (e.g., change in charge, shape, etc.), complicating their
toxicological analysis and long-term safety evaluation.

Moreover, the absence of standardized characterization pro-
tocols (e.g., for degradation kinetics, adaptive behaviour,
stimulus-response, etc.) make it difficult to produce and
submit reproducible data for regulatory approval.

3. Long-term toxicity and biocompatibility

Preclinical studies typically assess short-term toxicity.
However, for clinical applications, long-term biocompatibility
and immunological responses are critical. Smart nano-
materials which switch their properties inside the body may
produce unknown degradation products. These unknown pro-
ducts could accumulate and interact unpredictably with bio-
logical systems.*>*° Moreover, chronic toxicity, immunogenicity,
organ-specific accumulation, and interference with cellular
pathways are insufficiently studied. For example, black phos-
phorus degrades into phosphate ions. However, its impact on
cellular calcium signaling and potential calcification is still
under investigation.*® Likewise, graphene and metallic hybrid
systems may accumulate in the liver, lymph nodes, and spleen,
raising concerns about long-term clearance and systemic
burden.?®*

4. Economic and scalability barriers

Smart nanomaterials usually require complex, high-cost
manufacturing operations, involving cleanroom environments,
rare materials, and multistage purification steps. The financial
practicability of scaling up these platforms for routine clinical
usage is rarely discussed in academic research. Cost-efficacy is
essential for acquisition in healthcare systems, particularly in
low-resource settings.*®* If smart nanomaterials fail to deliver
significantly improved outcomes at a reasonable cost, they risk
being overlooked in favor of simpler and more traditional
alternatives.

5. Stability, shelf-life, and storage issues

Many smart nanomaterials, especially 2D materials (e.g.,
MXenes, black phosphorus, etc.) and hydrogels, are intrinsi-
cally unstable.*®® Their responsiveness to environmental
signals is therapeutically advantageous but they are vulnerable
to degradation during storage and transportation. Light,
humidity, oxygen, and temperature can trigger premature
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degradation and loss of functionality. These factors complicate
the logistics of packaging, sterilization, and storage under
clinical settings.

8. Conclusions and future
perspectives

Smart NMs hold transformative potential in wound healing,
cancer theranostics, TER, and beyond, offering advanced solu-
tions for targeted therapy and diagnostics. They have transfig-
ured wound treatment through targeted and accelerated
healing processes. NMs can deliver drugs directly to infected
sites, promote tissue regeneration, and reduce infection. They
enhance cell proliferation and differentiation, leading to ame-
liorated wound closure and reduced scarring.

NM-based wound healing future perspectives involve: (i)
personalized medicine: development of smart NMs tailored to
individual patients’ needs, considering genetic and environ-
mental factors; (ii) advanced biocompatibility: enhancing the
biocompatibility of NMs to minimize immune response and
adverse reactions; (iii) integration with smart devices: combin-
ing NMs with wearable devices for real-time monitoring and
controlled release of therapeutics; and (iv) regenerative medi-
cine: exploring the potential of NMs in promoting stem cell
remedy and tissue engineering for more complex wound
healing applications. Future research should continue to focus
on enhancing the biocompatibility and specificity of the smart
NMs used in wound healing applications.

In cancer theranostics, smart NMs offer a dual approach of
diagnosis and therapy, ameliorating the effectiveness of drugs
while inhibiting side effects. NMs can be manipulated to
attack specified cancer cells, deliver drugs, and provide
imaging contrast, allowing for timely diagnosis and precise
treatment.

The future perspectives of NM-based cancer theranostics
involve: (i) development of multifunctional NMs: development
of NMs that combine multiple curative and diagnostic func-
tions within a single platform is essential; (ii) advanced target-
ing mechanisms: enhancing targeting mechanisms for
improving explicitness and reducing off-target effects, possibly
through advanced ligand-receptor interactions, should be
increased; (iii) advanced non-invasive techniques: refining
non-invasive diagnostic techniques using NMs, such as liquid
biopsies, will boost cancer theranostics; these techniques
enhance diagnostic accuracy and therapeutic precision in
cancer therapy; and (iv) advanced therapeutic monitoring:
real-time monitoring of treatment responses using NMs to
adjust therapy dynamically. Smart NMs enable sophisticated,
real-time, non-invasive monitoring of therapeutic responses in
cancer therapy. By integrating diagnostic and therapeutic func-
tions, these materials provide valuable insights into drug deliv-
ery, efficacy, and resistance. Future developments in this field
aim to enhance the sensitivity, specificity, and multifunction-
ality of NMs, ultimately improving personalized cancer treat-
ment and patient outcomes. The continuous advancement of
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nanotechnology will likely lead to more precise, efficient, and
safer therapeutic monitoring strategies.

Nanotechnology offers a promising strategy for TER.
Nanoscale scaffolds provide outstanding advantages over tra-
ditional therapies by closely mimicking native ECM. This creates
an ideal environment for cell proliferation, adhesion, and differ-
entiation. Key nanostructures, for example, nanotubes, nano-
fibers, polymeric nanoparticles, and nanocomposites, contribute
to controlled degradation rates, enhanced mechanical strength,
and improved bioactivity. They also have the capability to encap-
sulate small molecules, genetic materials, and growth factors, pro-
tecting these agents and allowing for their sustained release at
the injury site. 3D bioprinting holds considerable potential to
meet the demand for biomimetic artificially regenerated tissues
for transplantation in patients with damaged organs. The review
also examines the use of hybrid bioinks made up of synthetic
and natural NMs with various printers. However, the fabrication
of inner tissues/organs may lead to biological safety and liability
concerns, presenting another obstacle that needs to be
addressed.

While smart NMs hold great promise, their potential tox-
icity remains a critical concern. Nanotoxicity studies have
revealed that certain NMs can induce cytotoxicity, genotoxicity,
and dysfunction of the heart, kidneys, spleen, liver, etc. by
accumulating in them. The toxicity of NMs is affected by both
the NMs’ shape, composition, size, and coatings as well as the
biological system with which they interact. Understanding and
mitigating these effects are essential for safe -clinical
applications.

The future perspectives of nanotoxicity involve: (i) compre-
hensive toxicity profiling: development of standardized
methods for comprehensive toxicity profiling of NMs is essen-
tial; (ii) advanced green nanotechnology: advancing green syn-
thesis methods to produce environmentally benign and bio-
compatible NMs is the need of the moment to overcome nano-
toxicity; (iii) robust regulatory frameworks: establishment of
robust regulatory frameworks and guidelines for the safe use
of NMs in medical applications will help in reducing nanotoxi-
city; and (iv) long-term and comprehensive studies: conducting
long-term and comprehensive in vivo studies to understand
the chronic effects and biodistribution of NMs would help in
understanding and overcoming nanotoxicity.

Hence, smart NMs represent a remarkable furtherance in
biomedical applications, offering innovative solutions for
wound healing, cancer theranostics, tissue engineering and
regeneration, and other medical challenges. However, their
successful implementation requires careful consideration of
their biocompatibility and potential toxic effects.

Taken together, smart nanomedicine-based future research
should focus on the following key areas: (i) standardization
and scalability of synthesis protocols; (ii) comprehensive toxi-
cological profiling; (iii) multifunctionality and stimulus-
responsiveness in complex microenvironments; (iv) integration
with digital health and theranostics; (v) overcoming regulatory
and ethical barriers; (vi) application-specific innovations; and
(vii) real-world validation and clinical trials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Hence, the future of smart nanomaterials in biomedicine
lies in interdisciplinary convergence, regulatory reform, and
patient-centric design. By integrating continued advances in
materials science, systems biology, and digital health, smart
nanomaterials are poised to revolutionize diagnostics, therapy,
and regenerative medicine if safety, scalability, and societal
acceptance are comprehensively addressed.
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