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Abstract

The aggressive and extremely diverse subtype of breast cancer known as triple-negative breast cancer 

(TNBC) lacks HER2, progesterone, and oestrogen receptors, which limits treatment options and 

increases the risk of metastasis and recurrence. Because of TNBC's complex tumour microenvironment 

(TME), genetic variety, and innate drug resistance, conventional therapies like chemotherapy and 

radiotherapy frequently cause severe systemic toxicity and have poor efficacy. By improving targeted 

delivery, reducing off-target effects, and facilitating multimodal therapy options, nanocarrier-based drug 

delivery devices provide a revolutionary strategy for TNBC. The ability of several nanocarrier platforms, 

such as liposomes, dendrimers, polymeric nanoparticles (NPs), and quantum dots, to target TNBC's 

distinct TME via passive and active mechanisms is thoroughly examined in this review. Stimulus-

responsive systems enable regulated drug release, and nanocarriers functionalised with ligands, peptides, 

and antibodies have shown enhanced selectivity and decreased immune recognition. Furthermore, 

theranostic nanocarriers optimise therapeutic outcomes by enabling simultaneous diagnostic and 

treatment monitoring. Clinical translation is still hampered by important issues like scalability, regulatory 

obstacles, and possible immunogenicity. The relevance of nanotechnology in improving TNBC treatment 

is highlighted in this publication, which also addresses these obstacles and new developments meant to 

get over them. Nanocarrier-based strategies have the potential to improve patient outcomes in TNBC 

management with precise control over drug cargo delivery sites and suitable engineering to mitigate the 

disease.

Keywords: Triple-negative breast cancer, theranostic nanoparticles, nanocarrier-enhanced targeting, 

tumor microenvironment, stimuli-responsive nanoparticles, nanocarrier-enhanced targeting
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1. Introduction

Triple negative breast cancer (TNBC) is the cause of around 40% of breast cancer-related deaths and 

makes up 10% to 15% of all breast cancers worldwide. Over 50% of patients return within three to five 

years, indicating a significant recurrence risk (1), and a about 75% 5-year survival rate, which is much 

less than the 95% observed in ER/PR+, HER2- tumors. About 62% of TNBC tumours have nodal 

metastases, and 75% of them are grade III, with tumour diameters ranging from 0.4 to 8.0 cm (median 

~2.5 cm) (2). Numerous subtypes are identified by molecular profiling, such as mesenchymal-like (MES, 

11.2%) and luminal androgen receptor (LAR, 28.6%), with PD-L1 positivity seen in 76.6% of cases, 

particularly in grade III tumours with Ki67 ≥14% (3). The immunological phenotypes of TNBC tumours 

vary: 16.3% are immune-inflamed, 21.1% are immune-excluded, and 62.6% are immune desert. Positive 

results for SOX10 (33.3%), GCDFP15 (28.3%), mammaglobin (22.1%), GATA3 (46.3%), and TRPS1 

(53.7%) are shown by protein expression data (2). The 5-year survival rate for stage II and stage III 

TNBC is 76% and 45%, respectively, according to survival data. There is no discernible difference in 2-

year survival between PD-L1+ and PD-L1− individuals (84.1% vs. 92%, P = 0.512) (4).  RRAS2 

overexpression is reported to significantly contribute towards lower survival rates in TNBC. However 

factors like TP53 dysfunction, BRCA1/2 deficiency, activation of the P13K/AKT/mTOR axis and 

EMT/stemness transcriptional programs (TWIST, SNAIL, ZEB1) which promote invasion and drug 

resistance(5, 6, 7) are also key determinants of TNBC prognosis. The use of PD-L1 inhibitors, such as 

pembrolizumab and atezolizumab, which exhibit therapeutic advantages in PD-L1+ TNBC patients, is 

one example of treatment advancements. The mesenchymal stem-like (MSL) subtype and epithelial-

mesenchymal transition (EMT) activity are associated with RRAS2 overexpression. Notably, according 

to the METABRIC study, postpartum women between the ages of 30 and 40 exhibit a greater proportion 

(~50%) of TNBC cases (8).

TNBC is a very aggressive and diverse subtype of breast cancer that has a poor prognosis and is limited 

by traditional hormonal and HER2-targeted treatments since it lacks ER, PR, and HER2 amplification 

(9). Chemotherapy, immunotherapy, targeted medicines, and novel molecular techniques are therefore 

the mainstays of TNBC treatment. Anthracyclines (doxorubicin [DOX], epirubicin) and taxanes 

(paclitaxel [PTX], docetaxel) are common components of standard chemotherapy regimens. They are 

frequently used with platinum drugs like cisplatin or carboplatin, which are especially useful for patients 

with BRCA mutations or homologous recombination deficiency (HRD-positive) TNBC (10). Pathologic 

complete response (pCR) is greatly improved by neoadjuvant chemotherapy (NCT) (11), and EGFR 

inhibitors (e.g., lapatinib, erlotinib) in conjunction with DOX induce synergistic tumour apoptosis (12). 

In BRCA-mutated TNBC, platinum medicines and PARP inhibitors such as olaparib and talazoparib take 

advantage of synthetic lethality and exhibit promise in both neoadjuvant and metastatic contexts (13). 

When paired with chemotherapy, immunotherapy, particularly immune checkpoint inhibitors (ICIs) such 

as pembrolizumab and atezolizumab, has improved outcomes in PD-L1-positive TNBC; nevertheless, 

despite comparable therapeutic responses, access gaps still exist (14). Additionally, in relapsed or 

metastatic TNBC, new treatments such as antibody-drug conjugates (ADCs), such as sacituzumab 

govitecan and trastuzumab deruxtecan, which target Trop-2 and HER2-low expressions respectively, 
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show improved overall survival (OS) and progression-free survival (PFS). Trials investigating ADC–ICI 

combinations are currently underway (15).

Additionally, metabolic dependencies in TNBC have been discovered by metabolomics-based 

classification, providing new targets like as lipid metabolism modulators, CDK4/6 inhibitors, and 

PI3K/mTOR inhibitors (16). As demonstrated by the effectiveness of DOX-based regimens, functional 

precision medicine employing patient-derived organoids and xenograft (PDX) models helps to customise 

therapy based on drug sensitivity (17). Key oncogenes such MDM2, CDK11, CK2, TWIST, c-Myc, 

PLK1, and EGFR can be silenced by siRNA-based therapies, including antibody-siRNA conjugates, 

providing a multigene approach to combat drug resistance (18). Delivering siRNA, miRNA, 

chemotherapeutics, immunotherapeutics, and CRISPR-based tools is made easier by nanotechnology, 

which aids in the preclinical and clinical development of novel combination medicines (19). To further 

customise TNBC treatment, molecular pathway-targeted treatments targeting EGFR, TGF-β, Notch, 

Wnt/β-catenin, and EMT indicators, as well as miRNAs and lncRNAs, are being researched (10). In 

order to predict pCR and long-term outcomes and assist in therapy optimisation, genomic profiling tools 

such as TNBC-DX combine immune gene signatures and tumour characteristics; ongoing trials like 

OptimICE-pCR and SCARLET seek to validate these predictive models (11). Furthermore, inhibiting 

mitotic kinases like BUB1 and using drugs like pevonedistat to target post-translational modifications 

like neddylation and sumoylation offer promising ways to get past chemoresistance and improve 

sensitivity to radiation and chemotherapeutics, even in BRCA wild-type TNBC (13, 20).

The absenteeism of receptors, makes TNBC irresponsive towards the conventional hormonal or HER2-

targeted therapies and hence making chemotherapy as the predominant  therapeutic option (21). 

However, chemotherapy often suffers from poor specificity, leading to significant systemic toxicity and 

undesirable side effects. TNBC’s unique tumor microenvironment (TME) further complicates treatment, 

as it includes high stromal density, increased interstitial fluid pressure, and immunosuppressive factors, 

all contributing to drug resistance and limited drug penetration within the tumor tissue (22). Nanocarriers 

offer a unique and sophisticated method of drug administration that overcomes many of the drawbacks 

of conventional therapies, marking a revolutionary breakthrough in the treatment of cancer (23). 

Conventional radiation and chemotherapy frequently have poor specificity, which can cause serious 

systemic toxicity and unfavorable side effects. Because of their nonspecific nature, these treatments can 

damage healthy tissues in addition to cancer cells, which can have a devastating effect on the patient and 

typically restrict the dosage and length of treatment (24, 25).

On the other hand, nanocarriers are designed at the nanoscale to take advantage of the special qualities 

of malignant tissues, improving the accuracy of medication administration. Usually measuring between 

one and one hundred nanometers, these minute delivery vehicles can be engineered to concentrate 

specifically in tumor tissues by means of the enhanced permeability and retention (EPR) effect. This 

phenomenon occurs when the leaky vasculature of tumors permits nanocarriers to enter and stay in the 

tumor microenvironment for a longer period of time than they do in normal tissues (26). Furthermore, 

targeting ligands like peptides, antibodies, or small molecules that bind selectively to receptors 

overexpressed on cancer cells can be added to nanocarriers to functionalize them and enhance the 
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specificity of drug delivery. This approach allows for active targeting (27). 

The variety of nanocarrier systems, such as metallic NPs, liposomes, polymeric NPs, and dendrimers 

[Table 1], provides an adaptable platform for the administration of a broad range of therapeutic 

medicines. These chemicals, which can be conjugated, adsorbed, or encapsulated onto the nanocarrier, 

can include conventional chemotherapeutic medications, nucleic acids for gene therapy, or even 

therapeutic proteins. Because of their adaptability, multifunctional nanocarriers that can co-deliver 

numerous therapeutic drugs can be designed, potentially leading to combination therapies on a single 

platform and producing a synergistic impact (28). Furthermore, it is possible to design nanocarriers that 

include diagnostic imaging agents, making it possible to track drug delivery and tumor response at the 

same time. This theranostic ability helps to optimize treatment plans and enhance patient outcomes by 

enabling real-time monitoring of treatment efficacy and offering vital insights into the pharmacokinetics 

and bio-distribution of the therapeutic drugs (29). 

Notwithstanding these encouraging qualities, there are still a number of obstacles standing in the way of 

the clinical use of nanocarriers, such as issues with large-scale production, obtaining regulatory 

permission, and possible immunogenicity. However, continuous research and development are working 

to improve nanocarrier technologies in an effort to get past these challenges and move these ground-

breaking treatments from the lab to the clinic.

2. Challenges in triple negative breast cancer (TNBC)

2.1.  Tumour microenvironment (TME) and immuno- suppression in TNBC

TME components can interact with each other, altering the tumor’s internal environment (Fig. 1) and 

promoting resistance in TNBC. The TME's non-cancerous cells are essential to the development of 

cancer because they support the tumor's survival, growth, metastasis, and resistance to treatment. Cancer 

growth and medication resistance are associated with interactions between the stromal cells and the 

cancer cells within the TME (30). Oxidative stress, acidosis, and hypoxia can result from TNBC tumour 

cells' proliferation, metabolic remodelling, and cell death. These conditions can induce lysyl oxidase 

(LOX) activation, reshaping the ECM and forming drug resistance (31). Reactive oxygen species (ROS) 

and oxidative phosphorylation levels are decreased when the collagen prolyl 4-hydroxylase P4H-α1/HIF-

1 axis is activated, increasing the stemness of TNBC cells (32). By releasing cytokines, chemokines, and 

ECM remodelling factors, cancer-associated fibroblasts (CAFs) accelerate the spread of cancer and 

treatment resistance (33). Lipid-associated macrophages (LAM) generated by CAF mediate 

immunological suppression in breast cancer, especially TNBC (34). This metabolic change contributes 

to immunosuppression by affecting immune cell activity and causing a phenotypic change in 

macrophages. 

The activation of immunological checkpoint pathways such as the CTLA-4 (cytotoxic T lymphocyte-

associated antigen-4) Pathway and the PD-1/PDL1 (programmed death ligand-1) Axis, among other 

factors, results in immunosuppressive responses at the tumour site (35). ACSL3 in TNBC protects TNBC 

cells from ferroptosis induced by maternal adipocytes. M2 macrophages activate PCAT6 and release 

VEGF, promoting cancer cell growth and metastasis through VEFGR2 modulation. Different myeloid 

cell subtypes of TNBC exhibit distinct mechanisms of immunotherapy resistance (36).
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Fig. 1: TNBC tumour microenvironment

Table 1: Nanocarrier: Characteristics, novelty, merits and demerits.
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Nanocarrier Design Advantages Disadvantages Innovation 

Window

References 

Lipid-based NPs 

Spherical platforms 

with at least one interior 

aqueous compartment 

surrounded by a lipid 

bilayer. 

Easy to formulate, self-

assembly, biocompatible, 

highly bioavailable, and 

adjustable physicochemical 

properties.

High drug entrapment, 

regulated release, and 

scalable. 

Traditional LNP formulation methods 

like pipette mixing, ethanol injection, 

vortexing and thin-film hydration yield 

in homogeneous particles but with low 

efficiency and reproducibility. 

Microfluidic techniques create uniform 

LNPs but are expensive, also face 

challenges with biodistribution, 

accumulating excessively in the liver 

and spleen.

Forms micellar 

structures within the 

particle core, a 

morphology that can 

be altered based on 

formulation and 

synthesis parameters

(37),(38),  

(39)

Liposomes 

Spherical vesicles with 

an aqueous core 

encircled by bilayers of 

amphiphilic 

phospholipids. 

Low toxicity, biocompatible 

and biodegradable.

 Encapsulates both lipophilic 

and hydrophilic drugs. 

Improved targeted drug 

delivery. 

Quick identification and removal by 

MPS, brief half-life in circulation, 

quick drug release, inadequate drug 

loading, unstable qualities. 

Can encapsulate 

both lipophilic and 

hydrophilic drugs
(38), 

(39)

Solid Lipid NPs 

Stable colloidal carrier 

system with a solid 

hydrophobic core. 

Least hazardous, safely 

absorbed by the brain. 

Small size, controlled 

release, higher drug 

entrapment efficiency and 

scalable. 

Limited by the need for hydrophilic 

polymer or surfactant coating for 

improved bioavailability. 

Provide improved 

protection against 

degradation as they 

immobilise sensitive 

lipophilic drug 

molecules within the 

solid lipid matrix

 

(40), (41), 

(42)

Nano Capsules 

Hollow spaces encased 

in a polymeric shell or 

membrane. 

Improved stability and 

cargo-retention efficiency.

Useful for delivering 

medicines into the cytosol. 

Limited control over drug release, 

reduced absorption by tumors. 

Nanocapsules have a 

liquid or oily core 

encased in a 

polymeric or lipid 

shell which enables 

reservoir-based 

delivery of drugs

(43), (37)

Dendrimers

Highly branching 

molecules with distinct, 

uniform, and 

monodispersed 

architectures. 

Surface-facing active groups 

aid drug encapsulation. 

Biocompatible, water-

soluble, and stable. 

Potential as smart 

nanocarriers.

Presence of amine groups. 

Difficulty in controlled drug release.

Rapid clearance by macrophages.

 Reduced absorption of 

pharmaceuticals by tumors.

Unlike many NPs 

that depend on a 

single loading 

method, drugs can be 

chemically attached 

to surface groups or 

physically enclosed 

within interior 

(44)

(37)
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cavities ensuring 

high entrapment.

Polymeric Micelles 

Nanoscopic core-shell 

structures formed by the 

self-assembly of 

amphiphilic di/tri-block 

copolymers. 

Suitable for poorly soluble 

medicines.

Multifunctional for drug 

administration and imaging, 

prolonged circulation. 

Dependent on strong cohesive force 

between drug and core polymer 

segments. 

Polymeric micelles 

have greater 

thermodynamic 

stability when 

diluted in the 

bloodstream due to 

their extremely low 

CMC values when 

compared to 

surfactant micelles.

(45), (39)

Quantum Dots 

Colloidal 

semiconductor 

nanocrystals with 

distinctive optical and 

fluorescent 

characteristics. 

Small size, tag biological 

macromolecules.

Improved photostability and 

fluorescence.

Sensitivity to environmental 

conditions, potential toxicity. 

Serve as a single 

platform, integrating 

photothermal or 

photodynamic 

therapy, drug 

delivery, and 

diagnostics.

(46)

Gold NPs 

Used in medical 

applications, excellent 

for targeting tumors, 

and preventing 

angiogenesis. 

Simple, affordable synthesis, 

effective targeting and 

engulfing of tumors.

Inhibit angiogenesis.

Variable photostability, need for 

surface modification to improve water 

solubility. 

In contrast to most 

polymeric or lipid 

NPs, AuNPs display 

Surface Plasmon 

Resonance (SPR) 

which can aid easy 

detection apart from 

its ability to 

conjugate with drug 

cargo.

(47), (48), 

(49)

Iron Oxide NPs 

Composed of magnetite 

or maghemite, used in 

contrast agents, drug 

delivery systems, and 

thermally-based 

therapies. 

Superparamagnetic 

characteristics, effective in 

drug and gene delivery.

 FDA-approved. 

Limited by the need for appropriate 

surface coating to improve stability and 

bioavailability. 

An external 

magnetic field can be 

used to direct and 

concentrate IONPs 

to targeted locations, 

minimizing off-

target toxic effects.

(50)

(46)
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In general, TNBC is not significantly affected by the chemotherapeutic medications included in 

cholesterol liposomes. Interleukin-10 (IL-10), IL-6, IL-4, IL-1β, IL-17, and tumour necrosis factor-Alpha 

(TNF-α) are all produced by CAFs in the tumour microenvironment (TME), which creates a complex 

milieu that affects immune cells, stromal cells, and cancer cells (51). These factors combine to build an 

impenetrable physical barrier. The immune cells, such as regulatory T cells (Tregs), CD8+ T cells that 

target cancer cells directly, and CD4+ T cells that organise immune responses, which express the Foxp3 

transcription factor, play a crucial role in infiltrating tumor sites (52, 53). In TNBC, M2-like Tumor-

Associated Macrophages (TAMs) secrete cytokines, chemokines, and growth factors, contributing to 

immunosuppression. M2 TAMs expressing CD163+ infiltrate stromal fibroblasts and the mesenchymal 

transition stage, causes aggressive phenotypes and low survival rates in TNBC patients (54). In human 

breast invasive ductal carcinoma xenografts, ginsenoside Rg3, a ginseng component, prevents growth 

and angiogenesis and has anti-tumor properties(36)  . Rg3 has been utilised to create a docetaxel-loaded 

Rg3 liposome that can enter the tumour more deeply, inhibit collagens, TGF-β, and CAFs, and increase 

the cytotoxicity of chemotherapeutic agents in TNBC. These liposomes have outstanding drug-loading 

and encapsulation capabilities (55). Because of immune evasion strategies, TNBCs frequently feature 

dysfunctional tumor-infiltrating lymphocytes (TILs), whilst Myeloid-derived suppressor cells (MDSCs) 

lessen the immunological response by preventing T-cell activation and proliferation. Compared to 

receptor-positive breast tumours, TNBCs frequently express more MDSCs, which activates the 

chemokines CCL22 and CXCL2, leading to considerable metastatic cascades (56).

Cancerous cells can cause a shift in macrophages, promoting an M2-like immunosuppressive phenotype 

in tumor-associated macrophages (TAMs). This is facilitated by metabolites like lactate and adenosine. 

By attaching to certain receptors (A2A and A2B) on T cell surfaces, the purine nucleotide adenosine can 

limit T cell activation, cytokine generation, and cytotoxicity (51).

2.2.  Lack of target receptors

TNBC is the most aggressive and diverse subtype of breast cancer; it does not express the ER, PR, or 

HER2 markers. TNBC is identified in 15–20% of all breast cancers (18). TNBC, often linked to BRCA1 

mutations, lacks estrogen and progesterone receptors due to mutations or epigenetic changes. Hormone 

therapies like tamoxifen or aromatase inhibitors can block cancer growth by interfering with hormone-

driven signaling pathways. However, in TNBC, the lack of ER and PR receptors makes it difficult to 

control the tumor with hormonal treatments, making it more challenging to treat (57). TNBC does not 

overexpress HER2, a growth-promoting protein found on some breast cancer cells, unlike other types of 

breast cancer. This is due to the cancer's unique molecular characteristics, which typically show normal 

HER2 gene expression or lack of amplification. Targeted therapies like trastuzumab and pertuzumab are 

ineffective without HER2 overexpression, limiting treatment options (58).

2.3.  Drug-resistance

MYC and MCL1 oncogenes are frequently found in therapeutic-resistant TNBC cells post-neoadjuvant 

chemotherapy. They increase mitochondrial oxidative phosphorylation (mtOXPHOS) and ROS 

generation, regulating drug-resistant Cancer stem cells (CSCs). This stimulates HIF-1α, which is related 

to CSC enrichment in TNBC. Inhibiting MYC and MCL1-targeting siRNA is one possible strategy to 
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prevent chemotherapy resistance in TNBC by focussing on mitochondrial respiration and HIF-1α (59). 

Twist-related protein (TWIST) increases the risk of disease recurrence and poor prognosis in TNBC 

patients by stimulating EMT, promoting CSCs, and decreasing apoptosis (60).

The discovery that neo-adjuvant chemotherapy enhanced ABCC1 protein expression in TNBC lends 

greater credence to the involvement of ABCC1 in TNBC chemo-resistance. Furthermore, TNBC cells 

developed drug resistance as a result of the hedgehog pathway's activation because ABC transporters 

were upregulated. The chemo-resistance of stem cells in TNBC is significantly influenced by ABCG2 

(61). 

Drug resistance is linked to the PI3K system, and intrinsic tolerance is a common side effect of inhibitors, 

especially PI3K inhibitors. Regarding the problem of medication resistance in TNBC patients, several 

advancements have been made. The primary cause of PI3K/AKT inhibitor resistance was PTEN 

insufficiency, which is present in 35% of TNBCs (62).

2.4.  Drug bioavailability

The ideal loading and release profiles for nanocarrier TNBC therapy are still elusive despite effective 

drug loading inside nanocarriers and regulated release kinetics. Stability and bioavailability must be 

guaranteed by carefully designing the encapsulation procedure. Furthermore, toxicity and 

biocompatibility are important variables affecting the clinical feasibility of nanocarriers(63).Table 2 

gives the summary of various NP based drugs under clinical trials for the treatment of TNBC.

2.5.  Heterogeneity in TNBC 

Triple-negative breast cancer (TNBC) presents unique challenges to conventional chemotherapy due to 

its inherent molecular and genetic heterogeneity.The current agreement is that BLIA (20–30%), BLIS 

(25–40%), LAR (15–25%), and mesenchymal (15–20%),are four primary molecular subtypes, which are 

classified based on independent DNA and RNA level investigations (64)

2.5.1. Basal-like immune activated (BLIA)

BLIA subtype of TNBC shows over 80% TP53 mutations with numerous low-frequency mutations and 

is marked by DNA damage repair activity and immense instability of chromosomes (65). CDK1 

amplification is also common in BLIA (66). This subtype is characterized by strong immune response, 

with high expression of immune-related genes (T cell activity, antigen processing, and checkpoint 

molecules like CTLA4, PD1, and PDL1) (67). Histologically, BLIA shows significantly higher 

intratumoral and stromal lymphocyte counts compared to other TNBC subtypes, making it a prime 

candidate for immune checkpoint inhibitors (64).

2.5.2. Basal-like immune suppressed (BLIS)

BLIS unlike BLIA, shows minimal immune activity, making it less responsive to immunotherapy (68). 

BLIS tumors express VTCN1 (B7-H4), which suppresses T cell activation (69), and SOX family 

transcription factors that promote tumor proliferation and invasion (66). These tumors are enriched in 

metabolic reprogramming pathways, which contribute to cell proliferation and resistance to 

immunotherapy (64). BLIS is also linked to high recurrence rates and shows enrichment in Homologous 

Recombination Deficiency (HRD) signatures and genomic scars. Tumors with high-HRD have a better 

prognosis (70), and RAD51-low scores during the S/G2 phase of the cell cycle are predictive of response 
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to platinum-based chemotherapy (71). However, increased RAD51 foci after treatment indicates 

resistance to PARP inhibitors, and the utility of RAD51 as a biomarker for BLIS remains under 

investigation (72).

2.5.3. Luminal androgen receptor(LAR)

 LAR subtype of TNBC, while negative for ER by IHC, shows high expression of estrogen-related genes 

(e.g., FOXA1, GATA3) and increased androgen receptor signaling (73). These tumors are often 

categorized as non-basal (luminal or HER2-enriched) by PAM50   and frequently carry ERBB2 

mutations in the kinase domain, which can lead to resistance to trastuzumab (70). Instead, tyrosine kinase 

inhibitors may be more effective(74)  . LAR tumors commonly harbor PIK3CA mutations (40–55%) and 

show hyperactivation of the PI3K/AKT pathway, with preclinical models suggesting that PI3K-AKT 

inhibitors combined with CDK4/6 inhibitors are more effective, especially in PIK3CA-mutant tumors 

(75). In addition to losing CDKN2A, LAR tumours also maintain RB1, which increases their 

susceptibility to CDK4/6 inhibitors. They exhibit modest levels of immunological activity, HRD, and 

chromosomal instability, yet they are associated with apocrine characteristics, lipid metabolism, and 

advanced age (64).

2.5.4. Mesenchymal subtype

The mesenchymal subtype of TNBC is characterized by the activation of pathways related to the 

epithelial-mesenchymal transition (EMT), extracellular matrix, and angiogenesis (76). These tumors 

express markers like NOTCH1/3, EGFR, IGF-1, and osteocyte markers (OGN) (64). Their PAM50 

profiles are mixed, showing both basal-like and non-basal features (70). Mesenchymal tumors also have 

more genomic instability, copy number alterations and tumor mutation burden but exhibit low immune 

cell infiltration and PD-L1 expression, which suggests immune evasion and resistance to immunotherapy 

(77). These tumors show increased MAP3K1 and PDGFRA deletions, mutations in antigen presentation 

and DNA repair genes, and epigenetic alterations, like mutations in the ASXL gene family and BAF 

SWI/SNF complex, which affect antigen presentation and make them potentially sensitive to EZH2 

inhibitors. Mesenchymal tumors also exhibit DNA hypermethylation and breast cancer stem cell-like 

properties with upregulation of JAK1/STAT3 signaling. Although JAK1 inhibitors have shown limited 

success, they may be effective specifically for mesenchymal tumors (64, 77, 78, 79). The mesenchymal 

stem-like (MSL) subtype displays non-basal profiles and is enriched in angiogenesis pathways, with high 

expression of VEGF and PDGFR (78, 80). Anti-angiogenic therapies, which have been ineffective in 

unselected TNBC patients, may hold promise for MSL, given its angiogenic profile and the presence of 

innate immune cells like mast cells, which promote tumor angiogenesis (64).

2.6.  Obstacles of nanotechnological interventions in TNBC

Polymeric NPs, like liposomes, face biological barriers in clinical studies. For instance, CT-2103, a poly-

L-glutamic acid conjugated PTX NP, administered IV produced a higher PTX AUC in the liver than in 

the primary tumor(81)  . Additional obstacles to tumour targeting may arise from the passive filtering of 

small polymeric particles through the glomerulus. Large polymeric particles may concentrate in renal 

cells and tissues, according to a new study, underscoring the need of comprehending drug carrier 

biodistribution for efficient tumour targeting (82). Pharmaceutical drug carriers in clinical studies often 
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face biological barriers before reaching tumors. Combination therapy could improve efficacy or decrease 

toxicity, but sequential infusions limit drug synchronicity. To optimise the cytotoxic impact, the perfect 

carrier would target and provide a therapeutically appropriate mix of chemotherapeutic medications (83). 

Fig. 2 illustrates the various challenges in TNBC. 

Fig. 2: Illustration of the complex challenges in treating triple-negative breast cancer (TNBC), 

highlighting factors such as tumor heterogeneity, drug resistance and the immunosuppressive tumor 

microenvironment.

Table 2: Therapeutic regimens for TNBC management in clinical trial phase.

Drug CT Phase Outcome Refs

Pembrolizumab (MK-

3475) + Chemotherapy

Phase 3 randomized, 

double-blind, placebo-

controlled

Pembrolizumab plus chemotherapy significantly improved 

progression-free survival in patients with a PD-L1 combined 

positive score of 10 or more, reducing the risk of death by 27% 

compared to chemotherapy alone.

(84)

Atezolizumab + PTX Phase 3, multicenter, 

randomized, double-

blind, placebo-controlled 

study

Compared to PTX alone, atezolizumab with PTX did not increase 

PFS or OS.

(85)

Sacituzumab 

Govitecan

Phase 3, Randomized, 

open-label, multicenter 

trial.

For patients with metastatic TNBC, sacituzumab govitecan 

significantly extended both the progression-free and overall 

survival unlike single-agent chemotherapy. A higher frequency of 

(86)
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diarrhea and myelosuppression was seen. 

Ipatasertib 

+ Atezolizumab + PTX

A Phase 3, Double-blind, 

Placebo-controlled, 

Randomized Study

The combination of Ipatasertib, Atezolizumab, and PTX showed 

some improvement in PFS for PD-L1 non-positive participants

(87)

Atezolizumab + PTX Phase 3, randomized, 

double-blind, placebo-

controlled clinical trial

The combination of atezolizumab with chemotherapy post-surgery 

does not significantly improve survival outcomes for patients with 

operable stage II-III triple-negative breast cancer.

(88)

Atezolizumab + Nab-

PTX

Phase III, double-blind, 

randomized, placebo-

controlled study

The addition of atezolizumab to neoadjuvant chemotherapy for 

early-stage TNBC improved pathologic complete response 

without increasing patient treatment burden.

(89)

Pembrolizumab + 

capecitabine +

eribulin

A Randomized Open-

Label Phase III Study 

Pembrolizumab demonstrated efficacy and well-tolerance in pre-

treated patients, indicating its potential in treating TNBC patients 

with limited options.

(90)

Bevacizumab

+ Standard 

adjuvant 

chemotherapy

An International Multi-

centre Open-label 2-arm 

Phase III Trial

In both the groups, overall survival remained similar, and the study 

found no statistically significant difference in invasive disease-free 

survival (IDFS) between the chemotherapy-alone and 

bevacizumab groups.

(91)

Bevacizumab +

PTX +

Docetaxel

Open-Label Study Phase 

4

The Bev-Tax-Cap regimen, which included capecitabine, taxanes, 

and bevacizumab, outperformed other regimens in terms of 

progression-free survival when compared to taxanes alone or in 

other combinations.

(92)

DOX +

Cyclophosphamide + 

Ixabepilone(Ixempra)

+ PTX (Taxol)

Phase III 

Study  With Triple-

Negative Breast Cancer 

(Early-Stage)

Both the AC/Ixabepilone and AC/PTX regimens had comparable 

overall survival at 48 months and 5-year disease-free survival. The 

PTX group also experienced a higher rate of discontinuations and 

dose changes. Peripheral neuropathy was also prevalent.

(93)
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Capecitabine +

Carboplatin +

Cisplatin

A Randomized Phase III 

Post-operative Trial 

According to the TITAN research, platinum drugs exhibited more 

severe toxicities and did not increase 3-year invasive disease-free 

survival in basal subtype TNBC post-NAC when compared to 

capecitabine. Due to improbable dominance, the trial was 

terminated early.

(94)

Capecitabine Multicenter, Open-label, 

Randomized Phase III 

Low-dose capecitabine maintenance therapy significantly 

increased early-stage TNBC patients' 5-year disease-free survival 

(82.8%), with a 0.64 hazard ratio for recurrence or death, 

according to the SYSUCC-001 trial.

(95)

Ipatasertib +

PTX

A Double-Blind, 

Placebo-Controlled, 

Randomized Phase III 

Study

In advanced TNBC, the combination of ipatasertib, PTX, and 

atezolizumab demonstrated encouraging disease control; 

nevertheless, 19% of patients had significant side effects that 

needed to be carefully managed.

(96)

nab-PTX +

Carboplatin +

Gemcitabine

A Phase 2/3, Multi-

Center, Open-Label, 

Randomized Study

It lowered the chances of disease progression or mortality in 

metastatic TNBC patients by 40%, providing a safer first-line 

therapy option and improved progression-free survival.

(97)

PFS- performance free survival, OS- overall survival, PD-L1 - programmed cell death-ligand 1, "AC" 

refers to a combination of two chemotherapy drugs: DOX (Adriamycin) and cyclophosphamide, "post 

NAC" refers to "post-neoadjuvant chemotherapy." neoadjuvant chemotherapy

3. Strategies for nanocarrier mediated cancer targeting

3.1. Surface modification and stealth techniques

3.1.1. PEGylation

PEGylation decreases the toxicity of peptides, proteins, hydrophobic polymers, medications, or NPs 

while improving their pharmacokinetic characteristics. With more than 20 PEGylated liposomes or RNA 

licensed by the FDA for clinical use, it is extensively utilised in biomedical research, especially in the 

treatment of cancer and neovascular age-related macular degeneration (98). PEGylation improves NP 

targeting by:

• Decreased Immune Detection: PEG's hydrophilic and neutral properties conceal nanocarriers from 

the immune system, extending circulation duration (99).

• Reduced Protein Adsorption: The PEG coating creates a barrier that prevents plasma protein 

binding, reducing rapid body removal (100).

• Enhanced Pharmacokinetics: PEGylation improves drug pharmacokinetics for more efficient 

delivery by avoiding immune detection and reducing protein adsorption (101).

PEGylation strategies for NPs
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• Physical adsorption: This conventional method involves functionalizing NP (NP) surfaces with PEG 

through simple operation and control. It is suitable for low PEG density and strong adsorption 

between PEG and substrates(102). However, it suffers from low adsorption strength, causing PEG 

chains to detach under certain conditions(98)    . 

• Chemical conjugation: Covalent coupling of PEG to NPs prevents PEG separation from the NP 

surface (98). This strategy offers mild reactions, high yield, and stable bonds between PEG and the 

substrate. PEG is only on the surface, avoiding presence in the NP core (103). However, the grafting 

is limited by the position and density of surface-active sites, causing issues with meeting application 

requirements. Space hindrance and reaction rate differences can lead to batch variations in the graft 

ratio.    

• Molecular self-assembly: PEGylated NPs can be self-assembled using nanoprecipitation or 

emulsification. Amphiphilic polymers form spherical NPs, with fluorescence-labeled polymers used 

for drug delivery and bioimaging. Copolymers provide high surface graft density, but synthesis is 

complex and requires precision (104). Emulsification results in higher PEG coverage but may 

damage shear force- or heat-sensitive drugs and biological agents (98).

3.1.2. Biomimetic coatings

Disguising nanocarriers as "self" using proteins or cell membranes is a novel drug delivery strategy, 

particularly for cancer treatment (105) (106). Coating NPs with natural cell membranes or proteins offers 

several benefits. The natural cell membrane components, such as CD47 and CD44 proteins and glycans, 

help NPs evade immune clearance by signaling as "self" (107). These nanocarriers mimic donor cells' 

characteristics, enhancing their targeting to specific tissues or tumors through homotypic interactions 

(108). The cell membrane coatings reduce recognition by phagocytic cells, lowering clearance by the 

mononuclear phagocyte system (MPS) and reticuloendothelial system (RES), thus improving 

distribution and delivery (109).

3.1.3. Zwitterionic coatings

Zwitterionic polymers, with equal cationic and anionic groups, are popular in biomedical fields for their 

resistance to nonspecific protein adsorption and high biocompatibility. Types like phosphorylcholine, 

carboxybetaine, and sulfobetaine have proven effective for NP coatings (110). However, linear 

zwitterionic polymer chains often lack sufficient density to fully mask the NP surface. A zwitterionic 

polymer membrane coating could bridge the gap between polymer and cell membrane coatings. 

Zwitterionic coatings, including those from polymethacryloyloxyethyl phosphorylcholine (pMPC), 

enhance NP stability and ingestion by reducing protein adsorption and particle aggregation, thus 

improving cellular absorption and suspension stability (111). Certain zwitterionic coatings are pH-

sensitive, aiding in tumor targeting. For example, applying a pH-sensitive zwitterionic coating to gold 

nanocages balances systemic circulation needs with cellular internalization (112).

3.2. Targeting ligands

3.2.1. Antibodies and aptamers

Aptamer-conjugated nanomaterials offer a promising, less hazardous approach to cancer treatment by 

combining nanomaterials' properties with aptamers' unique recognition capabilities (113). Recent 
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advancements include using aptamer-conjugated NPs and aptamer-tethered DNA nanostructures for 

cancer cell recognition (114). Cutting-edge strategies such as photothermal therapy (PTT) and 

photodynamic therapy (PDT) also employ these nanomaterials (115) (116). This aptamer-targeted 

approach shows high efficacy and minimal adverse effects, making aptamer-conjugated nanomaterials 

attractive for future cancer treatments.

Aptamers, with their strong affinity and selectivity for tumor cells, are used to develop anti-tumor 

medications, minimizing cell toxicity and enhancing therapeutic efficacy. They can be used alone or with 

other compounds to create targeted drug delivery systems. Prominent aptamers include Sgc8 (targeting 

protein tyrosine kinase 7; PTK7), AS1411 (targeting nucleolin), EpCAM (targeting epithelial cell 

adhesion molecule), and A10 (targeting prostate-specific membrane antigen; PSMA) (117). SELEX has 

evaluated these for tumor targeting. Aptasensors, which use aptamers as bio-receptors, have gained 

interest for cancer biomarker detection (118). Aptamers can act as agonists or antagonists to tumor-

specific surface indicators, producing tumoricidal effects. Aptamer-drug nanoconjugates, aptamer-

modified nanocarriers, and aptamer-mediated immunotherapy are examples of therapeutic uses.

3.2.2. Peptides and small molecules

Peptide-based delivery systems are used for CRISPR/Cas9 components has gained significant interest. 

Peptides can serve as carriers and targeting ligands, providing an effective alternative for targeted cargo 

delivery. They are cost-effective, low in toxicity, and can be tailored to couple with NP vectors, ensuring 

specific payload delivery to target cells (119). NP-based delivery techniques now incorporate the 

CRISPR/Cas9 system to target cancer-related receptors.

For example, Chen et al. conjugated the receptor-targeting ligand iRGD peptide to liposome-templated 

hydrogel NPs (LHNPs) in order to introduce CRISPR/Cas9 components into U87 cells and brain tumors.

Cell targeting peptides (CTPs) are designed to target specific proteins on cell membranes, like epidermal 

growth factor receptor (EGFR), integrin, and G protein-coupled receptors, which are tumor markers. The 

receptor must express at least three times as much as normal cells in order for targeting to be effective. 

Drug-antibody conjugates have successfully targeted EGFR in TNBC (120).

Cell-penetrating peptides (CPPs), short positively charged peptides comprising five to thirty amino acids, 

facilitate intracellular CRISPR/Cas9 delivery. Numerous studies have assessed CPPs' ability to deliver 

CRISPR/Cas9 components (121, 122, 123). Dendrons and dendrimers are examples of cationic peptides 

that have been explored as CRISPR/Cas9 carriers.

Gene editing effectiveness up to 80% was achieved in HEK293T cells by Gustafsson et al. when they 

studied the RNA-delivery CPP PepFect14 (PF14) for transporting a Cas9 RNP via a non-covalent 

interaction between the sgRNA and Cas9 RNP.

The development of targeted medications has accelerated, especially following the FDA's 2001 approval 

of Imatinib, the first small-molecule tyrosine kinase inhibitor (TKI). In the past 20 years, FDA-approved 

targeted cancer treatments have significantly increased(124)   .
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3.3. Stimuli-responsive systems

3.3.1. Internal stimuli

Recent advances in nanocarriers for tumor theranostics focus on responses to internal stimuli like 

enzymes, redox, pH and hypoxia within the TME, potentially enhancing drug release and therapy 

efficacy (125).

(a) pH-sensitive nanocarriers

Metal-Organic Frameworks (MOFs), with larger surface area and high porosity, are effective drug 

delivery systems. pH-sensitive MOFs developed for cancer immunotherapy have shown enhanced anti-

cancer activity by disrupting intracellular IL-6 and TNFα levels (126). Similarly, Au NPs, known for 

high surface area and easy functionalization, have been developed as pH-sensitive carriers (Fig. 3). DOX 

(DOX)-loaded KFG-Au NPs demonstrated lower cell viability and reduced tumor volumes in human 

breast cancer cells (127). The branched polymeric nanostructures, called dendrimers, have high drug 

loading capacity and antitumor activity at different pH levels. They have shown effectiveness in imaging-

guided anti-cancer therapy in HeLa cells (128). In a study conducted by Y.Han et al reported  a pH-

sensitive polymeric micellar system for the delivery of PTX. The study reports that the PEG shell and 

optimal micelle size allow prolonged circulation and strong tumor accumulation, while their positive 

charge enhances uptake by TNBC cells. Once inside the tumor environment, the hydrazine bonds cleave 

and rapidly release PTX, leading to potent antitumor activity(129).Polymeric Micelles (PMs) are self-

assembling NPs with a hydrophobic core and hydrophilic shell, while liposomes are spherical vesicles 

with amphiphilic phospholipids. Both are biocompatible, biodegradable, non-toxic, and non-

immunogenic, making them successful drug delivery systems (125).
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Fig. 3: Illustration of strategies for nanocarrier-mediated cancer targeting, featuring active targeting 

ligands, stimuli-responsive systems, and biomimetic coatings to enhance drug delivery precision and 

therapeutic efficacy in tumors.

(b) Enzyme-responsive carriers

Enzyme-Responsive NPs: Designed with an enzyme-responsive core, these NPs can entrap and release 

active drugs upon structural changes. Matrix metalloproteinases (MMPs) are crucial for developing these 

systems due to their role in cancer cell invasion and metastasis (125). Activatable protein NPs (APNPs) 

have been developed for targeting therapeutic peptides, achieving extended circulation, reduced systemic 

toxicity, and controlled release (130). Incorporating materials like proteins, peptides, and hyaluronic acid 

(HA) into NPs increases water solubility and facilitates cell uptake. Enzyme-cleavable peptides 

functionalized with hydrophobic drugs and MMP-responsive peptides are prioritized for these 

applications (131). Enzyme-Responsive linkers attach drugs to the NP core, connect the core to the 

hydrophilic crown, or modify the surface with targeting ligands. Peptides specific to proteases are 

common candidates for fabricating NPs with enzyme-responsive linkers (132). Peptides and HA are used 

to develop targeting ligands with enzyme-responsive abilities, enhancing retention in brain tumors.

Hypoxia, or low oxygen levels in solid tumors, contributes to cancer progression and treatment 

resistance. Strategies to address hypoxia include increasing oxygen levels and using hypoxia-activatable 

prodrugs(133). Various nanocarriers, such as liposomes, silica NPs, and polymeric micelles, have been 

engineered to target hypoxic tumors and deliver cargos like imaging agents and anticancer drugs (134). 
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Hypoxia-sensitive nanocarriers, made from hypoxia-sensitive materials, have shown high performance 

in tumor imaging and therapy (135, 136). Future studies should focus on modulating the hypoxic TME, 

enhancing drug penetration, and translating hypoxia-responsive nanocarriers to clinical use. Redox-

responsive nanocarriers, with unique reduction potentials, are widely used for drug delivery in tumors. 

These include nanocapsules, mesoporous silica NPs, and polymeric micelles (137). Disulfide bonds in 

these nanocarriers can be cleaved by glutathione (GSH), while diselenide bonds are also redox-sensitive 

but with lower bond energy (138, 139, 140). Nanocarriers responsive to Hydrogen peroxide (H2O2) have 

been developed for treating hypoxic and multidrug-resistant tumors. These nanocarriers can release cargo 

inside cancer cells through redox-sensitive bonds, leading to the degradation and disassociation of the 

nanocarriers. They also show potential in treating hypoxic tumors by targeting cancer cells with ligands 

like cRGD and releasing therapeutic agents for intracellular imaging and apoptosis (141).

3.3.2. External stimuli

External stimuli such as magnetic, thermal, electronic, ultrasound, and light can influence nanocarrier 

behaviour in biological systems, enhancing accumulation, controlled release, intracellular delivery, and 

imaging and therapy activation. These methods offer precise control and multifunctionality in cancer 

theranostics but are less practical for metastatic lesions (142).

 (a) Ultrasound

Ultrasound(US), a high-frequency sound wave, can control drug release at diseased sites like tumors. It 

is versatile, allowing imaging at low frequencies or disrupting nanocarriers for cargo release and 

enhancing cell membrane permeability at high frequencies. Commercialized microbubbles are used for 

US imaging, drug delivery, and cancer theranostics  (143). US-sensitive nanocarriers, incorporating gases 

or contrast agents such as air, N2, and perfluorocarbons, can be used for tumor imaging, controlled cargo 

release, and enhanced tumor accumulation and intracellular delivery (144).US creates transient pores in 

cell membranes, increasing the cytosolic delivery of released drug. In TNBC models, US in microbubbles 

has been shown to affect signalling pathways (e.g. JNK/c-Jun) and reverse drug resistance. Use of low 

intensity pulsed US with microbubble improved chemo responsiveness in TNBC via JNK/c-Jun pathway 

modulation(145).

 (b) Temperature-sensitive nanocarriers

Temperature-sensitive nanocarriers, stable at normal temperatures but responsive to higher temperatures, 

include liposomes, polymeric micelles, nanocomposites, nanocapsules, nanogels, and vesicles. Thermal-

sensitive materials include poly(N-isopropylacrylamide) (PNIPAM), poly[2-(2-methoxyethoxy)ethyl 

methacrylate], poly(2-oxazoline) (POxs) (PMEOMA) and poly(N-vinyl isobutyramide) (PAMAM), 

which change their physicochemical properties with temperature variations (125). However, there is a 

limited range of thermal-sensitive materials, and some have transition temperatures outside the biological 

range, complicating their use. Non-biodegradable polymers like PNIPAM pose challenges for clinical 

translation (146). Future development should focus on biodegradable, thermal-sensitive materials and 

enhancing tumor accumulation for precise thermal-triggered drug release and therapy. Natural Phase 

Change Materials (PCMs) like fatty acids and alcohols are preferred for their low toxicity, 
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biodegradability, and cost. Combining PCMs with hyperthermia stimulation can enhance anticancer 

effects. Researchers suggest mixing fatty acids to match human body temperature for improved therapy 

(147). A phase change fiber (PCF)-based scaffold has been developed for collaborative mild 

photothermal-chemotherapy. Hollow carbon fibers (HCFs) with high porosity and photothermal 

performance were soaked in methanol with Apoptozole and DOX hydrochloride, showing optimal 

performance and temperature-responsive drug release under near-infrared laser irradiation (148).

 (c) Magnetic-responsive nanocarriers

Magnetic-responsive nanocarriers target tumors to employ an alternating magnetic field to cause 

localized hyperthermia in order to release medication and ablate tumors. Incorporating magnetic 

materials like iron oxide NPs and graphene/Au/Fe3O4 hybrids, these nanocarriers can be used for MRI 

tumor imaging and passive or active tumor targeting through the EPR effect(149). The interaction with 

a magnetic field guides nanocarrier accumulation in tumors. Hyperthermia generated by magnetic-

sensitive nanocarriers induces on-demand cargo release, promoting bioactive compound 

accumulation in tumors and treating hyperthermia-resistant and multi-drug resistant (MDR) 

cancers (150, 151, 152). In an alternating magnetic field(AMF), these particles generate localized heat 

(magnetic hyperthermia). A study showed that dasatinib-loaded magnetic nanomicelles showed higher 

drug release and 1.35x greater cytotoxicity against MDA-MB-231 cells. The magnetic hyperthermia 

leads to dehydration of polymer chains and destabilization of micelle structure, resulting in the boost of 

drug release from the hydrophobic core(153). This approach shows promise for treating metastatic 

tumors and improving survival rates. High concentrations of magnetic-sensitive nanocarriers in specific 

areas and tumor-specific administration are prerequisites for the magnetic field-guided approach.

 (d) Light-responsive nanocarriers

Light-responsive nanocarriers have been developed for drug delivery, controlled release, and cancer 

therapy. They can be manipulated by adjusting the wavelength, power, and affected area of light. 

Examples include polyplexes, polyion complex vesicles (PICsomes), NPs, polymeric micelles, 

liposomes, upconverting NPs (UCNPs), polymersomes, nanogels, nanorods, and nanorattles. These can 

trigger therapeutic release, light-activated imaging, and generate singlet oxygen for photodynamic 

therapy (PDT) and tumor ablation (154, 155). Near-infrared (NIR) light can externally heat 

photoabsorbing nanocarriers, inducing drug release. For instance, a study used thermosensitive DPPC 

liposomes loaded with indocyanine green (ICG) dye which upon NIR irradiation released an 

immunotherapy peptide payload and also generated local heat to kill TNBC cells(156). Light-sensitive 

nanocarriers are highly promising for cancer theranostics, controlled release, and medication 

administration, particularly in accessible tumours.

3.4 Enhanced penetration techniques

3.4.1. Size and shape optimization

Size Enlargement - NPs (NPs) in biomedical applications, like gold NPs (AuNPs), quantum dots and 

carbon magnetic NPs, have small sizes that enable good tumor penetration but can be quickly cleared, 

limiting their accumulation and therapeutic effect. Techniques to increase the size of NP at the tumor 
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location utilize unique tumor tissue properties like acidic pH, upregulated enzymes, temperature, and 

exogenous stimuli (157).

Size Enlargement Triggered by pH- In an acidic environment, pH-triggered enlargement depends on the 

dissolution of charge balance. To create pH-sensitive, mixed-charge zwitterionic AuNPs, researchers 

modified AuNPs using mixed self-assembled monolayers of weak and strong electrolytic 

chemicals(158). Proteins containing acidic or basic amino acid residues serve as natural pH-sensitive 

nanoplatforms for enhanced tumor retention(159)   .

Enzyme-Induced Size Enlargement - Overexpressed enzymes in tumors can trigger drug release or 

enhance targeting. Legumain, a conserved aspartate endonuclease, is useful for prodrug initiation and 

responsive nano-drug delivery. Hu et al. using highly expressed HAase in tumours developed a 

nanocarrier (CS-NG) aggregating outside the cells and forms extracellular depots that prevent 

internalisation and extend tumour retention, increasing cytotoxicity and effectiveness (160).

Temperature-Responsive Size Enlargement - Polymer solutions with adjustable LCST and UCST can 

form temperature-responsive NPs that cluster and self-assemble in the cells. Qiao et al. developed 

polymeric peptide conjugates (PPCs) that self-assemble in cells, ensuring stability and monitoring cell 

death and treatment response. Photothermal molecules and exogenous light enhance responsiveness to 

different temperatures (161).

Light-Mediated Drug Delivery - Light-mediated drug delivery is noninvasive, spatiotemporal, and highly 

efficient for tumor treatment. NP cross-linking can result from the isomerization or dimerization of 

polymers conjugated with light-sensitive compounds such as azobenzene, spiropyrans, and 

salicylideneaniline at particular wavelengths. However, UV, visible, and blue light's weak tissue 

penetration limits in vivo application. Near-IR light is converted into short-wavelength light by rare-earth 

metals like lanthanide ions, enabling up-conversion NPs (UCNPs) with potential in light-sensitive 

aggregation (162, 163).

Click-Chemistry-Mediated Size Enlargement - click chemistry is efficient and selective, promoting 

covalent crosslinks on NPs. A study used CuSO4 and C6H7NaO6 to enlarge NP size and improve tumor 

retention, though biotoxicity was a concern. By using strain-promoted alkyne-azide cycloaddition 

(spAAc), a more biocompatible, copper-free click chemistry has been developed for tumor-targeted drug 

delivery, responsive to intracellular lysosomes and acidic tumor microenvironments(164)   .

Size Shrinkable

pH-triggered size shrinkage - Size shrinkage is facilitated by pH-responsive polymers and acid-labile 

chemical linkages. iCluster/Pt, a nano-system developed by Li et al. releases small PAMAM prodrugs 

for deep penetration. This system shrinks from 100 nm in acidic tumor environments(165). Polymers 

with ionizable groups transition between hydrophilic and hydrophobic states at different pH values, 

causing size shrinkage or disintegration. A size-shrinkable dual-pH-sensitive micelle system targets deep 

and perivascular tumor areas (166).
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Enzyme-triggered size shrinkage - tumor-associated enzymes like MMPs and HAase degrade the 

extracellular matrix, aiding cancer progression. A QD gelatin NP (QDGelNP) was designed to release 

smaller 10-nm QDs upon MMP-2 degradation for deeper penetration into the tumor. 

DGL/GEM@PP/GA is a multipurpose size-shrinkable nanoplatform that targets deep tumor penetration 

and TAF regulation. (167). Another NP (HSA-PTX@CAP-ITSL) responds to the fibroblast activation 

protein-α (FAP-α) and NIR laser irradiation. The dual receptor-targeting "cluster bomb" (DA-tMN) uses 

HA nanogel and DOX/AP-18 co-loaded micelles (168). However, enzyme expression heterogeneity 

limits NP applications.

Redox-induced size shrinkage - intracellular glutathione (GSH) in tumor microenvironments is 

promising for reduction-sensitive delivery. Guo et al. created a size-shrinkable micellar system (PELEss-

DA) for direct nuclear drug administration in MDR cancers, whereas Wang et al. employed disulfide 

bonds in a pH-and redox-sensitive nano-system (PSPD).(157).

ROS-triggered size shrinkage - high ROS levels in tumor cells trigger size shrinkage. Cao et al. developed 

a ROS-sensitive nanocarrier (TK-PPE@NPCe6/DOX) for light-activated, controlled drug release. 

Combining ROS-responsive materials with photodynamic therapy (PDT) holds significant potential for 

enhanced tumor drug delivery (157).

3.4.2. Extracellular matrix (ECM)-degrading enzymes

Hyaluronic acid (HA), a major ECM component, increases interstitial fluid pressure in tumors, hindering 

nanomedicine diffusion. It interferes with cell contact, recruits tumor-associated macrophages, promotes 

epithelial-mesenchymal transition, and is linked to tumor resistance. HA modulates cancer biology by 

affecting intracellular signaling, cell proliferation, and invasiveness. Hyaluronidase (HAase) degrades 

HA, increasing tissue permeability. A study on NPs-EPI/HAase NPs showed enhanced tumor growth 

inhibition and deeper penetration in HepG2 tumors by embedding hyaluronidase to alter the TME, 

increasing NP penetration effectiveness (169).

3.4.3. Active transport mechanisms 

Receptor-mediated transcytosis (RMT) is a delivery technique that moves NPs into tumor tissue by 

binding to specific endothelial cell receptors. This process involves targeting receptors, creating ligand- 

or antibody-modified NPs, and transporting them through vesicles. RMT can reduce side effects, enhance 

efficacy, and increase NP concentration in tumor tissue. Lipid-based NPs have shown effectiveness in 

crossing the blood-brain barrier (BBB) via RMT (170). While NPs can utilize the enhanced permeability 

and retention (EPR) effect in certain conditions, RMT is crucial for BBB crossing in therapeutic transport 

to the central nervous system (171).

Surface modification with ligands like antibodies, peptides, or aptamers improve NP targeting specificity 

to BBB endothelial cell receptors or transporters, facilitating barrier transport (172). Controlled release 

properties of NPs ensure long-term therapeutic concentrations in the brain, reduce adverse reactions, and 

enhance outcomes.
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3.5. Endosomal escape mechanisms

3.5.1. Proton sponge effect

Understanding how drugs or nanocarriers escape endosomes is crucial for designing efficient delivery 

systems. The proton sponge effect, though controversial, suggests that cationic polymers like 

polyamidoamine (PAMAM) dendrimers can resist pH decrease in endosomes. It leads to osmotic 

pressure buildup and endosomal rupture, releasing the contents into the cytosol. However, efficient 

quantification methods for endosomal escape remain lacking, often relying on reporter protein expression 

as an indirect measure. Mechanisms include pore formation, pH-buffering, flip-flop, and conformational 

changes. Despite their potential, biomimetic agents and synthetic peptides face challenges such as 

immune stimulation and poor stability (173, 174).

3.5.2. Membrane-disruptive polymers

An innovative approach in nanomedicine involves using polymers that disrupt endosomal membranes 

upon acidification, enhancing the direct cytoplasmic delivery of therapeutic agents. Polymers sensitive 

to acidic pH, such as those with tertiary amine groups, break down within the cancer cells, releasing the 

therapeutic payload directly into the cytoplasm. This method bypasses the lysosomal degradation 

pathway, significantly increasing delivery efficiency. Safety concerns include ensuring biocompatibility 

and avoiding damage to non-target cells. This strategy is particularly beneficial for delivering nucleic 

acid-based therapies like antisense oligonucleotides (ASOs) (175, 176).

3.6. Combination therapies 

3.6.1. Multimodal approaches

Combining chemotherapy with immunotherapy, gene therapy, phototherapy, or other treatments can 

enhance the effectiveness of nanocarriers in tumor delivery through synergistic effects.

Phototherapy and nanomaterials synergy - combined photothermal and phototherapy for cancer shows 

that while phototherapy alone may be insufficient, it can be synergistic when combined with immune 

therapy, radiation, chemotherapy, and gene therapy (177).

Photo-immunotherapy - light-triggered multifunctional nanoplatforms for cancer photo-immunotherapy 

demonstrate that combining immunotherapy and phototherapy significantly increases therapeutic 

efficacy. NPs with high drug loading capacity and laser-triggered photodynamic and photothermal 

activity enhance the stability and biocompatibility of the cargo, reducing side effects (178, 179).

Integration of gene therapy - combining gene therapy with treatments like chemotherapy can improve 

outcomes for advanced-stage malignancies. Nanovectors play a crucial role in this integration by 

efficiently loading and delivering drugs to targeted organs and the cytoplasm (180).

Chemotherapy-based synergy - intelligent nano-platforms combine chemotherapy with photothermal 

treatment (PTT), photodynamic therapy (PDT), and chemodynamic therapy (CDT) for enhanced anti-

cancer effects. These platforms address various biological elements in tumors, resulting in improved 

therapeutic outcomes (181).
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These studies suggest that integrating multiple therapeutic modalities using nanocarriers can lead to more 

effective cancer treatments by targeting tumor sites and delivering drugs in a controlled manner.

3.6.2. Co-delivery Systems:

Multi-drug resistance (MDR) in cancer treatment

Mechanisms such as increased irregular drug uptake and efflux, detoxification enzyme levels, 

intracellular redistribution, altered drug target enzymes, accelerated DNA repair, and survival/apoptosis 

signalling imbalances make MDR a major issue in the treatment of cancer. Co-delivery of medicinal 

agents employing NPs (NPs), precise ratiometric control of medications such as DOX adjudin (ADD) 

and (DOX), and programmed drug release are methods to overcome MDR (182). When first- and second-

generation P-gp inhibitors are ineffective, tetrandrine, quercetin (QUE), kaempferol, and icaritin are 

examples of natural alkaloids that can be used in conjunction with pharmaceutical medications. (183) 

(184).

Inducing cell apoptosis

One intriguing method for causing cancer cells to undergo apoptosis is the co-delivery of several 

therapeutic drugs by NPs. For instance, liposomes loaded with curcumin (CUR) and cisplatin (CDDP) 

can enhance HepG2 cell apoptosis. Combining chemotherapy and photothermal therapy (PTT) in NPs is 

another effective method to induce cell apoptosis (185).

Limiting tumor metastasis

Strategies to limit tumor metastasis involve preventing tumor growth, secondary tumor formation, and 

pulmonary metastasis. For example, P85-PEI/TPGS complex NPs can achieve effective RNA 

interference and cellular absorption in 4T1 cells, inhibiting tumor growth and pulmonary metastasis. 

High drug loading self-assembled nanodrugs, such DOX and a berberine derivative (Ber), are effective 

in treating metastatic breast cancer (186).

Inhibiting angiogenesis

Inhibiting angiogenesis, which is essential for cancer growth, can be achieved by targeting vascular 

endothelial growth factor (VEGF). Candesartan (CD) and angiostatin (ANG) plasmids were co-delivered 

into MCF-7 cells using an amine-functionalized silica NP, which effectively combined angiogenesis for 

the treatment of breast cancer (187).

Inducing ferroptosis 

The non-apoptotic programmed cell death mechanism ferroptosis has a lot of promise for cancer 

treatment (188). Combining ferroptosis with chemotherapy, sonodynamic therapy, and phototherapy 

enhances antitumor immunity. Co-delivery systems in tumor immunotherapy can transport multiple 

therapeutic agents to immune effector cells or the TME, mutually boosting the anticancer immune 

response by improving antigen presentation, immune cell recruitment, stimulation of immune responses, 

and reducing immune suppression (189, 190).
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Combination therapy 

Combination therapy is a major trend in cancer treatment due to its benefits for enhancing treatment 

outcomes, overcoming metastasis, lowering toxicity, triggering ferroptosis, apoptosis, angiogenesis 

inhibition, tumour metastasis limitation, and antitumor immunity enhancement. Effective combination 

therapy involves choosing agents with different mechanisms, synergistic therapeutic effects and minimal 

adverse effects on normal tissues (182). Table 3 enlists the patents approved in NP based targeting of 

TNBC in past 15 years’.

Table 3: Recent patents approved in NP based TNBC targeting

Potential targets 
/Targeting Methods

NP Engineering Application in TNBC Refs

ICAM 1 (overexpression in 

TNBC)

ICAM 1 antibody conjugated iron oxide 

NPs as MRI probe

Targeting agent, Imaging agent (191)

Active targeting capability 

with internal stimuli 

triggered

Bismuth-manganese-based composite 

particle comprises a TNBC cell membrane 

wrapping the core loaded with ICG

High drug loading rate, unique 

shape, easy preparation, ability 

to modify TME

(192)

CD44 (overexpression in 

TNBC)

Hyaluronic acid-appended PEG-PLGA 

polymer coated mesoporous silica NPs 

(MSNs) for the co-delivery of miR-34a-

mimic and antisense-miR-10b

High specificity in targeting 

TNBC tumors, retardation of 

metastasis

(193)

Endosomal escape and 

release in cytoplasm

A pH activated NP containing a gas bound 

to a substrate by a pH sensitive interaction 

which releases the gas to disrupt the 

endosome

Significant suppression of 

tumor growth in TNBC model, 

especially those with deletions 

or mutations in the TP53 gene.

(194)

Fibroblast growth factor–

inducible 14 (Fn14) 

(overexpression in TNBC)

PTX loaded decreased nonspecific 

adhesivity, receptor targeted polymeric 

formulation (DART) with Fn14 specific 

binding

Enhance uptake by cancer 

cells, increase tumor retention, 

reduce toxicity to surrounding 

healthy cells

(195)

Multi therapy approach 

including gene therapy, 

chemotherapy and 

photodynamic therapy

Electrostatic combination of RNA hydrogel 

and manganese dioxide NPs that delivers 

miRNA-205, miRNA-182 and DOX

Improve the TME and 

administer PDT in addition to 

targeted gene, chemotherapy, 

and on-demand drug release.

(196)

IACM-intercellular adhesion molecule; PDT-photodynamic therapy, ICG-indocyanine green
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4. Nanocarrier Design Principles for Optimizing Cancer Therapy

4.1. Functionalization of NPs with biomimetic materials derived from biological entities

Erythrocyte membrane - red blood cells (RBCs) are excellent NP carriers due to their biocompatibility, 

extended circulation, and biodegradability. RBCs' CD47 "marker-of-self" proteins prevent immune cells 

from phagocytosing them, extending circulation time (197). Drug-delivery systems often use RBC 

membranes (RBCMs) to coat NPs (RBCM-NPs). Hu et al. first encased poly(lactic-co-glycolic acid) 

(PLGA) NPs in RBCMs, achieving a 64% reduction in macrophage engulfment by preserving CD47 

orientation (198). In contrast to other surface-modified NPs, RBCM-NPs have superior elimination half-

life. For example, rapamycin-loaded RBCM-coated PLGA NPs specifically targeted atherosclerotic 

plaques, significantly delaying disease progression without substantial adverse effects in a mouse model 

(199).

Leukocyte membrane - surface proteins found on white blood cells (WBCs) can identify inflammatory 

and sick tissues. T-cells, which have higher quantities of targeting proteins, accumulate more easily at 

tumor sites. T-cell membranes are used to camouflage NPs, prolonging circulation and enhancing cancer 

targeting (200). Azide-modified T cell membrane-coated NPs showed excellent fluorescence intensity 

and photothermal response for bioimaging (201). The T-cell receptor-peptide-major histocompatibility 

complex interaction is crucial for destruction of cancer cell, though it proved ineffective against solid 

tumors lacking tumor-specific biomarkers (202).

Virus-derived strategies - virosomes and virus-like particles (VLPs) mimic viral structures without 

genetic material. VLPs resemble virus capsid structures, while virosomes are particles that resemble 

liposomes and have incorporated glycoproteins. Both can enclose various payloads, retaining viral traits 

like immune evasion and cellular entry. Encasing NPs in viral coating proteins enhances cellular 

absorption. For example, hepatitis B core VLPs encapsulated magnetic NPs efficiently, showing 

potential for magnetic resonance imaging applications (203, 204).

Bacterial membrane - using bacterial membranes as NP coatings is still under research, requiring 

extensive cytotoxicity studies. The size of outer membrane vesicles (OMVs) influences their entry into 

host cells. Lipopolysaccharide-neutralizing peptides can reduce BM-NPs' inflammatory response but 

only for specific cell types. Addressing these issues is crucial for developing BM-NP-based vaccines and 

treatments (199, 205).

Cancer cell membrane - cancer cell adhesion molecules (CCAMs) are crucial for metastasis. Cancer cells 

also express CD47, helping them evade the immune system. NPs coated with cancer cell membranes 

(CCMs) exploit these properties, targeting homologous malignant areas and evading immune detection. 

CCM-NPs show strong homotypic attraction to source cancer cells, resulting in higher cellular uptake 

compared to uncoated NPs and RBC membrane-NPs. Using CCMs from the same cancer cells enhances 

selective targeting and self-recognition by source cancer cell lines (206, 207).

4.2. Functionalization of NPs via surface modification techniques

PEGylation - PEGylation, involves adding PEG molecules to polymeric NPs to extend their half-lives in 

the bloodstream by reducing aggregation, opsonization, and phagocytosis (208). PEGylation creates a 
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hydrating layer by grafting PEG on NP surfaces, which hampers protein adsorption and MPS clearance. 

For instance, PEGylation of liposomal DOX extended its half-life significantly, from minutes to hours. 

PEG-decorated lipid NPs are crucial in developing mRNA-based COVID-19 vaccines, enhancing target 

mRNA transfection (209). While PEG has numerous benefits, it can also cause hypersensitivity reactions. 

Alternatives like poloxamer, polyvinyl alcohol, poly(amino acids), and polysaccharides have been 

explored, but PEG remains the most widely used material (210).

Zwitterions (ZWs) - ZWs are a promising alternative to PEG, combining cationic and anionic groups to 

form a dense hydration layer in aqueous conditions. ZWs prevent protein adhesion, reducing immune 

absorption and prolonging NP circulation. However, ZWs do not actively interact with target proteins or 

cell membrane receptors, necessitating the grafting of biologically active groups (BAGs) for effective 

targeting. Functionalization of biocompatible SiO2-NPs with amino (ANH2), mercapto (ASH), and 

carboxylic (-COOH) groups facilitates electrostatic interactions with cell membranes, protein binding, 

and catalytic activity. Dual surface functionalization with ZWs and BAGs ensures NP stability in 

biological media and enables interaction with biosystems (199, 211, 212).

Surface electric charge - the surface charge of NPs influences their fate and cellular absorption. Positively 

charged NPs are attracted to negatively charged cell membranes, enhancing cellular uptake, while 

negatively charged NPs have less cellular absorption (213). In the body, NPs encounter a complex 

microenvironment with various proteins that can adsorb onto their surfaces, forming a protein corona. 

This can alter the NP’s biological properties and functionality, leading to nonspecific internalization. The 

conjugation of functional groups to NP surfaces allows for the study of the surface charge effect and 

exposing them to different microPatent environments. Both total surface charge and charge density 

should be carefully examined in vitro and in vivo to understand their impact (214, 215, 216).

4.3. Functionalization of NP with geometric property variations

4.3.1 Particle Size

The size of NPs is a crucial design factor that influences in vivo behaviour, including circulation half-

lives, extravasation, and macrophage absorption. NPs can be manufactured with high precision and 

monodispersity. For instance, NPs around 200 nm can pass through interendothelial slits of 200 to 500 

nm, while larger particles (2–5 µm) accumulate in lung capillaries, beneficial for targeting metastatic 

sites(217). Resident macrophages in the liver, spleen, and lungs also facilitate particle uptake. Generally, 

NPs under 100 nm exhibit prolonged circulation times, increasing their chances of extravasation through 

380–780 nm tumor vasculature fenestrations. The enhanced permeability and retention (EPR) effect 

varies with tumor vascularity, but sub-100 nm polymer micelles (30–100 nm) efficiently penetrate highly 

permeable tumors(218).

4.3.2 Shape

Shape-changing nanomedicines can balance retention and accumulation. A dual-stimulus responsive 

nanosystem, sensitive to acidic pH and light, was designed using a cytolytic peptide (melittin) with 

photothermal agents (cypate) and surface functionalized with HA. As a result of EPR effect, these 

nanosystems (≈35 nm) accumulated well at tumor sites. In acidic TMEs, they get transformed into 
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nanofibers, remaining in tumor tissues for up to 72 hours. Upon laser illumination, these nanofibers 

changed into smaller NPs (≈25 nm) for better penetration, dispersing throughout the tumor. This 

programmable shape transformation achieved effective cancer inhibition by balancing penetration and 

retention (212, 219).

4.4. Functionalization of NPs by materials used for preparation

Functionalization of NPs involves tailoring their composition to enhance specific therapeutic effects, 

particularly in targeting challenging cancers like triple-negative breast cancer (TNBC). Organic NPs, 

including lipid-based types like liposomes, nanoemulsions, and solid lipid nanoparticles (SLNs), are 

widely used for their biocompatibility, controlled drug release, and reduced toxicities. They also provide 

high drug encapsulation and targeted delivery, while dendrimers and lipid-pol enhance drug stability and 

loading. Biomimetic carriers such as cell-derived cellular vesicles offer immune evasion and improved 

bioavailability. Inorganic NPs like metallic and carbon-based types a loading and multifunctional 

applications, with superparamagnetic NPs aiding in imaging and magnetic hyperthermia. Table 4 

summarises the various types of NPs and their role in TNBC. 

Table 4: Overview of NPs: Composition and applications in TNBC treatment
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Types of NP Composition Role in TNBC Refs

Liposomes
Phospholipids and 

cholesterol

Controlled release, non-hemolytic, non-toxic, 

non-immunogenic, biodegradable, 

hydrophobic drug loading

(220)

Nanoemulsio

ns

Oil, surfactants, co-

surfactants

Hydrophobic drug loading, enzyme-resistant 

drug protection, improved bioavailability, 

enhanced drug solubility, controlled release

(221)

SLNs

Solid Lipids, 

Surfactants, co-

surfactants

Greater physical/chemical stability, 

biocompatible and biodegradable, controlled 

release

(222)

NLCs
Solid lipids, liquid 

lipids, surfactants

Increased entrapment efficiency, reduced 

drug leakage during storage
(223)

Lipid Based

Exosomes

Cholesterol, 

diacylglycerol, surface 

proteins, heat shock 

proteins, lysosomal 

proteins, nucleic acids

Low immunogenicity and toxicity (224)

Polymeric 

NPs

cellulose, chitosan, 

PLL, PCL, PGA, PLA, 

PLGA)

High drug encapsulation, higher solubility & 

permeability, controlled release, remarkable 

biocompatibility

(220)

Polymeric 

micelles

hydrophilic part: PEG, 

PVP PTMC

hydrophobic part: 

PPO, polyesters, or 

copolymers of glycolic 

and lactic acids

Increased bioavailability, controlled release, 

target specific action
(153)

Polymer based

Dendrimers

polyamidoamine 

(PAMAM), poly-

lysine, PPI, 

phosphorus, 

carbosilane

Enhanced drug efficacy, improved drug 

biocompatibility, reduced drug toxicity, 

controlled/sustained drug release

(225)

Organic 

NPs

Lipid polymer 

hybrid
Polymers, Lipids

High biocompatibility and stability, improved 

drug loading, controlled release,
(226)

Page 29 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


30

Cell-derived 

NPs

Platelets, stem cells, 

RBCs, macrophages, 

microorganisms

Lymphocyte and dendritic cell activation, 

Homotypic targeting, Immune escape
(227)

Extracellular 

vesicles

exosomes, 

microvesicles or 

ectosomes, apoptotic 

bodies

Enhanced drug penetrance, stability, 

solubility, lifespan, and cellular uptake
(228)

Nucleic acid-

based 

Nanostructure

s

DNA, RNA, Aptamers
Smart cargo loading and release, targeted 

delivery, combinatorial therapy
(229)

Biomimetic

Protein-based 

biomimetic 

nanocarrier

Albumin, ferritin, 

Lipoprotein, Peptide

High cargo capacity, biodegradable, easy 

surface modification
(230)

Carbon Based

Graphene and 

graphene oxide, 

Carbon nanodots, 

oxidized carbon NPs, 

carbon nanotubes, 

nanodiamonds

High drug loading, Biocompatibility, low 

toxicity, Multifunctionality, Controlled 

release

(231, 

232)

Metallic/Metal 

Oxide NPs

Gold NPs, silver NPs, 

Platinum NPs, Zinc 

Oxide, 

Bismuth/Manganese 

oxide, Yttrium oxide

ROS generation, Theranostic applications, 

High drug loading, low toxicity

(233, 

234, 

235, 

236)

Superparamagn

etic NPs
Magnetite ( Fe3O4) Magnetic hyperthermia, MRI (237)

Inorganic 

NPs

Quantum Dots
Multiple metal and 

non-metal based

Targeting system, cytotoxic activity, 

diagnostics
(238)

Hybrid 

NPs

Combination of two or 

more NP systems

Extraordinary diagnostics, treatment, drug 

loading, targeting capabilities
(239)

Page 30 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


31

5.  Clinical and translational perspective of nanocarriers

A small but growing number of NP formulations have reached clinical testing in breast cancer and some 

have been evaluated in TNBC cohorts. Established nanomedicine such as PEGylated liposomal DOX 

and albumin-bound PTX (nab-PTX) are clinically used in breast cancer and have been trialed in TNBC 

settings while targeted liposomal constructs (EndoTag-1 a cationic liposomal PTX, for e.g.) and 

PEGylated liposomal combinations continue to be assessed in TNBC trials (ClinicalTrials.gov 

identifiers: NCT00448305, NCT02315196; ongoing adjuvant trials are also registered). These studies 

show that nanocarriers can improve tolerability and enable novel combination regimens (e.g. chemo-

immunotherapy), but clear superiority in long-term outcomes over standard regimens remains limited in 

many instances.

5.1.  Key translational challenges

Translating TNBC-targeted nanocarriers from bench to bedside involves several interconnected 

obstacles. Major hurdles in nanocarrier fabrication, high-cost, scale-up and reproducibility. Laboratory 

scale synthesis especially for complex hybrid or biomimetic coatings are difficult to reproduce under 

GMP conditions impacting batch-to-batch consistency leading to altered pharmacokinetics and 

therapeutic (240). Safety and immunogenicity concerns also remain significant as intravenous 

nanomedicines can activate the complement system and trigger complement activation-related pseudo 

allergy (CARPA), infusion reactions or unpredictable immune responses, complicating clinical dosing 

and monitoring(241). In addition, heterogeneous TNBC biology and the lack of strong predictive 

biomarkers for NP accumulation or treatment response lead to suboptimal patient selection in clinical 

trials, reducing measurable therapeutic benefit across diverse cohorts(242). 

Global market capture by nanomedicines is around 150 billion USD supported by an accelerating growth 

rate of 26.7%. But still entry to clinical application is constrained by several factors like 

cytocompatibility, in vivo stability, unfavourable route of administration as most nanocarriers are 

introduced through parenteral route and degree of selectivity especially in case of targeted 

nanocarriers(243). Additionally, the fabrication of most nanomedicines is a multi-step affair so in large 

scale setting reproducibility, high-cost and time consumption becomes a major burden(244).

Regulatory and clinical pathway uncertainty further slows translation because guidance specific to 

sophisticated nanomedicines is still evolving and differs across regulatory bodies adding cost time and 

uncertainty to clinical translation (245). 

5.2. Strategies to enhance clinical translation

Recent clinical and preclinical efforts highlight several strategies that may accelerate translation of 

nanocarriers in TNBC. Biomimetic and immune-compatible coatings such as cell membrane or exosome 

covering are being explored to improve immune evasion, reduce opsonization and extend time for 

systemic circulation(246). Another promising direction is simplifying and modularizing nanocarrier 

design so that a single scalable manufacturing platform can deliver different therapeutic payloads that 

can improve reproducibility and reduce regulatory complexity while maintaining flexibility for 
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personalized treatment approaches. Early integration of companion diagnostics and patient-selection 

biomarkers may further strengthen translation. Imaging-based predictors of NP accommodation or 

molecular biomarkers such as PD-L1 or EMT signatures could assist identification responsive TNBC 

subgroups and improve trial outcomes(242). Combination strategies are also gaining momentum with 

nanocarriers increasingly being designed to co-deliver chemotherapeutics alongside immune modulators 

or targeted therapies, capitalizing on synergy and supporting improved clinical responses in TNBC.

5.3. Causes of Failure of Nanocarriers in clinical translation

Many nanocarriers fail before or during clinical development due to combination of biological technical 

and regulatory limitation. A major factor is the insufficient predictive power of preclinical models like 

rodent xenografts often overestimate NP tumor uptake and treatment efficacy compared with human 

tumors, leading to clinical results that do not reproduce the strong preclinical activity(247). 

Pharmacokinetic and bio-distribution discrepancies also contribute to failure as human plasma protein 

corona formation and variable tumor perfusion can alter NP behavior in ways not observed in animals. 

Immunological liabilities, in particular, complement activation and CARPA-like reactions, sometimes 

force dose reductions or compromise trial continuity while also potentially interfering with antitumor 

effects(241, 248). Manufacturing and quality-control barriers remain significant, complex multi- 

component structures including biomimetic surfaces are challenging to standardize under GMP which 

lead to increasing regulatory risk and production cost(240). Finally, many nanocarrier systems failed to 

demonstrate clear clinical advantages such as improved survival or markedly reduced toxicity over 

existing therapies in spite of cost escalation, which is essential for regulatory approval and clinical 

adoption. 

6. Challenges

Nanotechnology has significantly advanced, but few NPs (NPs) reach clinical trials, often halting at in 

vivo and in vitro stages. The challenges in clinical translation of NPs are broadly categorized into 

biological, technological, and study-design-related issues. 

NPs face difficulties with routes of administration, bio-distribution, crossing biological barriers, 

degradation, and toxicity(249). Intravenous injection is common, but NPs are quickly cleared from the 

bloodstream, requiring high drug concentrations that may not yield desired effects(250). Magnetic NPs, 

controlled by 3D magnetic fields, show promise, but their effects on the human body need more research. 

NPs, despite being made of biosafe materials, can cause lung, liver, and kidney damage due to factors 

like surface area, particle size, and solubility (251). They can accumulate in the lungs, causing 

inflammation and cytotoxicity(250), and generate harmful free radicals (252). Using biocompatible 

materials like chitosan and NIR-responsive substances might mitigate these issues. Avoiding the 

mononuclear phagocytic system (MPS) is another challenge. In biological fluids, NPs form a protein 

corona (PC) that prompts MPS uptake. Coating NPs to prevent PC formation has had limited success. 

Targeting macrophages as drug carriers or using strategies like preventing macrophage recruitment, 

depleting TAMs, and blocking CD47-SIRPα pathways are potential solutions(253).
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Scaling up NP synthesis and ensuring consistent optimization and performance are crucial for clinical 

success. Most NPs used in studies are produced in small batches, making large-scale production difficult. 

Lead clinical candidates often lack systematic optimization. Testing numerous nanoformulations and 

iteratively selecting the best one can help, but such candidates shouldn’t go directly to human trials. 

Because it is difficult to replicate in vivo data in human trials, predicting NP efficacy and performance is 

a hard task. Combining computational modeling with experimental results, such as using organs-on-

chips, can improve predictions (254, 255, 256).

Study size, intent, and timing of NP therapies impact clinical outcomes. Numerous research use animal 

and cell models, which might not translate to trials involving humans. Single models struggle to replicate 

human reactions. Research on cancer metastasis models is crucial due to metastasis being a key cancer 

property. Clinical studies are necessary for personalized medicine, considering genetic, medical history, 

and environmental factors(257, 258). NPs are rarely first-line therapies. Approved nanoformulations are 

often used when disease progression is detected, typically in patients with multiple prior treatments or 

drug resistance, skewing clinical trial results and reducing NP treatment's perceived effectiveness. 

Despite these challenges, advances in NP technology and study designs continue to hold promise for 

more effective cancer treatments. In view of these translational challenges it is essential to evaluate how 

different nanocarrier designs perform across therapeutic outcomes and safety profiles. Table 5 

summarizes these comparative insights with focus on multifunctional biomimetic and next generation 

TNBC nanocarriers.  

Table 5: Performance overview of Nanocarriers in TNBC: Efficacy enhancement and minimization of 

off-target toxicity. 

Nanocarrier 

Type

Improved Outcomes Mitigation of 

Toxicity/Side effects

Refs

FZD7-targeted 

PLGA NPs

Increased TNBC cytotoxicity.

Downregulated Wnt/beta-catenin signaling, enhanced cell 

killing.

Improved therapeutic 

window

(259)

DOX-Fe/RSL3 

co-loaded 

lipososmes 

Synergistic anti-cancer effect Reduced DOX toxicity 

due to DOX-Fe complex.

(260)

C-peptide 

conjugated solid 

lipid NPs(SLNs)

SLNs loaded with an integrin(α-vβ-3)-binding C-peptide 

showed much higher 4T1 cell kill (IC50 ~ 1.2 µg/ml) than 

untargeted (IC50~3.4 µg/ml) or free drug (IC50~1.2 µg/ml).

In vivo showed ~82% tumor volume reduction and abolition of 

lung metastases. 

Preserved normal tissue 

despite high drug dose.

(261)

PAMAM PD-Campto showed markedly higher uptake by TNBC cells Enhanced Camptothecin’s (262)
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dendrimer-

Camptothecin 

(PD-Campto) 

conjugate

and much stronger cytotoxicity than free drug aqueous solubility and 

provided sustained 

release.

Reduces off-target 

exposure.

Magnetic iron-

oxide 

mesosporous NPs( 

DOX-loaded 

HFON)

Hollow mesoporous iron oxide DOX loaded NPs(with external 

magnet targeting) induced high ROS and ferroptosis in MDA-

MB-231 cells.

External magnets 

facilitated drug-NPS 

tumor selective delivery 

ensuring unharmed 

normal tissues.

(263)

Poly(glutamic 

acid) crosslinked 

DOX nanogels

Demonstrated anti-metastatic efficacy, strongly inhibiting lung 

nodules and almost completely suppressing lymph node 

metastases.

Showed no evident 

additional toxicity. 

Improved safety margins 

by leading DOX to 

metastatic sites.

(264)

7. Conclusion

By enhancing the delivery of chemotherapeutic medications straight to tumors and reducing systemic 

toxicity and adverse effects, nanocarriers have become a promising strategy for targeted cancer treatment. 

One of their main advantages is their capacity to target cancer cells using both active and passive 

techniques. Nanocarriers can aggregate in tumour tissue by passive targeting, which takes advantage of 

the tumour vasculature's increased permeability and retention effect. To enable precise drug 

administration, active targeting entails functionalizing the surfaces of nanocarriers with ligands or 

antibodies that attach to overexpressed receptors on cancer cells. A complete approach to cancer 

treatment that may involve immunotherapy, gene therapy, chemotherapy, and real-time imaging is made 

possible by the adaptability of nanocarriers, which enable them to co-deliver a variety of therapeutic 

drugs and diagnostic instruments. Because cancer is complex, this multifunctionality is essential for 

providing individualised and adaptable treatments. 

Innovations in nanocarrier design are expected to prioritise stimuli-responsive systems that can release 

drugs only upon tumor-specific cues, biomimetic coatings that improve immune compatibility and 

modular architectures that allow rapid customisation for different cancer subtypes. Engineering nano 

carriers with improved intratumoral penetration, real-time tracking abilities and predictable 

pharmacokinetics will be essential for achieving consistent clinical outcomes. On the translational side, 

advances in scalable manufacturing standardized quality control frameworks and early integration of 

regulatory considerations will accelerate movement from laboratory development to clinical use. 

Combining nano carriers with patient-specific molecular profiling and AI driven optimization also 

represents a growing opportunity to design personalized, adaptable and more effective cancer therapies. 

Page 34 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


35

In conclusion, even if nanocarriers present a ground-breaking method of treating cancer, their full 

potential in clinical oncology depends on resolving present issues through ongoing research and 

development. More specialised and improved therapeutic outcomes with nanomedicines will be possible 

by bridging the gaps in their clinical translation, structured regulatory network and better comprehension 

of the cancer microenvironment.

Author contributions:

Qazi Saifullah: conceptualization, writing – original draft. Sajid Mondal: writing – original draft. 

Amartya Nandi: writing – original draft. Yeduvaka Madhuri: writing – original draft. Suvadra Das: 

conceptualization, writing – review & editing. Partha Roy: conceptualization, supervision, writing – 

review & editing.

Declaration of Conflicting Interests

The authors confirm absence of conflict of interest.

Data Availability

No primary research results, software or code have been included, and no new data were generated or 
analysed as part of this work.

References

1. Rosińska M, Dubiański R, Konieczna A, Poleszczuk J, Pawlik H, Nowecki ZI, et al. 
Retrospective Observational Study to Determine the Epidemiology and Treatment Patterns of 
Patients with Triple-Negative Breast Cancer. Cancers. 2024;16(6):1087.
2. Hu H, Tong K, Tsang J, Ko C, Tam F, Loong T, et al. Subtyping of triple-negative breast 
cancers: Its prognostication and implications in diagnosis of breast origin. ESMO open. 
2024;9(4):102993.
3. Izadi A, Naimi A, Amjadi E, Beheshtiparvar D, Soltan M. The Prevalence of PD-L1 
Expression in Triple-Negative Breast Cancer Patients and Its Correlation with Survival Rates 
and Other Prognostic Factors: A Survival Analysis. Advanced Biomedical Research. 
2024;13(1):86.
4. Ranek JS, Greenwald NF, Goldston M, Fullaway CC, Sowers C, Kong A, et al. QUICHE 
reveals structural definitions of anti-tumor responses in triple negative breast cancer. bioRxiv. 
2025:2025.01. 06.631548.
5. Mitri ZI, Abuhadra N, Goodyear SM, Hobbs EA, Kaempf A, Thompson AM, et al. Impact 
of TP53 mutations in triple negative breast cancer. npj Precision Oncology. 2022;6(1):64.
6. Pogoda K, Niwińska A, Sarnowska E, Nowakowska D, Jagiełło-Gruszfeld A, Siedlecki J, 
et al. Effects of BRCA germline mutations on triple-negative breast cancer prognosis. Journal 
of oncology. 2020;2020(1):8545643.
7. Pascual J, Turner N. Targeting the PI3-kinase pathway in triple-negative breast cancer. 
Annals of Oncology. 2019;30(7):1051-60.
8. Cifuentes C, Oeste CL, Fernández-Pisonero I, Hortal AM, García-Macías C, Hochart J, 
et al. Unmutated RRAS2 emerges as a key oncogene in post-partum-associated triple negative 
breast cancer. Molecular Cancer. 2024;23(1):142.
9. Liu Z, Li J, Zhao F, Ren D, Li Z, Chen Y, et al. Long-term survival after neoadjuvant 
therapy for triple-negative breast cancer under different treatment regimens: a systematic 
review and network meta-analysis. BMC cancer. 2024;24(1):440.

Page 35 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


36

10. Haque M, Shyanti RK, Mishra MK. Targeted therapy approaches for epithelial-
mesenchymal transition in triple negative breast cancer. Frontiers in Oncology. 
2024;14:1431418.
11. Martín M, Stecklein S, Gluz O, Villacampa G, Monte-Millán M, Nitz U, et al. TNBC-DX 
genomic test in early-stage triple-negative breast cancer treated with neoadjuvant taxane-
based therapy. Annals of Oncology. 2025;36(2):158-71.
12. Abrahams B, Gerber A, Hiss DC. Combination treatment with EGFR inhibitor and 
doxorubicin synergistically inhibits proliferation of MCF-7 cells and MDA-MB-231 triple-
negative breast cancer cells in vitro. International Journal of Molecular Sciences. 
2024;25(5):3066.
13. Sriramulu S, Thoidingjam S, Siddiqui F, Brown SL, Movsas B, Walker E, et al. BUB1 
Inhibition Sensitizes TNBC Cell Lines to Chemotherapy and Radiotherapy. Biomolecules. 
2024;14(6):625.
14. Freeman JQ, Huo D, Shubeck SP, Chen N, Yarlagadda SR, Nanda R, et al. Trends and 
disparities in the use of immunotherapy for triple-negative breast cancer in the us. JAMA 
Network Open. 2025;8(2):e2460243-e.
15. Gupta G, Hussain MS, Pant K, Ali H, Thapa R, Bhat AA. Antibody-drug conjugates 
(ADCs): A novel therapy for triple-negative breast cancer (TNBC). Bentham Science Publishers; 
2025. p. 108-12.
16. Weng L, Zhou J, Guo S, Xu N, Ma R. The molecular subtyping and precision medicine 
in triple-negative breast cancer---based on Fudan TNBC classification. Cancer Cell 
International. 2024;24(1):120.
17. Ruhe L, Heibl S, Czompo M, Haybaeck J, Loskutov J, Regenbrecht MJ, et al. Functional 
Precision Medicine Successfully Guides Therapeutic Regimen of ‘Cancer of Unknown 
Primary’Later Classified as Triple-Negative Breast Cancer: A Case Report. Case Reports in 
Oncology. 2024;17(1):490-6.
18. Subhan MA, Torchilin VP. Advances in siRNA Drug Delivery Strategies for Targeted 
TNBC Therapy. Bioengineering. 2024;11(8):830.
19. Battogtokh G, Obidiro O, Akala EO. Recent developments in combination 
immunotherapy with other therapies and nanoparticle-based therapy for triple-negative 
breast cancer (TNBC). Cancers. 2024;16(11):2012.
20. Powell RT, Rinkenbaugh AL, Guo L, Cai S, Shao J, Zhou X, et al. Targeting neddylation 
and sumoylation in chemoresistant triple negative breast cancer. NPJ Breast Cancer. 
2024;10(1):37.
21. Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative breast cancer: 
challenges and opportunities of a heterogeneous disease. Nature reviews Clinical oncology. 
2016;13(11):674-90.
22. Lehmann BD, Jovanović B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al. Refinement 
of triple-negative breast cancer molecular subtypes: implications for neoadjuvant 
chemotherapy selection. PloS one. 2016;11(6):e0157368.
23. Edis Z, Wang J, Waqas MK, Ijaz M, Ijaz M. Nanocarriers-mediated drug delivery 
systems for anticancer agents: an overview and perspectives. International journal of 
nanomedicine. 2021:1313-30.
24. Majeed H, Gupta V. Adverse effects of radiation therapy. 2020.
25. Zeien J, Qiu W, Triay M, Dhaibar HA, Cruz-Topete D, Cornett EM, et al. Clinical 
implications of chemotherapeutic agent organ toxicity on perioperative care. Biomedicine & 
Pharmacotherapy. 2022;146:112503.
26. Chehelgerdi M, Chehelgerdi M, Allela OQB, Pecho RDC, Jayasankar N, Rao DP, et al. 
Progressing nanotechnology to improve targeted cancer treatment: overcoming hurdles in its 
clinical implementation. Molecular cancer. 2023;22(1):169.

Page 36 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


37

27. Bajracharya R, Song JG, Patil BR, Lee SH, Noh H-M, Kim D-H, et al. Functional ligands 
for improving anticancer drug therapy: current status and applications to drug delivery 
systems. Drug Delivery. 2022;29(1):1959-70.
28. Afzal O, Altamimi AS, Nadeem MS, Alzarea SI, Almalki WH, Tariq A, et al. Nanoparticles 
in drug delivery: From history to therapeutic applications. Nanomaterials. 2022;12(24):4494.
29. Janib SM, Moses AS, MacKay JA. Imaging and drug delivery using theranostic 
nanoparticles. Advanced drug delivery reviews. 2010;62(11):1052-63.
30. Bianchini G, De Angelis C, Licata L, Gianni L. Treatment landscape of triple-negative 
breast cancer—expanded options, evolving needs. Nature reviews Clinical oncology. 
2022;19(2):91-113.
31. Saatci O, Kaymak A, Raza U, Ersan PG, Akbulut O, Banister CE, et al. Targeting lysyl 
oxidase (LOX) overcomes chemotherapy resistance in triple negative breast cancer. Nature 
communications. 2020;11(1):2416.
32. Xiong G, Stewart RL, Chen J, Gao T, Scott TL, Samayoa LM, et al. Collagen prolyl 4-
hydroxylase 1 is essential for HIF-1α stabilization and TNBC chemoresistance. Nature 
communications. 2018;9(1):4456.
33. Wright K, Ly T, Kriet M, Czirok A, Thomas SM. Cancer-associated fibroblasts: master 
tumor microenvironment modifiers. Cancers. 2023;15(6):1899.
34. Timperi E, Gueguen P, Molgora M, Magagna I, Kieffer Y, Lopez-Lastra S, et al. Lipid-
associated macrophages are induced by cancer-associated fibroblasts and mediate immune 
suppression in breast cancer. Cancer research. 2022;82(18):3291-306.
35. Ghosh C, Luong G, Sun Y. A snapshot of the PD-1/PD-L1 pathway. Journal of Cancer. 
2021;12(9):2735.
36. Liu Y, Hu Y, Xue J, Li J, Yi J, Bu J, et al. Advances in immunotherapy for triple-negative 
breast cancer. Molecular cancer. 2023;22(1):145.
37. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer R. 
Engineering precision nanoparticles for drug delivery. Nature reviews drug discovery. 
2021;20(2):101-24.
38. Sercombe L, Veerati T, Moheimani F, Wu SY, Sood AK, Hua S. Advances and challenges 
of liposome assisted drug delivery. Frontiers in pharmacology. 2015;6:286.
39. Yetisgin AA, Cetinel S, Zuvin M, Kosar A, Kutlu O. Therapeutic nanoparticles and their 
targeted delivery applications. Molecules. 2020;25(9):2193.
40. Campos J, Severino P, Santini A, Silva A, Shegokar R, Souto S, et al. Solid lipid 
nanoparticles (SLN): prediction of toxicity, metabolism, fate and physicochemical properties. 
Nanopharmaceuticals. 2020:1-15.
41. Shah A, Aftab S, Nisar J, Ashiq MN, Iftikhar FJ. Nanocarriers for targeted drug delivery. 
Journal of Drug Delivery Science and Technology. 2021;62:102426.
42. Ulldemolins A, Seras-Franzoso J, Andrade F, Rafael D, Abasolo I, Gener P, et al. 
Perspectives of nano-carrier drug delivery systems to overcome cancer drug resistance in the 
clinics. Cancer Drug Resistance. 2021;4(1):44.
43. Rideau E, Dimova R, Schwille P, Wurm FR, Landfester K. Liposomes and 
polymersomes: a comparative review towards cell mimicking. Chemical Society Reviews. 
2018;47(23):8572-610.
44. Liao Z, Wong SW, Yeo HL, Zhao Y. Smart nanocarriers for cancer treatment: Clinical 
impact and safety. NanoImpact. 2020;20:100253.
45. Valcourt DM, Dang MN, Scully MA, Day ES. Nanoparticle-mediated co-delivery of 
Notch-1 antibodies and ABT-737 as a potent treatment strategy for triple-negative breast 
cancer. ACS nano. 2020;14(3):3378-88.
46. Lim E-K, Kim T, Paik S, Haam S, Huh Y-M, Leec K. Nanomaterials for theranostics: 
recent advances and future challenges. Nanomaterials and Neoplasms. 2021:587-775.

Page 37 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


38

47. Kumari Y, Kaur G, Kumar R, Singh SK, Gulati M, Khursheed R, et al. Gold nanoparticles: 
New routes across old boundaries. Advances in colloid and interface science. 
2019;274:102037.
48. Sztandera K, Gorzkiewicz M, Klajnert-Maculewicz B. Gold nanoparticles in cancer 
treatment. Molecular pharmaceutics. 2018;16(1):1-23.
49. Zeng L, Gowda BJ, Ahmed MG, Abourehab MA, Chen Z-S, Zhang C, et al. 
Advancements in nanoparticle-based treatment approaches for skin cancer therapy. 
Molecular Cancer. 2023;22(1):10.
50. Fukuta T, Kogure K. Biomimetic nanoparticle drug delivery systems to overcome 
biological barriers for therapeutic applications. Chemical and Pharmaceutical Bulletin. 
2022;70(5):334-40.
51. Said SS, Ibrahim WN. Breaking Barriers: The Promise and Challenges of Immune 
Checkpoint Inhibitors in Triple-Negative Breast Cancer. Biomedicines. 2024;12(2):369.
52. Zheng Y, Li S, Tang H, Meng X, Zheng Q. Molecular mechanisms of immunotherapy 
resistance in triple-negative breast cancer. Frontiers in Immunology. 2023;14.
53. Bense RD, Sotiriou C, Piccart-Gebhart MJ, Haanen JBAG, van Vugt MATM, de Vries 
EGE, et al. Relevance of Tumor-Infiltrating Immune Cell Composition and Functionality for 
Disease Outcome in Breast Cancer. JNCI: Journal of the National Cancer Institute. 2016;109(1).
54. Zhang W-j, Wang X-h, Gao S-t, Chen C, Xu X-y, sun Q, et al. Tumor-associated 
macrophages correlate with phenomenon of epithelial-mesenchymal transition and 
contribute to poor prognosis in triple-negative breast cancer patients. Journal of Surgical 
Research. 2018;222:93-101.
55. Xia J, Zhang S, Zhang R, Wang A, Zhu Y, Dong M, et al. Targeting therapy and tumor 
microenvironment remodeling of triple-negative breast cancer by ginsenoside Rg3 based 
liposomes. Journal of nanobiotechnology. 2022;20(1):414.
56. Kumar S, Wilkes DW, Samuel N, Blanco MA, Nayak A, Alicea-Torres K, et al. ΔNp63-
driven recruitment of myeloid-derived suppressor cells promotes metastasis in triple-negative 
breast cancer. The Journal of Clinical Investigation. 2018;128(11):5095-109.
57. Yang R, Li Y, Wang H, Qin T, Yin X, Ma X. Therapeutic progress and challenges for triple 
negative breast cancer: Targeted therapy and immunotherapy. Molecular biomedicine. 
2022;3(1):8.
58. Leon-Ferre RA, Goetz MP. Advances in systemic therapies for triple negative breast 
cancer. Bmj. 2023;381.
59. Lee K-m, Giltnane JM, Balko JM, Schwarz LJ, Guerrero-Zotano AL, Hutchinson KE, et 
al. MYC and MCL1 cooperatively promote chemotherapy-resistant breast cancer stem cells 
via regulation of mitochondrial oxidative phosphorylation. Cell metabolism. 2017;26(4):633-
47. e7.
60. Glackin CA. Nanoparticle delivery of TWIST small interfering RNA and anticancer 
drugs: A therapeutic approach for combating cancer. The Enzymes. 2018;44:83-101.
61. Nedeljković M, Damjanović A. Mechanisms of chemotherapy resistance in triple-
negative breast cancer—how we can rise to the challenge. Cells. 2019;8(9):957.
62. Li Y, Zhang H, Merkher Y, Chen L, Liu N, Leonov S, et al. Recent advances in therapeutic 
strategies for triple-negative breast cancer. Journal of hematology & oncology. 
2022;15(1):121.
63. Mehta S, Shah V, Patel G, Conte-Junior CA, Joshi N. A holistic review of recent 
advances in nano-based drug delivery systems for the treatment of triple-negative breast 
cancer (TNBC). Journal of Nanoparticle Research. 2024;26(5):1-54.
64. Asleh K, Riaz N, Nielsen TO. Heterogeneity of triple negative breast cancer: Current 
advances in subtyping and treatment implications. Journal of Experimental & Clinical Cancer 
Research. 2022;41(1):265.

Page 38 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


39

65. Derakhshan F, Reis-Filho JS. Pathogenesis of triple-negative breast cancer. Annual 
Review of Pathology: Mechanisms of Disease. 2022;17(1):181-204.
66. Burstein MD, Tsimelzon A, Poage GM, Covington KR, Contreras A, Fuqua SA, et al. 
Comprehensive genomic analysis identifies novel subtypes and targets of triple-negative 
breast cancer. Clinical Cancer Research. 2015;21(7):1688-98.
67. Wang X, Collet L, Rediti M, Debien V, De Caluwé A, Venet D, et al. Predictive 
Biomarkers for Response to Immunotherapy in Triple Negative Breast Cancer: Promises and 
Challenges. Journal of Clinical Medicine. 2023;12(3):953.
68. Hubalek M, Czech T, Müller H. Biological subtypes of triple-negative breast cancer. 
Breast care. 2017;12(1):8-14.
69. Yin L, Chen G-l, Xiang Z, Liu Y-l, Li X-y, Bi J-w, et al. Current progress in chimeric antigen 
receptor-modified T cells for the treatment of metastatic breast cancer. Biomedicine & 
Pharmacotherapy. 2023;162:114648.
70. Jiang Y-Z, Ma D, Suo C, Shi J, Xue M, Hu X, et al. Genomic and transcriptomic landscape 
of triple-negative breast cancers: subtypes and treatment strategies. Cancer cell. 
2019;35(3):428-40. e5.
71. Llop-Guevara A, Loibl S, Villacampa G, Vladimirova V, Schneeweiss A, Karn T, et al. 
Association of RAD51 with homologous recombination deficiency (HRD) and clinical outcomes 
in untreated triple-negative breast cancer (TNBC): analysis of the GeparSixto randomized 
clinical trial. Annals of Oncology. 2021;32(12):1590-6.
72. Chopra N, Tovey H, Pearson A, Cutts R, Toms C, Proszek P, et al. Homologous 
recombination DNA repair deficiency and PARP inhibition activity in primary triple negative 
breast cancer. Nature communications. 2020;11(1):2662.
73. Yin L, Duan J-J, Bian X-W, Yu S-c. Triple-negative breast cancer molecular subtyping 
and treatment progress. Breast Cancer Research. 2020;22(1):61.
74. Zagami P, Carey LA. Triple negative breast cancer: Pitfalls and progress. NPJ breast 
cancer. 2022;8(1):95.
75. Asghar US, Barr AR, Cutts R, Beaney M, Babina I, Sampath D, et al. Single-cell dynamics 
determines response to CDK4/6 inhibition in triple-negative breast cancer. Clinical Cancer 
Research. 2017;23(18):5561-72.
76. Yam C, Mani SA, Moulder SL. Targeting the molecular subtypes of triple negative 
breast cancer: understanding the diversity to progress the field. The oncologist. 
2017;22(9):1086-93.
77. Lehmann BD, Colaprico A, Silva TC, Chen J, An H, Ban Y, et al. Multi-omics analysis 
identifies therapeutic vulnerabilities in triple-negative breast cancer subtypes. Nature 
communications. 2021;12(1):6276.
78. Bareche Y, Venet D, Ignatiadis M, Aftimos P, Piccart M, Rothe F, et al. Unravelling 
triple-negative breast cancer molecular heterogeneity using an integrative multiomic analysis. 
Annals of oncology. 2018;29(4):895-902.
79. Yomtoubian S, Lee SB, Verma A, Izzo F, Markowitz G, Choi H, et al. Inhibition of EZH2 
catalytic activity selectively targets a metastatic subpopulation in triple-negative breast 
cancer. Cell reports. 2020;30(3):755-70. e6.
80. Cameron D, Brown J, Dent R, Jackisch C, Mackey J, Pivot X, et al. Adjuvant 
bevacizumab-containing therapy in triple-negative breast cancer (BEATRICE): primary results 
of a randomised, phase 3 trial. The lancet oncology. 2013;14(10):933-42.
81. Kim T, Han HS, Yang K, Kim YM, Nam K, Park KH, et al. Nanoengineered polymeric rna 
nanoparticles for controlled biodistribution and efficient targeted cancer therapy. ACS nano. 
2024;18(11):7972-88.
82. Williams RM, Shah J, Ng BD, Minton DR, Gudas LJ, Park CY, et al. Mesoscale 
nanoparticles selectively target the renal proximal tubule epithelium. Nano letters. 
2015;15(4):2358-64.

Page 39 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


40

83. Yu J, Mu Q, Fung M, Xu X, Zhu L, Ho RJ. Challenges and opportunities in metastatic 
breast cancer treatments: Nano-drug combinations delivered preferentially to metastatic cells 
may enhance therapeutic response. Pharmacology & therapeutics. 2022;236:108108.
84. A Randomized, Double-Blind, Phase III Study of Pembrolizumab (MK-3475) Plus 
Chemotherapy vs Placebo Plus Chemotherapy for Previously Untreated Locally Recurrent 
Inoperable or Metastatic Triple Negative Breast Cancer - (KEYNOTE-355) [Internet]. 2016. 
Available from: https://clinicaltrials.gov/study/NCT02819518.
85. A Phase III, Multicenter, Randomised, Double-Blind, Placebo-Controlled Study of 
Atezolizumab (Anti-Pd-L1 Antibody) in Combination With Paclitaxel Compared With Placebo 
With Paclitaxel for Patients With Previously Untreated Inoperable Locally Advanced or 
Metastatic Triple Negative Breast Cancer [Internet]. 2017. Available from: 
https://clinicaltrials.gov/study/NCT03125902.
86. An International, Multi-Center, Open-Label, Randomized, Phase III Trial of 
Sacituzumab Govitecan Versus Treatment of Physician Choice in Patients With Metastatic 
Triple-Negative Breast Cancer Who Received at Least Two Prior Treatments [Internet]. 2015. 
Available from: https://clinicaltrials.gov/study/NCT02574455.
87. A Phase III, Double-blind, Placebo-controlled, Randomized Study of Ipatasertib in 
Combination With Atezolizumab and Paclitaxel as a Treatment for Patients With Locally 
Advanced Unresectable or Metastatic Triple-Negative Breast Cancer [Internet]. 2019. 
Available from: https://clinicaltrials.gov/study/NCT04177108.
88. A Phase III, Multicenter, Randomized, Open-Label Study Comparing Atezolizumab 
(Anti PD-L1 Antibody) in Combination With Adjuvant Anthracycline/Taxane-Based 
Chemotherapy Versus Chemotherapy Alone in Patients With Operable Triple Negative Breast 
Cancer [Internet]. 2018. Available from: https://clinicaltrials.gov/study/NCT03498716.
89. A Phase III Randomized Study to Investigate the Efficacy and Safety of Atezolizumab 
(Anti-PD-L1 Antibody) in Combination With Neoadjuvant Anthracycline/Nab-Paclitaxel-Based 
Chemotherapy Compared With Placebo and Chemotherapy in Patients With Primary Invasive 
Triple-Negative Breast Cancer [Internet]. 2017. Available from: 
https://clinicaltrials.gov/study/NCT03197935.
90. A Randomized Open-Label Phase III Study of Single Agent Pembrolizumab Versus 
Single Agent Chemotherapy Per Physician's Choice for Metastatic Triple Negative Breast 
Cancer (mTNBC) - (KEYNOTE-119) [Internet]. 2015. Available from: 
https://clinicaltrials.gov/study/NCT02555657.
91. An International Multi-centre Open-label 2-arm Phase III Trial of Adjuvant 
Bevacizumab in "Triple Negative" Breast Cancer [Internet]. 2007. Available from: 
https://clinicaltrials.gov/study/NCT00528567.
92. Open-Label Study of Bevacizumab (Avastin®) and Taxane Monotherapy for the First-
Line Treatment of Patients With Advanced Triple Negative Breast Cancer [Internet]. 2010. 
Available from: https://clinicaltrials.gov/study/NCT01094184.
93. Phase III Study of Doxorubicin/Cyclophosphamide (AC) Followed by Ixabepilone vs. AC 
Followed by Paclitaxel in Patients With Triple-Negative Early-Stage Breast Cancer [Internet]. 
2008. Available from: https://clinicaltrials.gov/study/NCT00789581.
94. A Randomized Phase III Post-operative Trial of Platinum Based Chemotherapy vs. 
Capecitabine in Patients With Residual Triple-Negative Basal-Like Breast Cancer Following 
Neoadjuvant Chemotherapy [Internet]. 2015. Available from: 
https://clinicaltrials.gov/study/NCT02445391.
95. Multicenter, Open-label, Randomized Phase III to Evaluate Efficacy of Maintenance 
Treatment With Capecitabine Following Standard Adjuvant Chemotherapy in Operable Triple 
Negative Breast Cancer Patients [Internet]. 2005. Available from: 
https://clinicaltrials.gov/study/NCT00130533.

Page 40 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

https://clinicaltrials.gov/study/NCT02819518
https://clinicaltrials.gov/study/NCT03125902
https://clinicaltrials.gov/study/NCT02574455
https://clinicaltrials.gov/study/NCT04177108
https://clinicaltrials.gov/study/NCT03498716
https://clinicaltrials.gov/study/NCT03197935
https://clinicaltrials.gov/study/NCT02555657
https://clinicaltrials.gov/study/NCT00528567
https://clinicaltrials.gov/study/NCT01094184
https://clinicaltrials.gov/study/NCT00789581
https://clinicaltrials.gov/study/NCT02445391
https://clinicaltrials.gov/study/NCT00130533
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


41

96. A Double-Blind, Placebo-Controlled, Randomized Phase III Study of Ipatasertib in 
Combination With Paclitaxel as a Treatment for Patients With PIK3CA/AKT1/PTEN-Altered, 
Locally Advanced or Metastatic, Triple-Negative Breast Cancer or Hormone Receptor-Positive, 
HER2-Negative Breast Cancer [Internet]. 2017. Available from: 
https://clinicaltrials.gov/study/NCT03337724.
97. A Phase 2/3, Multi-Center, Open-Label, Randomized Study of Weekly Nab®-Paclitaxel 
in Combination With Gemcitabine or Carboplatin, Compared to Gemcitabine/Carboplatin, as 
First Line Treatment in Subjects With ER, PgR, and HER2 Negative (Triple Negative) Metastatic 
Breast Cancer [Internet]. 2013. Available from: https://clinicaltrials.gov/study/NCT01881230.
98. Shi L, Zhang J, Zhao M, Tang S, Cheng X, Zhang W, et al. Effects of polyethylene glycol 
on the surface of nanoparticles for targeted drug delivery. Nanoscale. 2021;13(24):10748-64.
99. Hussain Z, Khan S, Imran M, Sohail M, Shah SWA, de Matas M. PEGylation: a promising 
strategy to overcome challenges to cancer-targeted nanomedicines: a review of challenges to 
clinical transition and promising resolution. Drug delivery and translational research. 
2019;9:721-34.
100. Kim W, Ly NK, He Y, Li Y, Yuan Z, Yeo Y. Protein corona: Friend or foe? Co-opting serum 
proteins for nanoparticle delivery. Advanced drug delivery reviews. 2023;192:114635.
101. Yadav D, Dewangan HK. PEGYLATION: an important approach for novel drug delivery 
system. Journal of biomaterials science, polymer edition. 2021;32(2):266-80.
102. Ibrahim M, Ramadan E, Elsadek NE, Emam SE, Shimizu T, Ando H, et al. Polyethylene 
glycol (PEG): The nature, immunogenicity, and role in the hypersensitivity of PEGylated 
products. Journal of Controlled Release. 2022;351:215-30.
103. Shi S, Yao C, Cen J, Li L, Liu G, Hu J, et al. High-Fidelity End-Functionalization of Poly 
(ethylene glycol) Using Stable and Potent Carbamate Linkages. Angewandte Chemie 
International Edition. 2020;59(41):18172-8.
104. Porte K, Renoux B, Péraudeau E, Clarhaut J, Eddhif B, Poinot P, et al. Controlled release 
of a micelle payload via sequential enzymatic and bioorthogonal reactions in living systems. 
Angewandte Chemie. 2019;131(19):6432-6.
105. Lei W, Yang C, Wu Y, Ru G, He X, Tong X, et al. Nanocarriers surface engineered with 
cell membranes for cancer targeted chemotherapy. Journal of nanobiotechnology. 
2022;20(1):45.
106. Liu H, Su Y-Y, Jiang X-C, Gao J-Q. Cell membrane-coated nanoparticles: a novel 
multifunctional biomimetic drug delivery system. Drug Delivery and Translational Research. 
2023;13(3):716-37.
107. Pereira-Silva M, Santos AC, Conde J, Hoskins C, Concheiro A, Alvarez-Lorenzo C, et al. 
Biomimetic cancer cell membrane-coated nanosystems as next-generation cancer therapies. 
Taylor & Francis; 2020. p. 1515-8.
108. Sun H, Su J, Meng Q, Yin Q, Chen L, Gu W, et al. Cancer-Cell-Biomimetic Nanoparticles 
for Targeted Therapy of Homotypic Tumors. Advanced Materials (Deerfield Beach, Fla). 
2016;28(43):9581-8.
109. Xuan M, Shao J, Dai L, He Q, Li J. Macrophage Cell Membrane Camouflaged 
Mesoporous Silica Nanocapsules for In Vivo Cancer Therapy. Advanced healthcare materials. 
2015;4(11):1645-52.
110. Peng S, Ouyang B, Men Y, Du Y, Cao Y, Xie R, et al. Biodegradable zwitterionic polymer 
membrane coating endowing nanoparticles with ultra-long circulation and enhanced tumor 
photothermal therapy. Biomaterials. 2020;231:119680.
111. King BM, Fiegel J. Zwitterionic polymer coatings enhance gold nanoparticle stability 
and uptake in various biological environments. The AAPS journal. 2022;24:1-14.
112. Piao J-G, Gao F, Li Y, Yu L, Liu D, Tan Z-B, et al. pH-sensitive zwitterionic coating of gold 
nanocages improves tumor targeting and photothermal treatment efficacy. Nano Research. 
2018;11:3193-204.

Page 41 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

https://clinicaltrials.gov/study/NCT03337724
https://clinicaltrials.gov/study/NCT01881230
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


42

113. Narwade M, Shaikh A, Gajbhiye KR, Kesharwani P, Gajbhiye V. Advanced cancer 
targeting using aptamer functionalized nanocarriers for site-specific cargo delivery. 
Biomaterials Research. 2023;27(1):42.
114. Jabbari A, Sameiyan E, Yaghoobi E, Ramezani M, Alibolandi M, Abnous K, et al. 
Aptamer-based targeted delivery systems for cancer treatment using DNA origami and DNA 
nanostructures. International Journal of Pharmaceutics. 2023:123448.
115. Li W, Li F, Li T, Zhang W, Li B, Liu K, et al. Self-actuated biomimetic nanocomposites 
for photothermal therapy and PD-L1 immunosuppression. Frontiers in Chemistry. 
2023;11:1167586.
116. Yan J, Gao T, Lu Z, Yin J, Zhang Y, Pei R. Aptamer-targeted photodynamic platforms for 
tumor therapy. ACS applied materials & Interfaces. 2021;13(24):27749-73.
117. Fu X, Li J, Chen X, Chen H, Wang Z, Qiu F, et al. Repurposing AS1411 for constructing 
ANM-PROTACs. Cell Chemical Biology. 2024.
118. Safarpour H, Dehghani S, Nosrati R, Zebardast N, Alibolandi M, Mokhtarzadeh A, et al. 
Optical and electrochemical-based nano-aptasensing approaches for the detection of 
circulating tumor cells (CTCs). Biosensors and Bioelectronics. 2020;148:111833.
119. Jalil AT, Abdulhadi MA, Al-Ameer LR, Taher WM, Abdulameer SJ, Abosaooda M, et al. 
Peptide-based therapeutics in cancer therapy. Molecular Biotechnology. 2023:1-18.
120. Li CM, Haratipour P, Lingeman RG, Perry JJP, Gu L, Hickey RJ, et al. Novel peptide 
therapeutic approaches for cancer treatment. Cells. 2021;10(11):2908.
121. Lostalé-Seijo I, Louzao I, Juanes M, Montenegro J. Peptide/Cas9 nanostructures for 
ribonucleoprotein cell membrane transport and gene edition. Chemical science. 
2017;8(12):7923-31.
122. Provenzano C, Cappella M, Valaperta R, Cardani R, Meola G, Martelli F, et al. 
CRISPR/Cas9-mediated deletion of CTG expansions recovers normal phenotype in myogenic 
cells derived from myotonic dystrophy 1 patients. Molecular Therapy-Nucleic Acids. 
2017;9:337-48.
123. Gustafsson O, Rädler J, Roudi S, Lehto T, Hällbrink M, Lehto T, et al. Efficient peptide-
mediated in vitro delivery of Cas9 RNP. Pharmaceutics. 2021;13(6):878.
124. Chirnomas D, Hornberger KR, Crews CM. Protein degraders enter the clinic—a new 
approach to cancer therapy. Nature reviews Clinical oncology. 2023;20(4):265-78.
125. Mi P. Stimuli-responsive nanocarriers for drug delivery, tumor imaging, therapy and 
theranostics. Theranostics. 2020;10(10):4557.
126. Pandey A, Kulkarni S, Vincent AP, Nannuri SH, George SD, Mutalik S. Hyaluronic acid-
drug conjugate modified core-shell MOFs as pH responsive nanoplatform for multimodal 
therapy of glioblastoma. International Journal of Pharmaceutics. 2020;588:119735.
127. Kumar K, Moitra P, Bashir M, Kondaiah P, Bhattacharya S. Natural tripeptide capped 
pH-sensitive gold nanoparticles for efficacious doxorubicin delivery both in vitro and in vivo. 
Nanoscale. 2020;12(2):1067-74.
128. Zhang H-J, Zhao X, Chen L-J, Yang C-X, Yan X-P. Dendrimer grafted persistent 
luminescent nanoplatform for aptamer guided tumor imaging and acid-responsive drug 
delivery. Talanta. 2020;219:121209.
129. Han Y, Pan J, Liang N, Gong X, Sun S. A pH-sensitive polymeric micellar system based 
on chitosan derivative for efficient delivery of paclitaxel. International journal of molecular 
sciences. 2021;22(13):6659.
130. Yu X, Gou X, Wu P, Han L, Tian D, Du F, et al. Activatable protein nanoparticles for 
targeted delivery of therapeutic peptides. Advanced Materials. 2018;30(7):1705383.
131. Callmann CE, Barback CV, Thompson MP, Hall DJ, Mattrey RF, Gianneschi NC. 
Therapeutic enzyme-responsive nanoparticles for targeted delivery and accumulation in 
tumors. Advanced materials (Deerfield Beach, Fla). 2015;27(31):4611.

Page 42 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


43

132. Böhme D, Beck-Sickinger AG. Drug delivery and release systems for targeted tumor 
therapy. Journal of Peptide Science. 2015;21(3):186-200.
133. Li Z, Lai X, Fu S, Ren L, Cai H, Zhang H, et al. Immunogenic cell death activates the 
tumor immune microenvironment to boost the immunotherapy efficiency. Advanced science. 
2022;9(22):2201734.
134. Kenchegowda M, Rahamathulla M, Hani U, Begum MY, Guruswamy S, Osmani RAM, 
et al. Smart nanocarriers as an emerging platform for cancer therapy: A review. Molecules. 
2021;27(1):146.
135. Kumari R, Sunil D, Ningthoujam RS. Hypoxia-responsive nanoparticle based drug 
delivery systems in cancer therapy: an up-to-date review. Journal of Controlled Release. 
2020;319:135-56.
136. Liu J, Liu Y, Bu W, Bu J, Sun Y, Du J, et al. Ultrasensitive nanosensors based on 
upconversion nanoparticles for selective hypoxia imaging in vivo upon near-infrared 
excitation. Journal of the American Chemical Society. 2014;136(27):9701-9.
137. Mollazadeh S, Mackiewicz M, Yazdimamaghani M. Recent advances in the redox-
responsive drug delivery nanoplatforms: A chemical structure and physical property 
perspective. Materials Science and Engineering: C. 2021;118:111536.
138. Guo X, Cheng Y, Zhao X, Luo Y, Chen J, Yuan W-E. Advances in redox-responsive drug 
delivery systems of tumor microenvironment. Journal of Nanobiotechnology. 2018;16:1-10.
139. Ma N, Li Y, Xu H, Wang Z, Zhang X. Dual redox responsive assemblies formed from 
diselenide block copolymers. Journal of the American Chemical Society. 2010;132(2):442-3.
140. Tian H, Zhang T, Qin S, Huang Z, Zhou L, Shi J, et al. Enhancing the therapeutic efficacy 
of nanoparticles for cancer treatment using versatile targeted strategies. Journal of 
hematology & oncology. 2022;15(1):132.
141. Chen H, Li F, Yao Y, Wang Z, Zhang Z, Tan N. Redox dual-responsive and o2‑evolving 
theranostic nanosystem for highly selective chemotherapy against hypoxic tumors. 
Theranostics. 2019;9(1):90.
142. Wang Y, Kohane DS. External triggering and triggered targeting strategies for drug 
delivery. Nature Reviews Materials. 2017;2(6):1-14.
143. Pulsipher KW, Hammer DA, Lee D, Sehgal CM. Engineering theranostic microbubbles 
using microfluidics for ultrasound imaging and therapy: a review. Ultrasound in medicine & 
biology. 2018;44(12):2441-60.
144. Perera RH, Hernandez C, Zhou H, Kota P, Burke A, Exner AA. Ultrasound imaging 
beyond the vasculature with new generation contrast agents. Wiley Interdisciplinary Reviews: 
Nanomedicine and Nanobiotechnology. 2015;7(4):593-608.
145. Qu N, Wu Z, Meng Q, Bi M, Liu H, Cao X, et al. Low-intensity pulsed ultrasound 
combined with microbubble mediated JNK/c-Jun pathway to reverse multidrug resistance in 
triple-negative breast cancer. Scientific Reports. 2024;14(1):27250.
146. Xu X, Liu Y, Fu W, Yao M, Ding Z, Xuan J, et al. Poly (N-isopropylacrylamide)-based 
thermoresponsive composite hydrogels for biomedical applications. Polymers. 
2020;12(3):580.
147. Bao J, Tu H, Li J, Li Y, Yu S, Gao J, et al. Applications of phase change materials in smart 
drug delivery for cancer treatment. Frontiers in Bioengineering and Biotechnology. 
2022;10:991005.
148. Chen L, Sun X, Cheng K, Topham PD, Xu M, Jia Y, et al. Temperature-regulating phase 
change fiber scaffold toward mild photothermal–chemotherapy. Advanced Fiber Materials. 
2022;4(6):1669-84.
149. Liu J, Cabral H, Mi P. Nanocarriers address intracellular barriers for efficient drug 
delivery, overcoming drug resistance, subcellular targeting and controlled release. Advanced 
Drug Delivery Reviews. 2024;207:115239.

Page 43 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


44

150. Li Z, Yang T, Lin C, Li Q, Liu S, Xu F, et al. Sonochemical synthesis of hydrophilic drug 
loaded multifunctional bovine serum albumin nanocapsules. ACS Applied Materials & 
Interfaces. 2015;7(34):19390-7.
151. Yan H, Shang W, Sun X, Zhao L, Wang J, Xiong Z, et al. “All-in-one” nanoparticles for 
trimodality imaging-guided intracellular photo-magnetic hyperthermia therapy under 
intravenous administration. Advanced Functional Materials. 2018;28(9):1705710.
152. Yin PT, Shah S, Pasquale NJ, Garbuzenko OB, Minko T, Lee K-B. Stem cell-based gene 
therapy activated using magnetic hyperthermia to enhance the treatment of cancer. 
Biomaterials. 2016;81:46-57.
153. Junnuthula V, Kolimi P, Nyavanandi D, Sampathi S, Vora LK, Dyawanapelly S. Polymeric 
micelles for breast cancer therapy: recent updates, clinical translation and regulatory 
considerations. Pharmaceutics. 2022;14(9):1860.
154. Fan W, Lu N, Xu C, Liu Y, Lin J, Wang S, et al. Enhanced afterglow performance of 
persistent luminescence implants for efficient repeatable photodynamic therapy. Acs Nano. 
2017;11(6):5864-72.
155. Li X, Gao M, Xin K, Zhang L, Ding D, Kong D, et al. Singlet oxygen-responsive micelles 
for enhanced photodynamic therapy. Journal of Controlled Release. 2017;260:12-21.
156. Tan M, Shi C, Chi G, Su X, Liu F, Zhu L, et al. PD-L1-Targeting Biomimetic 
Photoresponsive Thermosensitive Liposomes for Triple-Negative Breast Cancer. Advanced 
Science. 2025;12(41):e06841.
157. Deng M, Rao J-D, Guo R, Li M, He Q. Size-adjustable nano-drug delivery systems for 
enhanced tumor retention and penetration. Pharmaceutical Fronts. 2021;3(03):e98-e112.
158. Liu Y, Bhattarai P, Dai Z, Chen X. Photothermal therapy and photoacoustic imaging via 
nanotheranostics in fighting cancer. Chemical Society Reviews. 2019;48(7):2053-108.
159. Yu W, Liu R, Zhou Y, Gao H. Size-tunable strategies for a tumor targeted drug delivery 
system. ACS central science. 2020;6(2):100-16.
160. Hu Q, Chen Q, Gu Z. Advances in transformable drug delivery systems. Biomaterials. 
2018;178:546-58.
161. Qiao Z-Y, Zhao W-J, Cong Y, Zhang D, Hu Z, Duan Z-Y, et al. Self-assembled ROS-
sensitive polymer–peptide therapeutics incorporating built-in reporters for evaluation of 
treatment efficacy. Biomacromolecules. 2016;17(5):1643-52.
162. Roghani-Mamaqani H, Tajmoradi Z. Photoresponsive polymers. Smart 
Stimuli-Responsive Polymers, Films, and Gels. 2022:53-134.
163. Zhao T, Wang P, Li Q, Al-Khalaf AA, Hozzein WN, Zhang F, et al. Near-infrared triggered 
decomposition of nanocapsules with high tumor accumulation and stimuli responsive fast 
elimination. Angewandte Chemie International Edition. 2018;57(10):2611-5.
164. Bird RE, Lemmel SA, Yu X, Zhou QA. Bioorthogonal chemistry and its applications. 
Bioconjugate Chemistry. 2021;32(12):2457-79.
165. Li H-J, Du J-Z, Du X-J, Xu C-F, Sun C-Y, Wang H-X, et al. Stimuli-responsive clustered 
nanoparticles for improved tumor penetration and therapeutic efficacy. Proceedings of the 
National Academy of Sciences. 2016;113(15):4164-9.
166. Wan D, Yang Y, Liu Y, Cun X, Li M, Xu S, et al. Sequential depletion of myeloid-derived 
suppressor cells and tumor cells with a dual-pH-sensitive conjugated micelle system for cancer 
chemoimmunotherapy. Journal of Controlled Release. 2020;317:43-56.
167. Cun X, Chen J, Li M, He X, Tang X, Guo R, et al. Tumor-associated fibroblast-targeted 
regulation and deep tumor delivery of chemotherapeutic drugs with a multifunctional size-
switchable nanoparticle. ACS applied materials & interfaces. 2019;11(43):39545-59.
168. Wang Y, Yin S, Mei L, Yang Y, Xu S, He X, et al. A dual receptors-targeting and size-
switchable “cluster bomb” co-loading chemotherapeutic and transient receptor potential 
ankyrin 1 (TRPA-1) inhibitor for treatment of triple negative breast cancer. Journal of 
Controlled Release. 2020;321:71-83.

Page 44 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


45

169. Chen E, Han S, Song B, Xu L, Yuan H, Liang M, et al. Mechanism investigation of 
hyaluronidase-combined multistage nanoparticles for solid tumor penetration and antitumor 
effect. International Journal of Nanomedicine. 2020:6311-24.
170. Cai X, Drummond CJ, Zhai J, Tran N. Lipid Nanoparticles: Versatile Drug Delivery 
Vehicles for Traversing the Blood Brain Barrier to Treat Brain Cancer. Advanced Functional 
Materials. 2024:2404234.
171. Tran S, DeGiovanni P-J, Piel B, Rai P. Cancer nanomedicine: a review of recent success 
in drug delivery. Clinical and translational medicine. 2017;6:1-21.
172. Zhang W, Mehta A, Tong Z, Esser L, Voelcker NH. Development of polymeric 
nanoparticles for blood–brain barrier transfer—strategies and challenges. Advanced Science. 
2021;8(10):2003937.
173. Butt AM, Abdullah N, Rani NNIM, Ahmad N, Amin MCIM. Endosomal escape of 
bioactives deployed via nanocarriers: Insights into the design of polymeric micelles. 
Pharmaceutical Research. 2022;39(6):1047-64.
174. Bono N, Pennetta C, Bellucci MC, Sganappa A, Malloggi C, Tedeschi G, et al. Role of 
generation on successful DNA delivery of PAMAM–(Guanidino) neomycin conjugates. ACS 
Omega. 2019;4(4):6796-807.
175. Cheng R, Meng F, Deng C, Zhong Z. Bioresponsive polymeric nanotherapeutics for 
targeted cancer chemotherapy. Nano Today. 2015;10(5):656-70.
176. Narum S, Deal B, Ogasawara H, Mancuso JN, Zhang J, Salaita K. An Endosomal Escape 
Trojan Horse Platform to Improve Cytosolic Delivery of Nucleic Acids. ACS nano. 
2024;18(8):6186-201.
177. Al-Hetty HRAK, Jalil AT, Alghazali MW, fadel Ha, Ahmed OS, Abosaooda M, et al. 
Nanomaterials for combination cancer photothermal therapy. Emergent Materials. 
2023;6(2):425-38.
178. Yue J, Mei Q, Wang P, Miao P, Dong W-F, Li L. Light-triggered multifunctional 
nanoplatform for efficient cancer photo-immunotherapy. Journal of nanobiotechnology. 
2022;20(1):181.
179. Guo Z, Zhu AT, Fang RH, Zhang L. Recent Developments in Nanoparticle-Based 
Photo-Immunotherapy for Cancer Treatment. Small methods. 2023;7(5):2300252.
180. Youness RA, Mohamed AH, Efthimiadou EK, Mekky RY, Braoudaki M, Fahmy SA. A 
snapshot of photoresponsive liposomes in cancer chemotherapy and immunotherapy: 
opportunities and challenges. ACS omega. 2023;8(47):44424-36.
181. Wu W, Pu Y, Shi J. Nanomedicine-enabled chemotherapy-based synergetic cancer 
treatments. Journal of Nanobiotechnology. 2022;20(1):4.
182. Sun L, Li Z, Lan J, Wu Y, Zhang T, Ding Y. Better together: nanoscale co-delivery systems 
of therapeutic agents for high-performance cancer therapy. Frontiers in Pharmacology. 
2024;15:1389922.
183. Joshi P, Vishwakarma RA, Bharate SB. Natural alkaloids as P-gp inhibitors for multidrug 
resistance reversal in cancer. European journal of medicinal chemistry. 2017;138:273-92.
184. Kumar A, Jaitak V. Natural products as multidrug resistance modulators in cancer. 
European journal of medicinal chemistry. 2019;176:268-91.
185. Cheng Y, Zhao P, Wu S, Yang T, Chen Y, Zhang X, et al. Cisplatin and curcumin co-
loaded nano-liposomes for the treatment of hepatocellular carcinoma. International journal 
of pharmaceutics. 2018;545(1-2):261-73.
186. Mohammad IS, He W, Yin L. Insight on multidrug resistance and nanomedicine 
approaches to overcome MDR. Critical Reviews™ in Therapeutic Drug Carrier Systems. 
2020;37(5).
187. Gong X, Zhao Q, Song M, Xue F. Amine-functionalized silica nanoparticles with drug 
and gene Co-delivery for anti-angiogenesis therapy of breast cancer. Journal of Nanoscience 
and Nanotechnology. 2018;18(4):2379-86.

Page 45 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


46

188. Xu T, Ding W, Ji X, Ao X, Liu Y, Yu W, et al. Molecular mechanisms of ferroptosis and 
its role in cancer therapy. Journal of cellular and molecular medicine. 2019;23(8):4900-12.
189. Cheng J, Zhu Y, Xing X, Xiao J, Chen H, Zhang H, et al. Manganese-deposited iron oxide 
promotes tumor-responsive ferroptosis that synergizes the apoptosis of cisplatin. 
Theranostics. 2021;11(11):5418.
190. Xu T, Ma Y, Yuan Q, Hu H, Hu X, Qian Z, et al. Enhanced ferroptosis by oxygen-boosted 
phototherapy based on a 2-in-1 nanoplatform of ferrous hemoglobin for tumor synergistic 
therapy. ACS nano. 2020;14(3):3414-25.
191. LIHUA L, XINGYI X, inventorsBismuth-manganese-based composite particle and 
preparation method and application thereof. China2021.
192. LI LIHUA XX, inventorBismuth-manganese-based composite particle and preparation 
method and application thereof. China2020.
193. ADHIKARY A, AHIR, Manisha, GHOSH, Avijit, inventorHYALURONIC ACID APPENDED 
PEG-PLGA COATED QUARTERNIZED MESOPOROUS SILICA NANOPARTICLES FOR DELIVERY OF 
MIRNAS IN TNBC. India2019.
194. LU XIONGBIN HX, XU JIANGSHENG, inventorPH-ACTIVATED NANOPARTICLES. 
Europe2021.
195. Anthony J. Kim GFW, Jeffrey A. Winkles, Aniket Wadajkar, inventorDecreased 
adhesivity receptor-targeted nanoparticles for Fn14-positive tumors. United States of 
America2019.
196. Xuemei Li XL, Lairong Ding, Shusheng Zhang, inventorPreparation and use of 
nanoparticle-doped RNA hydrogel targeting to triple negative breast cancer. United States of 
America2021.
197. Guo M, Xia C, Wu Y, Zhou N, Chen Z, Li W. Research progress on cell membrane-coated 
biomimetic delivery systems. Frontiers in Bioengineering and Biotechnology. 2021;9:772522.
198. Hu C-MJ, Fang RH, Luk BT, Chen KN, Carpenter C, Gao W, et al. ‘Marker-of-
self’functionalization of nanoscale particles through a top-down cellular membrane coating 
approach. Nanoscale. 2013;5(7):2664-8.
199. Shih C-P, Tang X, Kuo CW, Chueh D-Y, Chen P. Design principles of bioinspired 
interfaces for biomedical applications in therapeutics and imaging. Frontiers in Chemistry. 
2022;10:990171.
200. Zhang Z, Qian H, Yang M, Li R, Hu J, Li L, et al. Gambogic acid-loaded biomimetic 
nanoparticles in colorectal cancer treatment. International journal of nanomedicine. 
2017:1593-605.
201. Han Y, Pan H, Li W, Chen Z, Ma A, Yin T, et al. T cell membrane mimicking nanoparticles 
with bioorthogonal targeting and immune recognition for enhanced photothermal therapy. 
Advanced Science. 2019;6(15):1900251.
202. He Q, Jiang X, Zhou X, Weng J. Targeting cancers through TCR-peptide/MHC 
interactions. Journal of hematology & oncology. 2019;12:1-17.
203. Asadi K, Gholami A. Virosome-based nanovaccines; a promising bioinspiration and 
biomimetic approach for preventing viral diseases: A review. International journal of biological 
macromolecules. 2021;182:648-58.
204. Shen L, Zhou J, Wang Y, Kang N, Ke X, Bi S, et al. Efficient encapsulation of Fe3O4 
nanoparticles into genetically engineered hepatitis B core virus-like particles through a specific 
interaction for potential bioapplications. Small. 2015;11(9-10):1190-6.
205. Naskar A, Kim K-s. Nanomaterials as delivery vehicles and components of new 
strategies to combat bacterial infections: Advantages and limitations. Microorganisms. 
2019;7(9):356.
206. Li S-Y, Cheng H, Qiu W-X, Zhang L, Wan S-S, Zeng J-Y, et al. Cancer cell membrane-
coated biomimetic platform for tumor targeted photodynamic therapy and hypoxia-amplified 
bioreductive therapy. Biomaterials. 2017;142:149-61.

Page 46 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


47

207. Fang RH, Hu C-MJ, Luk BT, Gao W, Copp JA, Tai Y, et al. Cancer cell membrane-coated 
nanoparticles for anticancer vaccination and drug delivery. Nano letters. 2014;14(4):2181-8.
208. Shiga K, Hara M, Nagasaki T, Sato T, Takahashi H, Takeyama H. Cancer-associated 
fibroblasts: their characteristics and their roles in tumor growth. Cancers. 2015;7(4):2443-58.
209. Corbett KS, Edwards DK, Leist SR, Abiona OM, Boyoglu-Barnum S, Gillespie RA, et al. 
SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen preparedness. Nature. 
2020;586(7830):567-71.
210. Qu F, Geng R, Liu Y, Zhu J. Advanced nanocarrier-and microneedle-based transdermal 
drug delivery strategies for skin diseases treatment. Theranostics. 2022;12(7):3372.
211. Loiola LM, Batista M, Capeletti LB, Mondo GB, Rosa RS, Marques RE, et al. Shielding 
and stealth effects of zwitterion moieties in double-functionalized silica nanoparticles. Journal 
of colloid and interface science. 2019;553:540-8.
212. Lin G, Zhou J, Cheng H, Liu G. Smart Nanosystems for Overcoming Multiple Biological 
Barriers in Cancer Nanomedicines Transport: Design Principles, Progress, and Challenges. 
Small. 2023;19(28):2207973.
213. Xu C-H, Ye P-J, Zhou Y-C, He D-X, Wei H, Yu C-Y. Cell membrane-camouflaged 
nanoparticles as drug carriers for cancer therapy. Acta biomaterialia. 2020;105:1-14.
214. Tenzer S, Docter D, Kuharev J, Musyanovych A, Fetz V, Hecht R, et al. Rapid formation 
of plasma protein corona critically affects nanoparticle pathophysiology.  Nano-enabled 
medical applications: Jenny Stanford Publishing; 2020. p. 251-78.
215. Du X-J, Wang J-L, Iqbal S, Li H-J, Cao Z-T, Wang Y-C, et al. The effect of surface charge 
on oral absorption of polymeric nanoparticles. Biomaterials science. 2018;6(3):642-50.
216. González-García LE, MacGregor MN, Visalakshan RM, Lazarian A, Cavallaro AA, 
Morsbach S, et al. Nanoparticles surface chemistry influence on protein corona composition 
and inflammatory responses. Nanomaterials. 2022;12(4):682.
217. Beach MA, Nayanathara U, Gao Y, Zhang C, Xiong Y, Wang Y, et al. Polymeric 
nanoparticles for drug delivery. Chemical Reviews. 2024;124(9):5505-616.
218. Leong J, Teo JY, Aakalu VK, Yang YY, Kong H. Engineering polymersomes for diagnostics 
and therapy. Advanced healthcare materials. 2018;7(8):1701276.
219. Jia H-R, Zhu Y-X, Liu X, Pan G-Y, Gao G, Sun W, et al. Construction of dually responsive 
nanotransformers with nanosphere–nanofiber–nanosphere transition for overcoming the 
size paradox of anticancer nanodrugs. ACS nano. 2019;13(10):11781-92.
220. Rafik ST, Vaidya JS, MacRobert AJ, Yaghini E. Organic Nanodelivery Systems as a New 
Platform in the Management of Breast Cancer: A Comprehensive Review from Preclinical to 
Clinical Studies. Journal of Clinical Medicine. 2023;12(7):2648.
221. Tawfik NM, Teiama MS, Iskandar SS, Osman A, Hammad SF. A novel nanoemulsion 
formula for an improved delivery of a thalidomide analogue to triple-negative breast cancer; 
synthesis, formulation, characterization and molecular studies. International Journal of 
Nanomedicine. 2023:1219-43.
222. Llaguno-Munive M, Vazquez-Lopez MI, Garcia-Lopez P. Solid Lipid Nanoparticles, an 
Alternative for the Treatment of Triple-Negative Breast Cancer. 2024.
223. Chaudhuri A, Kumar DN, Srivastava SK, Kumar D, Patil UK, Parmar AS, et al. 
Combinatorial Delivery of Docetaxel- and Erlotinib-Loaded Functionalized Nanostructured 
Lipid Carriers for the Treatment of Triple-Negative Breast Cancer Using Quality-by-Design 
Approach. Pharmaceutics. 2024;16(7):926.
224. Weaver JW, Zhang J, Rojas J, Musich PR, Yao Z, Jiang Y. The application of exosomes 
in the treatment of triple-negative breast cancer. Frontiers in Molecular Biosciences. 
2022;9:1022725.
225. Alven S, Aderibigbe BA. The therapeutic efficacy of dendrimer and micelle 
formulations for breast cancer treatment. Pharmaceutics. 2020;12(12):1212.

Page 47 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


48

226. Persano F, Gigli G, Leporatti S. Lipid-polymer hybrid nanoparticles in cancer therapy: 
Current overview and future directions. Nano Express. 2021;2(1):012006.
227. Soprano E, Polo E, Pelaz B, Del Pino P. Biomimetic cell-derived nanocarriers in cancer 
research. Journal of Nanobiotechnology. 2022;20(1).
228. St-Denis-Bissonnette F, Khoury R, Mediratta K, El-Sahli S, Wang L, Lavoie JR. 
Applications of extracellular vesicles in triple-negative breast cancer. Cancers. 2022;14(2):451.
229. Wang J, Li Y, Nie G. Multifunctional biomolecule nanostructures for cancer therapy. 
Nature Reviews Materials. 2021;6(9):766-83.
230. Li A, Zhao J, Fu J, Cai J, Zhang P. Recent advances of biomimetic nano-systems in the 
diagnosis and treatment of tumor. Asian journal of pharmaceutical sciences. 2021;16(2):161-
74.
231. Saleem J, Wang L, Chen C. Carbon-based nanomaterials for cancer therapy via 
targeting tumor microenvironment. Advanced healthcare materials. 2018;7(20):1800525.
232. Cui X, Liang Z, Lu J, Wang X, Jia F, Hu Q, et al. A multifunctional nanodiamond-based 
nanoplatform for the enhanced mild-temperature photothermal/chemo combination therapy 
of triple negative breast cancer via an autophagy regulation strategy. Nanoscale. 
2021;13(31):13375-89.
233. Jain V, Kumar H, Anod HV, Chand P, Gupta NV, Dey S, et al. A review of 
nanotechnology-based approaches for breast cancer and triple-negative breast cancer. 
Journal of Controlled Release. 2020;326:628-47.
234. Xu X, Zhang R, Yang X, Lu Y, Yang Z, Peng M, et al. A Honeycomb-Like 
Bismuth/Manganese Oxide Nanoparticle with Mutual Reinforcement of Internal and External 
Response for Triple-Negative Breast Cancer Targeted Therapy. Advanced Healthcare 
Materials. 2021;10(18):2100518.
235. Kong X, Qi Y, Wang X, Jiang R, Wang J, Fang Y, et al. Nanoparticle drug delivery systems 
and their applications as targeted therapies for triple negative breast cancer. Progress in 
Materials Science. 2023;134:101070.
236. Emad B, WalyEldeen AA, Hassan H, Sharaky M, Abdelhamid IA, Ibrahim SA, et al. 
Yttrium oxide nanoparticles induce cytotoxicity, genotoxicity, apoptosis, and ferroptosis in the 
human triple-negative breast cancer MDA-MB-231 cells. BMC cancer. 2023;23(1):1151.
237. Núñez C, Estévez SV, del Pilar Chantada M. Inorganic nanoparticles in diagnosis and 
treatment of breast cancer. JBIC Journal of Biological Inorganic Chemistry. 2018;23:331-45.
238. Díaz-García D, Díaz-Sánchez M, Álvarez-Conde J, Gómez-Ruiz S. Emergence of 
Quantum Dots as Innovative Tools for Early Diagnosis and Advanced Treatment of Breast 
Cancer. ChemMedChem. 2024;19(16):e202400172.
239. Rajana N, Mounika A, Chary PS, Bhavana V, Urati A, Khatri D, et al. Multifunctional 
hybrid nanoparticles in diagnosis and therapy of breast cancer. Journal of Controlled Release. 
2022;352:1024-47.
240. Desai N, Rana D, Patel M, Bajwa N, Prasad R, Vora LK. Nanoparticle Therapeutics in 
Clinical Perspective: Classification, Marketed Products, and Regulatory Landscape. Small. 
2025:2502315.
241. La-Beck NM, Islam MR, Markiewski MM. Nanoparticle-induced complement 
activation: implications for cancer nanomedicine. Frontiers in immunology. 2021;11:603039.
242. Gawne PJ, Ferreira M, Papaluca M, Grimm J, Decuzzi P. New opportunities and old 
challenges in the clinical translation of nanotheranostics. Nature Reviews Materials. 
2023;8(12):783-98.
243. Đorđević S, Gonzalez MM, Conejos-Sánchez I, Carreira B, Pozzi S, Acúrcio RC, et al. 
Current hurdles to the translation of nanomedicines from bench to the clinic. Drug delivery 
and translational research. 2022;12(3):500-25.

Page 48 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


49

244. Younis MA, Tawfeek HM, Abdellatif AA, Abdel-Aleem JA, Harashima H. Clinical 
translation of nanomedicines: Challenges, opportunities, and keys. Advanced drug delivery 
reviews. 2022;181:114083.
245. Peng C. Nanomedicine development and clinical translation. Frontiers Media SA; 
2024. p. 1458690.
246. Guo H, Guo M, Xia Z, Shao Z. Membrane-coated nanoparticles as a biomimetic 
targeted delivery system for tumour therapy. Biomaterials Translational. 2024;5(1):33.
247. Aloss K, Hamar P. Recent preclinical and clinical progress in liposomal doxorubicin. 
Pharmaceutics. 2023;15(3):893.
248. Li Y, Saba L, Scheinman RI, Banda NK, Holers M, Monte A, et al. Nanoparticle-binding 
immunoglobulins predict variable complement responses in healthy and diseased cohorts. 
ACS nano. 2024;18(42):28649-58.
249. Baranwal J, Barse B, Di Petrillo A, Gatto G, Pilia L, Kumar A. Nanoparticles in cancer 
diagnosis and treatment. Materials. 2023;16(15):5354.
250. Gavas S, Quazi S, Karpiński TM. Nanoparticles for cancer therapy: current progress 
and challenges. Nanoscale research letters. 2021;16(1):173.
251. Jia G, Han Y, An Y, Ding Y, He C, Wang X, et al. NRP-1 targeted and cargo-loaded 
exosomes facilitate simultaneous imaging and therapy of glioma in vitro and in vivo. 
Biomaterials. 2018;178:302-16.
252. Awasthi R, Pant I, T Kulkarni G, Satiko Kikuchi I, de Jesus Andreoli Pinto T, Dua K, et al. 
Opportunities and challenges in nano-structure mediated drug delivery: where do we stand? 
Current Nanomedicine (Formerly: Recent Patents on Nanomedicine). 2016;6(2):78-104.
253. Joseph TM, Kar Mahapatra D, Esmaeili A, Piszczyk Ł, Hasanin MS, Kattali M, et al. 
Nanoparticles: taking a unique position in medicine. Nanomaterials. 2023;13(3):574.
254. Xia Y, Rao L, Yao H, Wang Z, Ning P, Chen X. Engineering macrophages for cancer 
immunotherapy and drug delivery. Advanced Materials. 2020;32(40):2002054.
255. Dobrovolskaia MA, Aggarwal P, Hall JB, McNeil SE. Preclinical studies to understand 
nanoparticle interaction with the immune system and its potential effects on nanoparticle 
biodistribution. Molecular pharmaceutics. 2008;5(4):487-95.
256. Akinc A, Zumbuehl A, Goldberg M, Leshchiner ES, Busini V, Hossain N, et al. A 
combinatorial library of lipid-like materials for delivery of RNAi therapeutics. Nature 
biotechnology. 2008;26(5):561-9.
257. Dilliard SA, Siegwart DJ. Passive, active and endogenous organ-targeted lipid and 
polymer nanoparticles for delivery of genetic drugs. Nature Reviews Materials. 2023;8(4):282-
300.
258. Schork NJ. Personalized medicine: time for one-person trials. Nature. 
2015;520(7549):609-11.
259. Hoover EC, Ruggiero OM, Swingler RN, Day ES. FZD7-targeted nanoparticles to 
enhance doxorubicin treatment of triple-negative breast cancer. ACS omega. 
2024;9(12):14323-35.
260. Li J, Zhang Y, Shao C, Bai Y, Wang P, Ren T. Utilization of DOX–Fe complex and RSL3 
co-loaded liposomes in ferroptosis-enhanced treatment of triple-negative breast cancer. Drug 
Delivery. 2025;32(1):2592412.
261. Rahdari T, Mahdavimehr M, Ghafouri H, Ramezanpour S, Ehtesham S, Asghari SM. 
Advancing triple-negative breast cancer treatment through peptide decorated solid lipid 
nanoparticles for paclitaxel delivery. Scientific Reports. 2025;15(1):6043.
262. Pulukuri AJ, Dhull A, Dar AI, Rani A, Sharma R, Berkman CE, et al. Dendrimer-Mediated 
Delivery Enhances Therapeutic Efficacy in Triple-Negative Breast Cancer. Biomacromolecules. 
2025;26(9):5979-6000.

Page 49 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


50

263. Zhang M, Bao S, Qiu G, Liang J, Wang Q, Zhu X, et al. An magnetic-targeting nano-
diagnosis and treatment platform for TNBC. Breast Cancer: Targets and Therapy. 2023:101-
19.
264. Duro-Castano A, Sousa-Herves A, Armiñán A, Charbonnier D, Arroyo-Crespo JJ, 
Wedepohl S, et al. Polyglutamic acid-based crosslinked doxorubicin nanogels as an anti-
metastatic treatment for triple negative breast cancer. Journal of Controlled Release. 
2021;332:10-20.

Page 50 of 51Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c


No primary research results, software or code have been included, and no new data were 
generated or analysed as part of this work.

Page 51 of 51 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
:0

5:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NA00907C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00907c

