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Multidrug resistance (MDR) remains one of the most critical barriers to successful cancer 

chemotherapy, causing relapse, metastasis, and treatment failure. MDR arises through a 

network of mechanisms including drug efflux transporter overexpression (e.g., P-

glycoprotein/ABCB1, BCRP/ABCG2, MRPs), apoptosis evasion, enhanced DNA repair, 

tumor hypoxia, metabolic reprogramming, and cancer stem cell (CSC) survival. 

Conventional attempts to reverse MDR using efflux pump inhibitors have largely failed 

clinically due to systemic toxicity and pharmacokinetic drug–drug interactions. 

Nanoengineered drug delivery systems offer a transformative solution by altering 

biodistribution, improving intracellular drug accumulation, bypassing membrane efflux via 

endocytosis, enabling stimuli-responsive release, and supporting co-delivery of 

chemosensitizers, gene regulators (siRNA/shRNA), or immunomodulators. 

Advanced nanocarriers—including liposomes, solid lipid nanoparticles, polymeric 

nanoparticles, micelles, dendrimers, mesoporous silica, gold nanoparticles, and hybrid 

biomimetic systems—can be tuned by nanoengineering to control size, surface charge, 

stealth behavior, and ligand-directed targeting. Additionally, tumor microenvironment 

(TME) features such as acidic pH, high glutathione (GSH), hypoxia, enzyme overexpression, 

and abnormal vasculature can be exploited for precision release, thereby improving 

therapeutic index while reducing systemic toxicity. Case studies demonstrate that nano-

enabled co-delivery strategies (e.g., doxorubicin + MDR1/P-gp siRNA; paclitaxel + 

chemosensitizers) significantly resensitize resistant tumors in preclinical models. However, 

clinical translation remains challenged by immunogenicity, rapid clearance, scale-up 

constraints, batch reproducibility, regulatory complexity, and limited patient stratification for 

EPR variability. 

This review critically analyzes MDR biology, nanoengineering frontiers, and clinically 

relevant design principles, and provides a roadmap for bench-to-bedside translation. Future 

success will depend on scalable manufacturing, strong safety evaluation, biomarker-driven 

patient selection, and rational combination therapies aligned with cancer resistance biology. 
 
 

I.  Introduction 

The Urgency of Overcoming Multidrug Resistance 

Cancer chemotherapy fails in many patients not because 

drugs are weak, but because tumor cells become adaptive 

systems capable of resisting multiple unrelated drugs [1-

4]. MDR is especially common in aggressive cancers such 

as triple-negative breast cancer, ovarian cancer, pancreatic 

cancer, hepatocellular carcinoma, lung cancer, leukemia, 

and metastatic tumors. The hallmark of MDR is that after 

exposure to one drug, cancer cells may develop cross-

resistance to several drugs with different mechanisms [5-

8]. 

Historically, MDR was linked strongly to efflux pumps 

(especially P-gp), which actively export anticancer drugs 

out of cells, decreasing intracellular drug concentration 

[9-12]. Unfortunately, direct MDR inhibitors (1st–3rd 

generation efflux blockers) failed due to toxicity, low 
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selectivity, and unpredictable drug interactions. Modern 

nanomedicine therefore offers a more physiological 

strategy: instead of blocking pumps everywhere in the 

body, deliver the drug in a way that cancer cells cannot 

reject it. 

 

Nanoengineered delivery systems improve 

chemotherapy outcomes by: 

 Increasing tumor accumulation (passive/active 

targeting) 

 Enabling endocytosis-mediated uptake (bypassing 

pumps) 

 Delivering two or more agents with synchronized 

release 

 Exploiting TME triggers (pH, redox, enzymes, 

hypoxia) for on-site activation 

 Reducing systemic toxicity by controlled release and 

biodistribution design 

 

Clinical progress in nanomedicine has accelerated with 

approved products such as liposomal and albumin-bound 

formulations, and a newer wave of stimuli-responsive and 

combination systems reaching trials [13-16].  

 

2. The Biology of Multidrug Resistance in Cancer 

MDR is multifactorial, involving genetic, epigenetic, 

biochemical, and microenvironmental changes. It can be: 

 Intrinsic MDR: present before treatment (tumor 

heterogeneity) 

 Acquired MDR: develops after repeated drug 

exposure 

2.1 Core Molecular Mechanisms 

(A) Drug efflux transporters 

ABC transporters pump drugs out using ATP: 

 P-gp (ABCB1/MDR1) 

 MRP1 (ABCC1) 

 BCRP (ABCG2) 

These transporters lower intracellular drug concentration 

→ reduced cytotoxicity.  

 

(B) Drug target alteration 

Mutations or downregulation of target proteins reduce 

drug binding [17]. 

 

(C) Enhanced DNA repair 

Cancer cells increase repair after chemotherapy-induced 

DNA damage [18]. 

 

(D) Apoptosis evasion 

p53 defects, Bcl-2 upregulation, survival signaling 

(PI3K/Akt, NF-κB) [19]. 

 

(E) Tumor microenvironment (TME) resistance 

Hypoxia and acidic environment reduce drug effect and 

promote survival pathways [20]. 

 

(F) Cancer stem cells (CSCs) & EMT 

CSCs survive therapy, regenerate tumor, show high efflux 

and strong repair capacity [21]. 

 

Table 1: Major MDR Mechanisms and Nano-Intervention Opportunities 

MDR mechanism Key features Result Nano-strategy to overcome 

ABC efflux pumps (P-gp, 

BCRP, MRP) 
Active drug export 

Low 

intracellular 

drug 

Endocytosis uptake, pump-

silencing siRNA, co-delivery 

of inhibitors 

Apoptosis resistance p53 mutation, Bcl-2 ↑ Cell survival 
Co-delivery of pro-apoptotic 

drugs, mitochondria targeting 

DNA repair ↑ Repair enzymes ↑ Drug resistance 

Nuclear delivery, DNA 

damage amplification, ROS 

therapy 

TME hypoxia & acidity HIF-1α ↑, low pH 
Reduced drug 

response 

pH/hypoxia-triggered release, 

oxygen generators 

CSC survival & EMT Stemness, metastasis Relapse 

Targeting CSC markers, 

combination chemo + gene 

therapy 

Drug metabolism/detox 
CYP changes, 

glutathione pathways 

Drug 

inactivation 

Redox-triggered release, 

metabolic inhibitors 

               

(Adapted conceptually from MDR biology and nanomedicine strategies) 
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Fig. 1: Biology of Multidrug Resistance (MDR) in Cancer 

 
3. Nanoengineering Frontiers: Designing Versatile 

Delivery Platforms 

Nanoengineering means designing NPs with controlled 

size, surface chemistry, drug loading, targeting, and 

release behavior, to defeat MDR at multiple barriers [22]. 

 

The “best” nanocarrier is not universal; it must 

match: 

 drug physicochemical properties 

 tumor type and resistance mechanism 

 delivery route (IV/oral/local) 

 required release profile (fast vs sustained) 

 

3.1 Nanocarriers: Lipid-Based, Polymer-Based, and 

Inorganic Systems 

3.1.1 Lipid-based systems 

Liposomes, SLNs, NLCs provide high biocompatibility 

and easy encapsulation [23-25]. 

 

Advantages 

 biocompatible 

 good for hydrophobic + hydrophilic drugs 

 clinically proven platform (liposomes) 

 

Limitations 

 stability issues in plasma 

 leakage in storage unless optimized 

Lipid-based strategies are widely explored for resistant 

tumors due to biocompatibility and modifiable surfaces 

[26-28].  

 

3.1.2 Polymeric systems 

Includes PLGA NPs, PEG-PLA, micelles, dendrimers, 

nanogels [29]. 

 

Advantages 

 controlled release capability 

 high structural stability 

 stimulus-responsive linkers possible 

 

Limitations 

 polymer toxicity depends on chemistry 

 batch consistency issues 

 

3.1.3 Inorganic and hybrid nanosystems 

Includes: 

 mesoporous silica nanoparticles (MSNs) 

 gold nanoparticles 

 magnetic iron oxide NPs 

 carbon dots / quantum dots (theranostics) 

These can offer imaging + therapy, high loading, and 

triggered release. Classic evidence exists for MSNs co-

delivering doxorubicin + siRNA to overcome resistance 

[30].  

 

Table 2: Nanocarrier Classes and MDR-Reversal Strengths 

Platform Examples Best MDR advantage Major limitation 

Liposomes PEGylated liposomes Clinically validated, reduced toxicity Stability, leakage 

SLN/NLC lipid matrix carriers High uptake, scalable 
limited loading for 

hydrophilic drugs 

Polymeric 

NPs 
PLGA, PEG-PLA sustained release, tunable 

scale-up + 

reproducibility 

Micelles polymeric micelles solubilize hydrophobic drugs dilution instability 

Dendrimers PAMAM-based high functionalization potential toxicity 
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Platform Examples Best MDR advantage Major limitation 

MSNs mesoporous silica high loading + sequential release clearance concerns 

Gold/magnetic inorganic cores imaging + triggered delivery long-term safety 

 

 
Fig. 2: Nanoengineering Toolbox to Reverse MDR 

 
3.2 Targeting Strategies: Active Targeting, Passive 

Targeting, and Stimuli Responsiveness 

3.2.1 Passive targeting (EPR effect) 

Nanoparticles (typically 30–150 nm) can accumulate in 

tumors due to leaky vasculature and poor lymphatic 

drainage (EPR). This is the base principle behind many 

clinical nanomedicines [31-32].  

Reality: EPR differs widely between patients → one 

reason clinical results vary. 

 

3.2.2 Active targeting 

Active targeting = adding ligands to bind tumor receptors: 

 folate receptor (folic acid) 

 transferrin receptor 

 EGFR/HER2 antibodies 

 peptides (RGD-integrin binding) 

Active targeting improves internalization via receptor-

mediated endocytosis, aiding MDR bypass [33-35].  

3.2.3 Stimuli-responsive targeting 

Stimuli can be: 

 

Internal triggers 

 acidic pH (tumor/endosome) 

 high GSH (redox) 

 enzymes (MMPs, cathepsins) 

 hypoxia 

 

External triggers 

 light (photo-triggered release) 

 ultrasound 

 magnetic field 

Stimuli-responsive nanocarriers have strong potential for 

MDR reversal by localized activation and reduced off-

target toxicity [36-38].  

 

Table 3: Stimuli-Responsive Nano-Design for MDR Cancer 

Stimulus Tumor feature Smart design MDR benefit 

pH-triggered acidic TME/endosomes 
hydrazone linkers, pH-sensitive 

shells 
intracellular burst release 

Redox-triggered 
high GSH in tumor 

cells 
disulfide bonds 

releases drug inside 

resistant cells 

Enzyme-triggered MMP/cathepsins ↑ enzyme-cleavable peptides selective activation 

Hypoxia-

triggered 
low oxygen hypoxia-activated prodrugs 

works in resistant hypoxic 

zones 

Light-triggered external control photo-cleavable gates sequential release strategies 

 

3.3 Controlled Release and Pharmacokinetics 

Optimization 

A key nanoengineering victory is not only ―delivering 

more drug‖, but delivering it at the right time [39-42]. 

 

Important parameters: 



Journal of Health Synapse (JHS) 

Volume 1, Issue-2, April-June 2026 69 

 

 

 Drug release kinetics: burst vs sustained 

 Circulation time: PEGylation increases half-life but 

may reduce uptake 

 Size & charge: influences tumor penetration and 

immune clearance 

 Protein corona formation: changes targeting 

outcomes 

New clinical nanomedicines emphasize combination 

therapy, active targeting, and stimuli-responsiveness for 

real therapeutic gains [43-46].  

 

4. Overcoming Drug Efflux and Cellular Barriers with 

Nanotechnology 

4.1 Bypassing Efflux Pumps via Endocytosis 

This is the strongest nano-logic against MDR: 

 Free drug → enters via diffusion → efflux pumps expel it 

 Nano-drug → enters via endocytosis → avoids 

immediate efflux 

Once inside, drug release occurs near cytosol/organelles 

and can overwhelm resistance [47-50]. 

Co-delivery approach is highly effective: 

 chemo drug + P-gp siRNA/shRNA 

 chemo drug + chemosensitizer 

Non-viral co-delivery systems (siRNA + chemotherapy) 

are now among the most promising MDR reversal 

strategies [51-52]. 

 

 
Fig. 2: How Nanoparticles Bypass Efflux Pumps 

 

4.2 Tumor Microenvironment Modulation to Enhance 

Delivery 

4.2.1 Barriers 

 dense extracellular matrix (ECM) 

 high interstitial fluid pressure (IFP) 

 abnormal vasculature 

 immune suppression (M2 macrophages) 

 

4.2.2 Nano-solutions 

 ECM-degrading enzymes (hyaluronidase strategies) 

 oxygen modulation systems for hypoxia 

 macrophage reprogramming systems 

 charge-switching nanoparticles (neutral in blood → 

positive in tumor) 

Resistance and tumor heterogeneity are central reasons 

why MDR persists and why multifunctional nano-systems 

are preferred [53].  

 

4.3 Nuclear and Intracellular Targeting for Maximum 

Efficacy 

Many anticancer drugs act on DNA or nuclear targets 

(doxorubicin, cisplatin, etc.). MDR can block nuclear 

accumulation [54-55]. 

 

Nanoengineering routes 

 Endosomal escape peptides (proton sponge effect) 

 Nuclear localization signals (NLS peptides) 

 

Organelle targeting: 

 mitochondria targeting (triphenylphosphonium, TPP) 

 lysosome-targeted prodrugs 

Sequential and timed co-delivery is important: gene 

silencing first (P-gp ↓), then chemo release [56].  

 

5. Safety, Biocompatibility, and Translational 

Challenges 

5.1 Immunogenicity and Clearance Pathways 

Even effective nanoparticles can fail clinically because of: 

 opsonization (protein corona) 

 uptake by liver/spleen macrophages (MPS clearance) 

 complement activation (infusion reactions) 

 accelerated blood clearance after repeated dosing 

(anti-PEG) 

Nanomedicine–immune interactions are now considered a 

primary translation bottleneck [57].  

 

5.2 Scalability, Manufacturing Standards, and 

Regulatory Considerations 

To enter clinical use, nanomedicines require: 

 reproducible particle size & PDI 

 stable zeta potential profiles 

 validated loading/encapsulation efficiency 
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 release testing under physiologic conditions 

 GMP-compliant batch manufacturing 

 long-term stability data 

Clinical translation analysis highlights that successful 

products have strong manufacturability and clear clinical 

benefit over standard formulations.  

 

5.3 Long-Term Safety and Monitoring in Clinical 

Settings 

Long-term concerns: 

 inorganic NP accumulation in organs 

 chronic immune effects 

 off-target gene silencing (siRNA systems) 

 unexpected biodistribution in humans vs mice 

Therefore, regulatory agencies require robust safety 

profiling and post-marketing surveillance strategies [58].  

 

6. Case Studies: Promising Nanoengineered Solutions 

in Preclinical and Early Clinical Phases 

6.1 FDA/Clinically Established Nanomedicines 

Relevant to MDR 

Even though not designed specifically for MDR reversal, 

many approved nanomedicines contribute by: 

 improving tumor drug exposure 

 reducing toxicity → allowing higher effective dosing 

 improving tolerability for combination regimens 

 

Examples: 

 Doxil® (PEGylated liposomal doxorubicin) 

 Abraxane® (albumin-bound paclitaxel nanoparticles) 

 Onivyde® (liposomal irinotecan) 

 Vyxeos® (liposomal daunorubicin + cytarabine) 

These approvals are milestones proving nanomedicine 

clinical feasibility [59]. 

 

Table 4: Clinically Used Nanomedicines (Examples) and MDR-Relevance 

Product Type Drug Key clinical advantage MDR relevance 

Doxil® 
PEG-

liposome 
Doxorubicin reduces cardiotoxicity 

increases tumor exposure, 

can overwhelm efflux 

Abraxane® 
albumin 

NP 
Paclitaxel 

improved delivery vs 

Cremophor 

improves uptake & 

penetration 

Onivyde® liposome Irinotecan prolonged circulation more drug at tumor site 

Vyxeos® 
liposome 

combo 
Dauno + Ara-C fixed drug ratio synergy maintains synergistic ratio 

(Clinical nanomedicine landscape reviewed extensively) 

 

6.2 Co-delivery of siRNA + Chemotherapy (Strongest 

MDR-Specific Strategy) 

A modern high-impact strategy is to deliver: 

 Chemotherapy (kills tumor) 

 siRNA/shRNA against MDR pathways (P-gp/MDR1, 

anti-apoptosis genes) 

Non-viral vector co-delivery systems have rapidly 

progressed because siRNA alone is unstable and weak 

clinically, but becomes powerful when combined in one 

nanoparticle. 

 

6.3 Mesoporous Silica Nanoparticles (MSNs) for Drug 

+ Gene Co-Delivery 

A landmark approach demonstrated co-delivery of 

doxorubicin + siRNA using multifunctional MSNs to 

resensitize MDR cells [60].  

 

Why MSNs are useful 

 high drug loading 

 gated release designs possible 

 sequential release potential 

 

6.4 Stimuli-responsive sequential release systems 

Sequential release = gene silencing first → chemotherapy 

next. 

Light-triggered sequential release strategies have shown 

improved MDR reversal by controlling timing [61].  

 

7. Strategic Roadmap: From Lab Bench to Patient 

Benefit 
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Fig. 4: Bench-to-bedside Roadmap 

 

To convert nano-MDR research into clinical reality, 

follow a stage-wise pipeline: 

 

Stage 1: Resistance biology mapping 

 Identify the dominant MDR mechanism (efflux vs 

apoptosis vs hypoxia etc.) 

Stage 2: Rational nanocarrier selection 

 choose lipid/polymer/inorganic based on drug and 

tumor needs 

Stage 3: Quality-by-design nanoengineering 

 optimize size, charge, loading, release, stability, 

targeting ligand density 

Stage 4: Predictive in-vitro models 

 2D MDR cell lines (e.g., MCF-7/ADR) 

 3D tumor spheroids 

 tumor-on-chip platforms 

Stage 5: In-vivo validation 

 orthotopic MDR xenografts 

 biodistribution studies 

 immunotoxicity assessment 

Stage 6: Translation readiness 

 GMP manufacturability 

 batch reproducibility 

 stability at storage conditions 

 regulatory documentation 

Clinical translation frameworks emphasize that successful 

nanomedicines solve manufacturability + clinical benefit 

simultaneously [62].  

 

8. Conclusion 

Nanoengineered drug delivery systems provide a highly 

rational and clinically realistic path to overcome 

multidrug resistance in cancer. By bypassing membrane 

efflux pumps through endocytosis, co-delivering 

chemosensitizers or gene silencers, and exploiting tumor 

microenvironment triggers for controlled release, 

nanomedicine directly targets the biological roots of 

resistance rather than relying on systemic MDR inhibitors. 

The most promising direction is multifunctional 

combination nanotherapy—particularly chemo-siRNA co-

delivery platforms—because MDR is not a single-gene 

problem but a network phenotype. Nonetheless, 

translation remains limited by immune clearance, safety 

concerns, and manufacturing barriers. Future clinical 

success will depend on standardized GMP scale-up, 

strong long-term safety monitoring, and biomarker-guided 

patient selection to address EPR variability and tumor 

heterogeneity. With these strategies, nanoengineered 

therapeutics can shift MDR cancer therapy from ―dose 

escalation‖ to precision resensitization, improving 

survival and reducing toxicity. 
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