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1 Introduction 

1.1 Lipid-based nanoparticles for RNAi therapy 

RNA interference (RNAi) is a biological defense mechanism against exogenous gene 

invasion, discovered by pioneering studies in the 1990s [1,2]. The process involves the 

formation of an RNA-induced silencing complex, which targets and binds to message RNA, 

selectively downregulating gene expression at the post-transcriptional level (Figure 1) 

[3,4]. Around ten years later, it was first demonstrated that double-stranded RNA with 21 

and 22 nucleotides could induce RNA silencing in mammalian cells without eliciting 

nonspecific interferon responses [5]. In 2002, researchers first demonstrated the feasibility 

of in vivo gene silencing facilitated by small interfering RNA (siRNA) [6]. Andrew Fire and 

Craig C. Mello were awarded the 2006 Nobel Prize in Physiology or Medicine for their 

excellent work on RNAi. The siRNAs were rapidly developed into interference tools for 

many disease treatments (e.g., cancer [7,8] and genetic disorders [9,10]) in multiple 

biological areas, as they hold the ability to inhibit gene sequences through a base 

sequence alone efficiently.  

 

Figure 1. MicroRNA and siRNA working mechanisms. Reprinted with permission [3]. Copyright 

2020, Springer Nature.  
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Despite achieving groundbreaking progress, the clinical application of siRNA therapeutics 

was initially hindered by various issues, including toxicity, off-target effects, inefficient 

delivery, and poor stability. The first clinical trial used unmodified siRNA, which induced 

severe immune-related toxicity and achieved unsatisfactory RNAi effects [11,12]. Naked, 

unmodified siRNAs at high concentrations can scarcely Toll-like receptor 3 or 

serine/threonine protein kinase capture, subsequently triggering systemic immune 

responses [13–15]. Additionally, base mismatching occasionally arises in siRNA 

sequences, causing binding to off-target RNAs. This interaction may lead to translational 

suppression or degradation of the off-target RNAs. Moreover, naked siRNAs are prone to 

rapid degradation by endogenous ribonucleases and phosphatases in the bloodstream 

after intravenous injection (with a half-life of around 15 min in serum) [16,17]. These issues 

can be addressed through chemical modification of the siRNA backbone and nucleotides, 

sequence selection of antisense strands, formulation of RNAi triggers, and so on [4]. 

Especially, the delivery of large, negatively charged siRNAs to mammalian cells is greatly 

enhanced through fusing with molecules capable of penetrating cell lipid bilayers or 

encapsulating siRNAs into lipid-based nanoparticles, including liposomes, lipid 

nanoparticles (LNPs), lipid−polymer hybrid nanoparticles, and lipid calcium phosphate 

nanoparticles.  

Lipid-based nanoparticles, typically consist of three essential components: 

cationic/ionizable lipids, poly(ethylene glycol) (PEG) lipids, and helper lipids. Cationic 

lipids, such as 1,2-dioleoyl-3-trimethylammonium propane (DOTAP), can form stable 

lipoplexes with anionic nucleic acids by electrostatic interaction, neutralize the anionic 

nucleic acid molecules and facilitate endocytosis [18,19]. Ionizable lipids provide a pH-

specific response, which makes them positively charged at endosomal pH, facilitating the 

escape of gene sequences from endosomes to the cytoplasm and promoting membrane 

destabilization [20]. Neutral helper lipids, including fusogenic lipids and cholesterol. For 

fusogenic lipids, such as 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolam and 

1,2-dioctadecanoyl-sn-glycero-3-phosphocholine (DSPC), they are also widely used to 

promote endosomal membrane destabilization and aid in endosomal escape through 

membrane fusion [21]. Furthermore, phospholipids composition and properties influence 

lipid-based nanoparticles stability and permeability. By selecting specific phospholipids 
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with desired characteristics, researchers can tailor formulations to achieve optimal stability 

and drug release kinetics. As another important helper lipid, cholesterol can insert the 

phospholipid layer, modulate the fluidity of the lipid bilayer, prevent leakage of 

encapsulated substances, and improve the rigidity of liposomes [22,23].  

After tremendous efforts, the first RNAi-based therapeutic medicine, Patisiran (Onpattro), 

was approved by the United States Food and Drug Administration (FDA) in 2018 to treat 

hereditary transthyretin amyloidosis. This approval represents a significant milestone in 

the advancement of siRNA therapeutics. Up to now, four more siRNA drugs have been 

approved for clinical application, including Givosiran (Givlaari), Lumasiran (Oxlumo), 

Inclisiran (Leqvio), and Vutrisiran (Amvutta) (Table 1).  

Table 1. siRNA drugs approved by FDA as of 2023. Reprinted with permission [24]. Copyright 

2023, Springer Nature.  

 

1.1.1 Liposomes  

In the mid-1960s, Bangham discovered that phospholipids with excellent biocompatibility 

could spontaneously form closed bilayer structures through hydration, later called 

liposomes [25]. Liposomes contain an aqueous cavity enclosed by one or more lipid 

bilayers; they are ideal candidates for drug delivery due to their ability to fuse with 
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mammalian cell membranes and encapsulate various drugs with varying hydrophilicity 

and hydrophobicity. Therefore, delivering large, negatively charged, hydrophilic siRNA 

with non-viral liposomes has become an increasingly attractive strategy for successful 

RNAi therapy. Liposomes exhibit several superiorities in intracellular delivery of siRNA: 1) 

effectively avoiding fast degradation of the loaded nucleic acid; 2) selectively 

accumulating in pathological tissues (such as tumor and thrombus) through enhanced 

permeability and retention effect and/or active targeting utilizing antibodies, aptamers, 

proteins, peptides, or ligands; 3) endowing high loading efficacy through pH gradient 

adjustment; 4) low immunogenicity phospholipids consist of hydrocarbon tail and 

phosphoric acid-based head, which can be degraded by phospholipase. Recent 

researches on liposome-based siRNA delivery systems mainly focus on exploring the 

influence of surface characterization, lipid composition, drug-to-lipid ratio, and excipients 

on intracellular delivery efficiency [21].  

Liposomes offer a clinically adaptable platform for delivering siRNA to treat diseases 

requiring localized therapy, such as pachyonychia congenital, solid tumors, respiratory 

virus infections, and age-related macular degeneration. In 2009, Arbutus Biopharma 

Corporation carried out the first clinical trial of siRNA liposomes to evaluate liposome 

safety, tolerability, pharmacokinetics, and pharmacodynamics in subjects with high 

cholesterol [26]. Six years later, MD Anderson Cancer Center started the first study of the 

efficacy of liposomal siRNA-mediated treatment in phase I clinical trials of advanced or 

recurrent solid tumors. This study used 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine-

encapsulated siRNA targets ephrin type-A receptor 2. Corresponding results will be 

published in 2025.  

1.1.2 LNPs  

The first FDA-approved RNAi therapeutic was achieved with the help of LNPs. Unlike 

liposomes, typical LNPs only possess a single lipid outer layer encapsulating an electron-

dense core, where ionizable lipids aggregate into inverted micelles surrounding the RNA 

molecules. Ionizable lipids containing secondary and/or tertiary amines are crucial in 

LNPs, providing pH-specific responsiveness. These lipids hold pKa values below 7, which 
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means that the structures have positive charges when protonated under acidic 

environments and can combine nucleic acids, while remaining neutral under physiologic 

conditions. Additionally, in lysosomal/endosomal acidic environments, protonated 

ionizable lipids facilitate the transfer of siRNA into the cytosol, effectively avoiding 

degradation. These characteristics underscore the significance of LNPs as candidates for 

RNA delivery.  

Clinically, in addition to Patisiran, more than seven LNP siRNA drugs have entered trials. 

Specifically, ALN-PCS02, one siRNA-LNP drug developed by Alnylam Pharmaceuticals, 

targets the proprotein convertase subtilisin/kexin type 9 (PCSK9) gene, leading to the 

downregulation of corresponding protein levels [27]. The PCSK9 protein, primarily 

produced in the liver, is crucial in regulating low-density lipoprotein (LDL) cholesterol 

levels in the blood. Elevated PCSK9 levels are associated with increased LDL cholesterol 

levels, posing a risk factor for cardiovascular diseases such as atherosclerosis, heart 

attack, and stroke. Therefore, ALN-PCS02 helps lower LDL cholesterol levels in patients 

with hypercholesterolemia or familial hypercholesterolemia, potentially reducing their risk 

of cardiovascular complications. Additionally, siRNA LNP drugs ALN-VSP02, TKM-

080301, and DCR-MYC also have entered clinical trials. They can specifically target 

cancer-related genes, including vascular endothelial growth factor, Eglin 5 (EG5), polo-

like kinase 1, and MYC, affecting tumor proliferation, angiogenesis, and metastasis. 

Notably, they offer the advantages of avoiding adverse reactions associated with 

radiotherapy and chemotherapy while mitigating drug resistance. Moreover, siRNA LNPs 

are being developed for hepatic fibrosis and Idiopathic pulmonary fibrosis treatments.  

1.1.3 Lipid−polymer hybrid nanoparticles 

Combining with cationic polymers or oligomers offers another avenue for LNPs and 

liposomes, benefiting both systems. The lipid component provides stability, 

biocompatibility, and versatility. At the same time, the polymeric or oligomeric component 

enhances structural integrity, regulates siRNA release, and enables surface modification 

for targeted delivery. One of the most commonly used polymers is polyethyleneimine (PEI), 

employed in delivering nucleic acids into eukaryotic cells since 1995 [28]. It has the 
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advantages of chain flexibility and the high protonable ability of the tertiary amine group, 

enabling it to bind to negatively charged nucleic acid and facilitating high endosomal 

escape. Take an example, liposomes composed of 1,2-di-(9Z-octadecenoyl)-sn-glycero-

3-phosphoethanolamine (DOPE)/dipalmitoylphosphatidylcholine/cholesterol were used to 

encapsulate PEI-complexed siRNA for ovarian tumor therapy [29].  

In our group, a library of functional lipo-oligomers was established to complex nucleic acid 

via electrostatic interaction. These amino acids-based lipo-oligomers were synthesized 

using solid-phase supported peptide synthesis (SPPS) methodology. Lysine were 

adopted as branching sites, fatty acids as hydrophobic domains, and cysteines as 

crosslinking terminals. By integrating well-designed artificial amino acids, we synthesized 

linear, 3-armed, 4-armed, T-, i-, and U-shaped oligomers for gene delivery [30]. Moreover, 

introducing tyrosine tripeptides into the backbone improves the stability of lipopolyplexes 

and promotes the self-assembly of lipo-oligomer and siRNA through π–π interactions of 

the aromatic rings. The imidazole group within the histidine domain in the lipo-oligomer 

facilitates endosomal escape. Based on sequenced defined-lipo-oligomers, Luo et al. 

synthesized a cationizable lipo-oligomer backbone in a T-shape configuration coupled 

with atherosclerotic plaque-specific peptide-1 for targeting delivery [16]. Importantly, they 

adopted siEG5 (a member of the kinesin-5 family) to influence the assembly of the mitotic 

spindle apparatus, ultimately leading to mitotic arrest and tumor cell death.  

1.1.4 Lipid-calcium-phosphate nanoparticles 

Lipid-calcium-phosphate nanoparticles are a typical lipid-coated gene delivery platform, 

formed by coating one lipid bilayer on the surface of calcium phosphate nanoparticles 

[31,32]. Since the 1970s, calcium phosphate precipitates with good biocompatibility and 

biodegradability have been applied for in vitro transfection. The interaction between 

calcium ion and phosphate group within the gene sequence provides efficient nucleic acid 

encapsulation [33]. Furthermore, calcium phosphate exhibits an acid-responsive property, 

facilitating the transfer of nucleic acid from endosomes/lysosomes to the cytosol.  

As a pioneer, Huang’s lab developed the first generation of this core/shell structure to 

deliver siRNA [34]. This innovative structure consists of a sodium citrate-stabilized core 
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and a cationic liposome shell (1:1 molar ratio of DOTAP/cholesterol), which enhanced 

gene silencing efficacy of around 3–4 folds compared to liposome-polycation-siRNA 

formulation. In the second generation, researchers adopted anionic dioleoylphosphatydic 

acid as the inner leaflet lipid to avoid aggregation of the calcium phosphate core. 

Furthermore, compared with the first generation, the diameter of the optimized formulation 

is significantly reduced (around 25–30 nm), thereby modulating its in vivo distribution. For 

both generations, the Ca/P molar ratio is a crucial factor in controlling size, zeta potential, 

dispersion, and siRNA loading efficiency [35].  

1.2 Major challenges of lipid-based nanoparticles for RNAi therapy 

Over the past three decades, chemists, biologists, and material scientists have devoted 

extensive efforts to develop novel lipid-based formulations for siRNA delivery, with the aim 

of better understanding the chemical and biophysical properties of vehicles to enable 

effective therapy in clinical trials. Generally, the research directions address the following 

limitations in lipid-based gene delivery systems, including low endosomal escape efficacy, 

poor specificity, potential toxicity, etc.  

Endosomal escape is a major biological barrier in realizing efficient gene silencing by non-

viral lipid-based nanosystems [36]. Normally, nanoparticles are internalized via 

endocytosis; as they progress through the endosomal pathway, the environment gradually 

becomes acidic (pH 6.5 for early endosomes) as they develop into late endosomes (pH 

4–5). Biological therapeutics will be degraded by hydrolases if they cannot escape from 

late endosomes [37]. Studies adopting intracellular imaging proved that only 1–2% of lipid-

based vehicles could escape from endosomes [38].  

In addition to the endosomal escape issue, biosafety problems caused by poor specificity 

and targeting also hinder applications of lipid-based systems. Mostly, they tend to 

accumulate in the liver and kidneys, taking function in metabolic and immune organs 

(Figure 2) [39]. During blood circulation, serum apolipoprotein E usually adsorbs on the 

surface of nanoparticles, which results in uptake by liver hepatocytes via LDL receptors 
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[40]. Moreover, the special hepatic anatomy, like hepatic sinusoids, can promote the 

extravasation of nanoparticles [41].  

 

Figure 2 ． In vivo fates of nanovaccines administered by various routes. Reprinted with 

permission [39]. Copyright 2022, Elsevier.  

Besides non-targeted accumulation, the potential toxicity and intrinsic immunogenicity of 

the carriers and RNA are also severe. After first injection, the body can generate anti-PEG 

antibodies, accelerating the blood clearance of PEGylated lipid nanocarriers upon 

subsequent injections [42]. Moreover, hypersensitivity reaction is another immune 

response to lipid-based nanoparticles, known as complement activation-related 

pseudoallergy. RNA sequence may also have immunogenicity by stimulating immune 

responses via Toll-like receptor and/or retinoic acid-inducible gene I sensing mechanisms 
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[43,44]. Stimulating the production of interleukin-1 receptor-associated cytokines through 

alternative sensing pathways, which can also induce reactogenicity [45,46].  

1.3 Mechanisms for endosomal escape  

To explain the endosomal escape of lipid-based nanoparticles, researchers have 

proposed two main mechanisms: non-lamellar phase change and proton sponge effect. 

For both of them, the membrane undergoes initial destabilization followed by membrane 

pore formulation or membrane fusion, the specific behavior dependent on the 

physiochemical characteristics of the formulation. Ultimately, these lead to the leakage of 

nucleic acids or nanoparticles from the endosomal compartment to the cytosol.  

The non-lamellar phase change mechanism is induced by the membrane fusion as well 

as the phospholipid flip-flop. Ionizable lipids provide endosomal pH-specific 

responsiveness, exhibiting positive charges in endosomal acidic conditions. The 

endosomal membrane consists of negatively charged phospholipids, which can combine 

with cationic or ionizable lipids. Consequently, anionic phospholipids from the cytosolic 

leaflet can flip to the intraluminal side of the endosome [47,48]. Additionally, when RNA 

sequences are delivered via enveloped nanoparticles, such as liposomes and LNPs, the 

gene sequence escapes through fusion with the endosomal membrane. This fusion 

process leads to the formulation of charge-neutralized ion pairs, inducing non-lamellar 

phase changes and subsequent membrane destabilization [49]. For ionizable lipids, pH-

specific endosomal action avoids direct damage to the cytosolic membrane, thus 

minimizing cytotoxic side effects. Cecilia et al. regulated the topology of lipid formulations 

to reduce the energetic cost of fusion and fusion–pore formation, thereby enhancing the 

efficiency of RNA translocation into the cytosol. They demonstrated that LNPs with 

cuboplex nanostructures were more effective than lipoplexes in endosomal escape [50].  

Aside from pore formation, endosomal escape can also occur through the rupture or 

bursting of the endosomal membrane, also known as the proton sponge effect (Figure 3)  

[36,51]. This mechanism replies on V-ATPase-driven proton transport, thereby generating 

a proton gradient; protonated lipids increase the accumulation of protons within the 
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endosome by V-ATPase, thereby triggering the influx of chloride and water, finally 

inducing a high increase in osmotic pressure and swelling of endosomes. Building on this 

hypothesis, ionizable lipids, lipoids, and oligomers with a pKa of around 6 have been well 

explored to increase their endosomal buffer capacity. Furthermore, integrating amino 

lipids with varying pKa values allows for more sensitive adjustment of properties and 

delivery effectiveness. For example, Michael J. Hope and cooperators proved that 

combinations of three amino lipids generated different LNP formulations with average 

surface pKa values ranging from 5.64 to 6.93 [52]. These combined formulations showed 

superior gene silencing compared to single lipid-formulated liposomes.  

 

Figure 3. Schematic representation of the proton sponge effect. Reprinted with permission [36]. 

Copyright 2024, National Academy of Sciences.  

1.4 Strategies for improving endosomal escape through external 

stimulus 

To enhance nucleic acid cytoplasmic transfer, researchers have adopted numerous 

strategies. One main direction involves encapsulating stimulus-sensitive components into 
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lipid-based vesicles that could respond to external triggers such as photons, ultrasound, 

electricity, magnetism, etc.  

1.4.1 Photochemical internalization 

The utilization of photochemical stimulus to achieve biomacromolecule translocation is 

based on the photodynamic effect. For traditional organic photosensitizers (PSs), under 

the irradiation of a specific wavelength of light, PSs are excited by the energy from the 

light, changing the electronic state from the ground singlet state (S0) to the first excited 

state (S1). Subsequently, undergoing intersystem crossing, an excited triplet state (T1) 

with a longer lifespan is formed. Then, two types of photochemical reactions can occur 

[53–56]. In Type I reaction, an excited sensitizer molecule transfers one electron or a 

hydrogen atom to an adjacent sensitizer, formulating ion radicals. These radicals then 

react with molecules, producing superoxide anion, hydrogen peroxide (H2O2), and 

hydroxyl radical. In Type II reaction, the energy from T1 directly transfers to oxygen, 

exciting it into singlet oxygen (1O2). For most metal-based PSs, reactive oxygen species 

(ROS) can be produced on the plasmonic surface via high-energy ‘hot electrons’, which 

are also excited by the input light energy [56–58]. These hot electrons, holding a triplet-

excited state, can also transfer energy to molecular oxygen.  

 

Figure 4. Schematic Illustration of porphyrin-lipids mediated light-activated siRNA endosomal 

release approach. Reprinted with permission [63]. Copyright 2023, American Chemical Society.  
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The generated ROS further induces lipid peroxidation of the endosomal membrane and 

cargos; this oxidation destabilizes the endosomal membrane and releases trapped 

macromolecules [59,60]. In 2008, as pioneers, de Bruin et al. used disulphonated meso-

tetraphenylporphine to investigate photoinduced DNA endosomal release, demonstrating 

that photosensitizer-mediated release of polyplexes could be visualized in real-time for 

single endosomes [61]. Zheng’s lab synthesized a series of porphyrin-lipids [32,62–64] 

and incorporated them into the FDA-approved Onpattro formulation to achieve light-

activated siRNA endosomal release. Quantitative imaging analysis revealed that 

porphyrin-LNPs significantly downregulated the required therapeutic siRNA dose (around 

4-fold) for silencing the target mRNA (Figure 4) [63].  

1.4.2 Photothermal internalization 

The photothermal effect refers to photothermal transduction agents absorbing photons’ 

energy and converting it into heat, thereby increasing the temperature of the surrounding 

environment. In the case of organic agents, electrons in the S1 state can return to the 

ground state through two pathways: radiative relaxation, which produces fluorescence, 

and non-radiative relaxation, which generates heat energy [65–67]. Inorganic nanoagents 

include noble metal nanoparticles [68,69], transition metal sulfides [70,71], carbon-based 

nanomaterials [72,73], and other two-dimensional nanoparticles [74,75], exhibit distinct 

mechanisms for generating heat energy. Taking noble metal nanoparticles as an example, 

free electrons from the conduction band can be polarized under visible light or near-

infrared light irradiation. When the frequency of the optical absorption resonates with the 

oscillation frequency of the electron cloud, these nanoparticles absorb photons, leading 

to the redistribution of the electron cloud and generation of localized surface plasmon 

resonance, which further produces heat energy [76,77].  

A mild photothermal effect with a local temperature below 43 oC increases membrane 

fluidity, thereby facilitating nanoparticle endocytosis and endosomal transfer. In addition, 

the higher temperature provides more opportunities for vehicles to release cargo (Figure 

5) [78]. Most recently, Ni et al. introduced second near-infrared (NIR-II) LNPs, containing 
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pH-activatable NIR-II dye-conjugated lipid, enabling stimulus-responsive photothermal-

assisted endosomal escape delivery [79].  

 

Figure 5. Schematic Illustration of the combination gene therapy and photothermal therapy. 

Reprinted with permission [78]. Copyright 2016, Elsevier.  

1.4.3 Sonochemical internalization 

Similar to photodynamic internalization, sonochemical-enhanced endosomal escape also 

relies on ROS generation. The combination of sonosensitizers and high-frequency 

ultrasound (1–10 MHz) enhances the therapeutic efficacy of gene sequences by 

facilitating their internalization while accompanying negligible side effects. There are two 

dominant mechanisms for the sonochemical effect: sonoluminescence as well as 

cavitation [80]. Sonoluminescence refers to the transfer of luminous energy through the 

electronic excitation of a sensitizer by ultrasound. Cavitation is a phenomenon where 

bubbles in a medium rapidly expand under ultrasound irradiation and then collapse rapidly, 

producing shock waves, micro-jet, high temperature, and high pressure, leading to the 

decomposition of water into ROS. 
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Figure 6. Schematic Illustration of the sono-controllable hybrid design. Reprinted with permission 

[84]. Copyright 2023, Elsevier.  

To date, organic porphyrins and relative derivatives (such as hematoporphyrin, 

protoporphyrin IX, and hematoporphyrin monomethyl ether) are still the most widely used 

sonosensitizers in clinical practice. They hold the advantages of a large π-electron 

conjugated system, broad-ranging optoelectronic properties, and catalytic performance 

[81–83]. Li and colleagues reported a sono-controllable hybrid for ultrasound-inducible 

siRNA cytosolic delivery (Figure 6) [84]. Nona-arginine modified with protoporphyrin IX 

was adopted as a sonosensitizer, which electrostatic self-assembled with siRNA 

sequence. Under ultrasound irradiation, the colocalization ratios between siRNA and 

lysosomes downregulated from 91 % to 33 %, and the gene silencing efficacy increased 

from 46 % to 68 % with a hybrid concentration of 300 nM. In addition, nuclear factor 

erythroid 2-related factor 2 (Nrf2) is one of the crucial regulators of oxidative pressure, 

which mediates the classical deoxidation signaling pathway in maintaining normal redox 

levels and resists sonochemical internalization by continually consuming ROS [55,85,86]. 
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Therefore, researchers introduced Nrf2-siRNA to inhibit ROS detoxification. Wan et al. 

used NIR fluorescence dye IR780 to couple nuclear-targeting peptide, further loaded Nrf2-

siRNA, the siRNA was mainly removed to the cytoplasm after 4 h incubation [87]. 

Moreover, compared with the free sonosensitizer group, siNrf2 complexed IR780 and 

peptide group with ultrasonic irradiation significantly improved the intracellular ROS level.  

1.4.4 Electroporation-mediated internalization 

Electroporation is a well-explored strategy for enhancing cellular uptake of DNA, RNA, 

and protein in vitro and in vivo. With the help of a pulsed electric field, the permeability of 

the lipid membrane is transiently increased, and hydrophilic pores are formed in the 

plasma membrane; then macromolecules are transferred into the cytosol within a short 

time [88–90]. Studies have indicated that the electrotransfection efficiency also depends 

on endocytosis. Yuan’s group used pharmacological inhibitors (chlorpromazine and 

dynasore) of endocytosis to treat cells before applying the pulsed electric field, proving 

that the inhibitors significantly reduced the electrotransfection efficiency [91].  

Clinically, researchers used electroporation to deliver the interleukin-12 gene to patients 

with metastatic melanoma. 24 patients received a phase I trial at 7 dose levels, 2 of them 

had nonelectroporated distant lesions showed complete regression of all metastases, 8 

patients showed disease stabilization or partial response. This study demonstrated that 

electrotransfection was safe, effective, reproducible, and treatable for humans [92]. 

Additionally, Jensen et al. optimized the delivery of siRNA into primary bovine monocyte-

derived macrophages using electroporation, which achieved comparable levels of target 

gene silencing as transient transfection and exhibited negligible type I interferon response 

[93].  

1.4.5 Magnetic field-assisted internalization 

Superparamagnetic nanoparticles are important gene delivery systems that can be 

precisely guided to target regions with the help of external magnetic fields. When exposed 

to alternating magnetic fields, these nanoparticles undergo magnetic relaxations, finally 

generating hyperthermia [94–96]. It has been proved that superparamagnetic iron oxide 
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nanoparticles can generate Brownian motion through adjusting particle size under an 

alternating magnetic field with specific frequencies [97]. Both hyperthermia and Brownian 

motion are beneficial for gene sequence escaping from endosomes before degradation in 

lysosomes. Meanwhile, introducing the magnetic properties into the gene delivery system 

can endow multifunctionality to formulations, such as magnetic resonance imaging and 

magnetic hyperthermia treatment.  

Qiao and colleagues synthesized magnetic silica nanoparticles with core-shell structure 

for siRNA delivery, these carriers were fabricated though coating dendrimer-like 

mesoporous silica layer on the surface of superparamagnetic nanocrystal clusters. The 

loading amount of siRNA of this nanocomposite carrier was 2 wt% and successfully 

delivered into the cytoplasm of cancer cells [96]. Most recently, caffeic acid–magnetic 

calcium phosphate nanoparticles were prepared as carriers for human epidermal growth 

factor type 2 gene siRNA, showing the capability to facilitate endosomal escape by 

upregulating osmotic pressure [94].  

1.5 Aim of this thesis 

RNAi promises excellent efficacy and specificity in silencing target mRNA, which exhibits 

potential for tumor therapy. However, the endosomal escape of siRNA remains a major 

limitation for successful RNAi therapy. Hence, novel strategies for improving the 

cytoplasmic transfer of therapeutics have to be explored to enhance therapeutic efficiency 

and downregulate nanovehicle dosage. Light free-photochemical internalization, based 

on ROS generation in the presence of sufficient H2O2, provides an alternative opportunity 

for endosomal escape. Compared with traditional internalization mediated by external 

energy (e.g., photochemical, photothermal, sonochemical, electroporation, and magnetic 

internalization), chemical endosomal escape has a higher selectivity and gets rid of 

external triggers. Such internalization is suitable for deep tissues that overexpress H2O2. 

This process prevents non-specific gene silencing in normal regions to some extent, 

because the chemical reaction is initialed in the microenvironment of the cancer cells.  
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The chemiluminescence resonance energy transfer (CRET) system is a potential 

candidate for chemical internalization, which is achieved by nonradiative energy transfer 

between chemiluminescence donors and PSs and has been adopted for light-free 

chemodynamic therapy. Similar to conventional photodynamic therapy, excited electrons 

transfer to a higher-energy orbital of the PSs, undergo intersystem crossing, excite oxygen 

to generate 1O2 via the type II photochemical reaction. The distance between the donor 

and the photosensitizer should be within 10 nm. Some PSs, such as metalloporphyrins 

and metal nanoparticles are excellent acceptors for CRET, exhibiting unique superiorities 

of broad spectrum, high stability, and minimal side effects.  

The first aim of the thesis was to develop a chemical electron transfer (CET)-based self-

activatable lipopolyplex for producing 1O2 in endosomes, thereby enhancing siRNA 

delivery. The positively charged lipopolyplex could encapsulate bis(2,4,6-trichlorophenyl) 

oxalate (TCPO) in the hydrophobic section, gold nanoparticles (GNs) and siRNA in the 

hydrophilic core. When the lipopolyplexes gather in the H2O2-rich microenvironment, the 

acceptors (GNs) could be specifically self-activated by the transferred chemical energy 

from an energy-rich intermediate (1,2-dioxetanedione), catalyzing molecular oxygen to 

produce 1O2. Enhanced endosomal membrane damage had to be verified using a 

cytosolic fluorescent galectin reporter, and siRNA targeting EG5 mRNA (also known as 

KSP or Kif11, one important participant in the process of centrosome separation) had to 

be cooperated into the system to initiate the tumor cellular apoptosis program.  

The second part of the thesis aimed at incorporating CET into siRNA LNPs to achieve the 

dual effects: endosomal escape of tumor-protective gene siRNA and aggravation of ROS-

triggered tumor cell killing. For this purpose, Nrf2 siRNA had to be introduced to extend 

the lifetime of ROS by silencing the oxidative stress mRNA. In the LNPs-loaded CET and 

siRNA system, the CET donor and acceptor had to be simultaneously encapsulated inside 

to ensure sufficient energy transfer. Moreover, an ionizable lipopeptide had to be selected 

by optimization for siRNA encapsulation in LNP and pH-induced endosomal escape, with 

the ultimate goal of accomplishing a higher therapeutic effect while reducing the required 

siRNA dose and amount of lipids, avoiding possible side effects caused by the lipids. 
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2 Materials and Methods 

2.1 Materials 

TCPO, hemin, sodium citrate, 9,10-diphenanthraquinone (DPA), chloroauric acid, 

agarose gel, Roswell Park Memorial Institute-1640 medium (RPMI-1640), Dulbecco’s 

modified Eagle’s medium (DMEM), antibiotics, fetal bovine serum (FBS), methyl thiazolyl 

tetrazolium (MTT), 4’,6-diamidino-2-phenylindole (DAPI), paraformaldehyde (PFA), 

rhodamine phalloidin, nystatin, sucrose, methyl-β-cyclodextrin (MβCD), and amiloride 

were sourced from Sigma-Aldrich (Munich, Germany). Fmoc-Ala-Wang resin and Fmoc-

a-amino acids were obtained from Iris Biotech (Marktredwitz, Germany). Cholesterol, 

DSPC, DOPE, DOTAP, and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-

2000 (PEG-DMG) were purchased from Avanti Polar Lipids (Birmingham, USA). N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) was bought from Biomol 

(Hamburg, Germany). GelRed and peqGOLD Total RNA kits were obtained from VWR 

(Darmstadt, Germany). siRNA duplexes were obtained from Axolabs GmbH (Kulmbach, 

Germany). Enhanced green fluorescent protein (eGFP) -targeting siRNA (siGFP) (sense: 

5’-AuAucAuGGccGAcAAGcAdTsdT-3’; antisense: 5’-

UGCUUGUCGGCcAUGAuAUdTsdT-3’) for silencing of eGFPLuc; EG5-targeting siRNA 

(siEG5) (sense: 5’-ucGAGAAucuAAAcuAAcudTsdT-3’; antisense: 5’-

AGUuAGUUuAGAUUCUCGAdTsdT-3’) for silencing EG5 motor protein; control siRNA 

(siCtrl) (sense: 5’-AuGuAuuGGccuGuAuuAGdTsdT-3’; antisense: 5’-

CuAAuAcAGGCcAAuAcAUdTsdT-3’); Cy5-labeled siRNA (Cy5-siAHA1) (sense: 5’-

(Cy5)(NHC6)GGAuGAAGuGGAGAuuAGudTsdT-3’; antisense: 5’-

ACuAAUCUCcACUUcAUCCdTsdT-3’); small letters: 2’-methoxy-RNA; s: 

phosphorothioate. Cell lysis and luciferase assay kit were purchased from Promega 

(Mannheim, Germany). 1O2 sensor green dye was obtained from Molecular Probes 

(Eugene, USA). Quant-iTTM RiboGreen® RNA assay kit, 5,5,6',6'-tetrachloro-1,1',3,3'-

tetraethyl-imidacarbocyanine (JC-1), LysoTracker Green DND-26, and CellROX Green 

reagent were purchased from Invitrogen (Carlsbad, USA). Dialysis membrane (3.5 kDa 

molecular weight cut-off) was obtained from Spectrum Labs (Los Angeles, USA). The 
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luciferase assay kit was obtained from Promega (Madison, USA). Annexin V-fluorescein 

isothiocyanate (FITC)/propidium iodide (PI) apoptosis kit was obtained from R&D Systems 

(Minneapolis, USA). qScriptTM cDNA SuperMix was purchased from Quantabio (Beverly, 

USA). Reverse transcription-quantitative real-time PCR (RT-qPCR)-Mastermix was 

sourced from Thermo Fisher Scientific (Waltham, USA). 

2.2 Methods 

2.2.1 Synthesis of GNs 

GNs were prepared via an UV-assisted citrate method according to the earlier research 

with slight modification [98]. In brief, 5 mL of sodium citrate solution (12 mM) was added 

into 5 mL of precooled HAuCl4 solution (4 mM), and then gently stirred at 0 °C for 2 min. 

A 400 W UV lamp (365 nm, 80 mW cm–2) was then used to irradiate the mixture for one 

hour under stirring in an ice bath. The color of the solution was changed from slight yellow 

to reddish after the reaction. Afterwards, one standard regenerated cellulose dialysis 

membrane (3.5 kDa MWCO) was chosen to dialyze the resultant GNs against 5 L of water 

at 4 oC for 4 h, removing the excess HAuCl4 as well as reducing agent.  

2.2.2 Preparation of CET-based lipopolyplexes 

For the preparation of four-armed oligomer 573, solid-phase assisted peptide chemistry 

was adopted according to Lächelt et al [99]. There are three key parts in the synthesis 

process: loading Fmoc-Lys(Fmoc)-OH to the Fmoc-Ala-Wang resin, coupling Fmoc-a-

amino acids as well as Fmoc-Stp to extend the sequence, and cleaving oligomer from the 

resin. Fmoc-Ala-Wang resin with the loading efficacy of 0.35 mmol g-1 was adopted. 

The CET based lipopolyplex was formulated using a solvent-exchange deposition strategy. 

In detail, cholesterol, DOPE, PEG-DMG, DOTAP, and 4-armed oligomer with different 

molar ratios were dissolved in ethanol, and the resulting mixture was mixed with TCPO 

dimethyl sulfoxide (DMSO) solution. In the meanwhile, siRNA and GNs were prepared in 

60 µL sodium citrate buffer (10 mM, pH 4). The aqueous solution was quickly pipetted into 

the organic phase at a ratio of 3/1 (vol./vol.), and then incubated the lipopolyplex for 20 
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min at room temperature. The whole process was protected from light. Next, standard 

regenerated cellulose dialysis membranes (3.5 kDa MWCO) were chosen to dialyze the 

resultant lipopolyplex against 5 L of HEPES buffer at 4 oC for 4 h.  

2.2.3 Preparation of CET-based LNPs 

LNPs were formulated using a rapid-mixing method [100]. First, cholesterol (5 mg mL–1), 

DSPC (2.5 mg mL–1), PEG-DMG (1 mg mL–1), and ionizable lipopeptide (10 mg mL–1) 

stock solutions were prepared in ethanol. The amounts of ionizable lipopeptide were 

calculated according to siRNA dose, hemin dose, and N/P or N/(P+C) ratios. The amounts 

of other lipids were determined by molar ratio (Table 2). The lipids ethanol solutions were 

mixed, and the mixture was then combined with a DMSO (v/v, 1/1) containing TCPO (9 

mg mL–1) and hemin (1 mg mL–1). The total volume was 30 µL. After that, a siRNA 

aqueous solution (dissolved in citrate buffer, 10 mM, pH 4) was rapidly mixed with the 

organic solution at a volume ratio 3:1 and incubated at room temperature for 20 min. The 

resultant LNP solution was dialyzed in HEPES buffer (20 mM, pH 7.4) at 4 oC for 4 h to 

remove organic solvents. The final volume was 200 µL. The ionizable lipopeptide tetra-

oleoyl tri-lysino succinoyl tetraethylene pentamine (TOTL-Stp) with U-shape topology was 

synthesized by Tobias Burghardt (PhD student at Pharmaceutical Biotechnology LMU 

München) according to protocols described in previous publications [30,101,102].  

2.2.4 1H-nuclear magnetic resonance (NMR) spectroscopy 

1H-NMR spectroscopy of 4-armed oligomer was carried out using a JEOL JNMR-GX 400 

at 400 MHz (JEOL, Tokyo, Japan). Chemical shifts were reported in ppm and D2O as the 

solvent was referred internal standard (D2O at 4.79). Spectrum was analyzed using 

MestReNova (Mestrelab Research).  

2.2.5 Transmission electron microscopy (TEM) 

A JEM 1011 transmission electron microscope (TEM, JEOL, Tokyo, Japan) at 80 kV 

acceleration voltage was used to analyze the morphology of LNPs. First, carbon-coated 

TEM copper grids (300 mesh, 3.0 mm OD; Ted Pella, Redding, USA) underwent 

hydrophilization using mild argon plasma (420 V, 1 min). After that, 10 µl sample droplets 
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were dropped on the grids and incubated for 3 min. Following incubation, the solution was 

removed, and the grid was washed once before being stained with 10 µl of 1% uranyl 

acetate solution for 5 seconds. Finally, the excess staining solution was removed, and the 

grid was allowed to air dry for 20 min before being measured by TEM. 

2.2.6 Inductively coupled plasma mass spectrometry 

The concentration of GNs was determined by inductively coupled plasma mass 

spectrometry (Agilent Technologies, Santa Clara, USA). Briefly, a concentrated stock 

solution of the sample (200 μL) was added to scintillation vials. Then, 0.8 mL of aqua regia 

was added to each vial to dissolve all GNs. Finally, deionized water was added to dilute 

the samples. The Au concentrations of the prepared solutions were then measured using 

inductively coupled plasma mass spectrometry.  

2.2.7 Particle size and zeta potential 

LNPs or lipopolyplexes containing 1 μg of siRNA in a total volume of 200 μL were diluted 

1:5 with 20 mM HEPES buffer (pH 7.4) before measurement using a folded capillary cell 

(DTS1070). For hydrodynamic size and polydispersity index (PDI), and zeta potential of 

particles were tested in a folded capillary cell (DTS 1070) with a Zetasizer Nano ZS 

(Malvern Instruments, UK). The refractive index of the solvent was 1.330 and the viscosity 

was 0.8872 mPa·s. The measurements were run three times (15 sub-runs). Zeta potential 

was measured with a flexible attenuator at a 90° angle. Samples were measured three 

times (12-15 sub runs). Afterwards, the data was analyzed using Zetasizer software 

(version 7.13). 

2.2.8 DPA degradation assay 

For TCPO and GNs system, 1 mL GNs aqueous solution (100 µg mL–1) was mixed with 1 

mL TCPO solution (20 mM), 1 mL H2O2 solution at different concentrations (0, 0.3125, 

0.625, 1.25, 2.5, 5, 10 mM), and 100 µL DPA solution (1 mg mL–1), followed by analysis 

with an UV–vis–NIR spectrophotometer (Agilent Technologies, Santa Clara, USA) at 

different time points. 
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For TCPO and hemin system, a mixture was prepared by combining 12 µL of a 1 mg mL–

1 DPA solution with 25 µL of a hemin solution (25 µg mL–1), 15 µL of a TCPO solution (9 

mg mL–1), 300 µL of H2O2 with various concentrations (1.56, 3.13, 6.25, 13.3, and 26.6 

mM), and 448 µL of H2O. Subsequently, the mixture was measured using a UV–vis 

spectrophotometer (Agilent Technologies, Santa Clara, USA) at different incubation times 

(2 min, 30 min, 1 h, and 2h). For the LNPs-related ROS generation test, a reaction solution 

was similarly prepared by mixing 12 µL of a 1 mg mL–1 DPA solution with 25 µL of a 

Hemin+TCPO+siRNA@Lipid HEPES buffer, 300 µL of H2O2 (13.3 mM), and 463 µL of 

H2O. or Hemin+TCPO+siRNA@Lipid, different TCPO/hemin molar ratios (20, 40, 60, 80, 

100, 150, and 200) were prepared. The N/P ratio was 3, the siRNA amount was 1 μg, and 

the TCPO amount was 80 μg. The molar ratio of different lipids was 50/38.5/10/1.5 

(ionizable lipopeptide/cholesterol/phospholipid/DMG-PEG). Finally, the absorption of the 

solution was analyzed after incubation for 2 min and 2 h, respectively.  

2.2.9 siRNA binding assay 

A 2.5% (w/w) agarose gel containing GelRed in TBE buffer was prepared for siRNA 

binding assay. Agarose was dissolved in TBE buffer by boiling and cooling to 

approximately 50 °C. GelRed (1/1000, v/v) was added to the solution. The TBE buffer 

containing 10.8 g of Trizma®base, 5.5 g of boric acid, 0.75 g of disodium 

ethylenediaminetetraacetic acid, and 1 L of H2O. The lipopolyplex coated with different 

amounts of lipid (1.8, 3.6, and 5.4 mM) was incubated with 90% FBS at 37 oC for 4 h, 24 

h, and 48 h, respectively. Then the lipopolyplex was added into the well after mixing with 

4 μL loading buffer. Electrophoresis was run at 120 V for 40 min, afterwards, the gel was 

photographed by Dark Hood DH-40 UV transilluminator (Biostep, Burkhardtsdorf, 

Germany). For LNPs, the formulations (containing 100 ng siRNA in 20 µl HEPES buffer) 

with different N/P ratios were loaded into wells on the pre-prepared wells after adding 4 

µL loading buffer. 

2.2.10 Hemin and TCPO loading determination 

The hemin DMSO solutions with different concentrations (0.94, 1.88, 3.75, 7.5, 15, and 

30 μg mL–1) were measured by UV–vis–NIR spectrophotometer. For TCPO, similar 
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measurements were done. Curve fitting for hemin and TCPO absorption were obtained 

by the absorbance and concentrations. The LNP formulations with different N/(C+P) were 

dissolved in DMSO, and the absorptions at 403 nm and 253 nm were measured. The 

loading efficiencies of hemin and TCPO in LNPs with N/P ratios were obtained according 

to the absorptions.  

2.2.11 Cell culture 

Human cervix carcinoma cells KB, human embryonic kidney cells HEK293, human 

prostate cancer cells DU145, mouse hippocampal neuronal HT22 cells, and murine 

neuroblastoma cells N2a were obtained from DSMZ (German Collection of 

Microorganisms and Cell Cultures, Braunschweig, Germany). KB cells, DU145 cells, N2a 

cells stably transfected with the eGFP-luciferase gene, KB/eGFPLuc, DU145/eGFPLuc, 

N2a/eGFPLuc, were used in gene silencing efficiency assay [102,103]. HeLa cells stably 

expressing Gal8-mRuby3 fusion protein was chosen to demonstrate endosomal escape, 

this work was performed by Dr. Yi Lin (former PhD student at Pharmaceutical 

Biotechnology, LMU München) [104,105]. The PB-CAG-mRuby3-Gal8-P2A-Zeo plasmid 

was a gift from Jordan Green’s lab (Addgene plasmid no. 150815; 

http://n2t.net/addgene:150815; RRID: Addgene_150815). KB, KB/eGFPLuc, HeLa-Gal8-

mRuby3, N2a, and N2a/eGFPLuc were cultured in DMEM at 37 oC in a 5% CO2 

atomsphere. HEK293 and HT22 cells were maintained in high-glucose DMEM. DU145 

and DU145/eGFPLuc were cultured in RPMI-1640. The DMEM, high-glucose DMEM, 

RPMI-1640 medium were supplemented with 10 % FBS, 100 U mL–1 penicillin, and 100 

μg mL–1 streptomycin. 

2.2.12 Gene silencing assay 

KB/eGFPLuc cells were used to prove the gene silencing potential of this novel 

lipopolyplex. We adopted siGFP for silencing the eGFP-luciferase fusion gene and siCtrl 

as a control for evaluating the non-specific silencing effect. KB/eGFPLuc cells were 

seeded in 96-well plates at a density of 5×103 cells/well 24 h prior to the treatments. On 

the next day, the medium was replaced with 80 µL of fresh medium and then 20 µL of 

sample solution containing a series of concentrations of GNs+siCtrl@Lipid and 
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GNs+siGFP@Lipid with or without 573 was added to each well. After incubation for 48 h, 

the medium was removed and 100 µL cell lysis buffer was added to each cell and the cells 

were incubated for 30 min at room temperature for complete protein release. Finally, the 

luciferase assay kit and Centro LB 96 plate reader luminometer were used to measure 

the luciferase activity in every well.  

For LNPs, KB/eGFPLuc cells, N2a/eGFPLuc cells, and DU145/eGFPLuc were utilized to 

optimize the LNPs formulations with different N/P or N/(P+C) ratios. siGFP was used to 

silence eGFPLuc; the siCtrl was chosen to assess non-specific transfection effects. Cells 

were seeded in 96-well plates at a density of 5000 cells/well in standard cell culture 

medium contained 10% FBS one day before the treatments. Afterwards, the medium was 

replaced with 80 µL of fresh medium (containing 10 % FBS, 100 U mL–1 penicillin, and 

100 μg mL–1 streptomycin) and 20 µL of LNP solution. The final amounts of siRNA were 

100, 50, 25, 12.5, 6.25, 3.125, and 1.625 ng. The plates were incubated at 37 oC for 2 

days. Then, the medium was removed, and 100 µL of cell lysis solution was added to fully 

lyse the cells by incubating at RT for 30 min. Following that, the luciferase activity was 

measured using a Centro LB 96 plate reader luminometer (Berthold, Bad Wildbad, 

Germany) with the help of a luciferin-LAR buffer solution. The transfection efficiency was 

calculated as a percentage of luciferase gene expression relative to HEPES buffer-treated 

control cells.  

2.2.13 Cellular internalization 

For lipopolyplex system, KB cells were seeded in 96-well plates at a density of 1×104 

cells/well 24 h prior to treatments. On the next day, the lipopolyplexes containing 500 ng 

of siRNA including 20% siCy5 were added into each well. Following incubation for different 

time points, the cells were washed with 1×phosphate-buffered saline (PBS) and treated 

with 500 I.U. heparin to remove the lipopolyplex attached to the cell surface. The cells 

were finally suspended in PBS buffer containing 20% FBS and evaluated via a flow 

cytometry (Beckman Coulter, Fullerton, USA). The data were analyzed by the FlowJo 

7.6.5 software (FlowJo, Ashland, USA).  
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For LNP system, KBs cells were plated in 96-well plates at a density of 10000 cells/well 

one day prior to the treatments. After that, the medium was replaced with 80 µL fresh 

DMEM (containing 10 % FBS, 100 U mL–1 penicillin, and 100 μg mL–1 streptomycin) and 

20 µL of carrier solution. The nanocarrier solution contained 100 ng siCy5 as well as 4 μg 

hemin with an N/(P+C) ratio of 9. Following incubating the cells for different times (45 min, 

4 h, 8 h, 12 h, and 24 h), 100 µL of PBS containing 500 IU heparin was introduced to clear 

away particles adhering to the cell. During the process, cells were incubated on ice for 30 

min. Finally, the cells were collected, suspended in PBS with 10% FBS, and measured by 

flow cytometer in Cy5 channel (Ex: 635 nm, Em: 665 nm).  

2.2.14 Endocytosis pathway 

For determining the endocytosis pathway of lipopolyplex, three different pharmacological 

inhibitors were used according to the published literature. Cells were preincubated with 

different inhibitors (nystatin 15 µg mL−1, sucrose 450 nM, amiloride 100 µM) for 1 h at 37 

oC, then washed with PBS and incubated for 4 h after adding a medium containing 

lipopolyplexes. Finally, the cells were collected and measured by a flow cytometer.  

For LNPs’ uptake, one day before the treatments, KBs cells were plated in 96-well plates 

at a density of 10000 cells/well. Subsequently, the medium was replaced with 100 µL of 

serum-free medium containing various inhibitors (MβCD 5 mM, sucrose 450 mM, 

amiloride 100 μM) and incubated for 1 h at 37 oC. Afterwards, the medium was replaced 

with 80 µL of fresh medium (containing 10 % FBS, 100 U mL–1 penicillin, and 100 μg mL–

1 streptomycin), and 20 µL of buffer containing 100 ng siCy5 and 4 μg hemin. For the 4 

oC treatment, cells were placed at 4 oC cooling room for 1 h before adding siCy5-

containing LNP in ice-cold medium. The following steps were carried out as described 

above. 

2.2.15 Endosomal escape assay 

The endosomal escape of the CET system was studied by confocal laser scanning 

microscopy (CLSM, Leica, Wetzlar, Germany) images using the HeLa-galectin-8 (Gal8)-

mRuby3 cell line, stably expressing mRuby3-Gal8 fusion protein [105,106]. HeLa-Gal8-
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mRuby3 cells were seeded in an 8-well Lab-Tek chamber at a density of 10000 cells/well. 

The following day, a fresh medium containing 10 % FBS, 100 U mL–1 penicillin, 100 μg 

mL–1 streptomycin, and different formulations was added, followed by incubation of the 

cells for 4 h, 12 h, 24 h, or 48 h. Subsequently, the cells were washed with PBS and fixed 

in a 4% PFA solution for 45 min at RT. DAPI and rhodamine-phalloidin were used to stain 

the cell nuclei and actin, respectively. Lastly, the cells were treated with PBS again to 

remove excess dye before observation with a CLSM. This work was performed by Miriam 

Höhn (Pharmaceutical Biotechnology, LMU München). 

2.2.16 LysoTracker assay 

To further investigate the endosomal escape of the lipopolyplex, KB cells were seeded in 

an 8-well Lab-Tek chamber, at a density of 20000 cells/well for 24 h. Next, the cells were 

incubated with 300 μL culture medium containing four kinds lipopolyplexes with 1500 ng 

of siRNA (siRNA@Lipid, GNs+siRNA@Lipid, TCPO+siRNA@Lipid, 

GNs+TCPO+siRNA@Lipid), which included 40% siCy5. The lipopolyplexes were 

prepared as described above. After incubation for 12 h, the cells were stained with 

LysoTracker Green DND-26 at a final concentration of 75 nM for 2 h. Thereafter, cells 

were washed with PBS before observation with a CLSM. This work was performed by 

Miriam Höhn (Pharmaceutical Biotechnology, LMU München). 

2.2.17 Cellular ROS generation determination 

KB cells were seeded in 96-well plates at a density of 1×104 cells/well, and then different 

groups were set. After 24 h, cells were treated with different kinds of lipopolyplexes (CGNs 

= 100 µg mL–1) for 12 h. For LNPs, the incubation time was 48 h. Each formulation 

contained siCtrl 100 ng well–1, TCPO 8 µg well–1, and hemin 130 ng well–1. Subsequently, 

the cells were washed with PBS and stained with 750 nM CellROX@ Green reagent for 

45 min at 37 °C. Finally, the cells were washed with PBS again and analyzed via flow 

cytometry.  

To investigate the 1O2 generation, KB cells were seeded in an 8-well Lab-Tek chamber, 

at a density of 2×104 cells/well for 24 h. Similar to flow cytometry measurement, the cells 
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were treated with different kinds of lipopolyplexes for 12 h. Then, the cells were stained 

with 1O2 sensor green dye at a final concentration of 10 µM for 3 h. Thereafter, cells were 

washed with PBS again and observation with a CLSM. This work was performed by 

Miriam Höhn (Pharmaceutical Biotechnology, LMU München). 

2.2.18 CET effect evaluation through cell viability 

One day prior to the treatments, KB cells were seeded in 96-well plates at a density of 

5×103 cells/well. Afterwards, the cells were incubated with a series of concentrations of 

formulations another 24 h or 48 h. Then a MTT assay was performed to evaluate the 

relative cell viability according to the standard protocol using SpectraFluor Plus 

microscopy reader (Tecan, Männedorf, Switzerland). In the case of the anti-oxidation 

experiment, cells were co-incubated with GNs+TCPO@Lipid and 1 or 3 mM N-

acetylcysteine (NAC) for 24 h or 48 h, and then the same experimental steps were 

performed as described above.  

Similarly, HEK293 and HT22 cells were adopted as H2O2 low-producing and 1O2 high-

sensitive cells for evaluating H2O2-induced cellular apoptosis. HEK293 and HT22 cells 

were individually seeded in 96-well plates at a density of 5×103 cells/well 24 h prior to the 

experiments with different concentrations of GNs+TCPO@Lipid or LNPs. After incubation 

for 24 h or 48 h, a standard MTT assay was performed.  

2.2.19 JC-1 assay 

2×105 KB cells were seeded in 12-well plates in each well 24 h prior to the treatment. The 

cells were separately treated with GNs@Lipid, TCPO@Lipid, and GNs+TCPO@Lipid for 

24 h. Afterwards, the treated cells were collected and suspended in PBS buffer. And 50 

µM carbonylcyanid-3-chlorphenylhydrazon treated cells were adopted as a positive 

control. Finally, 10 µL of 2×10–4 M JC-1 solution was added and the samples were 

incubated for 20 min, and analyzed with flow cytometry. The data was analyzed by the 

FlowJo 7.6.5 software.  
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2.2.20 Cell cycle test  

1×104 KB cells were seeded on 96-well plates per well in 100 µL medium 24 h prior to the 

treatment. The medium was replaced with 80 µL of fresh medium and 20 µL of 

lipopolyplexes in HEPES buffer was added to each well. The concentration of GNs is 50 

µg mL–1. After incubation for 48 h, the cells were collected and suspension was added 

dropwise to 90 μL cold 70% ethanol and incubated at 4 oC for 2 h. Subsequently, the cells 

were centrifuged and incubated for 3 h in 100 µL PI staining buffer (0.1% sodium citrate, 

0.1% Triton X-100, 180 units/mL RNase stock solution, and 50 μg mL–1 PI) with 

intermittent shaking. After that, the cells were collected, washed with PBS, measured by 

flow cytometry, and analyzed by the FlowJo 7.6.5 software. 

2.2.21 siEG5 CET system  

To measure the enhanced gene silencing efficacy, siEG5 was incorporated into the CET 

system. KB cells were seeded on 96 plates at a density of 5×103 cells/well 24 h prior to 

the treatments. Then, the medium was replaced with 80 µL of fresh medium (containing 

10 % FBS, 100 U mL–1 penicillin, and 100 μg mL–1 streptomycin) and 20 µL of 

lipopolyplexes in HEPES buffer at various concentrations was added to each well. The 

lipopolyplexes included six groups: GNs+siCtrl@Lipid, TCPO+siCtrl@Lipid, 

GNs+TCPO+siCtrl@Lipid, GNs+siEG5@Lipid, TCPO+siEG5@Lipid, and 

GNs+TCPO+siEG5@Lipid. After incubation for 48 h, a MTT assay was performed to 

analyze the cell viability.  

For LNP system, the formulations are Hemin+siEG5@Lipid, TCPO+siEG5@Lipid, and 

Hemin+TCPO+siEG5@Lipid, TCPO amount was 8 µg well–1 and hemin amount was 130 

ng well–1. The other treatments were same as lipopolyplexes.  

2.2.22 siNrf2 CET system  

KB cells (5×103) were seeded on 96-well plates per well in 100 µL of medium 24 h prior 

to the treatment. Then, the medium was replaced with 80 µL of fresh medium (containing 

10 % FBS, 100 U mL–1 penicillin, and 100 μg mL–1 streptomycin), and 20 µL of in HEPES 
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buffer containing LNPs was added. TCPO amount was 8 µg well–1 and hemin amount was 

130 ng well–1. After incubation for 48 h, a MTT assay was performed.  

2.2.23 Annexin V-FITC/PI apoptosis assay  

12-well plates were prepared with KB cells seeded at a density of 20000 cell/well 24 h 

prior to the treatments. Next, cells were incubated with different formulations for 48 h. The 

siRNA amount was 1.88 µg well–1, the TCPO amount was 60 µg well–1, and the hemin 

amount was 975 ng well–1. Then cells were collected and washed with PBS to remove 

LNPs or lipopolyplex. Then, the cells were then suspended in 100 µL Annexin V binding 

buffer containing 1 µL Annexin V-FITC and 10 µL PI, incubated in room temperature for 

15 min. Subsequently, the collected cells were measured by the flow cytometer. 

2.2.24 Ribogreen assay 

siRNA loading efficacy was determined by a Quant-iTTM RiboGreen® RNA assay kit. 50 

μL LNPs were mixed with 50 μL of TE buffer or TE buffer containing 2% Triton X-100, and 

added to a 96-well plate. Next, 100 μL of Ribogreen solution was added to each well and 

incubated at 37 oC for 15 min. The fluorescence intensity was detected using a microplate 

reader (Tecan, Männedorf, Switzerland). The fluorescence intensity from TE buffer 

treated LNPs (FTE) represents unencapsulated siRNA, and fluorescence intensity from 2% 

Triton X-100 treated LNPs (FTX) represents total siRNA. The siRNA encapsulation 

efficiency can be determined as 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 % =
F𝑇𝑋–F𝑇𝐸

F𝑇𝑋
× 100% 

For LNPs stability assay under different ionic strength conditions, 50 μL of TE buffer 

containing varying concentrations of Heparin and NaCl were added to 96-well plates, 

respectively. Subsequently, 50 μL of LNPs with an N/(P+C) of 9, containing 65 ng hemin, 

4 μg TCPO, and 50 ng siRNA were added to each well. Final NaCl concentrations ranged 

from 0 to 5 M, and the final amounts of heparin ranged from 0 to 5 IU per μg of siRNA. 

After incubating for 30 min at 37 oC, 100 μL of Ribogreen solution was added to each well 

and incubated at 37 oC for 15 min. The fluorescence intensity was measured using a 

microplate reader. Additionally, the fluorescence intensity of LNPs mixed with 2% Triton 
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X-100 and TE buffer-treated LNPs was also tested. The fluorescence intensity of LNP 

samples (FS) treated with different ionic strengths represents leaked siRNA. The fraction 

of dye exclusion can be calculated as 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑦𝑒 𝑒𝑥𝑐𝑙𝑢𝑠𝑖𝑜𝑛 = 1 −
F𝑆– F𝑇𝐸

F𝑇𝑋– F𝑇𝐸
 

2.2.25 RT-qPCR assay 

One day before treatment, KB cells were seeded in 6-well plates at a density of 120,000 

cells/well. Subsequently, the medium was replaced with 1600 µL of fresh medium 

(containing 10 % FBS, 100 U mL–1 penicillin, and 100 μg mL–1 streptomycin) and 400 µL 

of HEPES buffer (20 mM, pH 7.4) containing LNPs. Each well contained 400 µg of TCPO, 

6.5 µg of hemin, and 2 µg of siRNA. After incubation for 48 h, KB cells were collected from 

the different treatment groups, and total RNA was extracted using the peqGOLD Total 

RNA kit. cDNA was synthesized using qScriptTM cDNA SuperMix. Subsequently, RT-

qPCR was conducted on a LightCycler 480 system using UPL Probes (Roche, Mannheim, 

Germany), TaqMan® Gene Expression, and Mastermix Assays. The comparative cycle 

threshold (Ct) method was employed to calculate the relative abundance of Nrf2 mRNA 

and EG5 mRNA, with GAPDH mRNA serving as the housekeeping gene. Every assay 

was performed in triplicate.  

2.2.26 Statistical analysis 

Data were expressed as the means G standard deviation of at least three independent 

experiments. The statistical significance of the experiments was determined using the 

two-tailed Student’s t test (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05).  



                                                                                                                                Results and Discussion 

 

31 
 

3 Results and Discussion 

3.1 CET-based lipopolyplexes for enhanced siRNA delivery  

Section 3.1 has been adapted from: Fengrong Zhang*, Yi Lin, Miriam Höhn, and Ernst 

Wagner*, Chemical-Electron-Transfer-Based Lipopolyplexes for Enhanced siRNA 

Delivery, Cell Rep. Phys. Sci., 2023, 4, 101444. 

RNAi therapeutics mediated by siRNA, is a sequence-dependent endogenous regulatory 

strategy capable of selectively down-regulating gene expression of human beings at the 

post-transcriptional level, holding superb prospects for genetic diseases and cancer 

therapy [5]. To date, the first FDA-approved siRNA drug, Onpattro [4,107,108], has been 

realized with the assistance of non-viral lipid-based nanoparticles. This approach is 

adopted to avoid rapid elimination in the bloodstream as well as poor cellular uptake of 

naked siRNA, which is due to its large molecular weight, negative charge, and 

hydrophilicity [16,17].  

In most cases, non-viral nanosystems are internalized via an endo-lysosomal pathway 

[109–111]. However, a major technological bottleneck in realizing efficient gene silencing 

is the endosomal escape of nucleic acids [112]. One literature using real-time intracellular 

tracking demonstrated that only 1–2% of lipid nanocarriers could achieve endosome-to-

cytosol transfer [38].  

Owing to the tremendous advances in optical technology and nanotheranostics [113], 

cytoplasmic delivery with the assistance of photochemical internalization, i.e., 

photochemical disruption of the endosomal membrane [61,114–116], has been explored 

to resolve this delivery bottleneck. Although photochemical internalization is ideal for 

superficial tissues, the external photoexcitation usually induces unspecific skin and tissue 

damage and suffers from insufficient energy supply, which makes it unsuitable for clinical 

application in deep-sited and metastatic tumors [69,117]. As an alternative, CET self-

initiated by the tumor microenvironment without external irradiation has been explored. 

CET is defined as the transfer of non-radiative energy between donors and ground state 

PSs [118–121]. Similar to conventional photodynamic therapy, the excited electrons 
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transfer to a higher energy orbital of the PSs, undergo intersystem crossing, and then 

excite oxygen to generate 1O2 via the type II photochemical reaction [55,122–124].  

 

Scheme 1. Illustration of CET-based 1O2 generation and endosomal escape for enhancing gene 

therapy. 

Inspired by the lipid peroxidation and protein oxidation of 1O2, herein, we were committed 

to developing a novel CET-based lipopolyplex as the first example showing the self-

exciting chemical internalization-assisted endosomal escape of siRNA (Scheme 1). In 

detail, the positively charged lipopolyplex acted as a nanocarrier, encapsulated CET 

donor (oxalate derivative) in the hydrophobic section, and acceptor (GNs), siRNA, and 

cationic oligomer in the hydrophilic core. Once the lipopolyplex accumulates into the H2O2-

rich tumor cell environment, GNs are chemically excited by energy-rich intermediate (1,2-

dioxetanedione) which is generated from a reaction between TCPO and endosomal H2O2, 

inducing 1O2 generation by catalyzing molecular oxygen. The sequence-defined cationic 

oligomer located in the core of the lipopolyplex was synthesized via SPPS, which 
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possesses proton-sponge and nucleic acid loading dual function. The resulting 1O2 and 

oligomer facilitated endosomal membrane rupture and synergized siRNA targeting EG5 

mRNA, initiating the tumor cellular apoptosis program [125]. Meanwhile, oxidation of 1O2 

along with the proton-sponge effect of the cationizable carrier greatly improved 

endosome-to-cytosol transfer. Overall, we demonstrate the first success in CET-

enhanced RNAi via internal disrupting the endosomal membrane of cancer cells.  

3.1.1 Formulation and characterization of CET-based lipopolyplexes 

 

Scheme 2. Schematic illustration of lipopolyplex formulation. Lipids (Cholesterol, DOPE, PEG-

DMG, and DOTAP), oligomer 573, and TCPO were well dissolved in organic phase. siRNA was 

mixed with GNs in sodium citrate buffer (pH 4). Finally, the lipopolyplex was formed via adding the 

aqueous solution into the organic mixture. 
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The CET-based lipopolyplex was formulated according to the solvent-exchange 

deposition strategy [126,127], which involved a lipid mixture including helper lipids 

(cholesterol as well as PEG lipid, cationic lipid (DOTAP), and sequence-defined cationic 

four-armed oligomer 573 (Figure 7A). Briefly, the lipids and TCPO were well dissolved in 

the organic phase firstly, meanwhile, siRNA was mixed with GNs in sodium citrate buffer 

(pH 4). After that, the GNs-oligomer-siRNA complex was encapsulated in the hydrophilic 

cavity of the lipopolyplex via dramatically upregulating volume of the aqueous solution 

(Scheme 2).  

 

Figure 7. Formulation and characterization of CET-based lipopolyplex. (A) Structures of lipids, 

oxalate, and four-armed oligomer 573 involved in the lipopolyplex. A: alanine; K: lysine; H: histidine; 

C: cysteine. Stp: succinyl-tetraethylene-pentamine. (B) Structure of four-armed oligomer 573 

synthesized via SPPS. (C) 1H-NMR spectrum of 573 in D2O. Yellow points: δ(ppm) = 1.0–1.5 (m, 

21H, βH alanine, βγδH lysine); Blue points: 2.3–2.6 (m, 48H, –CO–CH2–CH2–CO–succinic acid); 
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Green points: 4.0–4.3 (m, 8H, αH alanine, αH cysteine, and αH lysine); Pink points: 6.9–7.5 (m, 

18H, imidazole); Red points: 8.4–8.7 (d, 18H, imidazole). 

Cationic Stp, providing three protonatable amines, was adopted as a building block for 

synthesizing sequence-defined four-armed oligomer AK((H–K)–((H–Stp)3–H–C)2)2 (573) 

using solid-phase assisted peptide chemistry. The four-armed structure contained 

terminal cysteines which exposed free thiol groups not only for Au–S bond formation with 

GNs, but also for the disulfide crosslinking within the oligomer’s hydrophilic core. 

Importantly, this cationic four-armed oligomer could attract anionic nucleic acids 

electrostatically and enabled endosomal escape of loaded cargo through protonation of 

Stp and histidine (Figure 7B). The successful synthesis of 573 was demonstrated by the 

NMR spectrum in Figure 7C. This oligomer was previously successfully used for plasmid 

DNA transfer but not for siRNA delivery [99].  

 

Figure 8. Physicochemical features of the formulations. (A) TEM showing the morphology and 

size of GNs. (B) UV–vis light absorption spectra of TCPO, GNs, and GNs+TCPO@Lipid. (C) TEM 

image of GNs+TCPO+siRNA@Lipid. 
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GNs were selected as the inorganic nanoparticle core of the lipopolyplex and fabricated 

as previously published method with a slight modification [98]. A TEM image showed that 

GNs were monodisperse with an average diameter of around 30 nm (Figure 8A). 

Adopting GNs as a start point, we further incorporated siRNA, TCPO, four-armed oligomer, 

and lipids into the system, generating the CET-based lipopolyplex 

(GNs+TCPO+siRNA@Lipid). During the preparation of the lipopolyplex, siRNA, the 

hydrophilic negatively charged nucleic acid sequence, was automatically encapsulated 

inside the core. The UV–vis–NIR absorption spectra and TEM image of 

GNs+TCPO+siRNA@Lipid greatly suggested that GNs and TCPO were successfully 

incorporated into the lipopolyplex (Figure 8B and C).  

3.1.2 Characterization of CET system for ROS generation 

 

Figure 9. Analysis of the generation of 1O2. H2O2 concentration-dependent DPA degradation 

spectra. (A) Reaction time is 5 min and (B) reaction time is 2 h. Rate constant for DPA 

decomposition under different concentration of H2O2 (C) T = 5 min and (D) T =2 h. 
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The CET effect is the prerequisite for subsequent ROS generation, thus DPA dye was 

chosen to confirm this crucial effect, which can be oxidized to related dioxide under the 

existence of 1O2 (one of ROS) [81,128]. As the H2O2 concentration increased, the three 

characteristic absorption peak of DPA dye gradually decreased within 5 min (Figure 9). 

Besides, the oxidation also displayed apparent time-dependency when the reaction time 

was prolonged from 5 min to 2 h. The corresponding CET reaction was monitored by an 

UV–vis–NIR spectrometer.  

Furthermore, to investigate the CET-based reaction, the characteristic absorption peak of 

GNs at 536 nm was attenuated after the addition of TCPO and H2O2; moreover, a new 

species was formed, leading to a new absorption peak at 777 nm (Figure 10).  

 

Figure 10. UV–vis–NIR light absorption spectra of GNs, GNs+TCPO+H2O2, TCPO+H2O2, and 

GNs+ H2O2 aqueous solution. 

3.1.3 Optimization of lipopolyplex for siRNA loading and gene silencing 

Since lipopolyplexes formation can vary with the ratio of cholesterol, phospholipids, PEG-

DMG, DOTAP, and four-armed oligomer, we tested the various formulations using 

different molar ratios (Figure 11A and B). 573 was the most prominent component of the 

lipids, so we postulated that it impacts the formulation, lipopolyplexes with series 573 

ratios were prepared. Dynamic light scattering (DLS) was performed to demonstrate the 

size and zeta potential shift of the resulting particles, observing that lipids with 0 to 40% 

573 formed lipopolyplexes with an average diameter ranging from 90 nm to 230 nm 
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(Figure 11C and D). We concluded that GNs+siRNA@Lipid size varied with the ratio of 

the cationic oligomer, but there was no obvious regularity in the results. 

 

Figure 11. Optimization of lipopolyplex formulation by adjusting lipids molar ratio. (A) (B) Specific 

ratio of cholesterol, phospholipids, PEG-DMG, DOTAP, and four-armed oligomer for 
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lipopolyplexes. (C) (D) Size distributions (Z-average), PDI, (E) (F) zeta potentials, and (G) (H) 

eGFPLuc gene silencing efficiency of GNs+siRNA@Lipid with different 573 ratios. 

Importantly, the tendency of zeta potential clearly showed 573 dose dependence (Figure 

11E and F). We also evaluated the gene silencing potential of the corresponding 

nanocarriers, a human cervix carcinoma KB/eGFPLuc cell line which expresses eGFPLuc 

fusion protein was used. The control siRNA was used to exclude any non-specific 

eGFPLuc reduction. At a specific ratio of lipids (cholesterol/phospholipids/PEG-

DMG/DOTAP/573: 48/20/2/15/15 mol%), the lipopolyplexes exhibited superior gene 

silencing (Figure 11G and H).  

 

Figure 12. Analysis of GNs coated with different amount of oligomer with or without siRNA. (A) 

Particle sizes (Z-average), PDI and (B) zeta potentials of the formulations. (C) Size distributions 
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(Z-average), PDI, and (D) zeta potentials of GNs, GNs+TCPO@Lipid, GNs+siRNA@Lipid, and 

GNs+TCPO+siRNA@Lipid.  

Further exploration of encapsulation amount of the four-armed oligomer 573 showed that 

7.2 nmol of 573 was sufficient to reverse the charge of GNs (Figure 12A and B). Taken 

together, the addition of TCPO and siRNA resulted in an increase in average diameter 

from 35 nm to 84 nm (GNs+TCPO@Lipid) and 153 nm (GNs+siRNA@Lipid), respectively 

(Figure 12C). Finally, the lipopolyplex (GNs+TCPO+siRNA@Lipid) possessed the largest 

size less than 200 nm and it benefits tumor accumulation via passive targeting. Consistent 

with the observation in size, the zeta potential of GNs shifted from –41 mV to positive 

charge after coating with the cationic lipid (Figure 12D).  

 

Figure 13. Optimization of lipopolyplex for siRNA loading and gene silencing. (A) siRNA binding 

assay of lipopolyplex coated with different amounts of lipids (1.8, 3.6, and 5.4 mM). The 
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lipopolyplexes were incubated with 90% FBS at 37 oC for 4 h, 24 h, and 48 h, respectively. 2.5% 

agarose gel, 100 V, 60 min running time. (B) Particle size (Z-average), PDI, and (C) zeta potentials 

of lipopolyplex measured by DLS. The lipopolyplex was incubated in PBS (pH=7.4) at 4 oC for one 

week. The blue dotted line represents a PDI value of 0.2.  

To better explore the stability of the lipopolyplex, the siRNA binding efficiency with different 

lipid concentrations was analyzed by evaluating the electrophoretic mobility of 

GNs+TCPO+siRNA@Lipid in a 2.5% agarose gel (Figure 13A). After incubating 

lipopolyplex with 90% FBS for 4, 24, and 48 h, the electrophoresis assay was performed. 

At the 24-h incubation time point, some siRNA leaked out the lipopolyplex at a lipid 

concentration of 1.8 mM. When we up-regulated the lipid concentration to 3.6 mM, 

complete gel retardation of siRNA was observed. According to this result, a lipid 

concentration of 3.6 mM was selected for all formulations in the following experiments. 

Besides, under this condition, the lipopolyplex exhibited excellent stability in PBS at 4 oC 

for one week, which was supported by the slight size increase and negligible discrepancy 

of zeta potentials (Figure 13B and C). 

 

Figure 14. (A) eGFPLuc gene silencing efficiency of different concentrations of 

GNs+siRNA@Lipid with or without four-armed oligomer. The lipopolyplexes were prepared with 

siGFP and siCtrl, respectively. (B) eGFPLuc gene silencing efficiency of GNs+siRNA@Lipid+573 

(added 573 together with other lipids) and GNs+siRNA+573@Lipid (layer-by-layer encapsulation). 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean ± SD (n = 5).  
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To further confirm the impact of 573 on lipopolyplex-mediated gene silencing, we prepared 

two distinct formulations, one with and one without the four-armed oligomer. The group 

treated with GNs+siRNA@Lipid lacking 573 exhibited approximately 55% knock-down of 

eGFPLuc after 48 h incubation, whereas the corresponding lipopolyplex containing the 

four-armed oligomer could induce an increased gene silencing efficiency to 85% (Figure 

14A). Both siCtrl formulations showed negligible intrinsic cytotoxicity. In addition, the final 

gene silencing efficiency was also dependent on the adding order of the 4-armed oligomer 

during the lipopolyplex preparation. To our understanding, the hydrophilic 573 in lipid 

mixture would competitively bind to GNs and siRNA to achieve a balance of encapsulation 

and release, we proved that the post-encapsulation (adding 573 together with other lipids) 

exhibited better gene silencing than layer-by-layer encapsulation (Figure 14B).  

3.1.4 Evaluation of cellular uptake of lipopolyplexes 

Outstanding gene silencing usually depends on efficient cellular uptake, reasonably, we 

explored the endocytosis of the lipopolyplexes in KB cells (Figure 15A). Notably, nearly 

no obvious shift was observed for naked siRNA without lipid encapsulation. By 

comparison, the endocytosis of the GNs+siRNA@Lipid group increased to 140% after 24 

h incubation. Importantly, the uptake of the lipid-engaged group was superior over 

unencapsulated siRNA at 45 min. To further define the feasibility of self-exciting GNs, 

ROS level was assessed by flow cytometry (Figure 15B). Compared with the control 

group, quantification of fluorescence intensity in cells demonstrated significantly higher 

ROS generation in the GNs+TCPO@Lipid treated cells with a 44% fluorescence 

enhancement. To our understanding, the GNs in the lipopolyplex were chemically excited 

by an energy-rich intermediate (1,2-dioxetanedione), and then excite oxygen to generate 

1O2 via the chemical reaction. To look for more supporting evidences for the CET effect 

initiated 1O2 generation, a 1O2-selective sensor dye, 1O2 sensor green, was employed 

(Figure 15C). As expect, the CLSM confirmed that only the combined group exhibited 

bright 1O2 florescence signal.  
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Figure 15. Evaluation of cellular uptake and CET effect. (A) Left part: cellular uptake assay of 

naked siRNA and GNs+siRNA@Lipid in KB cells obtained by flow cytometry after 45 min, 2 h, 4 

h, 8 h, 12 h and 24 h incubation. Right part, the corresponding quantitative analysis of Cy5 

fluorescence intensity. Lipo 2000 and HEPES buffer were adopted as positive and negative 

controls, respectively. (B) Detection of ROS level in KB cells treated with different formulations for 

12 h. (C) Fluorescence image of KB cells incubated with different lipopolyplexes. Green represents 

1O2 fluorescence. Scale bar, 25 μm. The CLSM was performed by Miriam Höhn (Pharmaceutical 

Biotechnology, LMU München). 
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3.1.5 Evaluation of CET effect through cell viability 

Before confirming the feasibility of lipopolyplex-mediated oxidative damage, the potential 

cellular cytotoxicity was firstly evaluated. Encouragingly, after incubation of KB cells with 

GNs@Lipid and TCPO@Lipid for 24 h, the superior biosafety of the basic components of 

the CET system was validated (Figure 16A). The highest cell lethality of 

GNs+TCPO@Lipid can be attributed to the combined effect of TCPO and GNs. After 

incorporating GNs and TCPO, the inhibitory effects of GNs+TCPO@Lipid on KB cells 

displayed a TCPO dose-dependent behavior (Figure 16B). Consistent with the above 

result, more than 50% of cells viability decreased when the GNs concentration increased 

up to 200 µg mL–1. Given this consequence, NAC, holding the functions of anti-oxidation 

[129], scavenging free radicals, and regulating cellular metabolic activity, was adopted to 

further indirectly validate the presence of 1O2 (Figure 16C). Consistent with our 

assumption, KB cell viability exhibited a concentration-related improvement when 

exposed to NAC.  

 

Figure 16. Evaluation of CET effect-mediated cell killing. Cell viability of KB cells incubated with 

(A) various concentrations of GNs+siCtrl@Lipid, TCPO+siCtrl@Lipid, and 
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GNs+TCPO+siCtrl@Lipid, (B) various weight ratios of TCPO to GNs (mGNs = 10 µg well–1), (C) 

GNs+TCPO+siCtrl@Lipid in the presence of 1 mM or 3 mM NAC, (D) a series of concentrations 

of GNs+TCPO@Lipid with or without H2O2 (100 μM). The incubation time is 24 h. (E) Cell viability 

of HEK293 and HT22 cells incubated with different concentrations of GNs+TCPO@Lipid for 24 h.  

Additionally, previous reports have clearly demonstrated that cancer cells remain an 

enhanced metabolic rate, leading to high production of H2O2 in mitochondria. The over-

expressed H2O2 plays one indispensable role in the reaction with TCPO [130,131]. To 

confirm whether additional H2O2 is required in the medium, the cellular viability with or 

without H2O2 addition was assessed. As shown in Figure 16D, the negligible discrepancy 

was discerned with extra H2O2. Meanwhile, HEK293 and HT22 cells, were adopted as 

H2O2 low-producing and 1O2 high-sensitive cells for evaluating H2O2-induced cellular 

apoptosis, respectively [132]. Compared to KB cells and HEK293 cells, 

GNs+TCPO@Lipid treatment could mediate more efficient cell damage in HT22 cells, with 

cell viability lower than 25% at a GNs concentration of 200 µg mL–1 (Figure 16E).  

 

Figure 17. Mitochondrial membrane potential stained by JC-1 after KB cells were incubated with 

different formulations for 24 h. (A) Flow cytometry data presenting the shift of green and red 
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fluorescence by various treatments. (B) Quantitative analysis of the mean fluorescence intensity 

ratio of dimers to monomers.  

Increasing evidence has proved that the mitochondrial membrane could be damaged by 

1O2. So JC-1 was employed as an indicator of mitochondrial dysfunction, which performs 

as red JC-aggregates in normal mitochondria due to relatively high mitochondrial 

membrane potential, and re-disperses as green fluorescence in damaged mitochondria 

[133]. As shown in Figure 17, the combined group (GNs+TCPO@Lipid) exhibited the 

lowest red/green fluorescence ratio compared with single treatments and the control 

group, indicating a relatively high ratio of mitochondrial membrane depolarization in KB 

cells. Taken together, these data evidence the superior ROS generation in the 

lipopolyplex-mediated CET system.  

3.1.6 Evaluation of endosomal escape 

To fully explore the ROS-enhanced endosomal escape, we explored the intracellular 

trafficking of lipopolyplexes by monitoring Cy5-labeled siRNA and LysoTracker-stained 

endosome or lysosome. It can be seen that siRNA was efficiently endocytosed by cells 

with the help of the lipopolyplexes, but they were mostly co-localized in endosomes and 

lysosomes for groups without TCPO or GNs (Figure 18A). By comparison, the co-

localization between siRNA and endosome or lysosome was significantly reduced for 

GNs+TCPO+siRNA@Lipid. Effective endosomal escape can be attributed to the rupture 

of its membrane, so a cytosolic Gal8-mRuby3 fusion protein was selected as a sensor of 

endosomal membrane damage (Figure 18B). Without endosomal disruption, Gal8 is 

unable to contact its molecular targets, which are galactose-containing glycans exposed 

only at the inner membrane of endocytic endosomes, and is evenly distributed within the 

cytosol, see HEPES buffer negative control groups. In case of endosomal rupture, the 

Gal8 protein is able to be recruited to the now exposed galactose-containing glycans, 

resulting in punctuate fluorescent pattern of Gal8-mRuby3 of disrupted endosomes [133]. 

Thus, in HeLa cells expressing Gal8-mRuby3 fusion protein, the foci of intracellular 

galectin per cell was adopted as evidence of endosomal escape [104]. Consistent with 

the MTT results, the recruitment of Gal8-mRuby3 was most abundant in the ROS-
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generated group, holding an obvious signal increase that was ~51-fold higher than 

HEPES group (Figure 18B and C). 

 

Figure 18. Endosomal escape and cellular uptake mechanism of lipopolyplexes. (A) CLSM 

images of KB cells incubated with siRNA@Lipid, GNs+siRNA@Lipid, TCPO+siRNA@Lipid, and 

GNs+TCPO+siRNA@Lipid for 12 h. siRNA was labeled with Cy5 (Red), Endo/lysosomes were 

stained with Lysotracker (Green). The left lower corner presents the 1.5-fold magnification area 

indicated by the white squares. Scale bar, 25 µm. (B) Subcellular localization of HeLa cells 

expressing Gal8-mRuby3 after treatments with HEPES, GNs+siCtrl@Lipid, TCPO+siCtrl@Lipid, 

and GNs+TCPO+siCtrl@Lipid for 4 h. Red, green, and blue fluorescence represent Gal8-mRuby3, 

actin filaments, and nucleus, respectively. Scale bar, 75 µm. HeLa cells expressing Gal8-mRuby3 
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fusion protein were established by Dr. Yi Lin (former PhD student at Pharmaceutical Biotechnology, 

LMU München). (C) Quantitative analysis of Gal8 spots per cell for Figure 18B. The CLSM was 

performed by Miriam Höhn (Pharmaceutical Biotechnology, LMU München). 

Besides, we observed around 6-fold and 4-fold enhancements after 4 h exposure to 

GNs+siRNA@Lipid and TCPO+siRNA@Lipid, respectively. Notably, such increases were 

consistence with the fusogenic, inverted hexagonal lipid structure of DOPE and the proton 

sponge effect of the cationic four-armed oligomer (Figure 19A and B).  

 

Figure 19. Endosomal escape and CET-correlated apoptosis elevation of lipopolyplexes. (A) 

Confocal microscopy images of HeLa cells stably expressing Gal8–mRuby3 fusion protein after 

treatment with for 12 h. Red, green, and blue fluorescence represent Gal8, actin filaments, and 

nucleus, respectively. Scale bar, 75 μm. (B) Quantitative analysis of Gal8 spots per cell for Figure 

19A. The CLSM was performed by Miriam Höhn (Pharmaceutical Biotechnology, LMU München). 

HeLa cells expressing Gal8-mRuby3 fusion protein were established by Dr. Yi Lin (former PhD 

student at Pharmaceutical Biotechnology, LMU München). 

3.1.7 Mechanism of cellular uptake 

Based on the evidence that endocytosis of lipid-based nanoparticles is prerequisite for 

siRNA delivery and mRNA downregulation [134–136], we analyzed the endocytosis 
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pathway of our lipopolyplex. Three different pharmacological inhibitors were used 

according to the published literatures. Nystatin is responsible for inhibiting the caveolae-

mediated pathway [137], sucrose is explored to down-regulate the clathrin-mediated 

pathway [138], amiloride as the Na+/H+ exchanger pump inhibitor is used for intervening 

the macropinocytosis [139]. Cells were preincubated with inhibitors for one hour, then the 

changes of GNs+siCy5@Lipid internalization were monitored by flow cytometry (Figure 

20A). Downregulation of clathrin as well as caveolae-induced endocytosis did not 

significantly affect the cellular uptake of the lipopolyplexes. Encouragingly, amiloride 

regulated the macropinocytosis and led to a ~45% decrease in lipopolyplex uptake.  

 

Figure 20. Cellular uptake mechanism of lipopolyplexes. (A) Quantification of Cy5 fluorescence 

intensity in KB cells treated with GNs+siRNA@Lipid and endocytosis inhibitors. (B) Quantitative 

analysis and (C) confocal microscopy images of HeLa-Gal8-mRuby3 cells after incubation with 

GNs+siRNA@Lipid and endocytosis inhibitors. The left lower corner presents the 2-fold 

magnification area indicated by the white squares. Scale bar, 75 µm. The CLSM was performed 

by Miriam Höhn (Pharmaceutical Biotechnology, LMU München). The HeLa cells expressing Gal8-

mRuby3 fusion protein were established by Dr. Yi Lin (former PhD student at Pharmaceutical 

Biotechnology, LMU München). 
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According to this finding, we further investigated whether downregulating the endocytosis 

of lipopolyplex could also induce less endosomal escape. Therefore, we evaluated the 

endosomal escape behaviors of the lipopolyplex in HeLa-Gal8-mRuby3 cells with or 

without the inhibitors (Figure 20B and C). The GNs combined TCPO group 

(GNs+TCPO+siRNA@Lipid) and HEPES group were chosen as the positive control and 

the negative control, respectively. Notably, opposite to the inhibitor-free group, after being 

preincubated with inhibitors, the corresponding intracellular Gal8 spots also dramatically 

decreased. Specifically, more than 74% of Gal8 spots were blocked by amiloride, and the 

nystatin as well as sucrose treated groups showed little difference in endosomal escape 

regulation. Therefore, CET-induced ROS generation well potentiated endosomal 

disruption, implying that self-exciting chemical internalization could enhance cytosolic 

siRNA delivery.  

3.1.8 Evaluation of CET-correlated anti-cancer effect 

To further verify the enhanced gene silencing efficacy of the lipopolyplex, siEG5 was 

incorporated into the CET system. EG5 (also known as KSP or Kif11) is a motor protein 

involved in cellular mitosis. Silencing EG5 can block mitotic spindle apparatus 

organization and result in cell cycle arrest in the G2/M stage, initiating tumor cellular 

apoptosis program (Figure 21A) [139,140]. Cellular toxicity was assessed in advance via 

standard MTT assay, and no obvious cytotoxicity was induced by introducing siCtrl into 

the CET system (Figure 21B). In contrast, after changing siCtrl into siEG5, significant cell 

death was observed in a concentration-dependent behavior. Notably, we noticed a ~91% 

reduction in cell viability after co-incubation with GNs+TCPO+siEG5@Lipid at 100 µg mL–

1 GNs and 250 ng siRNA doses. To further confirm this outcome, KB cells were analyzed 

by flow cytometry with fluorescent probes after the same treatment. Cells treated with 

GNs+TCPO+siEG5@Lipid exhibited an enhanced apoptosis ratio (~59%) compared with 

single chemotherapy (~21%) or RNAi therapy (~22%) (Figure 21C). Our data strongly 

evidenced that CET-based chemotherapy synergized RNAi displayed enhanced apoptotic 

killing in KB cells compared to other single therapeutic modalities. 
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Figure 21. CET-correlated anticancer effect. (A) Schematic illustration of EG5 as a key motor 

protein involved in cellular mitosis, and its silencing with siEG5 can block centrosome separation 

and result in cell cycle arrest and apoptosis. (B) Cell viability of KB cells exposed to a series of 

concentrations of GNs+siCtrl@Lipid, TCPO+siCtrl@Lipid, GNs+TCPO+siCtrl@Lipid, 

GNs+siEG5@Lipid, TCPO+siEG5@Lipid, and GNs+TCPO+siEG5@Lipid for 48 h. (C) Annexin 

V-FITC/PI-based apoptosis analysis of KB cells using various treatments. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001. Data are presented as mean ± SD (n = 5).  

To confirm the biological effect of EG5 silencing, the cell cycle was evaluated with the 

help of PI. As shown in Figure 22, cells incubated without siEG5 were mainly distributed 

in the G1 stage (61% for HEPES group, 62% for GNs+siCtrl@Lipid group, 60% for 
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TCPO+siCtrl@Lipid group, 54% for GNs+TCPO@Lipid group). Oppositely, the ratio of G1 

stage of siEG5-involved groups was obviously downregulated, and the population in G/M 

stage simultaneously increased (40% for GNs+siEG5@Lipid group, 43% for 

TCPO+siEG5@Lipid group, and 35% for GNs+TCPO+siEG5@Lipid group). Especially, 

the sub-G1 peak of cells incubated with GNs and TCPO combined groups both strongly 

increased with or without siEG5, indicating the cells started cellular apoptosis program 

under the action of ROS. And compared with the GNs+TCPO@Lipid group, the increased 

sub-G1 ratio was observed after integrating siEG5, suggesting a consequence of ROS-

enhanced EG5 gene silencing.  

 

Figure 22. PI-mediated cell cycle evaluation of KB cells using various treatments. *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean ± SD (n = 5).  
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3.2 Dual effect by CET enhanced siRNA LNPs: ROS-triggered tumor cell 

killing aggravated by Nrf2 gene silencing 

Section 3.2 has been adapted from: Fengrong Zhang*, Tobias Burghardt, Miriam Höhn, 

and Ernst Wagner*. Dual Effect by Chemical Electron Transfer Enhanced siRNA LNPs: 

ROS-Triggered Tumor Cell Killing Aggravated by Nrf2 Gene Silencing, Pharmaceutics, 

2024. 16, 779.  

LNPs, with their core component consisting of cationic or ionizable lipids, are employed 

to package negatively charged nucleic acids [141–145]. Ionizable lipids containing 

secondary and/or tertiary amines are advantageous due to chemical architecture flexibility, 

providing endosomal pH-specific responsiveness [146–149]. Specifically, their acidic-

switchable structure provides protonation-deprotonation capabilities during the 

preparation process, collaborating with other constituents to shape amorphous cores 

[150–152]. Importantly, facilitating the nucleic acid transfer into the cytosol is another 

crucial mission of ionizable lipids, avoiding the fate of degradation in 

lysosomal/endosomal acidic environments [110,153,154].  

Mechanistic studies aimed at elucidating the endosomal escape of ionizable LNPs have 

been proposed, mainly membrane fusion as well as phospholipid flip-caused non-lamellar 

phase change and proton sponge effect [155–159]. The initial membrane destabilization 

in this process relies on endosomal acidification and involves a combination of positive-

charged lipids with negatively charged host phospholipids [160]. Notably, pH-specific 

endosomal action avoids direct damage to the cytosolic membrane, thus minimizing 

cytotoxic side effects. Researchers have adopted numerous strategies to enhance nucleic 

acid cytoplasmic transfer [109,161–163]. Despite the clinical success of LNPs with siRNA 

and messenger RNA (mRNA) transfer, the efficiency of endosomal escape remains 

suboptimal, with success rates observed at only 1−2% [38]. Application of higher 

therapeutic doses carries the risk of side effects [126,164,165].  

One alternative option to improve endosomal escape is the incorporation of sensitizers 

into nanovehicles that respond to specific external triggers, such as photo/sono energy, 

adjustably facilitating the destabilization of the vehicle and endosomal target membranes, 
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inducing cytoplasmic transfer [79,84,87,115,166–170]. For example, researchers 

reported on a porphyrin-LNP that enabled NIR light-induced siRNA endosomal release 

[170]. Such a photochemically triggered cytosolic delivery is suitable for superficial tissues 

that can be specifically addressed by light. Recently, we explored CET-assisted RNAi as 

an alternative to photochemical internalization, which successfully generated ROS without 

external triggers [171]. TCPO and GNs were employed as CET donor and acceptor, 

respectively. With the assistance of a donor and H2O2, the acceptor is activated, 

generating 1O2 to disrupt endosomes and release siRNA formulated as lipopolyplexes into 

cytosol.  

 

Scheme 3. Illustrations for CET-induced siRNA endosomal escape and siNrf2-aggravated 

ROS cancer cell killing. 
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Here, for the first time, we applied CET as an external trigger for the enhanced cytosolic 

delivery of LNPs-loaded with siRNA (siRNA@Lipid) and enhanced ROS-triggered tumor 

cell killing. For this purpose, novel LNP compositions were packaged with siRNA and 

various doses of TCPO and hemin as CET donor and acceptor, respectively (Scheme 3). 

Given the excellent capacity of hemin and TCPO to induce ROS production in cancer cells, 

we sought to enhance gene silencing via endosomal membrane lipid peroxidation: the 

CET effect would induce the endosomal accumulation of ROS, accelerating the transfer 

of the gene sequence to the cytoplasm. Effective silencing of gene targets at low siRNA 

doses demonstrated a LNP-integrating CET enhancing effect. Simultaneously, 

antitumoral siRNA extended the lifetime of ROS by silencing the oxidative stress protein, 

Nrf2, promoting cancer cell killing efficiency. 

3.2.1 Formulation and characterization of CET-based LNPs 

 

Figure 23. Design and preparation of LNPs. (A) Chemical structures of the ionizable lipopeptide 

TOTL-Stp, TCPO, and hemin used in the LNP formulation. (B) Chemical structure and MALDI-MS 

spectrum of the ionizable lipopeptide TOTL-Stp. Molecular weight:1730.48. [M+NH4]+ found 
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1741.95 and [M+K]+ found 1764.00. TOTL-Stp was synthesized by Tobias Burghardt (PhD student 

at Pharmaceutical Biotechnology LMU München). 

The ionizable lipopeptide TOTL-Stp provides siRNA binding and endosomal escape 

capabilities through its three cationizable secondary amines (Figure 23A). TOTL-Stp had 

been synthesized by SPPS analogously as previously reported (Figure 23B) [30,101,102]. 

The four oleic acid tails are incorporated in a U-shaped sequence K(OleA)2-Stp-K(OleA)-

K(OleA)-OH via bridging lysines and promote LNP stabilization through hydrophobic 

interactions and provide a fusogenic ability with the endosomal host membrane. 

LNPs were prepared using the standard solvent-exchange deposition method. In detail, 

helper lipids (cholesterol and phospholipid), PEG lipid, ionizable lipopeptide, TCPO, and 

hemin were dissolved in an ethanol and DMSO-containing organic solvent, and siRNA 

was dispersed in acidic citrate buffer. The TCPO and hemin were encapsulated in the 

hydrophobic interlayer by rapidly adding the aqueous solution containing siRNA (Figure 

24A and B). Both electrostatic and hydrophobic interactions guided the assembly process.  

 

Figure 24. (A) Schematic representation of the compounds in the CET-based LNP. (B) Illustration 

of the generation of CET-based LNPs via rapid mixing. Hemin and TCPO for the CET effect were 

dissolved in DMSO, and lipids were dissolved in ethanol. The ionizable lipopeptide enables siRNA 
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encapsulation through its positive charge at the low pH of the citrate buffer (pH 4). (C) The molar 

ratio of each compound in the top-performing LNP. (D) TEM image of LNPs contained hemin and 

TCPO in 20 mM HEPES buffer (pH 7.4). The N/(P+C) ratio was 9, the siRNA amount was 1 µg, 

the hemin amount was 1.3 µg, and the TCPO amount was 80 µg. The molar ratio of different lipids 

was 75/19.25/5/0.75 (ionizable lipopeptide/cholesterol/phospholipid/DMG-PEG). Scale bar is 100 

nm. 

The top-performing formulation was derived from the LNP formulation of Onpattro®, 

increasing the ionizable lipopeptide content in accordance with the N/P ratio while 

maintaining the other components constant. The best formulation had a N/P or N/(P+C) 

ratio of 9 and a molar ratio of 75/19.25/5/0.75 (ionizable lipopeptide/cholesterol/ 

phospholipid/PEG-DMG) (Figure 24C). Specifically, N represents the molar amount of 

ionizable nitrogen, P denotes the molar amount of phosphate group, and C corresponds 

to the molar amount of carboxyl group derived from the anionic hemin content. TEM 

revealed the morphological characteristics of the nanoparticles loaded with hemin and 

TCPO, exhibiting a relatively regular and spherical shape (Figure 24D). 

3.2.2 Characterization of CET-based system for ROS generation 

 

Figure 25. Illustration depicting (A) the chemical reaction of TCPO and H2O2 and (B) the excitation 

of hemin from the ground singlet state to the excited singlet state through energy transfer with 1,2-
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dioxetanedione. Subsequently, through intersystem crossing, it transitions to an excited triplet 

state capable of reacting with oxygen to generate 1O2.  

ROS generation is the prerequisite for the CET effect-enhanced endosomal escape of 

siRNA. In the current light-free CET system, the lipophilic oxalate derivative TCPO and 

the acceptor hemin co-localize in the hydrophobic section, ensuring an energy transfer 

distance of less than 10 nm. As displayed in Figure 25, the reaction between TCPO and 

H2O2 generates an energy-rich dioxetanedione. The intermediate excites hemin from the 

ground singlet state to the excited singlet state through energy transfer rather than light 

energy. Subsequently, through intersystem crossing, an excited triplet state is formed that 

reacts with oxygen to produce 1O2.  

 

Figure 26. ROS-based degradation of DPA, spectra under different conditions (A) T = 2 min, (B) 

T = 30 min, (C) T = 1 h, and (D) T = 2 h. (E) UV–vis absorption intensity of DPA at 383 nm over 

reaction time. The concentrations of DPA, TCPO, and hemin used in DPA degradation assay were 

15 μg mL–1, 0.17 mg mL–1, and 0.78 μg mL–1, respectively. (F) Ultraviolet–visible absorption 

intensity of DPA for LNPs at 383 nm under varying concentrations of H2O2. Reaction time was 2 

h. The concentrations of DPA, TCPO, and hemin used in the DPA degradation assay were 15 μg 

mL–1, 0.17 mg mL–1, and 0.78 μg mL–1, respectively.  
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For the analysis of 1O2, DPA, characterized by three distinctive absorption peaks, was 

adopted. Notably, in the CET group, the signal of DPA significantly decreased to 72% 

after 1 h and further dropped to 59% within 2 h. In comparison, without the assistance of 

H2O2 or TCPO, the retention rate was still higher than 90% after 2 h (Figure 26A-E). 

Furthermore, H2O2-dependent DPA oxidation was further evidenced by elevating H2O2 

concentration from 0 to 5 mM (Figure 26F). These findings strongly evidenced the 

excellent ability of CET-based light-free system in inducing ROS production through 

energy transfer. 

 

Figure 27. (A) Degradation spectra of DPA after adding different LNPs with a range of 

TCPO/hemin molar ratios. The concentration of H2O2 adopted was 5 mM. T = 2 h. (B) Size 

distributions and PDI of Hemin+TCPO+siRNA@Lipid with different TCPO/hemin ratio. (C) 
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Absorption intensity ratio of DPA at 383 nm between reaction times of 2 h and 2 min for different 

LNPs. The N/(P+C) ratio was 3, the siRNA amount was 1 μg, and the TCPO amount was 80 µg. 

The molar ratio of different lipids was 50/38.5/10/1.5 (ionizable 

lipopeptide/cholesterol/phospholipid/DMG-PEG). (D) Size distributions, PDI and (E) zeta 

potentials of different formulations. The N/(P+C) ratio was 9, the siRNA amount was 1 µg, the 

hemin amount was 1.3 µg, and the TCPO amount was 80 µg. UV–vis light absorption spectra of 

Hemin+TCPO+siRNA@Lipid, TCPO+siRNA@Lipid, Hemin+siRNA@Lipid, and siRNA@Lipid (F) 

before and (G) after adding H2O2.  

Building on the foundation of the CET effect, we expanded the system by integrating 

siRNA, cholesterol, and lipids, thereby creating the CET-based LNPs 

(Hemin+TCPO+siRNA@Lipid). Since ROS generation can vary with the molar ratio of 

TCPO/hemin, we optimized the DPA signal of various formulations using different molar 

ratios (Figure 27A). The average hydrodynamic sizes of the formulations measured by 

DLS exhibited minimal variation (Figure 27B). Importantly, the monodispersity of all 

formulations was well proved by PDI values, all around 0.2. 

The optimal TCPO/hemin molar ratio, determined to be 80, was utilized in the following 

experiments (Figure 27C). In addition, DLS showed that the ionizable lipid composition 

and siRNA formed LNPs, with or without TCPO and hemin, holding hydrodynamic sizes 

ranging from 162 nm and 289 nm and ζ-potentials among –5 mV and –10 mV (Figure 

27D and E). In the case of the CET reaction, it was observed that the UV–vis absorption 

of TCPO at 400 nm disappeared upon reaction with H2O2, which can be attributed to the 

decomposition of TCPO (Figure 27F and G).  

3.2.3 Optimization of LNPs for siRNA loading and gene silencing 

An elevated N/P ratio in LNP formulations may contribute to higher gene silencing efficacy 

but also amplifies potential toxicity issues. To address these conflicting requirements, we 

optimized the formulation by selectively improving the ionizable lipid content according to 

the N/P ratio, and keeping the other components constant. As indicated in Table 2, the 

optimized LNPs possess ionizable lipopeptide ratios ranging from 60–86%, with the 

corresponding ratio of PEG lipid reduced from 1.2 to 0.4%, significantly lower than that of 

typical LNPs (1.5%). 
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Table 2. Molar ratio of each compound for LNPs with different N/P ratios.  

 

 

Figure 28. Optimization of LNPs. (A) Size distribution, PDI, and (B) zeta potentials of initial 

formulations and optimized formulations at different N/P ratios. The siRNA amount was 1 μg, the 

hemin amount was 1.3 µg, and the TCPO amount was 80 µg. The siRNA@Lipid group was 

formulated without hemin and TCPO addition. Curve fitting for (C) hemin and (D) TCPO absorption.  

 N/P 
Molar ratio of ionizable 

lipopeptide/cholesterol/DSPC/PEG-DMG 

Initial formulation 3.0 to 18 50/38.5/10/1.5 mol% 

Optimized  
lipopeptide formulation 

4.5 60/30.8/8/1.2 mol% 

9 75/19.25/5/0.75 mol% 

18 85.71/11/2.86/0.43 mol% 
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In general, all LNPs exhibited a favorable size range of 130–183 nm and PDI range of 

0.10–0.28 without hemin and TCPO (Figure 28A). Adjusting the N/P ratio had a negligible 

impact on the hydrodynamic size and dispersion of optimized LNPs. The ζ-potentials of 

optimized LNPs shifted to positive at N/P 9 (Figure 28B). In contrast, after incorporating 

CET components, the size of siRNA@Lipid at N/P 3 increased to 288 nm; and low 

dispersibility in the HEPES buffer was observed. Notably, for the optimized formulations, 

encapsulating hemin and TCPO led to a slight increase in size, and their monodispersity 

was maintained. The loading efficiency of the TCPO and hemin were calculated. 

Specifically, the formulation with N/P 9 was the top performer, displaying encapsulation 

efficiencies >60% for hemin and >20% for TCPO (Figure 28C, D, and Table 3).  

Table 3. Loading efficiencies of hemin and TCPO in optimized CET LNPs with N/P ratios of 3.0, 

4.5, 9, and 18.  

 

To investigate the siRNA binding ability of CET-enhanced LNPs, a gel shift assay was 

performed using a 2.5% agarose gel (Figure 29A). The binding was significantly 

potentiated when the fraction of ionizable lipopeptide was increased in LNPs. The results 

indicated the specific elevation in ionizable lipopeptide content substantially enhanced 

siRNA binding efficiency. Particularly, when the N/P ratio of the optimized formulation 

reached or exceeded 9, superior siRNA binding capabilities were observed. In addition, 

the storage stability of the new formulation was evaluated. The formulations showed no 

considerable change in size over one week at 4 oC (Figure 29B). Oppositely, a substantial 

increase in size and PDI was recognized upon introducing the H2O2, and this phenomenon 

was further amplified with prolonged incubation at 37 oC (Figure 29C and D).  

N/(P+C) Hemin loading efficiency TCPO loading efficiency 

3 58.2 14.2 

4.5 53.1 12.1 

9 62.8 24.2 

18 57.6 23.0 
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Figure 29. (A) siRNA binding assay of initial formulations and optimized formulations at different 

N/P ratios. The siRNA@Lipid group was formulated without hemin and TCPO addition. For the 

siRNA binding assay, all formulations were CET LNPs (Hemin+TCPO+siRNA@Lipid). The gel 

electrophoresis conditions were: 2.5% agarose gel, 100 V, running time was 60 min. The siRNA 

amount was 100 ng, the hemin amount was 0.13 µg, and the TCPO amount was 8 µg. (B) Stability 

assay of CET LNPs after storing at 4 oC for one week. The siRNA amount was 1 μg, the hemin 

amount was 1.3 µg, and the TCPO amount was 80 µg. (C) Size and (D) PDI of siRNA@Lipid and 

Hemin+TCPO+siRNA@Lipid with or without the addition of H2O2. LNPs were incubated in PBS 

(pH 7.4) at 37 oC for 1 week. The siRNA amount was 1 μg, the hemin amount was 1.3 µg, and the 

TCPO amount was 80 µg. (E) Effect of dose dilution on the CET LNPs’ size and PDI measured 

by DLS.  

The CET-dependent size alteration of LNPs likely corresponds to CO2 generation within 

the core and rearrangement events that might be induced by lipid peroxidation. Previous 

researches have demonstrated that the double bonds in phospholipid can be oxidized in 

the presence of 1O2 [59,172]. Next, we tested the influence of dilution on integrity. The 

nanoparticles were prepared with a high siRNA amount of 500 ng, followed by serial 

dilution to lower concentrations. Encouragingly, the formulations exhibited excellent 

dilution stability at relatively low doses (Figure 29E). 
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Figure 30. CET-enhanced LNPs stability against varying concentrations of (A) NaCl and (B) 

heparin. Ribogreen was utilized to detect free siRNA. The formulations contained siCtrl 1 µg, 

TCPO 80 µg, and hemin 1.3 µg.  

It has been reported that the hydrophilicity of PEG-lipid contributes to the steric 

stabilization of LNP, ensuring excellent stability even under high ionic strength conditions. 

So, the RNA leakage assay of CET-enhanced LNPs was investigated following exposure 

to heparin and sodium chloride at series concentrations (Figure 30). At relatively high 

sodium chloride concentration (1.25 M), LNPs exhibited robust encapsulation of siRNA. 

With increased ionic strength, slightly stronger Ribogreen fluorescence was observed, 

indicating that some siRNA was released from dissociated LNPs. This observation is 

consistent with the trends in the heparin competition assay. 

Before we explored the CET-enhanced gene silencing, the efficiency of CET free LNPs 

was first analyzed after treatment with serial concentrations of LNPs for 48 h (Figure 31A). 

The transfections were carried out in KB/eGFPLuc cells, which express eGFPLuc fusion 

protein. Target gene silencing was assessed by measuring luciferase activity. The MC3 

LNP formulation dosed at 500 ng siRNA/well was selected as positive control. Both the 

initial and the optimized CET-free LNPs effectively silenced eGFPLuc expression at 

siGFP concentrations varied from 12.5 to 100 ng per well. Conversely, the siCtrl groups 

of the corresponding initial formulations exhibited noticeable intrinsic cytotoxicity. 

Specifically, in the range of N/P ratios from 4.5 to 18, the luciferase activity of LNPs 

exhibited gradually decreased with the escalating dose of siCtrl in LNPs. Encouragingly, 
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all optimized LNPs loaded with siCtrl showed nearly no reduction of luciferase activity; 

meanwhile, the excellent gene silencing capability was validated, with all formulations 

containing siGFP at 50 ng mediated more than 90% gene silencing efficiency. By 

comparison, the MC3 LNPs exhibited the same efficiency with a 10-fold higher siRNA 

amount. Similar conclusions were also demonstrated in DU145/eGFPLuc and 

N2a/eGFPLuc cells (Figure 31B). Considering both the CET effect and RNAi efficacy, 

LNP with N/P 9 was identified as the top performer and utilized in the subsequent 

experiments. Its siRNA encapsulation efficiency was determined to be 98% by Ribogreen 

assay. 

 

Figure 31. (A) Gene silencing efficiency of KB/eGFPLuc cells treated with various CET free LNPs 

(siRNA@Lipid) at siRNA dose of 12.5, 25, 50, and 100 ng for 48 h. DLin-MC3-DMA was 

formulated as LNPs at N/P ratio of 3 and a siRNA dose of 500 ng well–1. (B) Gene silencing 
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efficiency in DU145/eGFPLuc and N2a/eGFPLuc cells treated with LNPs at siRNA amounts of 

12.5, 25, 50, and 100 ng for 48 h. Luciferase activity was normalized to cells without any treatment. 

3.2.4 Evaluation of cellular uptake 

 

Figure 32. Endocytosis production assays. (A) Investigation of hemin and Hemin+siCy5@Lipid 

cellular internalization after a series of incubation times. (B) Quantitative analysis of cellular hemin 

fluorescence intensity after different incubation times. (C) Hemin/Cy5-based cellular 

internalization assay in cancer cells following treatment with Hemin+siCy5@Lipid. The nanocarrier 

solution contained 100 ng siCy5 as well as 4 μg hemin with an N/(P+C) ratio of 9. (D) Cellular 

uptake study of Hemin+siCy5@Lipid after 45 min, 4 h, 8 h, 12 h, and 24 h of incubation. The 20% 

siRNA was labelled with Cy5. (E) Quantitative data of cellular Cy5 fluorescence intensity after 

varying incubation time.  
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Excellent RNAi primarily depends on effective cellular internalization, and therefore, the 

endocytosis of Hemin+siRNA@Lipid was explored using Cy5-labeled siRNA. The results 

showed that no significant signal shift observed for naked hemin (Figure 32A). In contrast, 

the uptake of the Hemin+siRNA@Lipid was gradually improved after incubation for 8 h 

(Figure 32B). Similarly, the enhanced cytosolic delivery of siRNA through a lipid 

encapsulation strategy was demonstrated in Figure 32C, D and E. However, the hemin 

signal from the encapsulated group was notably lower than that of siCy5, which was 

attributable to aggregation-induced quenching of PSs.  

3.2.5 Mechanism of cellular uptake 

 

Figure 33. (A) Endocytosis pathway study of LNP with different inhibitors. 4 oC: energy-dependent 

endocytosis; MβCD: lipid rafts/caveolae-mediated endocytosis; sucrose: clathrin-mediated 

endocytosis; amiloride: macropinocytosis. Incubation time was 4 h. Uptake was normalized to 

cells without inhibitor. (B) Assessment of ROS production in cells exposed to various formulations. 

Each formulation contained siCtrl 100 ng well–1, TCPO 8 µg well–1, and hemin 130 ng well–1. 

In an attempt to validate the internalization pathway of the LNP, three types of inhibitors 

and low temperature were adopted following literature protocols. At 4 oC, energy-

dependent endocytosis is affected; MβCD can inhibit caveolae/lipid rafts-mediated 

endocytosis; sucrose is the clathrin-mediated pathway inhibitor; amiloride is utilized to 

interfere the Na+/H+ exchange pump in macropinocytosis [139,173,174]. As shown in 
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Figure 33A, low temperature and MβCD inhibited the cellular internalization of 

nanocarriers by 78 and 73%, respectively, demonstrating energy- and caveolae/lipid rafts-

dependent endocytosis mechanisms. Based on the good cellular uptake, we further 

investigated the CET-based LNP-mediated cellular ROS generation (Figure 33B). In 

comparison to the HEPES group, a 1.5-fold increase in the fluorescent signal was 

observed in the CET group. As expected, the hemin in the hydrophobic interlayer was 

excited by the chemical energy through the CET donor, produced by TCPO and cellular 

H2O2 reaction. 

3.2.6 Evaluation of CET effect through cell viability 

 

Figure 34. Cell viability, gene silencing, and endosomal escape assay of CET system. N/P and 

N/(P+C) ratios were 9. (A) KB cell viability after incubation with serial concentrations of 

Hemin+TCPO+siCtrl@Lipid with or without 3 mM NAC for 48 h. NAC was used as an antioxidant. 

(B) Cell cytotoxicity of single CET components. KB cells were incubated with LNPs for 48 h and 
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then evaluated using an MTT assay. (C) Cell viability of KB cells incubated with serial 

concentrations of Hemin+TCPO+siRNA@Lipid for 24 h. (D) Cytocompatibility of 

Hemin+TCPO+siRNA@Lipid in H2O2 low producing cells. Incubation time was 48 h.  

The CET-triggered ROS generation depends on the dosage and the cell type, which not 

only enhances siRNA delivery by destabilizing endosomal membranes, but also induces 

cell killing. To prove the CET capability for cancer cell elimination through intracellular 

ROS, the cell metabolism activity was measured with or without addition of an antioxidant 

(NAC). Consistent with expectations, in the absence of NAC, the cell viability exhibited a 

concentration-dependent reduction pattern in the presence of CET components. Notably, 

co-incubation with Hemin+TCPO+siRNA@Lipid for 48 h at doses of 6 µg well–1 TCPO 

and 96 ng well–1 hemin induced a ∼55% reduction in cell viability. In contrast, after 

scavenging 1O2 with NAC, cellular metabolic activity was considerably restored, with no 

obvious decrease observed (Figure 34A). Moreover, the potential cytotoxicity of individual 

contributors was also evaluated. Encouragingly, following a 48 h treatment of cells with 

Hemin+siRNA@Lipid or TCPO+siRNA@Lipid, the excellent biocompatibility of the CET 

fundamental elements was confirmed (Figure 34B). In addition, we demonstrated that the CET 

effect-mediated cancer cell killing was time-consuming process. With a shorter incubation time, 

less cell lethality was detected, indicating a gradual yield of cellular 1O2 and sustained induction of 

cell apoptosis (Figure 34C). It has been demonstrated that cancer cells manifest metabolic 

alterations leading to notably elevated H2O2 levels in mitochondria (50-100 μM); the overproduced 

H2O2 takes responsibility for CET efficacy and specificity. HEK293, characterized by low H2O2 

production, were employed to study the specificity of the CET system. Compared with KB cells, 

negligible non-selective effects were exhibited towards normal cells, even at a relatively high dose 

(Figure 34D). 

3.2.7 Evaluation of CET effect for enhancing endosomal escape 

As mentioned above, the produced ROS in the CET system is beneficial for improving 

gene silencing via endosomal membrane lipid peroxidation. To verify this hypothesis, we 

measured the RNAi efficacy of LNPs with or without the CET system. In the initial step, 

an MTT assay was conducted for low doses of hemin and TCPO to ensure no interference 

with cell viability (Figure 35A). Also, luciferase activity assays in KB/eGFPLuc cells 
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showed no noticeable difference with or without the presence of the CET single factor 

(Figure 35B). Successful improvement in gene silencing was achieved at low doses of 

siRNA (3.1–6.3 ng well–1) (Figure 35C). Subsequently, a double CET dose was 

introduced. As expected, high RNAi efficacy was attained at a low siRNA dose of 3.1 ng, 

which was explainable by the 1O2 assistance in endosomal membrane disruption (Figure 

35D).  

 

Figure 35. (A) Cell viability of KB cells incubated with serial concentrations of 

Hemin+siRNA@Lipid, TCPO+siRNA@Lipid, and Hemin+TCPO+siRNA@Lipid. Incubation time 

was 48 h. (B) Gene silencing efficiency of KB/eGFPLuc treated with various control LNPs for 48 

h. siRNA amount was 6.25 ng well–1; TCPO amount was 4 µg well–1; hemin amount was 65 ng 

well–1. (C) Gene silence efficacy of CET-enhanced siRNA@Lipid. The CET group refers to 

Hemin+TCPO+siRNA@Lipid and control group refers to siRNA@Lipid. Luciferase activity was 
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normalized to cells without any treatment. (D) Gene silencing efficiency of siRNA@Lipid enhanced 

with a higher CET dose (8 µg TCPO well–1; 130 ng hemin well–1).  

3.2.8 Evaluation of CET effect for enhancing gene silencing 

 

Figure 36. (A) CLSM of Hela mRuby3/Gal8 cells after treating with different formulations. siRNA, 

TCPO, and hemin concentrations were same as Figure 35C on the right side; the siRNA amount 

was 500 ng; incubation time was 12 h. (B) Quantitative analysis of Gal8 spots per cell of cells 

treated with Hemin+TCPO+siRNA@Lipid for 12 h. (C) CLSM images of Hela mRuby3/Gal8 cells 

after treating with Hemin+TCPO+siRNA@Lipid for 4 h, 24 h, and 48 h. scale bar, 100 μm. Nuclei 

were stained with DAPI (blue), actin filaments were stained with rhodamine phalloidin (green), red 

fluorescence indicates Gal8-mRuby3. The CLSM was performed by Miriam Höhn (Pharmaceutical 

Biotechnology, LMU München). The HeLa cells expressing Gal8-mRuby3 fusion protein were 

established by Dr. Yi Lin (former PhD student at Pharmaceutical Biotechnology, LMU München). 

To further confirm this conclusion, an endosomal escape reporter cell line, HeLa cells 

expressing Gal8-mRuby3, was employed to assess the endosomal rupture capability of 

the CET system (Figure 36A). In this model, a cytosolic Gal8-mRuby3 fusion protein 
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would be recruited to disrupt endosomal membranes, forming visible bright fluorescent 

spots [171]. In this model, the molecular targets of Gal8 are glycans containing galactose, 

found exclusively on the inner membrane of endosomes. Following a 12-h treatment, 

formulations combining hemin and TCPO were found to prompt superior endosomolytic 

events compared to their individual counterparts, showing nearly 3-fold (P value of 0.03) 

and 10-fold (P value of 0.02) higher than TCPO and hemin group, respectively (Figure 

36B). Meanwhile, no intracellular punctate spot was detected in the HEPES group. The 

endosomal escape event started at approximately 4 h of incubation and extended for over 

48 h (Figure 36C). Altogether, consistent with the conclusion above, the designed CET 

system could induce effective double bonds oxidization in phospholipid through lipid 

peroxidation, providing an opportunity for nucleic acid to escape from LNP and endosome. 

3.2.9 Evaluation of siNrf2-based LNPs-correlated cancer cell killing effect 

 

Scheme 4. Schematic illustration of transcription factor Nrf2-Keap 1 system associated 

detoxification. 

As demonstrated in Figure 34, the CET system at standard dose (4 µg TCPO and 65 ng 

hemin) was capable of delivering siRNA and holding good biocompatibility; at a high dose 

(8 µg TCPO and 130 ng hemin), more ROS can be produced for directly killing cancer 

cells. To enhance the anticancer capability of CET toward cancer cells, gene silencing of 

the Nrf2 (also known as Nfe2l2)-Keap1 system was introduced; it is considered as a 
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master transcriptional regulator of endogenous oxidative stress [55,85,86,175–177]. For 

ROS-mediated treatments, Nrf2 plays a crucial role in helping cancer cells evade oxidative 

damage. Under oxidative stress, Nrf2 dissociates from Keap1, relocates to the nucleus, 

and takes shape into a heterodimer with its partner (Scheme 4, right). The resulting 

complex binds to antioxidant-responsive element sequences, activating downstream 

genes and antioxidants. Oppositely, under healthy conditions, Nrf2 mRNA is constitutively 

expressed and bound to its inhibitor, Keap1, which facilitates binding of the Cullin-3 

(Cul3)/RING box protein1 (RBX1) E3 ubiquitin ligase complex, consequently causing 

proteasomal degradation of Nrf2 (Scheme 4, left). Adopting the Nrf2-Keap1 pathway as 

the target, we used siNrf2 to synergize with the ROS oxidative effect, and the generated 

ROS enhanced the siRNA endosomal escape simultaneously.  

 

Figure 37. (A) Assessment of KB cell viability following exposure to various concentrations of 

Hemin+siNrf2@Lipid and TCPO+siNrf2@Lipid. Incubation time was 48 h. (B) siNrf2-based LNPs 

for killing KB cell. TCPO amount was 8 µg well–1 and hemin amount was 130 ng well–1. Statistical 

significances were calculated by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. 

After co-culturing cancer cells with Hemin+siNrf2@Lipid or TCPO+siNrf2@Lipid for 48 h, 

the excellent biocompatibility of the prepared siNrf2-synergized CET system was 

validated (Figure 37A). Opposite to the control groups, after integrating hemin and TCPO, 

more than 80% of cells were dead at 8 µg well–1 TCPO, 130 ng well–1 hemin, and 12.5 ng 

siRNA doses, and 39% reduction was demonstrated compared to 

Hemin+TCPO+siCtrl@Lipid (Figure 37B). Consistent with the conclusion in Figure 34D, 

after replacing siCtrl with siNrf2, the CET system maintains good biosafety to normal cells 

(Figure 38).  
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Figure 38. Cytocompatibility of Hemin+TCPO+siNrf2@Lipid in H2O2 low producing cells 

(HEK293). The TCPO amount was 8 µg well–1 and the hemin amount were 130 ng well–1. 

Incubation time was 48 h.  

Next, with the help of Annexin V-FITC and PI, the apoptosis rate of KB cells incubated 

with various formulations was determined via flow cytometry (Figure 39). The apoptosis 

level of cells incubated with the CET group in the presence of siNrf2 was around 60%, 

significantly surpassing that of the CET group alone (36%). 

 

Figure 39. Annexin V-FITC/PI cell apoptosis analysis of KB cells after different treatments. siRNA 

amount was 1.88 µg well–1; TCPO amount was 60 µg well–1; hemin amount was 975 ng well–1; 

incubation time was 48 h. 
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Further evolution of Nrf2 gene silencing at the mRNA level was done through RT-qPCR 

assay. As shown in Figure 40, treatments with all LNPs including siNrf2 induced 

significant knockdown of Nrf2 mRNA (46% by Hemin+siNrf2@Lipid, 51% by 

TCPO+siNrf2@Lipid, and 87% by Hemin+TCPO+siNrf2@Lipid); conversely, siCtrl groups 

remained expression levels comparable to the HEPES (20 mM, pH 7.4) group. Moreover, 

the Nrf2 mRNA expression level of the CET group was much lower than that of the 

corresponding control groups. These results proved that the CET involvement results in 

improved gene silencing efficacy at the mRNA expression level. 

 

Figure 40. mRNA expression in KB cells (120,000 cells/well) after Hemin+TCPO+siNrf2@Lipid 

incubation for 48 h. siRNA dose was 2 µg, TCPO dose was 400 µg, and hemin dose was 6.5 µg. 

Cells treated with Hemin+siCtrl@Lipid, TCPO+siCtrl@Lipid, and Hemin+TCPO+siCtrl@Lipid 

served as negative controls. 

3.2.10 Evaluation of siEG5-based LNPs-correlated cancer cell killing effect 

 

Figure 41. (A) Dose titration of CET system-assistant siEG5 LNPs. TCPO amount was 8 

µg well–1 and hemin amount was 130 ng well–1. Incubation time was 48 h. (B) Annexin V-
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FITC/PI cell apoptosis analysis of KB cells after different treatments. The incubation time 

was 48 h. 

In addition, we underscored the CET-enhanced RNAi using an alternative type of siRNA. 

EG5, a motor protein that provides a crucial role in cellular mitosis, can be silenced to 

impede the organization of the mitotic spindle apparatus, leading to cell-cycle arrest; 

therefore, initiating programmed cellular apoptosis in tumor cells [139,140]. As shown in 

Figure 41A, the survival rate of cells incubated with siEG5 was obviously decreased, in 

comparison with Hemin+siEG5@Lipid and TCPO+siEG5@Lipid. Notably, the highest 

cell-killing efficacy, around 87 %, was achieved at a dose of 100 ng siEG5, 8 µg TCPO, 

and 130 ng hemin. The apoptosis assay also proved superior CET-improved siEG5 cell 

killing with a total apoptotic cell percentage of 68%, much higher than those for a single 

treatment (Figure 41B). The improvement of gene silencing by CET was also 

demonstrated at the mRNA level (Figure 42). The results demonstrated that the 

incorporation of CET into the LNP amplified the effectiveness of therapeutic gene silencing.  

 

Figure 42. mRNA expression in KB cells (120,000 cells/well) Hemin+TCPO+siEG5@Lipid 

incubation for 48 h. siRNA dose was 2 µg, TCPO dose was 400 µg, and hemin dose was 6.5 µg. 

Cells treated with Hemin+siCtrl@Lipid, TCPO+siCtrl@Lipid, and Hemin+TCPO+siCtrl@Lipid 

served as negative controls. 
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4 Summary 

In the first part, a novel concept of self-exciting chemical internalization is proposed for 

improving RNAi therapeutics, emphasizing promoting endosomal escape of nucleic acids. 

This strategy relies on a CET-based lipopolyplex, in which GNs act as effective receptors, 

and TCPO reacts with intratumorally over-expressed H2O2 to realize the receptors’ 

chemical excitation and 1O2 generation. A chemically sequence-defined cationic oligomer 

serves as a molecular glue to electrostatically attract negatively charged nucleic acids as 

well as GNs. In the direction of resolving endosomal escape hurdle, the CET and 

lipopolyplex are introduced into the siRNA delivery system. As expected, the lipopolyplex 

facilitated endosomal membrane rupture through lipid peroxidation, the combination of 

GNs and TCPO in this strategy dramatically boosted the formations of Gal8 spots with 51-

fold and 9-fold compare to the HEPES group and GNs+siRNA@Lipid group, respectively. 

More generally, the CET not only increased tumor-related gene silencing efficacy via 

enhanced endosomal disruption, but also triggered cancer cell apoptosis and necrosis 

through direct cell killing, tumor vascular damage, and a cascade of the immune response. 

Here, taking EG5 as an example, which is a crucial motor protein for cellular mitosis. 

Obviously, significant cell death induced by siEG5-mediated mitotic arrest via inhibiting 

organization of spindle apparatus was observed, and this effect was promoted through 

incorporating the CET effect.  

In the second part, inspired by the photochemical internalization technology for enhanced 

cytosolic nucleic acid delivery, we first design a novel LNP containing siRNA and CET 

components (Hemin+TCPO+siRNA@Lipid) for enhanced chemical internalization excited 

by H2O2 within the tumor environment. Co-encapsulating the hydrophobic CET donor 

TCPO and acceptor hemin facilitated their energy transfer, subsequently exciting O2 to 

produce 1O2. Our investigation aimed to answer the following questions: i) Can CET-

triggered ROS generation enhance the endosomal escape of siRNA@Lipid? ii) Can the 

ROS also directly damage cancer cells? iii) Can combined silencing of tumor-protective-

Nrf2 enhance ROS-induced cancer cell killing? All the three questions were answered. 

The CET process boosted endosomal disruption as measured by a Gal8 sensor. Three 

distinct types of siRNA, siGFP, siEG5, and siNrf2, were employed to verify CET-assisted 
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gene silencing. A relatively high RNAi efficacy was attained at a low siGFP at around 3–

6 ng per well. For siEG5, induction of apoptosis of cancer cells was demonstrated, 

achieving cell-killing efficacy of approximately 75% at 12.5 ng. Moreover, a 24% 

improvement in apoptosis level was observed through the regulation of endogenous 

oxidative stress by siNrf2. Our research underscores the great promise of CET-enhanced 

LNPs for advancing antitumoral nucleic acid therapeutics. 

Taken together, a new direction for enhancing RNAi is proposed. Compared with 

traditional photochemical internalization, lipid-based CET delivery systems hold the 

advantages of improving endosomal escape without external assistance and minimizing 

unnecessary damage, which shows great prospects for advancing antitumoral nucleic 

acid therapy. 
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5 Abbreviations 

CET Chemical electron transfer 

CLSM Confocal laser scanning microscopy 

CRET Chemiluminescence resonance energy transfer 

DAPI 4’,6-Diamidino-2-phenylindole 

DLS Dynamic light scattering 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO Dimethyl sulfoxide 

DOPE 1,2-Di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine 

DOTAP 1,2-Dioleoyl-3-trimethylammonium propane 

DPA 9,10-Diphenanthraquinone 

DSPC 1,2-Dioctadecanoyl-sn-glycero-3-phosphocholine 

EG5 Eglin 5 

eGFP Enhanced green fluorescent protein  

FBS Fetal bovine serum 

FDA United States Food and Drug Administration 

FITC Fluorescein isothiocyanate 

Gal8 Galectin-8  

GNs Gold nanoparticles 

HEPES N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid 

H2O2 Hydrogen peroxide 

JC-1 5,5,6',6'-Tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine 
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LDL Low-density lipoprotein 

LNP Lipid nanoparticle 

MTT Methyl thiazolyl tetrazolium 

MβCD Methyl-β-cyclodextrin 

NAC N-acetylcysteine 

NIR-II Second near-infrared 

NMR Nuclear magnetic resonance 

Nrf2 Nuclear factor erythroid 2-related factor 2 

1O2 Singlet oxygen 

PBS Phosphate-buffered saline 

PCSK9 Proprotein convertase subtilisin/kexin type 9 

PDI Polydispersity index 

PEG Poly(ethylene glycol) 

PEG-DMG 
1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 

PEI Polyethyleneimine 

PFA Paraformaldehyde 

PI Propidium iodide 

PSs Photosensitizers  

RNAi RNA interference 

ROS Reactive oxygen species 

RPMI-1640 Roswell Park Memorial Institute-1640 medium 

RT-qPCR Reverse transcription-quantitative real-time PCR 

siRNA Small interfering RNA 
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SPPS Solid-phase supported peptide synthesis 

Stp Succinyl-tetraethylene-pentamine 

TEM Transmission electron microscope 

TCPO Bis(2,4,6-trichlorophenyl) oxalate  

TOTL-Stp Tetra-oleoyl tri-lysino succinoyl tetraethylene pentamine 
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