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Chapter 1  

 

Introduction 
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1.1 Nanomedicine and its history 

Many drug candidates show potent biological activity but also exhibit poor water solubility, chemical 

instability, short half-lives in circulation, or inefficient cell uptake, and will therefore likely face 

significant delivery challenges.1 Fortunately, a recent advance in nanotechnology for healthcare 

applications, named nanomedicine, could address those shortcomings and limitations, enhance the 

therapeutic efficacy of traditional drugs, and revolutionize the pharmaceutical industry landscape.2 

Nanoscale delivery vehicles are designed to aid the transport of diagnostic or therapeutic agents 

through biological barriers and to improve the physical, chemical, and biological properties (e.g. 

solubility, circulating half-life, less off-target side effects) of drug candidates.3, 4 Within the field of 

nanomedicine a wide range of applications, such as drug delivery, vaccine development, antibacterials, 

diagnostics, imaging tools, wearable devices, implants, high-throughput screening platforms, and 

other healthcare-related areas are studied.5 

 

The progress of nanomedicine has undergone different stages during the last 60 years (Fig. 1).6-15 In 

1964, researchers discovered the structure of liposomes and proposed them as carriers for drugs.6 

Thereafter a variety of other nanoscale biomaterials including dendrimers,16 polymers,7 targeted 

liposomes,15 and PLGA nanoparticles14 were explored for their potential to deliver drugs. With the 

FDA approval in 1995 of doxorubicin-loaded liposomes, marketed as Doxil®,10 the field of 

nanomedicines entered a new era, and many other lipid-based pharmaceuticals entered the clinic to 

treat cancer, fungal infections, pain management, and to function as anti-viral therapies (Table 1).17-

30 To date, a variety of organic and inorganic nanomaterials have been applied as drug delivery 

vehicles.9-13, 31, 32 In 2018 the first siRNA lipid nanoparticle (Onpattro) was approved and the 

successful authorization for two mRNA Covid-19 vaccines in 2020 kickstarted the era of gene therapy 

taking center stage in the field of nanomedicine.33, 34 
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Figure 1. Important milestones in the field of nanomedicine.  
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The clinically approved liposome and albumin nanoparticles are defined as so-called first-generation 

nanomedicines, which overcome physicochemical barriers such as poor solubility or passive diffusion 

of drug molecules.3, 35 Compared to conventional pharmaceuticals, nanomedicines generally have a 

large specific surface area and flexibility of surface functionalization enabling different drug loading, 

retention, and controlled release. As a result, these nanocarriers improve the solubility of poorly-

soluble hydrophobic drugs, improve bioavailability, therapeutic effects, and/or release drugs in a 

sustained, controlled, or stimuli-triggered manner.36 With these properties, systemic side effects and 

administration dosage and frequency could be substantially reduced.  

 

More recently, nanomedicines have developed into more advanced nanosystems, so-called second-

generation drug delivery systems. These formulations have increased circulation half-life and reduced 

immunogenicity, while targeting moieties have been introduced to promote cell-specific targeting. 

Typically these targeting moieties are designed to specifically bind to overexpressed receptors on the 

surface of cells to target high selectivity for a variety of applications.37 As targeting moieties, a variety 

of molecules are being used including small peptides, natural proteins, monoclonal antibodies, 

aptamers, polymers, carbohydrates, and small targeting molecules (Fig. 2). 
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Table 1. Clinically approved liposome-based products 

 

i.v. (intravenous); i.m. (intramuscular); HSPC (hydrogenated soy phosphatidylcholine); PEG (polyethylene glycol); 

DSPE (distearoyl-sn-glycero-phosphoethanolamine); DSPC (distearoylphosphatidylcholine); DOPC 

(dioleoylphosphatidylcholine); DPPG (dipalmitoylphosphatidylglycerol); EPC (egg phosphatidylcholine); DOPS 

(dioleoylphosphatidylserine); POPC (palmitoyloleoylphosphatidylcholine); SM (sphingomyelin); MPEG (methoxy 

polyethylene glycol); DMPC (dimyristoyl phosphatidylcholine); DMPG (dimyristoyl phosphatidylglycerol); DSPG 

(distearoylphosphatidylglycerol); DEPC (dierucoylphosphatidylcholine); DOPE (dioleoly-sn-glycero-

phophoethanolamine) 

 

1.2 Lipid-based nanomedicines 

Lipid-based nanoparticles are still the most widely employed nanocarrier in drug delivery and 

diagnostic applications.30, 38, 39 Liposomes have been successful in delivering anti-cancer, anti-fungal, 

antibiotic, anesthetic, anti-inflammatory, and gene-based drugs. By careful design, long-circulating 

(e.g. by PEGylation), triggered release, and ligand-targeted delivery is obtained in vivo.38  
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As a drug delivery system, lipid-based nanomedicines such as liposomes possess multiple advantages: 

(i) liposomes can deliver both hydrophobic and hydrophilic molecules due to their amphiphilic lipid 

molecules that self-assemble into a hydrophilic core and a hydrophobic lipid layer; (ii) lipids are non-

toxic and biodegradable; the large pool of lipid varieties enable us to manipulate the liposome 

structures and properties to achieve different goals by changing the lipid types and ratios; (iii) 

liposomes exhibit higher tissue accumulation through the enhanced permeability and retention (EPR) 

effect and better pharmacokinetics, which leads to enhanced therapeutic efficacy and reduced toxicity; 

(iv) liposomes protect the encapsulated drug, improving drug stability and prolonging its circulation 

half-life; (v) the large surface of liposomes could be further decorated with different functional 

moieties (polymers, ligands, and antibodies) to construct targeting and controlled-release drug 

delivery systems.38-40 In summary, lipid-based nanomedicines have a proven track record in the 

successful delivery of a wide range of therapeutics for various diseases.  
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Figure 2. The schematic representation of engineered nanomedicines. The various surface modifications that are 

commonly pre-engineered could specifically target cells, and the types of encapsulated cargos are highlighted.    

 

1.3 RNA therapy 

Gene therapy has attracted attention over the last decades, as it possesses the potential to treat a 

genetic disorder from its origins by counteracting or replacing a malfunctioning gene within the cells 

adversely affected by the condition.41 Genetic cargo containing DNA, mRNA, small interfering RNA 

(siRNA), and microRNA (miRNA) mimics, can either express specific genes, knockdown gene 

expression, or upregulate target genes via several mechanisms.42 For DNA therapy, once the DNA 

cargo is internalized into target cells and released into the cytoplasm, it still needs to undergo nuclear 

trafficking and transcription into RNA, and its functionality depends on the nuclear envelope 

breakdown during cell division; this represents a major hurdle to DNA delivery efficacy.43, 44 In 

contrast, RNA delivery is relatively simple as it only needs to reach the cytoplasm of cells to be 

functional and typically (m)RNA is less immunogenic compared to DNA.  

 

Messenger RNA (mRNA) has recently come into focus as a potential new drug class to deliver genetic 

information, which provides tremendous flexibility and a broad therapeutic utility.45 Potential 

applications include protein replacement therapies, vaccines, and gene editing (Fig. 3).  
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Figure 3. Therapeutic applications of mRNA-nanomedicines include: (i) protein replacement therapies, (ii) vaccine 

candidates, and (iii) CRISPR gene editing therapeutics. 

 

The development of in vitro-transcribed (IVT)-mRNA-based therapeutics has the following 

advantages: (i) mRNA has no potential risk of insertional mutagenesis since it do not integrate into 

the genome; (ii) mRNA degradation can be achieved by physiological metabolic pathways; (iii) 

industrial production of IVT mRNA is relatively simple and inexpensive.46 The IVT-mRNA produced 

from a plasmid DNA backbone contains a 5’ cap, a 5’ untranslated sequence (UTR), an open reading 

frame coding for the protein of interest, a 3’ UTR, and a poly(A) tail (Fig. 4), all of these fragments 

can influence mRNA stability and translation. 46, 47  
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Figure 4. The key structural elements of in vitro-transcribed (IVT) mRNA. 

 

1.3.1 mRNA as a protein replacement therapy 

Genetic disorders originate from inherited or acquired gene mutations, resulting in abnormal protein 

expression.48 Using IVT mRNA as a therapeutic drug to express a desired protein is the most 

straightforward application. The therapeutic proteins translated by mRNA are generally engineered 

to display low immunogenicity, prolonged stability, and efficient expression.44 mRNA exerts its effect 

at the cytoplasm and expresses protein transiently and degrades via extracellular ribonucleases easily, 

which avoids the adverse effect of permanent expression. Therapeutic mRNA can be applied to 

restore the malfunction of a single defined protein caused by rare monogenic diseases, and it can be 

translated to modulate cellular behavior by expressing transcription of growth factors like vascular 

endothelial growth factor (VEGF) and cystic fibrosis transmembrane conductance regulator 

(CFTR).49  

 

mRNA as a therapeutic has been studied to treat a range of hereditary or acquired metabolic diseases 

and regenerative medicine.50 For example, in a mouse model of a lethal congenital lung disease 

caused by surfactant protein B (SP-B) deficiency, local delivery of modified SP-B mRNA to the lung 

greatly restored wild-type SP-B expression, and treated mice survived.51 In another study 

intramyocardial injection of modified mRNA encoding human vascular endothelial growth factor A 

(VEGF-A) improved heart regeneration in the myocardial infarction mice model.52 Finally, sustained 

mRNA delivery expressing therapeutic human a-galactosidase protein resulted in clinically relevant 

biomarker reduction in a mouse Fabry disease model.53 

 

1.3.2 mRNA vaccines 

Vaccines play a critical role in maintaining global health by preventing infection and transmission of 

multiple diseases worldwide. Vaccines work by exposing a patient to a part or whole pathogen, thus 

activating the immune system of the subject.54 Traditional vaccines include live-attenuated, 

inactivated, and replication-defective pathogens as well as subunit and conjugate vaccines.55 

Traditional vaccine technologies have been used across a wide range of bacterial and viral pathogens, 

and the widespread utilization of clinically approved live-attenuated vaccines completely eradicated 

the smallpox virus and greatly reduced the incidences of polio, measles-mumps-rubella (MMR), 

yellow fever, and other childhood diseases.56 However, they have not been successful in some 

diseases such as persistent infections, rapidly evolving pathogens with high sequence variability, 

complex viral antigens, and emerging pathogens.54 The newly emerging infectious virus outbreaks 

require rapid vaccine technology development and large-scale production, and non-infectious disease 

like cancer also demand novel vaccine technology since conventional approaches are not applicable. 

Thus, novel vaccine platforms are highly needed.    

 

Recently, novel in vitro-transcribed (IVT) mRNA vaccine technology offers the potential to 

revolutionize vaccine development as they are well-suited to address the limitations of existing 

conventional vaccine technology, especially as vaccine platforms against infectious diseases and 

several types of cancer.46 mRNA-based vaccines possess multiple advantages over conventional 

vaccines. First, multiple proteins can be translated: mRNA can be engineered to translate into different 
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types of proteins to act as antigens to stimulate immune responses.57, 58 Second, safety: mRNA 

translation is achieved by the ribosomes in the cytoplasm, requiring no need to enter the nucleus, thus 

efficacy can be greatly enhanced compared to DNA-based vaccines, which also rule out the potential 

risk to integrate into genomes.57, 58 Third, efficacy: diversified modification and delivery vectors can 

enhance the stability and translation efficiency of mRNA.57, 58 The functional carriers enable the rapid 

uptake and efficient expression of mRNA in the cytoplasm and can be administered repeatedly. 

Finally, production: mRNA vaccines are capable of rapid and large-scale manufacturing with the in 

vitro transcription technology advances greatly boosting the process of vaccine development.57, 58 

Researchers have successfully adopted mRNA vaccines to elicit protective immunity against many 

infectious diseases (e.g. Zika virus, powassan virus, HIV-1 virus, influenza virus) in animal models 

with the technology of LNP-mRNA delivery tools.59-62 
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Table 2. Representative clinical trials of lipid nanoparticle-mRNA therapeutics against infections, 

cancer, and genetic disorders 

 
HPV, human papillomavirus; i.m., intramuscular; i.v., intravenous; KRAS, Kirsten rat sarcoma 2 viral oncogene 

homologue; MAGE-A3, melanoma antigen family A; NY-ESO-1, New York esophageal squamous cell carcinoma; 

SARS-CoV-2, severe acute syndrome coronavirus 2; TPTE, putative tyrosine-protein phosphatase; CoA, coenzyme 

A; CRISPR-Cas9, clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR associated protein 

9. 

 



16 

 

1.4  mRNA delivery with lipid nanoparticles  

mRNA is very large (300–5,000 kDa, ~1–15 kb), hydrophilic, and membrane impermeable due to its 

negative charges. Furthermore, mRNA is inherently unstable and susceptible to endonuclease 

degradation with an intracellular half-life < 7 hours.63 RNA delivery needs to overcome multiple 

barriers, such as enzymatic degradation, uptake by the reticuloendothelial system, lack of selective 

tissue accumulation, kidney filtration, and limited intracellular entry and endosomal escape.64 An 

ideal mRNA delivery vector must therefore protect against serum endonucleases, evade immune 

detection, prevent nonspecific interactions, avoid renal clearance, and promote cell entry.42  

 

Developing safe and effective gene vectors has been the main focus. Gene vectors can be categorized 

into two major classes: viral and nonviral vectors. In fact, ~70% of gene therapy clinical trials carried 

out so far have used modified viruses such as retroviruses, lentiviruses, adenoviruses, and adeno-

associated viruses (AAVs).42 Viral vectors can efficiently transduce mammalian cells, however, the 

potential carcinogenesis,65 immunogenicities,66 broad tropisms,67 limited packaging capacity, and 

difficult industrial manufacturing limited their wide applications.68 Non-viral vectors could overcome 

those limitations with different biomaterial designs and modifications, including lipids, lipid-like 

materials, polymers, and inorganic nanoparticles.45 

 

Lipid-based nanocarriers are the oldest and most commonly used vector for nucleic acid delivery.42, 

69-71 Initially, permanent cationic lipids were used to encapsulate and transfect RNA to target cells. 

The positively charged (cationic) amine head groups form an electrostatic complex with the 

negatively charged RNA, permitting compaction of the RNA in the core of the lipid-based 

nanoparticles.72 However, these cationic liposomes often suffered from poor pharmaceutics, cellular 

toxicity, aggregation with erythrocytes, recruitment of the immune response (interaction with Toll-

like receptor or other intracellular proteins), and rapid plasma clearance.71, 73, 74 Thus, lipid 

nanoparticles composing ionizable lipids with less toxicity were designed to encapsulate RNA. These 

lipids are charged at mildly acidic pH and form a complex with RNA to assemble into stable lipid-

nanoparticles (LNPs) that are neutral under physiological pH conditions.71 These LNPs consist of 

both amorphous and lamellar core structures, whereas the core structure contains a mixture of 

amorphous, unilamellar, and polymorphic structures.75, 76 They possess no extra charges, therefore 

they are exempt from maintaining the balance of the charges and transfection efficacy. They have 

been considered the most advanced methods for RNA-based therapeutics, as evidenced by the clinical 

approvals of three LNP formulations, Alnylam’s Patisiran (ONPATTRO™), Pfizer’s BNT162b2 and 

Moderna’s mRNA-1273.77 Many other lipid nanoparticle-mRNA formulations have been developed 

and are under clinical evaluation for the prevention and treatment of virus infections, cancer, and 

genetic diseases (Table 2).42, 47, 48, 50, 54, 78-84  

 

LNPs are composed of (i) an ionizable lipid or cationic lipid or polymeric biomaterials bearing tertiary 

or quaternary amines that can efficiently condense mRNA; (ii) a zwitterionic lipid that serves as a 

helper lipid to enhance stability and fusogenicity, such as DSPC, DOPE; (iii) cholesterol or 

cholesterol analogs to stabilize the formulation by modulating membrane integrity and rigidity; (iv) 

a polyethylene glycol (PEG)-lipid to enhance the stability by decreasing particle aggregation, and to 

prolong blood circulation time.80, 85  
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After administration, there are multiple extracellular and intracellular barriers awaiting LNP-mRNA 

formulations to overcome in order to function in vivo (Fig. 5).45, 50, 80 First, mRNA needs to be 

protected from extracellular ribonucleases abundantly present in blood and skin after systemic or 

local delivery.45, 50, 80 Second, LNPs should avoid clearance by renal glomerular filtration and the 

mononuclear phagocyte system (MPS).45, 50, 80 Third, LNPs need to reach the target tissue and organs, 

cross the cell membrane, and be internalized by the target cells.45, 50, 80 Finally, the mRNA must escape 

from endo/lysosomes, and be transported into the cytoplasm.45, 50, 80 

 

Lipid nanoparticle-mRNA formulations are usually manufactured by rapid microfluidic mixing where 

mRNA is encapsulated in the interior core through electrostatic interactions with the ionizable 

lipids.47, 86 This stable nanostructure protects mRNA molecules from nuclease degradation in 

physiological fluids.47, 86 The PEG-lipids reduce recognition by the MPS and clearance by renal 

filtration, improving the stability and circulation lifetime of LNPs.47, 87, 88 The targeted delivery of 

LNP-mRNA can be improved by modifying and optimizing the nanoparticles, for example, selective 

organ targeting (lung, spleen, and liver, respectively) can be achieved by the addition of supplemental 

molecules.89 Moreover, surface modification of nanoparticles with targeting moieties (e.g. antibodies) 

can also be engineered to deliver mRNA into inflammatory leukocytes for treating inflammatory 

bowel disease,90 and targeting epidermal growth factor receptor (EGFR)-positive tumor cells for 

cancer treatments.91 Once LNP-mRNA reaches target cells, they are usually internalized by cells 

through multiple endocytosis mechanisms depending on nanoparticles’ properties and cell types, 

including macropinocytosis and clathrin-mediated and caveolae-mediated endocytosis.47, 92-94 After 

cellular internalization, LNP-mRNA needs to escape from the endosome into the cytoplasm, which 

is crucial for effective mRNA delivery and translation into the corresponding protein.95-97  
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Figure 5. Physiological barriers (extracellular and intracellular) for lipid nanoparticle–mRNA (LNP–mRNA) 

nanomedicine after systemic and local delivery.  

 

1.5 Endosomal escape 

LNPs gain entry into the cells by exploiting membrane-derived endocytic pathways, the genetic cargo 

accumulates in the early endosome, which acts as a sorting and recycling organelle from which 

genetic cargo should rapidly escape into the cytosol to avoid progressive and fatal degradation.98 

Their transfection performance depends on this endo/lysosomal escape efficiency. Studies showed 

that only <2% of siRNA delivered by LNPs was able to escape endosomal compartments into the 
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cytoplasm.95 For mRNA it was found that less than 5% delivered by LNPs was able to reach the 

cytoplasm.99 In general, LNP enter cells via the formation of early endosomes (EE), where the pH 

gradually lowers from 6.5 to 5.5. Maturation into late endosomes further lowers the pH 5.5-5.0.  

Finally, LNPs fuse with lysosomes with pH down to 4.5-5.5, where multiple enzymes (lipases, 

nucleases, glycosidase, proteases, phosphatases, sulfatases) dismantle the LNP assembly.100 

 

The delivery vectors are considered able to escape from endosomes through the proton sponge effect, 

the buffering capacity attenuates the decline of acidic endosomal pH, thus driving the osmotic 

pressure increase and ultimate endosomal rupture.64, 101, 102 Current research is focused on amplifying 

endosomal escape and minimizing the toxicity of delivery vectors, therefore achieving satisfactory 

transfection performances. To accomplish these challenging goals, new materials have been designed, 

which are responsive to external stimuli, such as light, redox state, enzymes, and pH.103 For LNPs, 

optimizing the pKa of ionizable lipids, using branched tails and biodegradable lipids, modulating the 

type (e.g. cholesterol, helper lipids [DSPC, DOPE]) and the ratio of lipids have been reported to 

increase the endosomal escape.76, 93, 104-113  

 

1.6 Membrane fusion 

Membrane fusion, one of the most fundamental processes in life, mediates housekeeping functions-

endocytosis, constitutive secretion, and recycling of membrane components.114 It underlies many 

cellular activities, such as viral infection, fertilization, and neurotransmitter release, and usually 

occurs when two separate lipid membranes merge into a single continuous bilayer.115 The most typical 

membrane fusion is exocytosis, whereby an incoming vesicle docks to the membrane, opposing 

membranes are connected forming a hemifusion stalk, then fusion pores expand to release their 

contents (e.g. hormones or neurotransmitters) into the extracellular milieu, or to deposit receptors, 

transporters, channels or adhesion molecules into the limiting membrane.116, 117 

 

Unlike typical endocytosis which needs to undergo endosome/lysosome degradation after 

internalization, membrane fusion has been recognized as able to overcome endosomal entrapment by 

driving direct fusion with the plasma membrane and subsequent delivery into the cytosol (Fig. 6).118 

With membrane fusion, the delivery efficiency of nanomedicine could be greatly improved. Among 

membrane fusion machinery components, SNARE (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) proteins have been well-characterierized and identified as critical 

components for multiple processes.119 Inspired by SNARE proteins, our lab has innovated artificial 

coiled-coil peptides that could mediate efficient liposomal delivery with enhanced therapeutic 

effect.120-122 
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Figure 6. Cellular uptake differences between endocytosis and membrane fusion. 

 

1.7 Aim and outline of this thesis  

This thesis focuses on the application of lipid-based nanomedicine in drug delivery, including small 

molecular antitumor drugs and biomacromolecules including mRNA, and evaluates their biological 

performance. We have modified liposomes and LNPs with fusogenic coiled-coil peptides to enhance 

the drug/mRNA delivery efficiency (Chapter 2-4), and also investigated how the lipid composition 

of LNPs influences the immune response (Chapter 5). 

  

In Chapter 2 fusogenic coiled-coil peptides are used to facilitate mRNA delivery in vitro. By 

modifying LNPs with coiled-coil peptides, we show that enhanced transfection efficiency can be 

achieved independent of cell type. This study shows that the fusogenic coiled-coil LNP system 

enhances mRNA transfection and holds great promise for future mRNA-based therapies.  

 

In Chapter 3 we will demonstrate that a coiled-coil peptide dimer facilitates drug delivery within 

cells and is mainly driven by membrane fusion. By careful peptide dimer design, we investigated 

their structural differences, membrane binding affinity, cellular uptake efficiency, and 

pharmacological effects after encapsulating antitumor drugs. It was shown that the parallel PK4 dimer 

induces the highest cellular uptake, and superior antitumor efficacy compared to the other designs. 

This study offers important mechanistic insights into the design of coiled-coil driven membrane 
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fusion systems and also provided novel strategies to develop peptide-based biomaterials to induce 

improved drug delivery efficiency.  

 

In Chapter 4, we further applied the coiled-coil peptide modified LNP to transfect the human-induced 

pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). Different incubation methods of coiled-

coil peptide modified LNPs are compared and a novel 1-step incubation protocol is developed 

resulting in a high mRNA transfection efficiency. Furthermore, the enhanced mRNA transfection was 

independent of LNP lipid composition when following the 1-step incubation protocol. This study 

forms the basis of future in vivo research towards the development of efficient cardiomyocyte 

transfection and stimulation of cardiac repair and ultimately regeneration to rescue the ischemic 

myocardium.  

 

In Chapter 5, we evaluated the influence of lipid compositions of LNPs on immune responses by 

studying a panel of LNP formulations. This was done by keeping the ionizable lipids constant, 

replacing cholesterol with β-sitosterol, and changing the fusogenic helper lipid DOPE content. We 

studied the ability of this LNP library to induce antigen presentation and T cell proliferation, and 

identified four leading LNP formulations (C12-200-cho-10%DOPE, C12-200-sito-10%DOPE, cKK-

E12-cho-10%DOPE and cKK-E12-sito-30%DOPE) that induced robust T cell proliferation and 

enhanced IFN-γ, TNF-α, IL-2 expression. This study proved that T cell proliferation is strongly 

dependent on LNP composition. 

 

Chapter 6 summarizes the main finding of this thesis and discusses the future perspectives about the 

coiled-coil peptides modified nanomedicines and their use in mRNA-based therapies.  

 

 

1.8 References 

1. Ulldemolins, A.;  Seras-Franzoso, J.;  Andrade, F.;  Rafael, D.;  Abasolo, I.;  Gener, P.; Schwartz, S., Jr., 

Perspectives of nano-carrier drug delivery systems to overcome cancer drug resistance in the clinics.  (2578-532X 

(Electronic)). 

2. Shi, J.;  Votruba, A. R.;  Farokhzad, O. C.; Langer, R., Nanotechnology in Drug Delivery and Tissue 

Engineering: From Discovery to Applications. Nano Letters 2010, 10 (9), 3223-3230. 

3. Riehemann, K.;  Schneider, S. W.;  Luger, T. A.;  Godin, B.;  Ferrari, M.; Fuchs, H., Nanomedicine—

Challenge and Perspectives. Angewandte Chemie International Edition 2009, 48 (5), 872-897. 

4. Kim, B. Y. S.;  Rutka, J. T.; Chan, W. C. W., Nanomedicine. New England Journal of Medicine 2010, 363 

(25), 2434-2443. 

5. Pelaz, B.;  Alexiou, C.;  Alvarez-Puebla, R. A.;  Alves, F.;  Andrews, A. M.;  Ashraf, S.;  Balogh, L. P.;  

Ballerini, L.;  Bestetti, A.;  Brendel, C.;  Bosi, S.;  Carril, M.;  Chan, W. C. W.;  Chen, C.;  Chen, X.;  

Chen, X.;  Cheng, Z.;  Cui, D.;  Du, J.;  Dullin, C.;  Escudero, A.;  Feliu, N.;  Gao, M.;  George, M.;  

Gogotsi, Y.;  Grünweller, A.;  Gu, Z.;  Halas, N. J.;  Hampp, N.;  Hartmann, R. K.;  Hersam, M. C.;  

Hunziker, P.;  Jian, J.;  Jiang, X.;  Jungebluth, P.;  Kadhiresan, P.;  Kataoka, K.;  Khademhosseini, A.;  

Kopeček, J.;  Kotov, N. A.;  Krug, H. F.;  Lee, D. S.;  Lehr, C.-M.;  Leong, K. W.;  Liang, X.-J.;  Ling Lim, 

M.;  Liz-Marzán, L. M.;  Ma, X.;  Macchiarini, P.;  Meng, H.;  Möhwald, H.;  Mulvaney, P.;  Nel, A. E.;  

Nie, S.;  Nordlander, P.;  Okano, T.;  Oliveira, J.;  Park, T. H.;  Penner, R. M.;  Prato, M.;  Puntes, V.;  

Rotello, V. M.;  Samarakoon, A.;  Schaak, R. E.;  Shen, Y.;  Sjöqvist, S.;  Skirtach, A. G.;  Soliman, M. G.;  



22 

 

Stevens, M. M.;  Sung, H.-W.;  Tang, B. Z.;  Tietze, R.;  Udugama, B. N.;  VanEpps, J. S.;  Weil, T.;  Weiss, 

P. S.;  Willner, I.;  Wu, Y.;  Yang, L.;  Yue, Z.;  Zhang, Q.;  Zhang, Q.;  Zhang, X.-E.;  Zhao, Y.;  Zhou, 

X.; Parak, W. J., Diverse Applications of Nanomedicine. ACS Nano 2017, 11 (3), 2313-2381. 

6. Bangham, A. D.; Horne, R. W., Negative staining of phospholipids and their structural modification by surface-

active agents as observed in the electron microscope. Journal of Molecular Biology 1964, 8 (5), 660-IN10. 

7. Langer, R.; Folkman, J., Polymers for the sustained release of proteins and other macromolecules. Nature 1976, 

263 (5580), 797-800. 

8. Matsumura, Y.; Maeda, H., A New Concept for Macromolecular Therapeutics in Cancer Chemotherapy: 

Mechanism of Tumoritropic Accumulation of Proteins and the Antitumor Agent Smancs1. Cancer Research 1986, 

46 (12_Part_1), 6387-6392. 

9. Davis, M. E., The First Targeted Delivery of siRNA in Humans via a Self-Assembling, Cyclodextrin Polymer-

Based Nanoparticle: From Concept to Clinic. Molecular Pharmaceutics 2009, 6 (3), 659-668. 

10. Barenholz, Y., Doxil® — The first FDA-approved nano-drug: Lessons learned. Journal of Controlled Release 

2012, 160 (2), 117-134. 

11. Weissig, V.;  Pettinger, T. K.; Murdock, N., Nanopharmaceuticals (part 1): products on the market.  (1178-

2013 (Electronic)). 

12. Weissig, V.; Guzman-Villanueva, D., Nanopharmaceuticals (part 2): products in the pipeline.  (1178-2013 

(Electronic)). 

13. Bernabeu, E.;  Cagel, M.;  Lagomarsino, E.;  Moretton, M.; Chiappetta, D. A., Paclitaxel: What has been 

done and the challenges remain ahead. International Journal of Pharmaceutics 2017, 526 (1), 474-495. 

14. Gref, R.;  Minamitake, Y.;  Peracchia, M. T.;  Trubetskoy, V.;  Torchilin, V.; Langer, R., Biodegradable 

Long-Circulating Polymeric Nanospheres. Science 1994, 263 (5153), 1600-1603. 

15. Leserman, L. D.;  Barbet, J.;  Kourilsky, F.; Weinstein, J. N., Targeting to cells of fluorescent liposomes 

covalently coupled with monoclonal antibody or protein A. Nature 1980, 288 (5791), 602-604. 

16. Menjoge, A. R.;  Kannan, R. M.; Tomalia, D. A., Dendrimer-based drug and imaging conjugates: design 

considerations for nanomedical applications. Drug Discovery Today 2010, 15 (5), 171-185. 

17. Forssen, E. A., The design and development of DaunoXome® for solid tumor targeting in vivo. Advanced 

Drug Delivery Reviews 1997, 24 (2), 133-150. 

18. Murry, D. J.; Blaney, S. M., Clinical Pharmacology of Encapsulated Sustained-Release Cytarabine. Annals of 

Pharmacotherapy 2000, 34 (10), 1173-1178. 

19. Leonard, R. C. F.;  Williams, S.;  Tulpule, A.;  Levine, A. M.; Oliveros, S., Improving the therapeutic index 

of anthracycline chemotherapy: Focus on liposomal doxorubicin (Myocet™). The Breast 2009, 18 (4), 218-224. 

20. Alphandéry, E.;  Grand-Dewyse, P.;  Lefèvre, R.;  Mandawala, C.; Durand-Dubief, M., Cancer therapy 

using nanoformulated substances: scientific, regulatory and financial aspects. Expert Review of Anticancer Therapy 

2015, 15 (10), 1233-1255. 

21. Webb, M. S.;  Harasym, T. O.;  Masin, D.;  Bally, M. B.; Mayer, L. D., Sphingomyelin-cholesterol 

liposomes significantly enhance the pharmacokinetic and therapeutic properties of vincristine in murine and human 

tumour models. British Journal of Cancer 1995, 72 (4), 896-904. 

22. Drummond, D. C.;  Noble, C. O.;  Guo, Z.;  Hong, K.;  Park, J. W.; Kirpotin, D. B., Development of a 

Highly Active Nanoliposomal Irinotecan Using a Novel Intraliposomal Stabilization Strategy. Cancer Research 

2006, 66 (6), 3271-3277. 

23. Lister, J., Amphotericin B Lipid Complex (Abelcet®) in the treatment of invasive mycoses: the North 

American experience. European Journal of Haematology 1996, 56 (S57), 18-23. 

24. Stone, N. R. H.;  Bicanic, T.;  Salim, R.; Hope, W., Liposomal Amphotericin B (AmBisome®): A Review of 

the Pharmacokinetics, Pharmacodynamics, Clinical Experience and Future Directions. Drugs 2016, 76 (4), 485-500. 



23 

 

25. Guo, L. S. S.;  Fielding, R. M.;  Lasic, D. D.;  Hamilton, R. L.; Mufson, D., Novel antifungal drug delivery: 

stable amphotericin B-cholesteryl sulfate discs. International Journal of Pharmaceutics 1991, 75 (1), 45-54. 

26. Alam, M.; Hartrick, C. T., Extended-Release Epidural Morphine (DepoDur™): An Old Drug with a New 

Profile. Pain Practice 2005, 5 (4), 349-353. 

27. Angst, M. S.; Drover, D. R., Pharmacology of Drugs Formulated with DepoFoam™. Clinical 

Pharmacokinetics 2006, 45 (12), 1153-1176. 

28. Clarke, P. D.;  Adams, P.;  Ibáñez, R.; Herzog, C., Rate, intensity, and duration of local reactions to a 

virosome-adjuvanted vs. an aluminium-adsorbed hepatitis A vaccine in UK travellers. Travel Medicine and 

Infectious Disease 2006, 4 (6), 313-318. 

29. Glück, R.; Metcalfe, I. C., New technology platforms in the development of vaccines for the future. Vaccine 

2002, 20, B10-B16. 

30. Bulbake, U.;  Doppalapudi, S.;  Kommineni, N.; Khan, W., Liposomal Formulations in Clinical Use: An 

Updated Review. Pharmaceutics 2017, 9 (2). 

31. Ventola, C. L., Progress in Nanomedicine: Approved and Investigational Nanodrugs.  (1052-1372 (Print)). 

32. Shi, J.;  Kantoff, P. W.;  Wooster, R.; Farokhzad, O. C., Cancer nanomedicine: progress, challenges and 

opportunities. Nature Reviews Cancer 2017, 17 (1), 20-37. 

33. Verbeke, R.;  Lentacker, I.;  De Smedt, S. C.; Dewitte, H., The dawn of mRNA vaccines: The COVID-19 

case. Journal of Controlled Release 2021, 333, 511-520. 

34. Akinc, A.;  Maier, M. A.;  Manoharan, M.;  Fitzgerald, K.;  Jayaraman, M.;  Barros, S.;  Ansell, S.;  

Du, X.;  Hope, M. J.;  Madden, T. D.;  Mui, B. L.;  Semple, S. C.;  Tam, Y. K.;  Ciufolini, M.;  Witzigmann, 

D.;  Kulkarni, J. A.;  van der Meel, R.; Cullis, P. R., The Onpattro story and the clinical translation of 

nanomedicines containing nucleic acid-based drugs. Nature Nanotechnology 2019, 14 (12), 1084-1087. 

35. Ferrari, M., Frontiers in cancer nanomedicine: directing mass transport through biological barriers. Trends in 

Biotechnology 2010, 28 (4), 181-188. 

36. Zhang, C.;  Yan, L.;  Wang, X.;  Zhu, S.;  Chen, C.;  Gu, Z.; Zhao, Y., Progress, challenges, and future 

of nanomedicine. Nano Today 2020, 35, 101008. 

37. Petros, R. A.; DeSimone, J. M., Strategies in the design of nanoparticles for therapeutic applications. Nature 

Reviews Drug Discovery 2010, 9 (8), 615-627. 

38. Allen, T. M.; Cullis, P. R., Liposomal drug delivery systems: From concept to clinical applications. Advanced 

Drug Delivery Reviews 2013, 65 (1), 36-48. 

39. Grimaldi, N.;  Andrade, F.;  Segovia, N.;  Ferrer-Tasies, L.;  Sala, S.;  Veciana, J.; Ventosa, N., Lipid-

based nanovesicles for nanomedicine. Chemical Society Reviews 2016, 45 (23), 6520-6545. 

40. Filipczak, N.;  Pan, J.;  Yalamarty, S. S. K.; Torchilin, V. P., Recent advancements in liposome technology. 

Adv Drug Deliv Rev 2020, 156, 4-22. 

41. Naldini, L., Gene therapy returns to centre stage. Nature 2015, 526 (7573), 351-360. 

42. Yin, H.;  Kanasty, R. L.;  Eltoukhy, A. A.;  Vegas, A. J.;  Dorkin, J. R.; Anderson, D. G., Non-viral vectors 

for gene-based therapy. Nature Reviews Genetics 2014, 15 (8), 541-555. 

43. Buck, J.;  Grossen, P.;  Cullis, P. R.;  Huwyler, J.; Witzigmann, D., Lipid-Based DNA Therapeutics: 

Hallmarks of Non-Viral Gene Delivery. ACS Nano 2019, 13 (4), 3754-3782. 

44. Sahin, U.;  Karikó, K.; Türeci, Ö., mRNA-based therapeutics — developing a new class of drugs. Nature 

Reviews Drug Discovery 2014, 13 (10), 759-780. 

45. Hajj, K. A.; Whitehead, K. A., Tools for translation: non-viral materials for therapeutic mRNA delivery. Nature 

Reviews Materials 2017, 2 (10), 17056. 

46. Pardi, N.;  Hogan, M. J.;  Porter, F. W.; Weissman, D., mRNA vaccines — a new era in vaccinology. Nature 

Reviews Drug Discovery 2018, 17 (4), 261-279. 



24 

 

47. Kim, J.;  Eygeris, Y.;  Gupta, M.; Sahay, G., Self-assembled mRNA vaccines. Advanced Drug Delivery 

Reviews 2021, 170, 83-112. 

48. Zhao, W.;  Hou, X.;  Vick, O. G.; Dong, Y., RNA delivery biomaterials for the treatment of genetic and rare 

diseases. Biomaterials 2019, 217, 119291. 

49. Trepotec, Z.;  Lichtenegger, E.;  Plank, C.;  Aneja, M. K.; Rudolph, C., Delivery of mRNA Therapeutics 

for the Treatment of Hepatic Diseases. Molecular Therapy 2019, 27 (4), 794-802. 

50. Hou, X.;  Zaks, T.;  Langer, R.; Dong, Y., Lipid nanoparticles for mRNA delivery. Nature Reviews Materials 

2021, 6 (12), 1078-1094. 

51. Kormann, M. S. D.;  Hasenpusch, G.;  Aneja, M. K.;  Nica, G.;  Flemmer, A. W.;  Herber-Jonat, S.;  

Huppmann, M.;  Mays, L. E.;  Illenyi, M.;  Schams, A.;  Griese, M.;  Bittmann, I.;  Handgretinger, R.;  

Hartl, D.;  Rosenecker, J.; Rudolph, C., Expression of therapeutic proteins after delivery of chemically modified 

mRNA in mice. Nature Biotechnology 2011, 29 (2), 154-157. 

52. Zangi, L.;  Lui, K. O.;  von Gise, A.;  Ma, Q.;  Ebina, W.;  Ptaszek, L. M.;  Später, D.;  Xu, H.;  

Tabebordbar, M.;  Gorbatov, R.;  Sena, B.;  Nahrendorf, M.;  Briscoe, D. M.;  Li, R. A.;  Wagers, A. J.;  

Rossi, D. J.;  Pu, W. T.; Chien, K. R., Modified mRNA directs the fate of heart progenitor cells and induces vascular 

regeneration after myocardial infarction. Nature Biotechnology 2013, 31 (10), 898-907. 

53. DeRosa, F.;  Smith, L.;  Shen, Y.;  Huang, Y.;  Pan, J.;  Xie, H.;  Yahalom, B.; Heartlein, M. W., 

Improved Efficacy in a Fabry Disease Model Using a Systemic mRNA Liver Depot System as Compared to Enzyme 

Replacement Therapy. Molecular Therapy 2019, 27 (4), 878-889. 

54. Gebre, M. S.;  Brito, L. A.;  Tostanoski, L. H.;  Edwards, D. K.;  Carfi, A.; Barouch, D. H., Novel 

approaches for vaccine development. Cell 2021, 184 (6), 1589-1603. 

55. Plotkin Stanley, A., Vaccines: the Fourth Century. Clinical and Vaccine Immunology 2009, 16 (12), 1709-1719. 

56. Younger, D. S.;  Younger, A. P. J.; Guttmacher, S., Childhood Vaccination: Implications for Global and 

Domestic Public Health. Neurologic Clinics 2016, 34 (4), 1035-1047. 

57. Karikó, K.;  Muramatsu, H.;  Welsh, F. A.;  Ludwig, J.;  Kato, H.;  Akira, S.; Weissman, D., 

Incorporation of Pseudouridine Into mRNA Yields Superior Nonimmunogenic Vector With Increased Translational 

Capacity and Biological Stability. Molecular Therapy 2008, 16 (11), 1833-1840. 

58. Karikó, K.;  Muramatsu, H.;  Ludwig, J.; Weissman, D., Generating the optimal mRNA for therapy: HPLC 

purification eliminates immune activation and improves translation of nucleoside-modified, protein-encoding 

mRNA. Nucleic Acids Research 2011, 39 (21), e142-e142. 

59. Richner, J. M.;  Himansu, S.;  Dowd, K. A.;  Butler, S. L.;  Salazar, V.;  Fox, J. M.;  Julander, J. G.;  

Tang, W. W.;  Shresta, S.;  Pierson, T. C.;  Ciaramella, G.; Diamond, M. S., Modified mRNA Vaccines Protect 

against Zika Virus Infection. Cell 2017, 168 (6), 1114-1125.e10. 

60. VanBlargan, L. A.;  Himansu, S.;  Foreman, B. M.;  Ebel, G. D.;  Pierson, T. C.; Diamond, M. S., An 

mRNA Vaccine Protects Mice against Multiple Tick-Transmitted Flavivirus Infections. Cell Reports 2018, 25 (12), 

3382-3392.e3. 

61. Pardi, N.;  LaBranche, C. C.;  Ferrari, G.;  Cain, D. W.;  Tombácz, I.;  Parks, R. J.;  Muramatsu, H.;  

Mui, B. L.;  Tam, Y. K.;  Karikó, K.;  Polacino, P.;  Barbosa, C. J.;  Madden, T. D.;  Hope, M. J.;  Haynes, 

B. F.;  Montefiori, D. C.;  Hu, S.-L.; Weissman, D., Characterization of HIV-1 Nucleoside-Modified mRNA 

Vaccines in Rabbits and Rhesus Macaques. Molecular Therapy - Nucleic Acids 2019, 15, 36-47. 

62. Pardi, N.;  Parkhouse, K.;  Kirkpatrick, E.;  McMahon, M.;  Zost, S. J.;  Mui, B. L.;  Tam, Y. K.;  

Karikó, K.;  Barbosa, C. J.;  Madden, T. D.;  Hope, M. J.;  Krammer, F.;  Hensley, S. E.; Weissman, D., 

Nucleoside-modified mRNA immunization elicits influenza virus hemagglutinin stalk-specific antibodies. Nature 

Communications 2018, 9 (1), 3361. 

63. Houseley, J.; Tollervey, D., The Many Pathways of RNA Degradation. Cell 2009, 136 (4), 763-776. 



25 

 

64. Kim, B.;  Park, J.-H.; Sailor, M. J., Rekindling RNAi Therapy: Materials Design Requirements for In Vivo 

siRNA Delivery. Advanced Materials 2019, 31 (49), 1903637. 

65. Du, Z.;  Podsypanina, K.;  Huang, S.;  McGrath, A.;  Toneff, M. J.;  Bogoslovskaia, E.;  Zhang, X.;  

Moraes, R. C.;  Fluck, M.;  Allred, D. C.;  Lewis, M. T.;  Varmus, H. E.; Li, Y., Introduction of oncogenes into 

mammary glands in vivo with an avian retroviral vector initiates and promotes carcinogenesis in mouse models. 

Proceedings of the National Academy of Sciences 2006, 103 (46), 17396-17401. 

66. Verdera, H. C.;  Kuranda, K.; Mingozzi, F., AAV Vector Immunogenicity in Humans: A Long Journey to 

Successful Gene Transfer. Molecular Therapy 2020, 28 (3), 723-746. 

67. Bulcha, J. T.;  Wang, Y.;  Ma, H.;  Tai, P. W. L.; Gao, G., Viral vector platforms within the gene therapy 

landscape. Signal Transduction and Targeted Therapy 2021, 6 (1), 53. 

68. Thomas, C. E.;  Ehrhardt, A.; Kay, M. A., Progress and problems with the use of viral vectors for gene therapy. 

Nature Reviews Genetics 2003, 4 (5), 346-358. 

69. Woodle, M. C.; Scaria, P., Cationic liposomes and nucleic acids. Current Opinion in Colloid & Interface 

Science 2001, 6 (1), 78-84. 

70. Meka, R. R.;  Godeshala, S.;  Marepally, S.;  Thorat, K.;  Reddy Rachamalla, H. K.;  Dhayani, A.;  

Hiwale, A.;  Banerjee, R.;  Chaudhuri, A.; Vemula, P. K., Asymmetric cationic lipid based non-viral vectors for 

an efficient nucleic acid delivery. RSC Advances 2016, 6 (81), 77841-77848. 

71. Rietwyk, S.; Peer, D., Next-Generation Lipids in RNA Interference Therapeutics. ACS Nano 2017, 11 (8), 

7572-7586. 

72. Aldosari, B. N.;  Alfagih, I. M.; Almurshedi, A. S., Lipid Nanoparticles as Delivery Systems for RNA-Based 

Vaccines. Pharmaceutics 2021, 13 (2). 

73. Landesman-Milo, D.; Peer, D., Toxicity profiling of several common RNAi-based nanomedicines: a 

comparative study. Drug Delivery and Translational Research 2014, 4 (1), 96-103. 

74. Peer, D., Immunotoxicity derived from manipulating leukocytes with lipid-based nanoparticles. Advanced 

Drug Delivery Reviews 2012, 64 (15), 1738-1748. 

75. Eygeris, Y.;  Patel, S.;  Jozic, A.; Sahay, G., Deconvoluting Lipid Nanoparticle Structure for Messenger RNA 

Delivery. Nano Letters 2020, 20 (6), 4543-4549. 

76. Patel, S.;  Ashwanikumar, N.;  Robinson, E.;  Xia, Y.;  Mihai, C.;  Griffith, J. P.;  Hou, S.;  Esposito, 

A. A.;  Ketova, T.;  Welsher, K.;  Joyal, J. L.;  Almarsson, Ö.; Sahay, G., Naturally-occurring cholesterol 

analogues in lipid nanoparticles induce polymorphic shape and enhance intracellular delivery of mRNA. Nature 

Communications 2020, 11 (1), 983. 

77. Zhang, Y.;  Sun, C.;  Wang, C.;  Jankovic, K. E.; Dong, Y., Lipids and Lipid Derivatives for RNA Delivery. 

Chemical Reviews 2021, 121 (20), 12181-12277. 

78. Xiong, Q.;  Lee, G. Y.;  Ding, J.;  Li, W.; Shi, J., Biomedical applications of mRNA nanomedicine. Nano 

Research 2018, 11 (10), 5281-5309. 

79. Guan, S.; Rosenecker, J., Nanotechnologies in delivery of mRNA therapeutics using nonviral vector-based 

delivery systems. Gene Therapy 2017, 24 (3), 133-143. 

80. Kowalski, P. S.;  Rudra, A.;  Miao, L.; Anderson, D. G., Delivering the Messenger: Advances in 

Technologies for Therapeutic mRNA Delivery. Molecular Therapy 2019, 27 (4), 710-728. 

81. Uchida, S.;  Perche, F.;  Pichon, C.; Cabral, H., Nanomedicine-Based Approaches for mRNA Delivery. 

Molecular Pharmaceutics 2020, 17 (10), 3654-3684. 

82. Meng, C.;  Chen, Z.;  Li, G.;  Welte, T.; Shen, H., Nanoplatforms for mRNA Therapeutics. Advanced 

Therapeutics 2021, 4 (1), 2000099. 

83. Weng, Y.;  Li, C.;  Yang, T.;  Hu, B.;  Zhang, M.;  Guo, S.;  Xiao, H.;  Liang, X.-J.; Huang, Y., The 

challenge and prospect of mRNA therapeutics landscape. Biotechnology Advances 2020, 40, 107534. 



26 

 

84. Gillmore, J. D.;  Gane, E.;  Taubel, J.;  Kao, J.;  Fontana, M.;  Maitland, M. L.;  Seitzer, J.;  O’Connell, 

D.;  Walsh, K. R.;  Wood, K.;  Phillips, J.;  Xu, Y.;  Amaral, A.;  Boyd, A. P.;  Cehelsky, J. E.;  McKee, M. 

D.;  Schiermeier, A.;  Harari, O.;  Murphy, A.;  Kyratsous, C. A.;  Zambrowicz, B.;  Soltys, R.;  Gutstein, 

D. E.;  Leonard, J.;  Sepp-Lorenzino, L.; Lebwohl, D., CRISPR-Cas9 In Vivo Gene Editing for Transthyretin 

Amyloidosis. New England Journal of Medicine 2021, 385 (6), 493-502. 

85. Eygeris, Y.;  Gupta, M.;  Kim, J.; Sahay, G., Chemistry of Lipid Nanoparticles for RNA Delivery. Accounts 

of Chemical Research 2022, 55 (1), 2-12. 

86. Leung, A. K. K.;  Tam, Y. Y. C.;  Chen, S.;  Hafez, I. M.; Cullis, P. R., Microfluidic Mixing: A General 

Method for Encapsulating Macromolecules in Lipid Nanoparticle Systems. The Journal of Physical Chemistry B 

2015, 119 (28), 8698-8706. 

87. Jokerst, J. V.;  Lobovkina, T.;  Zare, R. N.; Gambhir, S. S., Nanoparticle PEGylation for imaging and therapy. 

Nanomedicine 2011, 6 (4), 715-728. 

88. Knop, K.;  Hoogenboom, R.;  Fischer, D.; Schubert, U. S., Poly(ethylene glycol) in Drug Delivery: Pros and 

Cons as Well as Potential Alternatives. Angewandte Chemie International Edition 2010, 49 (36), 6288-6308. 

89. Cheng, Q.;  Wei, T.;  Farbiak, L.;  Johnson, L. T.;  Dilliard, S. A.; Siegwart, D. J., Selective organ targeting 

(SORT) nanoparticles for tissue-specific mRNA delivery and CRISPR–Cas gene editing. Nature Nanotechnology 

2020, 15 (4), 313-320. 

90. Veiga, N.;  Goldsmith, M.;  Granot, Y.;  Rosenblum, D.;  Dammes, N.;  Kedmi, R.;  Ramishetti, S.; 

Peer, D., Cell specific delivery of modified mRNA expressing therapeutic proteins to leukocytes. Nature 

Communications 2018, 9 (1), 4493. 

91. Rosenblum, D.;  Gutkin, A.;  Kedmi, R.;  Ramishetti, S.;  Veiga, N.;  Jacobi, A. M.;  Schubert, M. S.;  

Friedmann-Morvinski, D.;  Cohen, Z. R.;  Behlke, M. A.;  Lieberman, J.; Peer, D., CRISPR-Cas9 genome 

editing using targeted lipid nanoparticles for cancer therapy. Science Advances 6 (47), eabc9450. 

92. Li, B.;  Zhang, X.; Dong, Y., Nanoscale platforms for messenger RNA delivery. WIREs Nanomedicine and 

Nanobiotechnology 2019, 11 (2), e1530. 

93. Miao, L.;  Lin, J.;  Huang, Y.;  Li, L.;  Delcassian, D.;  Ge, Y.;  Shi, Y.; Anderson, D. G., Synergistic 

lipid compositions for albumin receptor mediated delivery of mRNA to the liver. Nature Communications 2020, 11 

(1), 2424. 

94. Zhang, X.;  Zhao, W.;  Nguyen, G. N.;  Zhang, C.;  Zeng, C.;  Yan, J.;  Du, S.;  Hou, X.;  Li, W.;  

Jiang, J.;  Deng, B.;  McComb, D. W.;  Dorkin, R.;  Shah, A.;  Barrera, L.;  Gregoire, F.;  Singh, M.;  

Chen, D.;  Sabatino, D. E.; Dong, Y., Functionalized lipid-like nanoparticles for in vivo mRNA delivery and base 

editing. Science Advances 6 (34), eabc2315. 

95. Gilleron, J.;  Querbes, W.;  Zeigerer, A.;  Borodovsky, A.;  Marsico, G.;  Schubert, U.;  Manygoats, K.;  

Seifert, S.;  Andree, C.;  Stöter, M.;  Epstein-Barash, H.;  Zhang, L.;  Koteliansky, V.;  Fitzgerald, K.;  

Fava, E.;  Bickle, M.;  Kalaidzidis, Y.;  Akinc, A.;  Maier, M.; Zerial, M., Image-based analysis of lipid 

nanoparticle–mediated siRNA delivery, intracellular trafficking and endosomal escape. Nature Biotechnology 2013, 

31 (7), 638-646. 

96. Sahay, G.;  Querbes, W.;  Alabi, C.;  Eltoukhy, A.;  Sarkar, S.;  Zurenko, C.;  Karagiannis, E.;  Love, 

K.;  Chen, D.;  Zoncu, R.;  Buganim, Y.;  Schroeder, A.;  Langer, R.; Anderson, D. G., Efficiency of siRNA 

delivery by lipid nanoparticles is limited by endocytic recycling. Nature Biotechnology 2013, 31 (7), 653-658. 

97. Wittrup, A.;  Ai, A.;  Liu, X.;  Hamar, P.;  Trifonova, R.;  Charisse, K.;  Manoharan, M.;  Kirchhausen, 

T.; Lieberman, J., Visualizing lipid-formulated siRNA release from endosomes and target gene knockdown. Nature 

Biotechnology 2015, 33 (8), 870-876. 

98. Patel, S.;  Ashwanikumar, N.;  Robinson, E.;  DuRoss, A.;  Sun, C.;  Murphy-Benenato, K. E.;  Mihai, 

C.;  Almarsson, Ö.; Sahay, G., Boosting Intracellular Delivery of Lipid Nanoparticle-Encapsulated mRNA. Nano 



27 

 

Letters 2017, 17 (9), 5711-5718. 

99. Paramasivam, P.;  Franke, C.;  Stöter, M.;  Höijer, A.;  Bartesaghi, S.;  Sabirsh, A.;  Lindfors, L.;  

Arteta, M. Y.;  Dahlén, A.;  Bak, A.;  Andersson, S.;  Kalaidzidis, Y.;  Bickle, M.; Zerial, M., Endosomal 

escape of delivered mRNA from endosomal recycling tubules visualized at the nanoscale. Journal of Cell Biology 

2021, 221 (2), e202110137. 

100. Schlich, M.;  Palomba, R.;  Costabile, G.;  Mizrahy, S.;  Pannuzzo, M.;  Peer, D.; Decuzzi, P., Cytosolic 

delivery of nucleic acids: The case of ionizable lipid nanoparticles. Bioengineering & Translational Medicine 2021, 

6 (2), e10213. 

101. Liu, Z.;  Wang, S.;  Tapeinos, C.;  Torrieri, G.;  Känkänen, V.;  El-Sayed, N.;  Python, A.;  Hirvonen, 

J. T.; Santos, H. A., Non-viral nanoparticles for RNA interference: Principles of design and practical guidelines. 

Advanced Drug Delivery Reviews 2021, 174, 576-612. 

102. Karimi, M.;  Ghasemi, A.;  Sahandi Zangabad, P.;  Rahighi, R.;  Moosavi Basri, S. M.;  Mirshekari, H.;  

Amiri, M.;  Shafaei Pishabad, Z.;  Aslani, A.;  Bozorgomid, M.;  Ghosh, D.;  Beyzavi, A.;  Vaseghi, A.;  

Aref, A. R.;  Haghani, L.;  Bahrami, S.; Hamblin, M. R., Smart micro/nanoparticles in stimulus-responsive 

drug/gene delivery systems. Chemical Society Reviews 2016, 45 (5), 1457-1501. 

103. Degors, I. M. S.;  Wang, C.;  Rehman, Z. U.; Zuhorn, I. S., Carriers Break Barriers in Drug Delivery: 

Endocytosis and Endosomal Escape of Gene Delivery Vectors. Accounts of Chemical Research 2019, 52 (7), 1750-

1760. 

104. Jayaraman, M.;  Ansell, S. M.;  Mui, B. L.;  Tam, Y. K.;  Chen, J.;  Du, X.;  Butler, D.;  Eltepu, L.;  

Matsuda, S.;  Narayanannair, J. K.;  Rajeev, K. G.;  Hafez, I. M.;  Akinc, A.;  Maier, M. A.;  Tracy, M. A.;  

Cullis, P. R.;  Madden, T. D.;  Manoharan, M.; Hope, M. J., Maximizing the Potency of siRNA Lipid 

Nanoparticles for Hepatic Gene Silencing In Vivo**. Angewandte Chemie International Edition 2012, 51 (34), 

8529-8533. 

105. Hajj, K. A.;  Ball, R. L.;  Deluty, S. B.;  Singh, S. R.;  Strelkova, D.;  Knapp, C. M.; Whitehead, K. A., 

Branched-Tail Lipid Nanoparticles Potently Deliver mRNA In Vivo due to Enhanced Ionization at Endosomal pH. 

Small 2019, 15 (6), 1805097. 

106. Maier, M. A.;  Jayaraman, M.;  Matsuda, S.;  Liu, J.;  Barros, S.;  Querbes, W.;  Tam, Y. K.;  Ansell, 

S. M.;  Kumar, V.;  Qin, J.;  Zhang, X.;  Wang, Q.;  Panesar, S.;  Hutabarat, R.;  Carioto, M.;  Hettinger, 

J.;  Kandasamy, P.;  Butler, D.;  Rajeev, K. G.;  Pang, B.;  Charisse, K.;  Fitzgerald, K.;  Mui, B. L.;  Du, 

X.;  Cullis, P.;  Madden, T. D.;  Hope, M. J.;  Manoharan, M.; Akinc, A., Biodegradable Lipids Enabling 

Rapidly Eliminated Lipid Nanoparticles for Systemic Delivery of RNAi Therapeutics. Molecular Therapy 2013, 21 

(8), 1570-1578. 

107. Sabnis, S.;  Kumarasinghe, E. S.;  Salerno, T.;  Mihai, C.;  Ketova, T.;  Senn, J. J.;  Lynn, A.;  

Bulychev, A.;  McFadyen, I.;  Chan, J.;  Almarsson, Ö.;  Stanton, M. G.; Benenato, K. E., A Novel Amino 

Lipid Series for mRNA Delivery: Improved Endosomal Escape and Sustained Pharmacology and Safety in Non-

human Primates. Molecular Therapy 2018, 26 (6), 1509-1519. 

108. Hassett, K. J.;  Benenato, K. E.;  Jacquinet, E.;  Lee, A.;  Woods, A.;  Yuzhakov, O.;  Himansu, S.;  

Deterling, J.;  Geilich, B. M.;  Ketova, T.;  Mihai, C.;  Lynn, A.;  McFadyen, I.;  Moore, M. J.;  Senn, J. J.;  

Stanton, M. G.;  Almarsson, Ö.;  Ciaramella, G.; Brito, L. A., Optimization of Lipid Nanoparticles for 

Intramuscular Administration of mRNA Vaccines. Molecular Therapy - Nucleic Acids 2019, 15, 1-11. 

109. Whitehead, K. A.;  Dorkin, J. R.;  Vegas, A. J.;  Chang, P. H.;  Veiseh, O.;  Matthews, J.;  Fenton, O. S.;  

Zhang, Y.;  Olejnik, K. T.;  Yesilyurt, V.;  Chen, D.;  Barros, S.;  Klebanov, B.;  Novobrantseva, T.;  Langer, 

R.; Anderson, D. G., Degradable lipid nanoparticles with predictable in vivo siRNA delivery activity. Nature 

Communications 2014, 5 (1), 4277. 

110. Alabi, C. A.;  Love, K. T.;  Sahay, G.;  Yin, H.;  Luly, K. M.;  Langer, R.; Anderson, D. G., 



28 

 

Multiparametric approach for the evaluation of lipid nanoparticles for siRNA delivery. Proceedings of the National 

Academy of Sciences 2013, 110 (32), 12881-12886. 

111. Kauffman, K. J.;  Dorkin, J. R.;  Yang, J. H.;  Heartlein, M. W.;  DeRosa, F.;  Mir, F. F.;  Fenton, O. S.; 

Anderson, D. G., Optimization of Lipid Nanoparticle Formulations for mRNA Delivery in Vivo with Fractional 

Factorial and Definitive Screening Designs. Nano Letters 2015, 15 (11), 7300-7306. 

112. Li, B.;  Luo, X.;  Deng, B.;  Wang, J.;  McComb, D. W.;  Shi, Y.;  Gaensler, K. M. L.;  Tan, X.;  Dunn, 

A. L.;  Kerlin, B. A.; Dong, Y., An Orthogonal Array Optimization of Lipid-like Nanoparticles for mRNA Delivery 

in Vivo. Nano Letters 2015, 15 (12), 8099-8107. 

113. Cheng, Q.;  Wei, T.;  Jia, Y.;  Farbiak, L.;  Zhou, K.;  Zhang, S.;  Wei, Y.;  Zhu, H.; Siegwart, D. J., 

Dendrimer-Based Lipid Nanoparticles Deliver Therapeutic FAH mRNA to Normalize Liver Function and Extend 

Survival in a Mouse Model of Hepatorenal Tyrosinemia Type I. Advanced Materials 2018, 30 (52), 1805308. 

114. White Judith, M., Membrane Fusion. Science 1992, 258 (5084), 917-924. 

115. Jahn, R.;  Lang, T.; Südhof, T. C., Membrane Fusion. Cell 2003, 112 (4), 519-533. 

116. Martens, S.; McMahon, H. T., Mechanisms of membrane fusion: disparate players and common principles. 

Nature Reviews Molecular Cell Biology 2008, 9 (7), 543-556. 

117. Diao, J.;  Su, Z.;  Ishitsuka, Y.;  Lu, B.;  Lee, K. S.;  Lai, Y.;  Shin, Y.-K.; Ha, T., A single-vesicle 

content mixing assay for SNARE-mediated membrane fusion. Nature Communications 2010, 1 (1), 54. 

118. Marsden, H. R.;  Tomatsu, I.; Kros, A., Model systems for membrane fusion. Chemical Society Reviews 2011, 

40 (3), 1572-1585. 

119. Jahn, R.; Scheller, R. H., SNAREs — engines for membrane fusion. Nature Reviews Molecular Cell Biology 

2006, 7 (9), 631-643. 

120. Yang, J.;  Bahreman, A.;  Daudey, G.;  Bussmann, J.;  Olsthoorn, R. C. L.; Kros, A., Drug Delivery via 

Cell Membrane Fusion Using Lipopeptide Modified Liposomes. ACS Central Science 2016, 2 (9), 621-630. 

121. Yang, J.;  Shimada, Y.;  Olsthoorn, R. C. L.;  Snaar-Jagalska, B. E.;  Spaink, H. P.; Kros, A., Application 

of Coiled Coil Peptides in Liposomal Anticancer Drug Delivery Using a Zebrafish Xenograft Model. ACS Nano 

2016, 10 (8), 7428-7435. 

122. Kong, L.;  Askes, S. H. C.;  Bonnet, S.;  Kros, A.; Campbell, F., Temporal Control of Membrane Fusion 

through Photolabile PEGylation of Liposome Membranes. Angewandte Chemie International Edition 2016, 55 (4), 

1396-1400. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


