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Abstract 

The aim of this work was to synthesize peptides that would perform two functions in the potential 

treatment of two types of cancer.  

The first group of peptides was used as the antigenic component of a nanovaccine formulation that 

represents an immunotherapeutic approach to treating pancreatic ductal adenocarcinoma. In some 

cases, the peptides were modified at the N-terminus through palmitoylation and PEGylation, with the 

objective of enhancing their immunogenic potential. Additionally, they were synthesized as single 

epitopes or as multi-epitope constructs derived from tumor-associated antigen proteins. The peptides 

were formulated in poly(lactic-co-glycolic) acid-based nanoparticles, and the resulting 

nanoformulation was tested in a mouse model to assess its immunogenic activity. Two multiepitope 

peptides demonstrated a markedly positive response in vitro. These were the Palmitoyl-

PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL-NH2 peptide and the H-

KVYLRVRPLLKKSYGVLLWEIKKRFVPDGNRI-NH2 peptide. These findings suggest that long multi-epitope 

constructs are the most effective alternative for use as nanovaccine components, as single epitope 

peptides were demonstrated to lack immunogenicity. However, preliminary in vivo assays of the two 

multi-epitope peptides exhibited minimal activity against the tumor in a mouse model. Additional 

validation is necessary through the repetition of these assays. 

The second group of peptides served as targeting units in a quatsome nanovesicle delivery system that 

is designed to carry a therapeutic nucleic acid for the treatment of neuroblastoma. The peptides were 

initially synthesized with fluorescein as a probe. In parallel, a small molecule ligand, a thiolated p-

aminobenzylguanidine derivative, was also synthesized, labeled and evaluated in conjunction with the 

targeting peptide moieties to determine their internalization capability in a neuroblastoma cell line.  

A sequence targeting the GD2 receptor in neuroblastoma cells (H-WHWRLPSGGGC-NH2) and the 

thiolated p-aminobenzylguanidine derivative, demonstrated the greatest capacity to internalize into 

these cells and were therefore selected for the development of a conjugation methodology in 

quatsome nanovesicles using a thiol-maleimide click reaction.  The methodology was successfully 

developed, and the optimal conditions were identified as a pH of 7.5, a reaction time of two hours, the 

presence of a reducing agent and a clean-up methodology of size exclusion chromatography in 

Sephadex G50 and aqueous elution followed by mild acidic elution. This allowed for the separation of 

nanovesicles from unreacted ligands and the indirect estimation of the conjugated targeting moiety in 

the nanovesicle. The methodology yielded conjugation estimates of 50% to 65% for both the GD2-

binding peptide and the thiolated p-aminobenzylguanidine derivative. Furthermore, this formulation 

was demonstrated to have the capacity to deliver a nucleic acid to a neuroblastoma cell line. However, 

a switch of the PEGyl moiety carrying the maleimide function from PEG2000 to PEG1000 is required to 

achieve quantitative internalization. 

Furthermore, a study was conducted to evaluate the suitability of five different carbodiimides for use 

in solid-phase peptide synthesis, the methodology employed for the production of all peptide 

compounds in this research. The objective of this comparative study was to identify an optimal 

alternative to N,N'-diisopropylcarbodiimide (DIC) that can prevent the formation of the toxic 

compound hydrogen cyanide, which can occur when the reaction is conducted in the presence of 

oxyma. The study demonstrated that 1-tert-butyl-3-ethylcarbodiimide is an effective alternative to DIC. 

It exhibited comparable synthetic performance in the production of two peptide models and an 

antigenic peptide, while reducing the occurrence of hydrogen cyanide by threefold compared to DIC.   



 

   

 

Resumen 

Este trabajo tuvo como objetivo sintetizar péptidos que pudiesen cumplir dos funciones en el 

tratamiento de dos tipos de cáncer. El primer grupo de péptidos es el componente antigénico en una 

formulación de nanovacuna terapéutica contra el adenocarcinoma ductal pancreático. Para 

incrementar su potencial inmunogénico, se incluyeron péptidos modificados en la amina N-terminal y 

se formularon en nanopartículas de ácido poli(láctico-co-glicólico). Las formulaciones se ensayaron en 

un modelo de ratón. Dos péptidos multiepitópicos: Palmitoil-

PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL-NH2 y H-KVYLRVRPLLKKSYGVLLWEIKKRFVPDGNRI-NH2 

mostraron una actividad inmunogénica óptima in vitro, lo que sugiere que los péptidos largos 

multiepitópicos son una excelente opción como componentes de vacunas. Ensayos in vivo, sin 

embargo, demostraron poca actividad antitumoral.  

El segundo grupo de péptidos son unidades de direccionamiento en un sistema de entrega tipo 

quatsoma, que porta un ácido nucleico terapéutico para el tratamiento del neuroblastoma. Estos 

péptidos se sintetizaron como sondas fluorescentes introduciendo fluoresceína. Conjuntamente, se 

sintetizó una molécula orgánica, un derivado tiolado de p-aminobencilguanidinio. Estos compuestos 

se ensayaron en su capacidad de acumulación en células de neuroblastoma. El péptido H-

WHWRLPSGGGC-NH2 y el derivado tiolado de p-aminobencilguanidinio fueron seleccionados por su 

excelente actividad y se desarrolló una metodología de conjugación de estas unidades en quatsomas, 

alcanzando tasas de conjugación de entre el 50 % y el 65 %. Además, se demostró que esta formulación 

puede entrar en una línea celular de neuroblastoma y entregar un ácido nucleico siempre que la 

función maleimida se introduzca en un PEG1000.  

Todos los péptidos se sintetizaron mediante síntesis en fase sólida. Se realizó un estudio sobre la 

reacción de acoplamiento de esta metodología, en el que se compararon cinco carbodiimidas, con el 

fin de evaluar la mejor alternativa a la N,N’-diisopropilcarbodiimida (DIC), tanto en cuanto a la calidad 

de la síntesis como a la minimización de una reacción secundaria de la DIC en presencia de oxyma: la 

formación de cianuro de hidrógeno. Se demostró que la 1-tert-butil-3-etil-carbodiimida cumple ambos 

criterios y puede usarse para este fin. 
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I.1 Cancer 

Cancer is an umbrella term used to describe a number of disorders that are caused by a multifactorial 

deregulation of the cell cycle which causes uncontrolled multiplication of affected cells. This 

deregulation of cell proliferation can lead to very well-described deleterious consequences for 

organisms, potentially culminating in death.1 Among the numerous types of cancer affecting the 

general population, two are of particular concern, pancreatic ductal adenocarcinoma (PDAC) and 

neuroblastoma (NB), due to their aggressiveness, low survival rates, difficulty in early diagnosis and 

lack of adequate treatment alternatives. Research into alternative treatments to the classical 

approaches, such as radiotherapy and chemotherapy combined with surgery, has been promising up 

to the point of clinical trials. Immunotherapy is one of these alternative treatments. However, research 

into it has not yet shown effective results.2–4 The development of novel strategies to treat these types 

of cancer is of paramount interest.  

I.1.1 Pancreatic Ductal Adenocarcinoma (PDAC) 

PDAC is one of the most aggressive forms of cancer, with a 90% mortality rate within five years after 

diagnosis.5,6 Within EU countries mortality of PDAC has increased in the last decade7–14 (Figure I.1) and 

Austria, Czechia, Finland, Germany, and Hungary are in the top ten of the highest mortality rates per 

100.000 inhabitants. 

 

Figure I.1 Pancreatic Cancer Statistics for some western EU and OECD countries, showing current age 

standardized death rate per 100k inhabitants up to 2023 or nearest year and the % increase of said rate from 

2011-2019 or nearest year. 

Survival rate of PDAC patients is very low due to the fact that PDAC is extremely silent at early stages, 

which makes it difficult to diagnose.15  Consequently, most patients are diagnosed only after the cancer 

has already metastasized.16 Currently, the only curative treatment for PDAC is the surgical removal of 

the tumor, but fewer than 20% of patients have tumors that can be resected at the time of diagnosis.6 

More than 80% of patients are diagnosed with advanced-stage tumors that should be treated with 

chemotherapy and median survival is less than one year.16,17 Contrasting other tumor types, targeted 

therapies have been unsuccessful for PDAC until now.18–20 Nonetheless, a broader understanding of 

PDAC tumor and its interactions with the immune system has opened possibilities for treatment via 

immunotherapy.21 PDAC is a complex and heterogeneous tumor and environmentis consisting of 
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cancer stem cells and a dense stroma. Within the tumor microenvironment (TME), cancer-associated 

fibroblasts, pancreatic stromal cells, and recruited immunosuppressive cell populations can be found 

(Figure I.2).22 This last group includes myeloid-derived suppressor cells (MDSCs), tumor-associated 

macrophages (TAMs), and regulatory T cells (Treg cells) and their activity is key to explain the failure of 

immune responses to control the tumor and thus the lack of success in immunotherapy research to 

date. 

 

Figure I.2 Tumor structure for Pancreatic Ductal Adenocarcinoma in human (created with BioRender.com). 

I.1.2 Neuroblastoma (NB) 

NB is a type of cancer that affects neuroblasts, precursor cells to both nerve cells and adrenal medulla 

cells. The most frequently locations affected by NB are the adrenal glands23, but it can also appear in 

the spinal cord, abdomen, head, and thorax (Figure I.3). It is the most frequent pediatric solid 

extracranial sold tumor.24,25 Approximately 90% of all cases of NB occur in children under the age of 

five, and it is the most common form of cancer in the first year of life26,27, sometimes starting before 

birth. Crucially, by the time it is diagnosed it is often already metastasized.28,29 However, survival is 

inversely related to age, with younger patients more likely to survive and mortality reaching 

approximately 30-50% in patients 5 years of age or older.24  

 

Figure I.3 Clinical presentations of metastatic Neuroblastoma in children (figure extracted from Maris, J.M. 

“Recent advances in neuroblastoma”. N. Eng. J. Med. 2010, 326, 2202-2211).  
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Neuroblastoma is responsible for approximately 15% of cancer-related deaths in pediatric patients.30 

It should be understood that there is great interest in finding effective treatments to eliminate it and 

better diagnostic tools to detect it in its early stages, so much research has been done to understand 

its underlying mechanisms. This interest is increased because the target demographic is pediatric and 

as such this becomes a very sensitive topic.  

The difficulty in treating this cancer stems from its complexity due to its high genetic, biological, 

clinical, and morphological heterogeneity31,32, which makes it a tumor with a diversity of cell types, 

changing cell phenotypes over time, and multiple instances of mitogenic and antiapoptotic activity 

caused by the deregulation of different key checkpoints, such as the downregulation of p53. This 

suppression of apoptosis and increase in mitogenic activity is due to the expression of two major 

oncogenes: MYCN and ALK.31 This cellular diversity and phenotypic plasticity also leads to the 

development of resistance to chemotherapy and instances of relapse through the expansion of drug-

resistant tumor cells.33 Further complicating the treatment of this cancer, macrophage infiltration upon 

the development of an immune response results in regrowth of tumor cells.33 Therefore, novel 

therapeutic alternatives need to be explored for the treatment of NB. 

I.2 Peptides as bioactive compounds  

Peptides are widely used in biomedical research and various therapeutic applications (Figure I.4) due 

to their high affinity, selectivity, and specificity for their targets. These properties translate into 

remarkable safety and efficacy profiles in humans, making them well tolerated as drugs and showing 

few side-effects.34–37 In addition, their synthesis is well optimized38 and allows the preparation of 

diverse peptides with good yields in a short time frame, becoming good chemical tools for research.  

Peptides are an important subset of biological polymers/oligomers, such as proteins, nucleic acids, 

oligosaccharides, polysaccharides, and others and are defined as short chains of amino acids linked 

together by amide bonds (also known as peptide bonds). Peptides share the same amide backbone 

with proteins. In general, chains of 2-50 amino acids are considered peptides, and those with greater 

numbers of amino acids are considered polypeptides and/or proteins. The amide bond characteristic 

of the peptide backbone connects the α-amine of one amino acid to the -carboxylic acid of the next 

and has a planar conformation and a π-bond-like character due to the resonance resulting from the 

delocalization of a non-bonding electron pair of the nitrogen atom, being quite stable and unreactive 

at neutral pH and room temperature.39 Furthermore, the amide bond is one of the most commonly 

occurring bonds in organic and biological molecules. 38,40 Peptide functionality is defined by the amide 

backbone, the side chains of the amino acid sequence, and the secondary and tertiary conformational 

structure it adopts. Several bioactive peptides have been described, including several hormones, 

growth factors, various receptor ligands, enzyme inhibitors and antimicrobial effectors, which perform 

diverse biological functions, such as hormonal, metabolic and cell cycle regulation, cell-to-cell 

communication, host defense and immune modulation.34,41,42 Peptides are also widely used in 

biomedical research due to their high affinity, selectivity, and specificity for their targets. These 

properties translate into remarkable safety and efficacy profiles in humans, making them well tolerated 

as drugs and showing few side-effects.34–37 In addition, their synthesis is well optimized38 and allows 

the preparation of diverse peptides in a short time frame with quite good yields, becoming good 

chemical tools for research.  

Many synthetic peptides are FDA or EMA approved or are in clinical trials for the treatment of 

diseases35,37,43–45  including metabolic46, cardiovascular47, infectious36,48, diseases of the central nervous 

system49 and cancer.50–52 They can also be used in preventive health such as skincare53, general 

regenerative medicine and tissue engineering.54 Compared to protein-based biopharmaceuticals, 

https://en.wikipedia.org/wiki/Nucleic_acid
https://en.wikipedia.org/wiki/Oligosaccharide
https://en.wikipedia.org/wiki/Polysaccharide
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peptide-based therapeutics have greater chemical and physical stability, higher activity per unit mass, 

and lower immunogenicity.35,36 In addition, the complexity and cost of production are lower, generally 

approaching that of small molecules.2,34–36 Indeed, as pharmaceutical compounds, peptides occupy a 

comfortable niche between complex macromolecules and small organic molecules. An interesting 

subset within peptide-based therapeutic agents is that of antimicrobial peptides (AMPs), whether 

antibacterial, antifungal, antiviral or antiparasitic. Their application range from pest control and 

prophylaxis  in the food industry55–58 to therapeutic as anti-infective for pathogen control and 

elimination.36,48,59–61 Their mechanism of action may be by direct interaction with the pathogen target 

or by indirect action as immunomodulators, inducing the action of immune effectors (cytokines, 

neutrophils) that facilitate clearance of the pathogen.36 This dual mode of action results in a low 

propensity to generate resistance compared to conventional antibiotic molecules.56,60,62 

Peptides are also being used to generate self-assembled nanostructures for drug delivery, vaccination, 

and therapeutics3,63–65 because they can be engineered to exhibit self-assembly and gelation 

properties.  The ability of peptides to form hydrogels has been explored for tissue engineering.64,65 

Furthermore, peptides serve as models for structure-function analyses66 that study, for example, 

antimicrobial potential67, and in the building of libraries for said purposes.57  

Peptides also function as epitopes in vaccine formulations to generate a monospecific immune 

response against an antigenic parent protein. This use is widespread, encompassing the production of 

immunoglobulins for commercialization or research purposes, as well as therapeutic applications such 

as immunotherapy.3,68–71 Notable examples of peptide-based vaccines developed in recent years 

include candidate vaccines against SARS-CoV-272 and research into Mycobacterium tuberculosis-

specific antigens with the objective of producing an alternative anti-tuberculosis vaccine to the current 

BCG (Bacillus Calmette-Guerin) vaccine, which is based on a live attenuated whole pathogen.73 

Peptide ligands of specific receptors and proteins expressed on cell membranes are also employed for 

targeting/homing functions, directing drug delivery systems and compounds to desired tissues, cells, 

or cell organelles via affinity interactions with these surface membrane cell receptors or guiding drugs 

towards intracellular targets.36,51,60,63,64  Cell Penetrating Peptides (CPPs) are a specific group of this 

peptide category and are sequences that can cross the cell membrane and deliver loads that target 

internal cell structures being appropriate to generate targeted drug delivery systems.63,64,74 This ability 

also makes them appropriate vaccine components to ensure their internalization, processing, and 

presentation by antigen-presenting cells.70,71  

Despite all these advantages, peptides have limited physical stability compared to small molecules, 

variable solubility in aqueous solvents and are highly susceptible to enzymatic digestion. This results 

in low circulating plasma half-lives, thus reducing their scope and timeframe of action.34,36,64 

Interestingly, this very fact also implies certain advantages, such as inherent biodegradability, easy 

clearance from the organism and thus low toxicity. Nevertheless, achieving therapeutic plasma 

concentrations is a fundamental problem for peptide drugs and because of this, several strategies have 

been developed to overcome this problem.  Another disadvantage derived from the chemical nature 

of peptides is their low bioavailability and ability to cross physiological barriers such as mucosae and 

cell membranes due to the presence of a mixture of non-polar, polar, and charged residues in their 

sequence. This translates into a limited ability to reach tissues and cell targets, compared to organic 

molecules, with the notable exception of CPPs. Therefore, some systemic delivery routes such as oral 

administration are complicated, and peptide administration is mostly limited to the parenteral 

route34,64, with approximately 75% of peptide drugs administered in injectable form.34 For several 

reasons, including poor patient compliance and the risk of infection, this is not ideal.  
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Despite these drawbacks, approximately 150 peptide therapeutics are currently in various stages of 

clinical trials34,45, and more than 100 peptide drugs have been approved by the FDA and the EMA by 

2023.43,45,75 

 

Figure I.4 Summary of some biomedical applications of synthetic peptides (created with BioRender.com). 

I.3 Immunotherapy and peptide-based cancer vaccines 

Within the universe of the biomedical applications of peptides, cancer treatment is of particular 

interest to research. Peptides can be used as drugs against tumor cells50,51,76, as targeting molecules 

for drug delivery77 and as vaccines to induce anti-tumor immune responses.2,3,68,69,71,78 The latter is a 

form of immunotherapy and one of the novel alternatives to classical approaches to cancer treatment, 

which consists of recruiting the patient's immune system to selectively attack and eliminate cancer 

cells. The immune system has inherent antitumor activity, but it is often insufficient to fight cancer 

because the proliferation of cancer cells can outpace the rate at which the immune system can 

eliminate them. In addition, cancer cells can develop mechanisms to evade the immune response.79–

81 The goal of immune-based therapy is to enhance the antitumor response by enabling the 

recruitment and activation of immune cells, particularly and critically, tumor-infiltrating CD8+ T cells 

(TILs) that can reach and kill cancer cells.68,70 Recently, the incorporation of immunotherapy in the 

treatment of various solid tumors has marked a paradigm shift in oncology. Monoclonal antibodies, 

immune checkpoint inhibitors, T-cell transfer, vaccines, and ribonucleic acids (RNAs) are the main 

immunotherapeutic strategies for cancer treatment, modulating the antitumor immune response at 

different points. While monoclonal antibodies bind specific antigens and mark the tumor cell for 

elimination, immune checkpoint inhibitors (ICIs) block regulatory checkpoint proteins of the immune 

response, preventing downregulation and thus maintaining the strength of the immune activity. T-cell 

transfer, or immune cell therapy, consists of using immune cells (i.e., lymphocytes) collected from the 

patient, conveniently selected and expanded in the laboratory, and then reintroduced into the 

patient's body to directly eliminate cancer cells. On the other hand, vaccines are produced to train the 

patient's immune system to fight cancer cells by recognizing specific antigen epitopes in tumor cells. 

Finally, there is evidence to support that RNAs can serve as regulatory molecules of the immune system 

as well as suppressing the expression of oncogenes (Figure I.5).82–84 
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Figure I.5 Currently applied and researched types of immunotherapies for the treatment of cancer (created with 

BioRender.com). 

Cancer vaccines work on the same principles as vaccines for other diseases, where the active peptide 

component triggers an immune response that generates long-term immunity against a foreign antigen, 

with the caveat that their use is therapeutic rather than preventive or prophylactic. In this particular 

case, the recognition target is a self-antigen produced on the surface of cancer cells, either in a 

mutated form or overexpressed compared to healthy cells. Cancer vaccines train the immune system 

to recognize these antigens as foreign, thereby triggering a cellular response based in cytotoxic CD8+ 

T cells that targets and selectively eliminates cancer cells (Figure I.6).85,86  

 

Figure I.6 The basic strategy behind cancer vaccine immunotherapy. A vaccine formulation is injected, and an 

immune response is generated against a tumor antigen which is recognized by T CD8+ cells leading to the death 

of the tumor cell (created with BioRender.com). 

Peptide vaccines have advantages compared to standard methods of cancer treatments, such as 

chemotherapy and radiotherapy. They are specific in their target and have low toxicity. Their specificity 
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results in few off-target effects and is thus a well-tolerated therapy.3,69 Peptide vaccines have several 

advantages over other types of immunotherapies. Compared to monoclonal antibodies, peptide 

vaccines are cheaper and faster to produce because the peptide can be synthesized and loaded onto 

a delivery system to construct a vaccine formulation in generally less time than it takes to extract, 

culture, select and expand specific clones of T cells, fuse them into hybridomas, and finally have a 

population of cells that can secrete the antibody. This is a very complex series of steps that can take 

more than a year. In addition, antibodies must be carefully maintained and preserved to avoid loss of 

activity because, like most proteins, they are very sensitive to physical challenges such as temperature. 

Unlike immune checkpoint inhibitors, cancer vaccines do not cause the side effects associated with 

ICIs, such as diarrhea, rash, and fatigue, or other serious but less common side effects, such as liver 

inflammation.87 With respect to RNA therapies, these nucleic acids are less enzymatically stable than 

peptides due to their notorious lability to the ubiquitous nucleases and although administration routes 

are the same for both RNAs and peptides, RNA therapeutics must be administered with greater 

frequency, bi-weekly for some drugs.88  When compared to T-cell transfer, a similar issue arises than 

for monoclonal antibody production. Isolating and expanding populations of tumor-specific 

lymphocytes, eliminating unwanted cell populations, maintaining them, and ultimately delivering 

them to the patient is a costly and lengthy process. Finally, cancer vaccines aim to generate a durable 

and potent immune response and, unlike all previous alternatives, require a limited number of 

applications in the form of an initial immunization and one to two boosters to induce antitumor 

activity, whereas most other alternatives require more frequent applications over longer periods of 

time. 

Peptide vaccines can carry epitopes from two main types of antigens (Figure I.7, A). The first are tumor-

associated antigens (TAAs), which are proteins expressed in normal cells but overexpressed in cancer 

cells (Figure I.7, B).89 Since these are self-antigens, immune tolerance can be expected, and thus they 

are often poorly immunogenic, eliciting a weak and short-lived immune response. However, they are 

broadly distributed and common, as they can be found in more than one type of cancer cell.3,69,71 The 

second type of epitope is that of neoantigens, also called tumor-specific antigens (TSAs), which are 

mutated proteins recognized by the immune system as foreign.89 This allows for increased antitumor 

specificity and generally more responsive CD8+ T cells (Figure I.7, B). However, the strength of the 

immune response depends on the abundance of the neoantigen/TSA, which may be low in contrast to 

TAAs. In addition, a tumor may change cell types as it develops or modify its phenotype and no longer 

carry the same neoantigens, thereby escaping the initial immune control.69 

Additionally, peptide antigens for cancer vaccines should bind to major histocompatibility complex 

(MHC) class I and II to be presented to T cells and elicit an immune response (Figure I.7, B). These 

protein complexes can be highly polymorphic, i.e. variable from individual to individual. This is a major 

difficulty in expanding the scope of anticancer vaccines, although it has the advantage of allowing 

therapies to be personalized to specific individuals by formulating a few key neoantigen peptides to 

enable precise activation of CD8+ T cells.90,91  Therefore, antigen selection is key to meeting all of these 

requirements. The optimal epitopes should bind MHC complexes, and both class I and class II should 

be targeted. This ensures that both a CD8+ T cytotoxic (Figure I.7, B) and a CD4+ T helper (Figure I.7, 

C) cell response is generated, as an effector cell response (CD8+ Tc) alone is neither sufficient nor 

sustained over time.69  

In general, peptides with high affinity for MHC I are short peptides (from 8-mer to 11-mer) and 

therefore do not require processing to activate CD8+ cytotoxic T cells. A disadvantage in using these 

peptide epitopes is that in those MHC-I expressing cells that do not contain activating co-molecules, 

the binding of these peptides does not activate CD8+ T cells, but instead induces immune tolerance. 
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Antigenic peptides that bind MHC-II are longer (12-mer to 18-mer) and activate a CD4+ T helper cell 

response. Furthermore, antigenic peptides longer than 20-mer require internalization and processing 

prior to presentation, which is carried out by professional antigen presenting cells (APCs), such as 

dendritic cells (DCs). Following this route results in a stronger and more durable immune response.69   

 

Figure I.7 A: Antigens derived from tumor cells, including B: MHC I-binding peptides, which are presented by 

most of the organism cell types to activate T CD8+ cytotoxic lymphocytes and C: MHC II-binding peptides which 

are presented only by antigen presenting cells to activate T CD4+ helper lymphocytes (adapted with BioRender 

from templates by Iwasaki & Wu, Janeway’s Immunology Bed, © Garland Science, 2022). 

Another important aspect to consider is the type of construct the antigens are integrating: a single 

peptide containing multiple epitopes, namely multi-epitope peptide, or a mixture of single epitopes 

(Figure I.8, A and B). Multi-epitope peptide vaccines are ideal because they elicit a strong immune 

response, are less susceptible to enzymatic digestion, are better able to withstand other physical and 

chemical challenges and thus remain at the site of injection for longer periods of time. This gives the 

epitopes a better chance to reach their APC targets and force their internalization, processing and 

successful presentation. The use of multi-epitope peptide vaccines allows the formulation of epitopes 

for many antigenic targets that can be introduced at once, as well as the formulation of both MHC I 

and MHC II peptides. They are also less expensive to produce than recombinant synthesis of the entire 

antigen protein. They are also preferred over short peptides (single epitope) as a route of antigen 

presentation to achieve better immune responses.68,92  

A specific class of multi-epitope peptide vaccines are the multiple antigen peptides (MAPs, Figure I.8, 

C), which incorporate multiple copies of a specific epitope or copies of more than one epitope into a 

multivalent scaffold, providing for a potent antigenic molecule that improves T cell activation and 

makes the immune response stronger.93–95 MAPs are constructed with a central core that carries 2, 4, 

8 or more anchoring sites that can be occupied by peptide epitopes. The multivalency of the core is 
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achieved by building it with appropriate monomers, such as lysine and ethylene diamine. The use of 

these molecules allows the application of known chemical reactions common to the peptide synthesis 

process.70,96 MAPs are advantageous compared with linear peptides, as they possess greater chemical 

stability and are able to induce adequate immune responses without the need for a carrier, although 

it remains difficult to include many types of epitopes into a single structure.94,95   

 

Figure I.8 Three different modes of presentation of peptide epitopes. A: Single epitope linear sequences, B: 

multiple-epitope linear sequences and multiple antigenic peptides (MAPs) in both C: homotropic and D: 

heterotropic ensembles (created with BioRender.com).  

In all of the above cases, it is possible to synthesize self-adjuvanting constructs which positively 

contribute to better and stronger activation of T cells that provide an efficient, sustained, and potent 

immune response. This can be achieved by slightly modifying the peptide sequence introducing 

moieties such as fatty acids that can bind to toll-like receptors (TLRs) and trigger pro-inflammatory 

signals (Figure I.9).97  

 

Figure I.9 Activation of antiviral/antitumor immune responses by effector cells and IFN-γ mediated by palmitic 

acid acting as a ligand for Toll-Like receptors (adapted in BioRender from a template by Mills K. H. TLR-dependent 

T cell activation in autoimmunity. Nature reviews. Immunology. 2011, 11, 807–822).  

There are many variables that can be tuned in peptide-based vaccines to achieve better efficacy, 

including formulation into delivery systems, use of appropriate adjuvants, assembly of peptide-based 
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nanostructures, and others; all of which can result in increased in vivo stability and half-life of the 

antigenic peptide and efficient delivery to antigen presenting cells (APCs). This in turn helps to produce 

a vaccine with the potential capacity for improved targeting, enhanced immunogenicity, and efficient 

induction of cellular and humoral immune responses with very low toxicity and few side effects.90  

I.4 Peptide delivery systems 

As mentioned above, the administration of peptide compounds alone can present some challenges in 

their application for the treatment of various diseases. Compared to small organic molecules, the 

physical, chemical, and enzymatic instability of peptides results in low circulating plasma half-life, 

bioavailability, and tissue penetration capacity, thus limiting their efficacy.34,36,64 For cancer vaccines, 

this results in poor immune responses and thus ineffective treatment. One way to overcome these 

complications is to formulate the peptides into appropriate delivery systems consisting of ensemble 

particles of inorganic or organic components, including metals, polymers, or lipids, usually in the form 

of nanoparticles (NPs).70,74 Interestingly, peptides themselves can serve as delivery systems through 

the self-assembly of a specific subset of sequences that can interact, either naturally or by design, to 

form ordered nanostructures. In addition, some peptides are prone to gelation, and these hydrogels 

can also serve as delivery systems.65,74 

The delivery system either encapsulates or incorporates the bioactive peptide on its surface, ensuring 

its stability and localized distribution at the desired target sites. It also increases the half-life of the 

peptide component by protecting it from enzymatic degradation, chemical degradation, and rapid 

renal clearance due to its greater size. Delivery systems can also help overcome problems of solubility 

and bioavailability of therapeutic compounds, allow their distribution in the organism and localization 

to target tissues, reduce their concentrations at off-target sites, and control their release. In addition, 

they can serve as platforms to carry not only the active peptide but also other components.71,98 Drug 

delivery platforms such as liposomes, dendrimers, emulsions, polymer nanoparticles and others have 

all been used as nanocarriers for the delivery of various therapeutic agents. (Figure I.10).99 

 

Figure I.10 Organic and Inorganic types of nanostructures that are used as delivery systems for therapeutics that 

include peptides (adapted in BioRender from template by Zhu et al. Recent advance in tailoring the structure and 

functions of self-assembled peptide nanomaterials for biomedical applications. Coord. Chem. Rev. 2023, 494 

2153-2174).  

Nanovaccines, the subset of vaccines formulated in nanoparticles or nanomaterials in general that 

contain antigenic peptides, have been developed in recent years to overcome the challenges of antigen 

delivery and elicit a specific immune response. NPs smaller than 100 nm are able to intrinsically 
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improve antigen presentation by enhancing antigen uptake and internalization by APCs and facilitating 

maturation of dendritic cells (DCs), resulting in potent anti-tumor specific response.71 

While there are many alternatives of delivery systems for peptide drugs and vaccines, in this work we 

will focus on two particular systems and their application: polymeric nanoparticles based on poly 

(lactic co-glycolic acid) (PLGA) (Figure I.11, A) and the lipid-based quatsomes (QSs), nanovesicles based 

in sterol lipids, stabilized by cationic surfactants. (Figure I.11, B).  

 

Figure I.11 Schematic representation of two delivery systems. A: PLGA-based formulation for nanovaccines. B: 

quatsome nanovesicle for targeting and delivery of a load.  

I.4.1 Delivery systems based on PLGA nanoparticles 

PLGA is a polymer with attractive properties to be used as a delivery platform, such as biocompatibility, 

low potential toxicity, biodegradability and hydrophilicity. It can enter cells through pinocytosis and 

clathrin-mediated endocytosis, allowing for well-tuned and controlled drug release.100  In general, 

PLGA is used to produce systems for parenteral administration. Upon degradation, the constituent 

monomers enter normal metabolic pathways, culminating in their elimination as water and carbon 

dioxide, which explains their minimal systemic toxicity.100 In cancer treatment research, coating PLGA 

with chitosan can improve targeting and delivery of NPs towards the tumor site. Chitosan is a known 

CD44 ligand, and thus targets cancer stem cells, which can facilitate penetration of the tumor 

microenvironment and like PLGA is biocompatible and biodegradable.101  

PLGA NPs are excellent candidates for anticancer drug delivery due to their increased permeability and 

retention, as well as their ability to carry targeting molecules on their surface, which promotes drug 

release in the tumor and minimizes the deleterious off-target side effects that these drugs typically 

have.74 The same is true for a PGLA-based nanovaccine (Figure I.11, A), as it will consist of a formulation 

that can carry the immunogenic peptides and adjuvants and deliver them to APCs at the site of 

injection. Crucially, it is an FDA-approved compound, and this fact makes it a preferred platform for 

nanovaccine formulations.100 

I.4.2 Quatsome nanovesicles for targeted delivery 

Liposomes are one of the most widely used drug delivery platforms for the treatment of cancer and 

other diseases. Liposomes are nanovesicles formed by a phospholipid bilayer similar to a cell 

membrane, allowing for an aqueous pocket in which hydrophilic compounds can be encapsulated and 
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protected from external conditions. Additionally, hydrophobic compounds can be carried in the bilayer 

and delivered to biological targets. These lipid nanovesicles can fuse with cell membranes, which 

makes them very advantageous for the delivery of drugs and various therapeutic agents across 

impermeable barriers. Within this group of vesicles, we find quatsomes (QS), which are sterol-based 

lipid nanovesicles that self-assemble into a bimolecular lipid bilayer in aqueous media in the presence 

of quaternary ammonium surfactants. They have attractive properties for pharmaceutical applications, 

including high thermodynamic stability, remarkably homogeneous size distribution, unilamellarity, 

ability to encapsulate and adsorb a wide range of small molecules and macromolecules, and very good 

stability under in vivo conditions.99,102,103 

These nanovesicles have a positively charged surface, which is due to the chemical nature of the 

surfactant component, either myristalkonium chloride (MKC) or hexadecyltrimethylammonium 

bromide (CTAB). Furthermore, cholesterol, which is the sterol most commonly used to build QSs, can 

be switched with the 3β-[N-(N′,N′-dimethylamino-ethane)carbamoyl]-cholesterol (DC-chol), adding to 

the positive surface charge. This positive charge gives QSs the ability to bind negatively charged 

molecules to its surface via electrostatic interactions. In particular, it allows pH-dependent loading of 

nucleic acids, especially small and micro RNAs (miRNA), which can interfere with the proliferation of 

cancer cells. The pH-dependent nature of the interactions allows for controlled release into the neutral 

environment of the cytosol upon incorporation into the cells. This approach is ideal for the treatment 

of complex and aggressive cancers such as neuroblastoma and colorectal cancer.99 The targeting of QSs 

to cancer cells can be achieved by introducing peptides, ligands or other molecules on their surface 

that can specifically bind to cell surface receptors. The idea behind this type of formulation is to 

parenterally inject the QS with the drug, such as miRNA, complexed on its surface and targeted to a 

specific tissue or cell type by the presence on its surface of peptides that are known ligands of 

receptors found in these tissues or cell types. This formulation will deliver the treatment upon 

internalization or fusion of the quatsome into the cell and release the drug into the cytosol in a pH-

dependent manner. This multi-step process ensures localized and specific delivery in the target cell, 

which is particularly useful in cancer treatment, as conventional chemotherapeutic agents are known 

for their lack of specificity, leading to toxicity and various off-target side effects. 

I.5 General aspects of solid phase peptide synthesis 

The various therapeutic systems studied in this thesis, either cancer nanovaccines or targeted RNA 

delivery systems based on quatsomes, contain peptide components that were synthesized in this 

thesis. Their synthetic process should be optimal to produce final compounds with high yields and 

purities.  In general, the solid phase peptide synthesis (SPPS) methodologies are used for this purpose 

because it is very well standardized, increasingly reliable, robust and allows the rapid modification of 

the sequence with natural and non-natural amino acids as well as other molecules, making it easily 

adaptable to the needs of the field of application. 

In SPPS, the peptide chain is constructed by sequentially incorporating amino acids through an amide 

bond, usually from the C-terminus to the N-terminus, into a solid polymeric support, called a resin, of 

varying chemical nature. The most commonly used resins have polystyrene (PS) or polyethylene glycol 

(PEG) cores and sometimes a copolymer blend of the two, such as the TentaGel resin104 (Figure I.12).  

In general, the solid support anchors the peptide chain through a linker that can release the final 

peptide with a carboxylic acid or amide at the C-terminus by acidolysis treatment. The incorporation 

of each amino acid of the peptide sequence is maximized by the use of excess reagents, which can be 

eliminated along with the soluble by-products by filtration and multiple peptidyl-solid support washes 

with different solvents, avoiding purification steps until the peptide is complete.  
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Figure I.12 Four different solid supports used in this work with A and B: PS core. C: Tentagel (PS/PEG) core and 

D: PEG core, providing for both A and C: amide and B and D: carboxylic acid terminus as well as A: high and B, C 

and D: low acid sensitivity for cleavage.  

The incorporation of each amino acid during the peptide elongation lies in the coupling reaction, which 

consists in the acylation of the α-amine of the amino acid already incorporated to the solid support 

with the carboxylic acid of the next amino acid, which has been activated to a more electrophilic form, 

whether as an active ester, a symmetrical anhydride, an azide or an acid halide, the active ester being 

the most commonly used. To ensure that this acylation is selective, protected amino acid building 

blocks are used that contain a protecting group for the α-amine and in those amino acids with 

functional groups on their side chain with an adequate protecting group that is stable to the 

elimination conditions of the α-amine protecting group. The use of this orthogonal protection 

synthesis scheme is necessary to avoid secondary reactions. In the early developmental stages of 

peptide chemistry, the preferred scheme was the Boc/Bzl protection105, in which the acid-labile tert-

butoxycarbonyl (Boc) group served as α-amino protection and was mainly used with the much less 

acid-labile benzyl (Bzl) group, among others, for side chain protection. The Boc group is deprotected 

with a solution containing a percentage of trifluoroacetic acid (TFA), while side chain and global 

cleavage of the peptide from the resin is achieved with much stronger acids such as hydrogen fluoride 

(HF). This last key aspect of the Boc/Bzl strategy meant that while it became a very robust technique 

for producing high quality peptides, there were very serious safety hazards involved.106 The Fmoc/tBu 

strategy emerged as an alternative protection strategy107 in which a base-labile group, the 9-

fluorenylmethyloxycarbonyl (Fmoc), is used as the α-amino protecting group, while the side chains 

carry, among other groups, the acid-labile tert-butyl (tBu) group (Table I.1).  The Fmoc group is 

eliminated by treatment with bases, usually cyclic secondary amines, of which piperidine is the reagent 

of choice108,109, although some alternatives have been proposed over time.110 In contrast, global 

cleavage of the peptide from the resin and deprotection of side chain functions is achieved by 

acidolysis treatment with TFA.111,112 This involves less harsh conditions compared to HF treatment and 

fewer safety risks. Thus, the Fmoc/tBu scheme is currently the preferred strategy for the preparation 

of synthetic peptides. The elongation of the peptide chain involves continuous cycles of removal of the 

Fmoc group and coupling of the incoming amino acid, ending with the acidolytic cleavage of the 

peptide from the resin and the global elimination of the side chain protecting groups (Figure I.13).  
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Table I.1 The 20 standard Fmoc-protected amino acids 

Amino acid Side chain protection Example 

Ala, Gly, Ile, Leu, Met, Phe, 
Pro, Val 

Not needed 

 

Arg 
2,2,4,6,7-
pentamethyldihydrobenzofuran-
5-sulfonyl 

 

Asn, Cys Gln, His trityl 

 

Asp, Glu, Ser, Thr,Tyr tert-butyl 

 

Lys, Trp tert-butoxycarbonyl 

 

 

Figure I.13 General protocol for the cycles of the solid-phase peptide synthesis (adapted from, J.M. Solid-phase 

peptide synthesis: An overview focused on the preparation of biologically relevant peptides. RSC Adv., 2014, 4, 

32658-32672). 
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The elimination of Fmoc occurs via deprotonation of the 9-position in the fluorene ring by piperidine 

(Figure I.14, 1) and a β-elimination process (Figure I.14, 2) that releases CO2 and the dibenzofulvene 

group, which is promptly captured by forming an adduct with a second piperidine molecule (Figure 

I.14, 3). Finally, the piperidine gives back an H+ to form a free amine. (Figure I.14, 4).  

 

Figure I.14 Fmoc elimination mechanism.  

Once Fmoc elimination is complete and the  amine is free, the next amino acid is incorporated 

through a coupling reaction to produce an amide. An impressive number of coupling reagents have 

been developed over the decades for this purpose.113 These convert the carboxylic acid of the 

protected amino acid into a carbonyl with increased electrophilicity, attached to a good leaving group 

that can be easily attacked by the -amine. Among the many options for coupling reagents, the most 

commonly used combination is that of N,N-diisopropylcarbodiimide (DIC)114 and HOBt115 or ethyl 2-

cyano-2-(hydroxyimino)acetate (Oxyma)116 as summarized in Figure I.15. In this case, the coupling 

reaction begins with an attack of the hydroxyl oxygen on the electrophilic carbon of the carbodiimide 

(Figure I.15, 1), with concomitant proton removal. This produces a highly reactive O-acylurea, which is 

then attacked by the oxygen to produce a second active ester and release N,N-diisopropylurea (Figure 

I.15, 2). Finally, the -amine from the amino acid previously anchored to the resin in the extended 

chain attacks the active ester (Figure I.15, 3) and acylation continues with the release of oxyma (Figure 

I.15, 4).  HOBt was widely used in SPPS, however it was reported that it has potential explosive 

properties, which makes it hazardous to transport and store.117 Oxyma was developed as an alternative 

that presented comparable activity, without this dangerous property.116 

When peptide elongation is complete, the final Fmoc group is removed and the finished product is 

cleaved from the resin with trifluoroacetic acid (TFA), which is also capable of removing the side chain 

protecting groups. This process generates highly reactive carbocations from these protecting groups, 

which must be captured to prevent their irreversible reincorporation onto functional groups of the 

peptide side chains. Nucleophilic molecules called scavengers are added to the cleavage mixture to 

react and suppress these carbocations. These have historically included many different reagents used 

throughout the development of SPPS106,111,118, but the most commonly used for the standard 

protecting groups are H2O and triisopropylsilane (TIS). 

 



Introduction 

 

 

 

 

Figure I.15 Mechanism of the coupling reaction between two amino acids using DIC and oxyma or HOBt as 

additives.  

When cysteine and methionine are present in the sequence, additional stronger nucleophiles must be 

added because their thiol and methylthio functions are easily alkylated under acidic conditions. A 

suitable reagent for this purpose is 1,2-ethanedithiol (EDT), which also acts as a strong reducing agent 

to prevent reactions of the free thiol moieties of cysteine or the oxidation of methionine. TFA plays 

three important roles in the process: it provides protons for acid cleavage, it acts as an excellent solvent 

for peptides, scavengers, and by-products, and it also acts as a scavenger itself. 

Both cleavage and removal of sidechain protecting groups by TFA occur by similar mechanisms: the 

carbonyl oxygen is protonated by TFA, withdrawing an electron pair from a carbon in either the resin 

linker (Figure I.16, 1 and 2) or the protecting group (Figure I.16, 3). The linker (Figure I.16, 2) and 

protecting groups are released as carbocations that are rapidly captured by nucleophilic scavengers 

(Nu) (Figure I.16, 4), leaving the cleaved, unprotected peptide as the final product (Figure I.16, 5). Note 

that the resin linker can also be cleaved at a few additional sites (Figure I.16, 2). Once the crude peptide 

has been analyzed and purified, it can be used for several applications.  

SPPS has become a staple in the production of bioactive peptides because its processes allow for 

relatively quick and quantitative production of peptides with high purity and very well characterized 

identity. Introducing modification to the sequences is easy, whether it is the use of D-enantiomeric, 

non-standard and/or non-natural amino acids, N-terminal modifications such as acylation or C-

Terminal modifications such as switching from carboxyl to amide or thioester. 119The known advantages 

and flexibility of the synthetic protocol for peptides compounds is at the base of its choosing in this 

project for the production of both antigenic components of nanovaccines aimed at the 

immunotherapeutic treatment of PDAC as well as the production of targeting peptides and strategies 

to conjugate it into quatsome nanovesicles for the treatment of neuroblastoma. 

 



Peptides: From synthesis to biomedical application in two types of cancer 

19 

 

  

Figure I.16 Mechanism for the cleavage and global deprotection of a dipeptide from a Rink Amide resin using 

TFA and scavengers. 

I.6 By-production of hydrogen cyanide by a secondary DIC/Oxyma reaction 

Oxyma provided a solution to the safety concerns raised by the use of HOBt, serving as a suitable 

replacement for this compound due to its performance, solubility, and comparable cost. It was 

therefore widely used in SPPS, and for more than a decade SPPS has relied on the DIC/oxyma coupling 

mixture due to its remarkable performance.116 It should be noted, however, that HOBt remains the 

reagent of choice for solution chemistry and is now commercialized as a monohydrate to minimize its 

explosive properties.  

Despite the many benefits that oxyma has brought to peptide synthesis, it was reported in 2019 that 

an unwanted byproduct, hydrogen cyanide HCN, can be formed.120,121 Hydrogen cyanide is a toxic 

compound that is gaseous, rapidly penetrates mucosal membranes, and interferes with respiratory 

metabolism by disrupting the normal function of electron chain transport.122       

When working at the research scale, the amount of HCN generated is likely to be negligible and easily 

removed under a fume hood. However, the safety situation changes when industrial facilities are used. 

The larger scales involved may present a safety hazard that must be considered. For this purpose, 

commercially available alternative carbodiimides can be tested against oxyma to see if a candidate can 

be found that does not show this side reaction while showing synthetic performance comparable to 

that of DIC. 
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The aim of this work is to produce synthetic peptides for use as immunogenic components in a 

nanovaccine formulation and as targeting moieties in a nanovesicle formulation for the treatment of 

two types of cancer, pancreatic ductal adenocarcinoma and neuroblastoma.  In parallel, an alternative 

coupling reagent to N,N-diisopropylcarbodiimide for standard peptide synthesis protocols is explored 

to avoid the release of HCN generated in the coupling step.  

The specific objectives of the present thesis are:  

1.- Synthesize different chemical presentations of selected immunogenic tumor-associated peptide 

antigens or neoantigens and epitopes expressed in human PDAC to bind both MHC I and MHC II. PGLA-

based multi-component nanovaccines will be formulated with the best antigen peptide presentations 

and evaluated in vitro and in vivo in a mouse model.  

2.- Synthesize targeting/homing units that bind various overexpressed proteins in neuroblastoma cells 

and evaluate their internalization ability. The targeting/homing units with the best internalization 

properties will be conjugated to a quatsome nanovesicle system to produce a targeted miRNA delivery 

system. 

3.- Development of a synthesis methodology to reduce HCN formation in carbodiimide/oxyma-based 

peptide synthesis protocols by evaluating different carbodiimides.  





 

 

 

 

 

 

Chapter 1 
 

Synthesis of antigenic peptide components of a pancreatic 

cancer nanovaccine
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1.1 Introduction 

1.1.1 Pancreatic ductal adenocarcinoma (PDAC): epidemiology and treatment challenges. 

1.1.1.1 PDAC characteristics, epidemiology and clinical presentation.  

Pancreatic ductal adenocarcinoma (PDAC) is a very aggressive form of cancer that accounts for 90% of 

all cases of pancreatic cancer.5 PDAC is an ailment with very low five-year survival rate , which has 

reached a 10% in 2020.4,5,123 It is currently the seventh leading cause of cancer-related deaths, and it 

is estimated that it will become the second leading cause by 2030.5 Specifically, in Western European 

countries, the incidence of PDAC has generally increased over the last decade, reaching a 14% in 

countries such as Germany.7–14 

The high mortality rates can be explained by a variety of compounding factors. Biologically, PDAC 

presents a complex tumor microenvironment (TME) with a dense, reactive tumor stroma composed 

of activated stellate cells, cancer-associated fibroblasts, and leukocytes (Figure 1.1).83 The TME 

promotes peritumoral fibrosis and poor vascularization, resulting in a mechanical barrier that impedes 

the reach and access of both chemotherapeutic agents and tumor-infiltrating lymphocytes (TILs).81,124 

Clinically, PDAC presents with non-specific symptoms and is difficult to diagnose in its early stages. 

When the tumor expands sufficiently, contact with local blood vessels and some major blood vessels 

further complicates surgical removal.15 

 

 

Figure 1.1.- Structure and cell composition of the PDAC tumor (figure extracted from K. Patil et al., The plasticity 

of pancreatic cancer stem cells: implications in therapeutic resistance. Cancer and Metastasis Reviews. 2021, 40, 

691-720).  

As a result of these various interacting characteristics of the PDAC tumor is that 50% of patients have 

metastatic disease at diagnosis, 30% have locally advanced disease and only 20% have surgically 

resectable tumors.6,16 Surgical removal of the tumor increases the 5-year survival rate to 25%.6 The 

majority of PDAC patients are treated with chemotherapy throughout their treatment. In addition, the 

standard and well-known treatments available, such as chemotherapy, become much less effective at 

this late stage. In addition, multidrug resistance to classic anticancer drugs has been reported in PDAC 
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patients.125 

The difficulty of conventional treatments for PDAC tumors, either surgical or drug-based, has led to 

the search for alternative treatments. Currently, the paradigm continues to be the use of 

chemotherapy. However, chemotherapy is used in a multi-drug regimen that attempts to circumvent 

resistance. At the research level, immunotherapy has emerged as an attractive proposition due to its 

many amenable properties compared to surgery and conventional chemotherapy.86,125  

1.1.1.2 Multi-agent chemotherapy 

The approach used for chemotherapeutic treatment of PDAC consists of decades-old anticancer drugs. 

However, the novel strategy applied is the combination of multi-agent treatment, depending on the 

presentation.123,126 

The main chemotherapeutic agents used are 2',2'-difluoro 2'-deoxycytidine (gemcitabine), paclitaxel, 

5-fluorouracil (5-FU), irinotecan, and oxaliplatin (Figure 1.2).   

    

Figure 1.2 Anticancer drugs used for the chemotherapeutic treatment of PDAC.  

Gemcitabine is the most commonly used anticancer drug for PDAC. It is an inhibitor of thymidylate 

synthase which inhibits DNA synthesis and promotes DNA damage leading to apoptosis. However, 

overexpression of mitogenic receptors such as the epidermal growth factor receptor (EGFR) and the 

subsequent overactivation of mitogenic pathways such as the PI3K/AKT pathway can overcome the 

apoptotic process leading to gemcitabine-resistant tumors.126  

Paclitaxel is a direct anti-mitotic agent that binds β-tubulin preventing chromatid segregation and thus 

resulting in cells with extra DNA content. This has a cytotoxic effect on the cells and leads to death. 

Paclitaxel is always administered conjugated to albumin (Nab-paclitaxel) to avoid toxicity and improve 

bioavailability. Export by efflux pump proteins and mutations in the tubulin sequence are the main 

causes of paclitaxel resistance in tumor cells.126  
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5-fluorouracil is also a thymidylase synthase inhibitor and shows similar effects to gemcitabine, but it 

can also be incorporated as a metabolite in during RNA synthesis instead of uracil, which has direct 

cytotoxic effects on the tumor cell. The mechanisms by which tumor cells resist this drug are not yet 

known.126  

Irinotecan is a prodrug of SN38, a topoisomerase I inhibitor, which inhibits DNA synthesis during the S 

phase of the mitotic cycle leading to cell cycle arrest and apoptosis. The mechanisms of resistance are 

not clear, although it has been proposed that the SN38 is exported by an efflux pump and that 

topoisomerase I is mutated in tumor cells.126  

Finally, oxaliplatin is a platinum-based anticancer drug that is proposed to be a DNA crosslinker. 

Modification of the DNA strands lead to cell cycle arrest and apoptosis. Resistance to these drugs has 

largely been associated with a variety of transporter proteins. It is noteworthy that this compound is 

not effective on its own and is always used in combination.126  

The Treatment of PDAC (Figure 1.3) is now largely relegated to chemotherapy, which is used as multi-

agent therapy to avoid the many resistant tumor phenotypes that PDAC patients present to the 

individual drugs. Primarily, 5-FU, irinotecan and oxaliplatin are combined along with folinic acid (which 

enhances the activity of 5-FU) in a combination chemotherapy regimen called FOLFIRINOX. Depending 

on the case, this combination strategy may also include the other two drugs mentioned above.126 

While chemotherapy in a combination regimen represents an improvement in survival for PDAC 

patients, this improvement remains modest. The normal prognosis for PDAC is a median survival of 

only 12 to 18 months. The 5-year survival rate is improved to 25% with combination chemotherapy t 

after surgical resection and to 21.8% with combination chemotherapy alone.126  

 

Figure 1.3 General treatment guidelines for PDAC patients. Treatment applied depends on Eastern Cooperative 

Oncology Group Performance Status (ECOG PS) where ECOG PS = 0 is a fully active patient, while ECOG PS = 4 is 

a severely disabled patient incapable of self-care (figure adapted from D. Principe et al., The current treatment 

paradigm for pancreatic ductal adenocarcinoma and barriers to therapeutic efficacy. Front. Oncol. 2021, 11, 

688377).  
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Given that only 20% of patients are candidates for surgery, chemotherapy remains the best available 

treatment for the majority of patients. However, chemotherapy is associated with severe toxic side 

effects.  To cite just one such side effect, multi-agent chemotherapy has been reported to increase 

grade 3 neutropenia (a decrease in circulating white blood cells) from 27% to 38%.126 

The best available treatment of PDAC with aggressive cytotoxic agents has not been shown to provide 

clinically relevant improvements for PDAC patients. Therefore, it is important to explore new treatment 

alternatives.  

1.1.2 Immunotherapy and peptide-based vaccines 

Immunotherapy is a type of treatment that aims to modulate the immune system to control a disease. 

In the case of PDAC, immunotherapy uses various means to target and eliminate tumor cells. 

Immunotherapy has many advantages over radiation and chemotherapy because it has fewer harmful 

side effects.3,69 In addition, it is selective towards tumor cells.34–37 This results in good patient 

tolerability. As mentioned in the introduction, there are several types of immunotherapies:  

Monoclonal antibodies (mAbs)125 bind specific tumor antigens and mark the tumor cell for 

elimination. 

Immune checkpoint inhibitors (ICIs)82,87 block regulatory checkpoint proteins of the immune 

response, preventing downregulation and thus maintaining the strength of the immune response. 

T-cell transfer (CART)82,127, or immune cell therapy, relies on treating the patient with his or her own 

T- cells, which are collected and expanded in the laboratory before being reintroduced into the 

patient's body to directly eliminate cancer cells.  

RNA therapy128 can promote the expression of pro-inflammatory cytokines or directly suppress the 

expression of oncogenes.  

Cancer vaccines82,86 aim to train the patient's immune system to recognize and attack cancer cells by 

targeting specific antigen epitopes on tumor cells. The goal is to generate TILs that can reach and 

penetrate the tumor to exert this cytotoxic effect. They can be based on peptides or protein antigens. 

Of these alternatives, mAbs and T-cell therapy are slow and expensive to produce. ICIs have not shown 

good results in pancreatic cancer in a sufficient number of patients. An mRNA vaccine has shown 

promising results, but only in a very limited trial.88 In several conducted studies, peptide/protein-based 

vaccination strategies have been established to yield antigen-specific immune responses in patients 

with PDAC.18–20 Thus, peptide-based cancer vaccines remain a good avenue of PDAC treatment 

research.  

However, despite their good initial results and positive immune responses in early phase trials, many 

vaccines that have advanced to Phase III trials including TeloVac (anti-telomerase), PrimoVax (anti-

telomerase), PANVAC-V (anti-CEA and anti-MUC1) and algenpantucel-L (against two allogeneic PDAC 

cell lines) failed to show significant clinical results.21,86  

Therefore, it is necessary to perform adequate selection, design and synthesis of its antigenic 

components so that initial good immune responses can be maintained all the way throughout clinical 

trials.   
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1.1.3 Selection of antigens for a peptide-based PDAC vaccine 

To overcome the problem of poor immune recognition of PDACs, researchers have explored various 

vaccine therapies to enhance antigen presentation and tumor-specific T-cell activation68,70 as a way to 

induce a new response or boost existing immune responses. Strategies targeting PDAC-associated 

antigens, such as telomerase82,129, K-Ras,129–132, MUC182,129, and mesothelin133–137 have included 

peptide-based vaccines, virus-based vaccines, DNA-based vaccines (neoantigens), and cell-based 

vaccines.86 

The lack of success of candidates that reach Phase III trials can be explained by the nature of the tumor 

and its microenvironment. PDAC is a complex and heterogeneous tumor, which makes its antigenic 

profile very diverse. First, the tumor supports a mechanical barrier.83 But more importantly, it recruits 

immune cells with down-regulating functions during development.81 This results in a highly 

immunosuppressive environment in which the tumor can thrive without interference from the 

immune system. It is therefore critical to enhance the response by appropriately selecting, modifying 

and presenting antigens in the most optimized manner to generate a potent and durable immune 

response that overcomes the low immunogenicity of the tumor and the immunosuppressive TME. 

Choosing the appropriate targets for immunization is crucial. There are some markers in PDAC tumor 

cells that are more commonly reported in the literature. One such surface antigen is mesothelin 

(MLSN), a 40 kDa protein with proposed functions related to proliferation, growth, and adhesion 

signaling.135 Mesothelin is a tumor differentiation antigen, which is highly expressed in several solid 

neoplasms, including pancreatic, ovarian, and lung cancer and non-solid ones like hematologic 

cancers.134,135 Due to its selective expression on malignant cells and on only a limited number of 

healthy tissues it has become an interesting candidate for a therapeutic target. A second such 

candidate is K-Ras, a GTPase that transduces signals from cell surface receptors to cytoplasmic 

signaling effector proteins, such as mitogen-activated protein kinase (MAPK) and phosphoinositide 3-

kinase (PI3K), and is thus also associated with to mitogenic stimuli.131 In addition to overexpression of 

the wild-type K-Ras protein, PDAC often has a neoantigenic form (G12D mutation) and thus can act as 

both a broad antigen target and as a specific tumor marker by synthesizing the target sequence with 

a simple amino acid switch. 130,132 Other targets include six short sequences that comprise a formulated 

vaccine named OCV-C01.138 This formulation includes some TAAs and, more interestingly, also targets 

the VEGFR-1 and -2 proteins, which are related to angiogenesis, and consequently vascularization of 

the tumor. So, the goal is to also target the tumor microenvironment and not just the tumor cells. 

1.1.4 Types of antigens for peptide vaccine components. Limitations and solutions  

A cancer vaccine must be formulated to target either self-antigens overexpressed in the tumor cell 

called tumor-associated antigen (TAA)89 or mutated surface proteins specific to the tumor called 

tumor-specific antigen or neoantigen (TSA).89,90 The limitation with TAAs is the low immunogenicity of 

self-antigens. While with TSAs for the PDAC tumor the mutation frequency is low, compared to other 

types of cancer, such as lung cancer. Such low levels of mutated proteins on the surface of cells means 

that the immune response that is generated against them is essentially ineffective.69 Furthermore, in 

both cases, the antigenic profile of tumor cells can change over time until an initially successful vaccine 

becomes obsolete and tumor growth resumes.69 Several strategies have been explored to overcome 

these problems and ensure the vaccine efficacy. 

1.1.4.1 N-terminal modifications to improve immunogenicity 

First-line solutions include formulation improvements. For example, the use of appropriate human 

compatible potent adjuvants, for instance, is a must.139 However, the modification of the peptide 
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component is one of the most explored strategies to modulate its antigenicity, and usually this 

modification is placed at the N-terminus of the peptide.  

One such example is acylation of the N-terminus with a fatty acid. It has been reported that 

palmitoylation (C16) increases the immunogenicity of peptides140,141 although the mechanisms by 

which this occurs are not very clear, with some proposing a TLR-4 dependent pathway141 and others 

and suggesting improved presentation via an endocytic-independent pathway.140 Other fatty acids 

have been used for similar purposes with varying results, some positive, some negative, depending on 

the length and position of the modification.140  

PEGylation is another commonly used N-terminus modification for therapeutic peptides and 

proteins.142 This modification is straightforward and aims to increase the half-life of the peptide by 

increasing its hydrodynamic radius, thereby protecting it from degradation and reducing its renal 

clearance. PEG moieties are also non-immunogenic in most cases.142 

1.1.4.2 Mode of presentation to improve immunogenicity 

In addition to direct modifications, another option is to construct chimeric peptides carrying 2 or more 

epitopes, from the same or different antigens, and capable of binding either MHC I or MHC II, so that 

antigen presentation can activate both a Th CD4+ and a Tc CD8+ response. On paper, this allows for a 

more durable sequence with respect to enzymatic degradation due to its length, capable of presenting 

a combined multi-targeting scheme that activates multiple key immunological response pathways.  

Another option is to generate a multiple antigenic peptide (MAP), which is used as a vaccine 

component to induce immunoglobulin production94,95,143, instead of a linear antigenic peptide. MAPs 

are advantageous over linear peptide antigens because of their high molar ratio, which in some cases 

approaches the size and potency of proteins.94 This overcomes the low immunogenicity of some single 

epitope peptides and eliminates the need to conjugate these peptides to carrier proteins. In addition, 

MAPs present multiple copies of the antigenic peptides because they consist of a branched scaffold 

based on a lysine core that can be used to anchor multiple identical or different peptide sequences 

(≤8). MAPs can be produced in their entirety by linear solid-phase peptide synthesis (SPPS), or the core 

and peptides can be produced separately by SPPS and then condensed by chemical ligation.93 The latter 

strategy is preferred because it allows rapid assembly of MAPs, avoids amino acid deletions due to 

increased steric hindrance, and the possibility of aggregation in the branched structure. Crucially, 

chemical ligation can allow the integration of different peptide sequences and/or chromophores or 

other molecules of interest for targeting and delivery. 

The design of peptide vaccine components proposed in this study includes both single epitope 

peptides, linear multiple epitope peptides, and multiple antigen peptides (MAPs). This design includes 

peptides containing more than one epitope, such as a chimeric construct with a cathepsin-like cleavage 

Lys-Lys motif144 for lysosomal processing and subsequent presentation by antigen presenting cells 

(APCs). The design and selection of peptide epitopes and their modifications then follow a logic of 

multi-pathway enhanced activation of the immune response, both Th CD4+ and Tc CD8+ lymphocytes 

that can target and eliminate the tumor cells. In this work, MHC I epitopes were combined with the 

MHC II epitope of tetanus toxoid. Tetanus toxoid is a peptide sequence that has been used and 

reported to induce immune responses by priming the Th-dependent pathway.145,146 

1.1.4.3 Advantages and limitations in the production of peptide vaccine components 

Peptide components are a class of compounds that represent a compromise between the specificity 

and biocompatibility of macromolecules, such as proteins and nucleic acids, and the relative ease and 
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lower cost of design and production associated with small organic molecules, making them a robust 

alternative for many bio-applications, including vaccines129,147,148. Solid phase peptide synthesis (SPPS) 

has become the go-to strategy for the production of peptide components since its introduction, 

because it is a technique that combines some very solid, well-studied chemistry on amide bond 

formation strategies with a surprising degree of adaptability that has allowed for continuous 

improvement over the decades. This is evidenced by an ever-expanding array of solid supports, 

reagents, and solvents that address minimization of side reactions, speed of reaction, purity of 

intermediate and final products, ability to produce long and short sequences, and, more recently, more 

environmentally friendly methods.149 In addition, the peptide itself is a highly modular molecule, and 

residues can be substituted as needed, not only within the 20 standard amino acids, but also with 

other non-conventional or even non-natural amino acids. In addition, non-amino acidic modifications 

can be easily introduced.  Thus, the variety of modified products that can be obtained is a very 

attractive feature of the peptide synthesis process. 

However, long peptide sequences in general can be challenging, especially if they contain numerous 

hydrophobic residues.150,151 When finding these types of sequences, it is critical to optimize the entire 

synthetic process to obtain the product with the highest possible purity and yield. From the resin 

selection to the identification of difficult couplings, the synthetic process requires constant monitoring 

and modulation, which is fortunately where SPPS excels.  

1.1.5 Poly(lactic-co-glycolic) acid nanoparticles (PLGA-NP) as a vaccine delivery system 

The success of a vaccine depends on the appropriate delivery of the active peptide component. A well-

known delivery system, poly(lactic-co-glycolic) acid nanoparticles (PLGA-NP), was chosen for this 

purpose. PLGA is a polymer with attractive properties for use as a delivery platform, such as 

biocompatibility, hydrophilicity, low potential toxicity, and it is readily biodegradable. PLGA-NP can 

enter cells through pinocytosis and clathrin-mediated endocytosis, allowing for well-tuned and 

controlled drug release.100 

PGLA-NP can be prepared by various formulation techniques such as emulsification, nanoprecipitation, 

dialysis, or spray drying. Emulsification (Figure 1.4, A) is the most commonly used method for 

nanoparticle production, in which the drug and polymer are dissolved in an organic solvent and then 

mixed with an aqueous solution containing a surfactant. The mixture is homogenized, and the solvent 

is evaporated to collect the final nanoformulation.  

 

Figure 1.4 Methods of production of PLGA nanoparticles: A: emulsification, B: salting out, C: dialysis and D: spray 

drying (adapted from S. Rezvantalab et al., PLGA-based nanoparticles in cancer treatment. Front. Pharm. 2018, 

9, 1260.   
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Upon degradation of PLGA, the monomers enter normal metabolic pathways, culminating in their 

elimination as water and carbon dioxide, which explains their minimal systemic toxicity.100,152 In cancer 

treatment research, coating PLGA with chitosan may improve the targeting and delivery of NPs to the 

tumor site. Chitosan is a known CD44 ligand and thus targets cancer stem cells, which can facilitate 

penetration of the tumor microenvironment, and like PLGA, is biocompatible and biodegradable.101  

PLGA-NPs are excellent candidates for anticancer drug delivery due to their increased permeability and 

retention, as well as their ability to carry targeting molecules on their surface, which promotes drug 

release in the tumor and minimizes the deleterious off-target side effects that these drugs typically 

have.86 The same is true for a PGLA-based nano-vaccine, as it will consist of a formulation that can 

carry the immunogenic peptides and adjuvants and deliver them to APCs at the site of injection. 

Crucially, it is an FDA-approved compound, and this fact makes it a preferred platform for nanovaccine 

formulations.85 In addition to the formulation of adjuvants, the incorporation of nanoparticles aims to 

achieve the best possible result in delivering the active agent to the site of action, protecting its cargo 

from degradation and generating a strong and tumor-selective or even tumor-specific immune 

response.  

1.2 Results and Discussion 

1.2.1 Design  

For the present work, epitope sequences were selected from the proteins mesothelin (MLSN), Kirsten 

rat sarcoma virus (K-Ras), tetanus toxoid (TT), and peptides formulated in the OCV-C01 anticancer 

vaccine. The selected epitopes were predicted to induce an immune response using publicly available 

epitope prediction servers153,154 namely SYFPEITHI155 and BIMAS156, as well as consideration of existing 

literature (Table 1.1).  

Table 1.1 peptide constructs synthesized for a PDAC nanovaccine candidate. 

Epitope Sequence Construction 

MSLN1 PLTVAEVQKLLGPHV 

Tumor-associated antigen MSLN2 ALPLDLLLFL 

MSLN3 SLLFLLFSL 

MSLN4 PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL 
Chimera combining MSLN1, 2 and 3 epitopes 

through a cathepsin-like KK cleavage motif 

TT1 QYIKANSKFIGITEL T-Cell epitope 

K-Ras1 MTEYKLVVVGAGGVGKSALTIQLIQ Tumor-associated antigen 

K-Ras2 MTEYKLVVVGADGVGKSALTIQLIQ Neoantigen 

K-Ras3 MTEYKLVVVGAGGVGKSALTIQLIQKKQYIKANSKFIGITEL Chimera combining K-Ras 1 and TT epitope 
through a cathepsin-like KK cleavage motif K-Ras4 MTEYKLVVVGADGVGKSALTIQLIQKKQYIKANSKFIGITEL 

OCV1 KVYLRVRPLL 

Tumor-associated antigen OCV2 SYGVLLWEI 

OCV3 RFVPDGNRI 

OCV4 KVYLRVRPLLKKSYGVLLWEIKKRFVPDGNRI 
Chimera combining epitopes OCV1, 2 and 3 
through a cathepsin-like KK cleavage motif 
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The mesothelin epitopes were synthesized in different formats: Single epitopes (MSLN1, MSLN2, and 

MSLN3), a linear multiepitope (MSLN4) combining the three single epitopes, and an attempt at a 

multimodal multivalent (MAP). These peptides were also synthesized with an unmodified, 

palmitoylated or PEGylated N-terminus. Similarly, OCV epitopes were synthesized in two formats, as 

single epitopes (OCV1, OCV2, and OCV3) and as a linear multiepitope (OCV4) combining the three 

single epitopes. Finally, the K-Ras epitopes were also synthesized in two formats, the single epitopes 

(K-Ras1 and K-Ras2) and hybrid linear multiepitope peptides combining a K-Ras epitope with the 

tetanus toxoid epitope (K-Ras3 and K-Ras4). All these forms of presentation are aimed at increasing 

the immunogenicity of the potential nanovaccine formulation.  

1.2.2 Synthesis of the different peptide vaccine components  

To produce the peptide sequences selected and designed sequences a Solid Phase Peptide Synthesis 

(SPPS) protocol was followed91 following a standard Fmoc/tBu protection scheme92 and microwave-

assisted/automated approaches were applied for the synthesis of some peptides.  

The use of Tentagel (PEG-PS) or PEG-based resins of low loading and high-swelling capacity for the 

synthesis of these peptides was deemed the preferable choice. The reasoning behind this choice is 

multi-factorial: 1) The generally hydrophobic nature of the sequences, with repetitive hydrophobic 

motifs, which makes them prone to in-resin aggregation and thus to deletions.150,151,157 2) It is noted 

that the presence in most of these of β-branched amino acids (Ile, Thr and Val), sometimes in repetitive 

segments, makes sequential couplings difficult due to a sterically hindered substituent near the 

carboxyl group.90 3) The intrinsic propensity of some of the sequences to aggregation, which 

complicates both synthesis and purification. 4)  The length of some antigenic peptides as the chimeric 

constructs (38 to 42 residues). This is not difficult to understand, as if each coupling reaction is carried 

out to 99.0% or 99.9% completion, the remaining 0.1% or 1% accumulates over time, increasing with 

each consecutive coupling. The more couplings are needed to finish a synthetic peptide, the lower the 

yield and the greater the chance of deletions and truncated sequences. This issue is further 

complicated by all the previously mentioned problems.   

Microwave-assisted automated synthesis in Liberty BlueTM equipment (CEM Corp., USA) is faster and 

allows easier scale-up, and while it is always necessary to fine-tune methods, it is the best overall 

strategy for the synthesis of practically all the antigenic peptides designed.  

1.2.2.1 Synthesis of Mesothelin (MSLN) peptides  

Mesothelin epitopes frequently reported as immunogens in PDAC phenotypes were selected and 

synthesized in a 0.1 mmol scale. Three small epitopes, MSLN1, 2 and 3 were synthesized individually 

with free N-terminus amine or PEGylated and palmitoylated at this position. A multiepitope linear 

peptide, MSLN4, was also synthesized combining MSLN1, 2 and 3 in a single sequence. These epitopes 

were joined by a cathepsin-like KK cleavage motif. MSLN4 was also synthesized with its N-terminus 

position as free amine, PEGylated or palmitoylated, to compare their capacity for activating an immune 

response in a murine model and prove the validity of these modifications.  

All peptides were synthesized automatically using a Fmoc Rink Amide ProTide LL resin (0.18 mmol/g 

loading, 100-200 mesh). PEGylation and palmitoylation steps were performed manually using 

monodisperse Fmoc-PEG23 -propionic acid and palmitic acid, respectively. Once the peptides were 

cleaved form from the resin, theircrudes were characterized HPLC and LC-MS and purified by semi 

preparative HPLC. The crude yield and recovery of the synthesized peptides are summarized in Table 

1.2.  
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The results of the analysis of the crude peptides show an erratic synthetic performance. For example, 

all palmitoylated peptides showed lower yields and recoveries compared to amine free and PEGylated 

peptide versions.    

Table 1.2 Summary of yield, purity, and solubility of synthesized MSLN peptides 

Epitope ID N-terminal MW (Da) 
% Crude 

Purity 
% Crude 

Yielda 

% Final 
Purity 

% Recoveryb 

MSLN1 

P1 NH2- 1599.9 84 67 100 37 

P2 PEG23-NH- 2728.3 81 68 100 24 

P3 Palmitoyl-NH- 1838.4 83 38 95 22 

MSLN2 

P4 NH2- 1126.5 82 78 99 61 

P5 PEG23-NH- 2254.8 86 63 96 70 

P6 Palmitoyl-NH- 1364.9 76 55 99 23 

MSLN3 

P7 NH2- 1051.3 56 33 95 11 

P8 PEG23-NH- 2179.7 55 40 95 33 

P9 Palmitoyl-NH- 1289.8 75 27 98 47 

MSLN4 

P10 NH2- 4256.4 71 41 73c 19 

P11 PEG23-NH- 5384.7 81 56 100 36 

P12 Palmitoyl-NH- 4494.8 57 28 97 53 
 

a% yield = (crude mmol x crude purity) / (theoretical mmol) 
b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100 

cCannot be purified to more than 90% due to a des-Leu impurity. Gelates in water/acetonitrile at high 

concentrations 

Since the automated peptide synthesis process for the same base sequence is the same up to the final 

modification of the N-terminus, the variation in yield of the peptide can be explained in relation to the 

N-terminal modification and its effect in the efficiency of the cleavage from the solid support and/or 

the following work-up. It is not too plausible to think that cleavage from the resin is particularly 

different among the variants as the acydolysis treatment used in the peptide cleavage is an optimized 

process. Therefore, these results may be attributed to the work-up after cleavage and more specifically, 

to the precipitation in cold diethyl ether. Palmitoylated peptides show a markedly increased 

hydrophobicity which can cause incomplete precipitation in diethyl ether unless TFA is removed by 

evaporation first. This requirement is not common for most cleaved synthetic peptides, which normally 

precipitate readily in cold diethyl ether. Therefore, the lower yields observed are most likely explained 

by losses of the peptide in the diethyl ether precipitation and also in the subsequent washes. 

Moreover, it is worth noting that the sequences themselves exhibit high hydrophobicity, as indicated 

by their negative hydrophilicity scores (Table 1.3). Specifically, the base sequences of MSLN 2, MSLN 

3, and MSLN 4 are predominantly composed of 66-90% of hydrophobic amino acid residues (Table 

1.3). This makes precipitation challenging even in the absence of fatty acids, as we observed in situ. 

This problem is a hallmark of hydrophobic peptides whereas most peptides carry enough polar and 

charged residues to not be semi-solvated by diethyl ether and thus can precipitate.  It is clear that the 

palmitoyl moiety increased the hydrophobicity of the sequence and made it more difficult for these 

peptides to fully precipitate in diethyl ether when TFA is present, because it is an excellent solvent for 

peptides. If the TFA is evaporated prior to the precipitation step, this process is improved, but the 

subsequent washes with diethyl ether are still a likely source of product loss.  
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Table 1.3 Hydrophobicity of mesothelin epitopes. 

Epitope Sequence Length 
% Hydrophobic 

residuesa 
Hydrophilicity 

Scoreb 

MSLN1 PLTVAEVQKLLGPHV 15 60 -0.34 

MSLN2 ALPLDLLLFL 10 90 -1.08 

MSLN3 SLLFLLFSL 9 78 -1.49 

MSLN4 PLTVAEVQKLLGPHVKKALPLDLLLFLKKSLLFLLFSL 38 66 -0.46 
 

aPeptide relative hydrophobicity (% hydrophobic residues) was calculated using: peptide2.com hydrophobicity 
calculator 
 bHydrophilicity scores calculated via the BACHEM peptide calculator tool 

(https://www.bachem.com/knowledge-center/peptide-calculator/). 

Another issue that we found during cleavage, when characterizing the crude product is the propensity 

of the MSLN3 and MSLN4 peptides to undergo trifluoroacetylation when the amine is not capped. This 

is noted as a +96 Da impurity that can be prominent. A direct modification of this amine can be thought 

of, although it is very unlikely that this will happen in the very acidic environment provided by TFA. 

Other possible residues that can be trifluoroacetylated are the Ser and Thr residues94 as these are 

present in the MSLN3 and MSLN4 peptides that underwent this modification, although it is unclear to 

us why this happens when the N-terminal amine is not capped. Optimizing the cleavage and reducing 

exposure times to TFA to the minimum required for all protecting groups to be removed while 

minimizing the amount of trifluoroacetylation is a step that must be taken should any of the MSLN3 

or MSLN4 peptide prove biologically relevant.  

A final performance behavior to note is that recovery of palmitoylated peptides is higher for MSLN3 

and MLSN4, despite the initial low yields of the crude products, compared to the non-palmitoylated 

peptides. In the case of MSLN3, this is mainly due to the higher purity of the P9 crude, perhaps due to 

the absence of the +96 Da impurity, while for MSLN 4 the impurities of P12 are spread widely across 

the gradient and are thus more easily resolved (Figure 1.5, E). While the overall purity is lower for P12 

than for P10 and P11, this distribution facilitates the purification. This is not the case for P10 and P11, 

in which we observe most of the impurities overlapping with the main peak. This leads to sacrificing 

more of the desired product as perfect resolution of impurities close to the product peak is not 

possible.  

These results can be explained by various causes: first, PEGylated peptides generate sharper 

chromatographic peaks, whereas both the palmitoylated and unmodified versions have more 

triangular and wider, dragging peaks. This affects resolution, especially in semi-preparative scales, 

which means that collecting less of the peak is necessary to maintain adequate purities, which in turn 

results in the loss of more product in exchange for higher purity. For MSLN 4, the increased retention 

in the column of the unmodified sequence P10 shown as these “dragging” peaks is less affected by 

PEG23, yet PEGylation proves adequate for obtaining a pure product P11. In fact, for the unmodified 

MSLN4 P11 peptide a des-Leu impurity (amongst others), present in the long MSLN 4 sequence, could 

not even be resolved and we were unable to obtain a purified peptide P10. This is the only instance 

for the MSLN peptides that a product could not be purified in a single step. At best, we improved the 

purity from 71 to 73%. 

The second variable is hydrophobicity. The PEG moiety has a greater effect on the solubility, for 

example, of the MSLN2 peptide P4 than for the more hydrophilic sequence MSLN1 P1, in which the 

effect is even reversed as P2 has a marginally longer retention time in a C18 stationary phase. 
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Hydrophobic sequences are retained in the column due to stronger interactions with the hydrocarbon 

chain of the stationary phase, which was clearly seen in all cases of palmitoylated peptides, which 

require more aggressive organic solvent gradients to elute. As an example, peptide P6 elutes in an 80-

100% acetonitrile gradient while P9 elutes in a 90-100% acetonitrile gradient, both in a C8 stationary 

phase. This is a clear indication of how much the palmitoyl moiety has increased the overall 

hydrophobicity of the sequences.  In contrast the hydrophilic PEG moiety favors improved solvation in 

the mobile phase. The third variable is size. The shorter MSLN 2 peptide P4 is more affected by 

PEGylation as seen for peptide P5 and by palmitoylation as seen in P6. The recovery of P4 is greatly 

increased compared to a longer sequence like MSLN 4 P10 and P12, in which the effect is lessened.  

Overall, all peptides were obtained in the minimum required amounts by the LUMC group of at least 

20 mg of product with purity ≥ 95%, except for P3, P6, P7 and P9, of which less amount was obtained 

while P10 could not be purified to 95% in a single step.  Additionally, the multiepitope presentation of 

P12 in a MAP construct was attempted without success.  

A   P10 unmodified MSLN4 crude  B P10 unmodified MSLN4 pure 

  

C   P11 PEG-MSLN4 crude  D P11 PEG-MSLN4 pure 

  

E   P12 Palm-MSLN4 crude  F P12 Palm-MSLN pure 

  

Figure 1.5 RP-HPLC of crude and pure MSLN4 multiepitope peptides A and B: free-N-terminal amine, C and D: 

PEGylated, and E and F: palmitoylated using gradients of 5-100% B at r.t. in a C18 column (A-D) or 50-100% B at 

60°C in a C8 column (E and F) (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  
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1.2.2.2 Synthesis tetanus toxoid (TT) peptides  

The tetanus toxoid sequence was selected as an MHC class II-binding epitope with reported activity 

and use spanning decades. It is intended to be used in a mix with some MHC class I-binding epitopes 

produced in this work, as well as in a multiepitope peptide for K-Ras constructs (see section 3.2.2.4) 

with the goal of activating CD4+ helper T cell pathways in addition to the CD8+ cytotoxic T cell effectors 

to produce a string and durable immune reponse. This peptide was synthesized in a 0.1 mmol scale as 

a free peptide and as a PEGylated peptide. No palmitoylation was introduced because unlike MHC class 

I-binding peptides, this is a known strong immunogen.  

TT peptides, due to their hydrophilicity and relatively small size showed good synthetic performance 

with crude purities above 85% and relatively easy purification towards values above 95% (Table 1.4 

and Figure 1.6). We did, however note that the PEGylated peptide has markedly improved recovery 

(89%) compared to the free peptide (19%), and this is likely due to increased affinity of the PEG moiety 

with the aqueous solvents of the mobile phase and decreased interaction with the C18 stationary phase 

during semi-preparative purification.    

Table 1.4 Summary of yield and purity of tetanus toxoid peptides. 

Epitope ID N-terminal MW (Da) 
% Crude 

Purity 
% Crude 

Yielda 

% Final 
Purity 

% Recoveryb 

TT 
P13 NH2- 1724 87 59 97 19 

P14 H-PEG23-NH- 2852.4 85 66 100 89 
 

a% yield = (crude mmol x crude purity) / (theoretical mmol) 

b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100 

A        P14 PEG-TT peptide crude B        P14 PEG-TT peptide pure 

  
Figure 1.6 RP-HPLC of crude and pure PEGylated TT peptide using a gradient of 10-70% B at r.t. in a C18 column 

(A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

1.2.2.3 Synthesis of peptides derived from the OCV-C01 vaccine 

The OCV peptides 1 to 4 are immunogenic components of the OCV-C01 cancer vaccine138, which is 

administered to PDAC patients following surgical resection of the tumor in combination with 

gemcitabine and has been shown to increase disease-free survival over 18 months. This vaccine targets 

the antigens Kinesin-like protein (KIF20A), Vascular Endothelial Growth Factor Receptor 1 (VEGFR1) 

and 2 (VEGFR2) which are associated with angiogenesis and thus tumor vascularization. Therefore, this 

vaccine directly targets the tumor microenvironment.  

OCV peptides were synthesized as three single epitopes, OCV1, OCV2 and OCV3, one for each of these 

proteins KIF20A, VEGFR1 and VEGFR2 and as a multiepitope peptide chimera, OCV4, with the three 

epitopes linked by a KK cathepsin-like cleavage site. All peptides have an unmodified N-terminus.  
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Table 1.5 Summary of yield and purity of OCV-C01 vaccine peptides. 

Epitope ID N-terminal MW (Da) 
% Crude 

Purity 
% Crude 

Yielda 
% Final 
Purity 

% Recoveryb 

OCV1 P15 NH2- 1255.6 94 68 100 48 

OCV2 P16 NH2- 1078.3 65 45 100 58 

OCV3 P17 NH2- 1072.2 82 51 98 36 

OCV4 P18 NH2- 3884.8 82 34 100 11 
 

a% yield = (crude mmol x crude purity) / (theoretical mmol) 
b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100 

OCV peptides did not show major synthetic difficulty. They are short and manageable, and they were 

produced by microwave-assisted automated synthesis. A single point of observation is the presence of 

a DG motif in P17 and P18, in which the glycine residue must be introduced as a protected Fmoc-

(Dmb)Gly-OH building block to minimize the aspartimide secondary reaction. The Dmb 

(dymethyloxybenzyl) is an acid labile protecting group introduced on the −amine of the glycine to 

minimize the reaction of this nitrogen with the side chain of the aspartic acid.  

In this regard, crude purities were generally good, ranging from 82 to 94% except for P16 (OCV2), which 

showed a purity of 65% (Table 1.5). Recoveries after purification approach 40-50% in all cases except 

for the multiepitope P18 peptide (OCV4). The recovery for this peptide was 11% which means a great 

amount is lost during purification. Figure 1.7 shows the chromatographic characterization of these 

peptides.  

A      P15 OCV1 crude peptide B      P15 OCV1 pure peptide 

  

C     P16 OCV2 crude peptide D     P16 OCV2 pure peptide 
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E    P17 OCV3 crude peptide F    P17 OCV3 pure peptide 

  

G     P18 OCV4 crude peptide H     P18 OCV4 pure peptide 

  
Figure 1.7 RP-HPLC of crude and pure OCV-CO1 single epitope peptides A and B: OCV1 C and D: OCV2, E and F: 

OCV3 and the multiepitope peptide G and H: OCV4 using gradients of 5-100% B at r.t. (A, C, E, G and H) or 5-70% 

B at r.t. (B, D, and F) in a C18 column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

1.2.2.4 Synthesis of K-Ras peptides: an example of a complicated peptide synthesis 

A reported 25-mer epitope from the K-Ras protein was selected and synthesized both in its wild-type 

form and its neoantigenic form which carries a single point G12D mutation. These epitopes were 

palmitoylated to increase their immunogenicity. Two chimera constructs were also synthesized 

combining each epitope with the tetanus toxoid MHC II-binding epitope, linked by a cathepsin-like KK 

cleavage motif and palmitoylated at the N-terminus.  

These peptides were synthesized using a microwave-assisted automated strategy following standard 

protocols. In the case of K-Ras2 and K-Ras4, both of which contain the G12D mutation producing a DG 

motif, glycine was introduced as Fmoc-(Dmb)Gly-OH. This protected amino acid minimizes the 

formation of the aspartimide secondary reaction characteristic of the DG motif.  

The first approach for the synthesis of these peptides yielded crudes with low purity, especially for the 

longer peptides (Table 1.6, 1st S).  

Table 1.6 Summary of yield and purity of crude K-Ras peptides in the first (1st S) and second synthesis (2nd S) 

Epitope ID N-terminal MW (Da) 
%Purity 

1st S  
%Yield 
1st Sa 

%Purity 
2nd S 

%Yield 
2nd Sa 

K-Ras1 P19 Palm-NH- 2813.6 73 32 84 37 

K-Ras2 P20 Palm-NH- 2871.6 71 26 77 28 

K-Ras3 P21 Palm-NH- 4776.9 39 25 24 16 

K-Ras4 P22 Palm-NH- 4834.9 51 40 56 44 
 

a% yield = (crude mmol x crude purity) / (theoretical mmol) 
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Furthermore, in K-Ras3 and K-Ras4 peptides a noticeable Glu3 deletion was observed and subsequent 

Met1 and Thr2 deletions at the N-terminus. Finally, Gly, Val and Lys deletions were also observed and 

due to their frequency in the sequence we could not determine where these occur. Overall, these 

sequences were shown to be synthetically challenging. Therefore, a second synthetic approach was 

designed where during the elongation process the synthesis was stopped every 10 residues and its 

quality was checked by analysis of a small aliquot of peptide-resin cleaved. The idea was to determine 

the conflictive residue couplings on each peptide fragment. As an example, it was detected that the 

incorporation of Val14 (fragment 3) and Glu3 (fragment 4) were not complete using the standard 

coupling protocol (Figure 1.8).  

  

Figure 1.8 The checkpoint methodology for the screening of the synthetic peptide K-Ras 4.  

DIRECTION OF ELONGATION 

MT EYKLVVVGAD GVGKSALTIQ LIQKKQYIKA NSKFIGITEL Palm-NH-

1 3 13 

CONH2

23 33 42 
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This problem was solved by introducing double couplings in all observed problematic couplings, a 

longer coupling was introduced in the last five residues and a triple coupling for the Glu3 position. The 

results of the optimized synthesis are shown in Table 1.6 in the columns indicated as second synthesis 

(2nd S). 

Figure 1.8 shows the HPLC traces of the peptide fragments associated to the quality check points of 

the final synthesis of KRas4 (G12D neoantigen chimera). Despite this synthesis being already optimized 

at several residues along the sequence, the HPLC analysis of the different peptide quality check points 

allowed to still identify the most problematic peptide sections. 

In addition to this checkpoint approach, we also decided on a split batch strategy for the synthesis of 

these peptides. This decision was based on the fact that both the single epitope peptides (K-Ras1 and 

K-Ras2) and the multiepitope peptides (K-Ras3 and K-Ras4) differ from one another only in the 12th 

position (G12D mutation) and consequently each pair can be synthesized as one peptide up to the 

point of divergence, located at the DG motif (12th and 13th positions) from which then the synthesis of 

each peptide is completed separately. Therefore, K-Ras1 and 2 were synthesized as one peptide from 

Gln25 up to Val14, after which the batch was split, and the synthesis was continued separately. K-Ras 

1 continued coupling Gly13 and Gly12 normally, while K-Ras 2 continued coupling Gly13 as a Fmoc-

(Dmb)Gly-OH and then coupling Asp12. The exact same process was repeated for the K-Ras 3 and K-

Ras 4 pair. This strategy is visualized in Figure 1.9. Each parent pro-peptide and the resulting peptides 

were synthesized using the checkpoint methodology.  

 

Figure 1.9 The split batch methodology for the second synthesis of K-Ras peptides. 

We observed that as the synthesis progressed, the purity of the peptide remained in the 70-80% range 

once Gly13 was introduced (Table 1.7), and then decreased to 24-60% at the end of the sequences. 

This fragment/section of these peptides requires careful and thorough synthesis, and the checkpoint 

method is a useful and sensible approach to optimize the synthesis of long peptide sequences with an 

automated synthesizer, significantly reducing production times. Table 1.7 summarizes the purities 

obtained at each checkpoint.  

Table 1.7 Summary purities for the second synthesis of K-Ras peptides at each checkpoint. 

Checkpoint N-terminal 
%Purity 
K-Ras1 

%Purity 
K-Ras2 

%Purity 
K-Ras3 

%Purity 
K-Ras4 

Asn33 Fmoc-NH- - 72 

Leu23 Fmoc-NH- - 85 

Gly13 Fmoc-NH- 80 81 

Glu3 Fmoc-NH- 75 91 42 60 

Final Product Palm-NH 84 77 24 56 
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The K-Ras 3 and K-Ras 4 peptides are indeed the most difficult sequences to produce. Both showed 

synthetic problems as well as problems with purification and isolation by semi-preparative HPLC. They 

also showed low solubility in aqueous solvents and DMSO at the high concentrations required for bulk 

purification, and solubilization was therefore limited to TFA. Furthermore, the recovery of fractions 

after attempted purifications was not greater than 5%, and in the best cases the purity achieved for 

only one peptide was in the 90% range (Figure 1.10). These problems can be explained by the 

concentration of hydrophobic residues in the N-terminal part of these peptides and the presence of a 

palmitoyl moiety at the N-terminal position, which probably leads to an aggregation of these 

molecules. This leads to increased retention even on a C8 column, which affects the recovery and 

interferes with the separation process, as the product and impurities are entrained and not properly 

separated to achieve >90% purity.  

However, it is noteworthy that one peptide of the family (KRas4) could be obtained in high purity, 

although in small quantity. The synthesis protocol applied to this peptide yielded crudes with a purity 

of about 56%, but its chromatographic profile was improved compared to previous attempts. The 

application of this synthetic approach to peptides K-Ras1 and 2 yielded crudes with slightly improved 

purity from 73% to 84% and from 71% to 77%, respectively. Despite the efforts to improve the 

synthesis, the results were not sufficiently good, and the purification process remains the bottleneck, 

and no fraction with a purity higher than 85% was obtained due to the complete loss of 

chromatographic resolution in the semi-preparative equipment, probably related to the low solubility 

of the peptides. Finally, K-Ras3 does not show any synthetic improvement. Due to the high 

hydrophobicity of these peptides, several attempts were made to purify these crudes on a C8 and a C4 

semi-prep column. However, none of these stationary phases helped to improve the purification. 

A B 

  

Figure 1.10 Characterization of the purified K-Ras4 (D12 chimera) P22 peptide. A: RP-HPLC using a 15-100%B 

gradient in a C8 column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%). B: HPLC-MS of K-Ras4 (D12 chimera) using 

a using a 15-100%B gradient in a C8 column (A: H2O + FA 0.1%, B: CH3CN + FA 0.07%).  

The difference in the quality of the crude products obtained from the G12 chimera (K-Ras3) vs. the 

D12 chimera (K-Ras4) (Figure 1.11) may also be clearly related to an aggregation problem.  The use of 

the protected glycine (Fmoc-(Dmb)Gly-OH) in the synthesis of the K-Ras4 peptide to avoid the 

formation of aspartimide, which is common in DG motifs158,159, seems to improve the quality of this 

peptide compared to K-Ras3. The Dmb group provides backbone protection and likely alters the 

conformation of the linear peptide, disrupting cross-chain interactions that lead to in-resin 

aggregation.158,160 This effect improves the final crude product from 23% purity in the G12 chimera (K-

Ras3) to only 55% purity (K-Ras4). 
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A      RP-HPLC K-Ras3 G12 P21 peptide B      RP-HPLC K-Ras4 D12 P22 peptide 

  
Figure 1.11 RP-HPLC for A: K-Ras 3 (G12 chimera) and B: K-Ras 4 (D12 chimera) using a gradient used of 15-100% 

B in a C8 column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%). 

1.2.2.4.1 Synthesis of K-Ras peptides with N-terminal palmitoyl moiety introduced by thiol-

maleimide reaction. 

Other strategies were explored to overcome the problems related to the high hydrophobicity of these 

peptides. First, to facilitate the purification of the peptides, we decided to purify them before 

introducing the palmitoyl moiety, which would then be introduced through a conjugation reaction. To 

apply this strategy, the K-Ras peptides were modified with a 6-maleimidohexanoyl moiety at the N-

terminus and the palmitic acid was derivatized with a cysteine to generate the palmitoyl-L-Cys-OH 

moiety.  Once the peptide is purified, the palmitoyl thiolated moiety is introduced through a thiol-

maleimide reaction to produce the final compound shown in Figure 1.12. 

 

 

Figure 1.12 Three-step synthetic strategy for a modified K-Ras peptide. A: Synthesis of a Palmitoyl-L-cysteine, B: 

Synthesis of a 6-maleimidohexanoyl-K-Ras peptide and C: Conjugation of both moieties to form the final 

palmitoylated K-Ras peptide 
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Our rationale was that the lack of a palmitoyl moiety would allow for easier purification with much 

better yields. The addition of the palmitoyl moiety via a well-described Michael reaction between the 

cysteine thiol and the maleimide groups would then provide the desired fatty acid modification. This 

reaction should be fast, clean, and efficient enough to provide a final product that meets the 

requirements for incorporation into nanoparticles without fundamentally altering the epitope. 

These modified versions of the K-Ras family peptides with a 6-maleimidohexanoyl moiety at the N-

terminus were synthesized and purified by semi-preparative HPLC in a C18 or C8. Table 1.8 summarizes 

the synthetic performance for these peptide crudes.  

Table 1.8 Summary of yield and purity of crude K-Ras maleimide-hex peptides 

Epitope ID N-terminal MW (Da) %Purity  %Yielda  

K-Ras1 P23 6-malhex-NH- 2754.32 54 26 

K-Ras2 P24 6-malhex-NH- 2812.32 71 30 

K-Ras3 P25 6-malhex-NH- 4717.62 54 34 

K-Ras4 P26 6-malhex-NH- 4775.72 40 27 
 

a% yield = (crude mmol x crude purity) / (theoretical mmol) 

 

In general, the purities of the products obtained are lower than those of the directly palmitoylated K-

Ras peptides. The exception is the K-Ras3 peptide, which has a better purity than its counterpart (54% 

vs. 26%). However, when we tried to purify these peptides by semi-preparative RP-HPLC, we found the 

same problems as for the palmitoylated K-Ras peptides: a complete loss of resolution and an 

impossibility to obtain a fraction more than 80% pure. Furthermore, we had to rely on TFA as a solvent 

for these peptides to be injected into the semi-preparative RP-HPLC, either H2O:CH3CN (1:1) or DMSO-

induced peptide gelation. This problem was also observed with the unmodified K-Ras peptides. Figure 

1.13 shows the chromatographic traces for the modified K-Ras crude products. 

 

Gelification seems to be an intrinsic problem of the KRas sequence, which is curiously avoided by 

palmitoylation, although it further increases their hydrophobicity and decreases their solubility. 

Indeed, an analysis using the AGGRESCAN tool (http://bioinf.uab.es/aggrescan/)161 shows hotspots of 

aggregation for all sequences over most of their length (Figure 1.14, A-D), confirming our suspicion. 

A      P23 6-malhex K-Ras1 B      P24 6-malhex K-Ras2 

  
 

 

http://bioinf.uab.es/aggrescan/
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C      P25 6-malhex K-Ras3 D      P26 6-malhex K-Ras4 

  
Figure 1.13 RP-HPLC for A: K-Ras 1, B: K-Ras 2, C: K-Ras 3 and D: K-Ras 4 modified with 6-maleimidohexanoic acid 

in the N-terminal. Gradient used was 5-100% B in a C18 column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

A      K-Ras1 G12 single epitope P19 peptide B      K-Ras2 D12 single epitope P20 peptide 

  

C      K-Ras3 G12 multiepitope P21 peptide D      K-Ras4 D12 multiepitope P22 peptide 

  

Figure 1.14 Prediction of aggregation hot-spots for A: Gly12 Kras epitope (K-Ras1), B: Asp12 Kras epitope (K-Ras2), 

C: Gly12 K-Ras-Tetanus toxoid chimera (K-Ras3) and D: Asp12 K-Ras-Tetanus toxoid chimera (K-Ras4).  
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1.2.2.4.1 Synthesis of the K-Ras peptides by a convergent strategy  

A convergent synthetic approach was also explored to minimize the problems associated with the 

hydrophobicity of the K-Ras peptide sequences. This involves the separate synthesis of two or three 

peptide sequence fragments, that are coupled together to generate the final K-Ras epitope. This 

strategy may be particularly useful for the longer 42-mer sequences (K-Ras3 and K-Ras4). Considering 

that K-Ras1 and K-Ras2 are homologous sequences with a single point mutation at (G12D), these 

peptide sequences were split into two fragments, Palm-[Met1-Val14]-COOH and NH2-[Gly15-Gln25]-

CONH2, the latter being common to both epitopes. K-Ras3 and K-Ras4 are also homologous sequences 

with of a single point mutation at the 12th residue (G12D), but both contain the tetanus toxoid epitope. 

In this case the peptide sequence was split into three fragments Palm-[Met1-Val14]-COOH, Fmoc-NH-

[Gly15-Gln25]-COOH and NH2-[Lys26-Leu42]-CONH2, being the last two being common to K-Ras3 and K-

Ras4 (see Figure 1.15 and Table 1.9).  

 

 

Figure 1.15 Convergent synthetic strategy of K-Ras peptides using fragments.  

Table 1.9 Fragment design for the synthesis of K-Ras peptide for a convergent strategy. 

Fragment ID Sequence Resin 

Palm-[Met1-Val14]-COOH P27 Palm-NH-MT(tBu)E(tBu)Y(tBu)K(Boc)LVVVGAGGV-COOH HMPB 

Palm-[Met1-Val14]-COOH P28 Palm-NH-MT(tBu)E(tBu)Y(tBu)K(Boc)LVVVGAD(tBu)GV HMPB 

NH2-[Gly15-Gln25]-CONH2 P29  NH2-GK(Boc)S(tBu)ALT(tBu)IQ(Trt)LIQ(Trt)- CONH2 Sieber 

Fmoc-NH-[Gly15-Gln25]-COOH P30 Fmoc-NH-GK(Boc)S(tBu)ALT(tBu)IQ(Trt)LIQ(Trt)-COOH 2-CTC 

NH2-[Lys26-Leu42]-CONH2 P31 
NH2-K(Boc)K(Boc)Q(Boc)Y(tBu)IK(Boc)AN(Trt)S(tBu)K(Boc)-

FIGIT(tBu)E(tBu)L-CONH2 
Sieber 

The synthesis of each fragment requires different solid supports that are hypersensitive to acids 

(capable of releasing peptides with 1% or 3% TFA in DCM), depending on the functionalization of the 

C-terminus, which can yield fully protected fragments. Palm-[Met1-Val14]-COOH peptide fragments 

were synthesized using the 4-(4-Hydroxymethyl-3-methoxyphenoxy)butyric acid (HMPB) Chemmatrix 

resin (Figure 1.16, A), because this fragment contains the most problematic synthetic part of the 

peptide due to its high hydrophobicity, presenting difficult couplings and prone to aggregation. This 

selected solid support is tailored for these types of difficult sequences as it is a high swelling, low 

loading resin with excellent reported performance. 
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A      HMPB Chemmatrix resin B      2-CTC resin C      Sieber Resin 

  
 

Figure 1.16 The three acid-hypersensitive solid supports used to synthesize fragments for the convergent 

synthesis of the K-Ras peptides.  

The peptide fragment, Fmoc-NH-[Gly15-Gln25]-COOH was synthesized using the 2-chlorotrityl chloride 

resin (2CTC) (Figure 1.16, B), because this sequence is less difficult. Finally, the C-terminal peptide 

fragments, NH2-[Gly15-Gln25]-CONH2 (for K-Ras1 and K-Ras2) and NH2-[Lys26-Leu42]-CONH2 (for K-Ras3 

and K-Ras4), were synthesized using the Sieber resin (Figure 1.16, C), which, when is treated with low 

concentrations of acid produces fully protected peptides with an amide at the C-terminus. The 

synthesis of the different fragments was done manually because, besides the 2-CTC resin, we were not 

sure about the thermolability of the different solid supports used in the microwave-assisted peptide 

synthesizer. 

While the purity of the N-terminal fragments synthesized with the HMPB Chemmatrix resin was very 

good, the fragments synthesized with the Sieber resin yielded highly impure peptides. All protected 

fragments showed very low solubility in different solvents such as DCM, DMF and DMSO, and 

consequently their purification was not possible even though different conditions and columns were 

tested. An exploratory attempt to couple the fragments to generate K-Ras 4 was made using PyOAP 

and HOAt as coupling reagents with unsuccessful results due to the low solubility of the fragments.  

With all these results in hand, it seems that a redesign of the convergent approach to synthesize the 

K-Ras peptides is necessary, which is beyond our current work. The problems to be solved here are to 

obtain purer peptide fragments and to find a suitable solvent to carry out the reactions to complete 

them. Ideally, a 90%> pure protected fragment must be produced that does not need to be purified. 

This is not an impossible task, but it is expensive and time-consuming.  

It is clear that the synthesis of the K-Ras peptide is challenging. Unmodified K-Ras 25-mer epitope was 

commercially available and is offered at 85% purity for immunological assays. This is an indication that 

this sequence is notoriously difficult to synthesize and purify and adds value to our attempts to obtain 

these modified peptides, including a much larger sequence that we were able to obtain at 90% purity, 

albeit in small quantities.   

1.2.3 In vitro and in vivo assays for MSLN peptide nanovaccines in murine model 

Biological assays were conducted using nanovaccine formulations (PLGA-NP-Px), that were developed 

by Sana Sayedipour of the Translational Nanobiomaterials and Imaging group at the Leiden University 

Medical Center (LUMC). These in vitro and in vivo assays were conducted by Daniele Ferrari from the 

Translational Molecular Imaging Group at the Max Planck Institute. The PLGA-NP-Px nanovaccines 

comprise the MLSN peptides P1-P9, P11, and P12 (see Tables 1.1 and 1.2), which have been conjugated 

in PLGA-NPs. The unmodified MLSN4 peptide P10 was not used in these assays because it was not 

obtained in adequate purity. To enhance the immune response, R848, a Toll-like receptor (TLR) 7/8 

agonist, and poly(I:C), a TLR3 agonist, were included in the formulation, as adjuvants. 



Chapter 1 Synthesis of antigenic peptide components of a pancreatic cancer nanovaccine 

 

 

The NetMHCpan algorithm (https://services.healthtech.dtu.dk/service.php?NetMHC-4.0), which is 

capable of predicting the binding between a peptide and the MHC class I for any allele of known 

sequence in both human and mouse, was employed to confirm the mouse MHC restriction of all 

peptide sequences. The overexpression of the MSLN protein in patient samples and in the syngeneic 

murine model tumor cells (KPC), which were utilized in some of these bioassays, was previously 

confirmed by Daniele Ferrari through immunohistochemistry with an α-MLSN antibody. 

1.2.3.1 In vitro screening of the MLSN peptide-based nanovaccines 

In vitro assays were conducted by immunizing C57BL6 male mice with the PLGA-NP-Px nanovaccine, 

with three doses administered at seven-day intervals. On day 16, the mice were euthanized, and the 

splenocytes were collected from the spleen (Figure 1.17, A). The splenocytes were then cultured and 

re-stimulated in vitro with 10 µg of the peptides (Px) present in the PLGA-NP-Px nanovaccine that was 

administered. The re-stimulation was carried out for 48 hours.  

The cell viability in the presence of the stimulating peptides was determined by performing the XTT 

(2,3-bis-(2-methoxy-4-nitro-5-sulphenyl)-(2H)-tetrazolium-5-carboxanilide) cell proliferation assay 

after 48h of exposure to the peptides. No significant differences were found in the proliferation of the 

cells when stimulated with the peptides (Figure 1.17, B), except for peptide P12 where the cells were 

more proliferative. This suggests that palmitoylation of MSLN4 is not toxic and induces cell growth. 

Overall, the peptides are not toxic to cells, making them safe to use as vaccine components.  

The activation of CD8+ T cells in the presence of stimulating peptides was also investigated by enzyme-

linked immunosorbent assay (ELISA), with the objective of measuring the secretion of IFN-γ in the 

culture supernatant. IFN-γ is a well-established as a marker for T-cell activation, specifically Th1 cells 

which are involved in downstream T-CD8+ cell response and is used, as such, as an indicator of 

antitumoral immunity. The results demonstrate no statistically significant difference in the levels of 

IFN-γ secreted in the supernatant of stimulated cells, with the exception of the MSLN4 peptides P11 

and P12 (Figure 1.17, C). Moreover, the observed IFN-γ levels were predominantly below 10 pg/mL, 

indicating an absence of immune response activation. A level of 15 pg/mL or above is typically 

indicative of activation. This indicates that the MSLN4 multiepitope peptides are the only candidates 

of the peptides studied, capable of activating a cytotoxic antitumor immune response. This finding is 

consistent with the established knowledge that short peptides are less effective in eliciting robust 

immune responses compared to longer peptides and proteins. This finding is further supported by the 

fact that the MSLN4 multiepitope peptide (P12) encompasses the three individual MSLN epitopes. 

These peptides were tested individually and were unable to reach the levels of activity shown by the 

multiepitope peptide (Figure 1.17, C). All these results indicate that the antigenicity of these peptides 

was accurately predicted; however, they only demonstrate adequate immunogenicity when they are 

part of a larger construct. The elevated IFN-γ levels observed for both the palmitoylated P12 and the 

PEGylated long peptide P11 provide further support for this rationale and make the palmitoylated 

multiepitope MSLN4 P12 the most significantly active peptide. It is also noteworthy that the P5 peptide 

(PEGylated MSLN2 single epitope) exhibited minimal production of IFN-γ. This result may be attributed 

to the possibility that the long PEG chain may have impeded the interaction of the peptide with the 

immunoglobulin receptor. 

 

 

 

https://services.healthtech.dtu.dk/service.php?NetMHC-4.0


Peptides: From synthesis to biomedical application in two types of cancer 

51 

 

A      Immunization schedule 

 
B      Stimulated splenocyte viability  C      IFN-γ production in splenocytes 

  
Figure 1.17 Preliminary screening of MSLN peptides immunogenicity. A: Scheme for the immunization of 

C57BL/6 mice with the PLGA-NP-Px nanovaccines. B: Splenocyte viability measured by the XTT cell proliferation 

assay and C: Splenocyte activation measured by anti-IFNγ ELISA after immunizing C57BL/6 mice with PLGA-NP-

Px nanovaccine formulations for peptides P1-P9, P11 and P12.  

1.2.3.2 Immunogenic effect studies for the PLGA-NP-P12 nanovaccine 

After the screening of peptide activity and the selection of the P12-based nanovaccine due to its initial 

promising results, more thorough assays were carried out for this nanovaccine.  

C57BL6 mice were vaccinated once per week, for 3 weeks, with four different conditions. C1: 

phosphate-buffered saline (PBS) negative control, C2: PLGA-NPs negative control, C3: P12 peptide and 

C4: the PLGA-NP-P12 nanovaccine (n=3-5 per group). Mice were euthanized on day 16, and then 

inguinal lymph nodes, spleen, and blood were taken for in vitro analyses (see Figure 1.17, A).  

Cells derived from inguinal lymph nodes were collected from mice immunized with conditions C1, C2 

and C4 and were stimulated with PBS or 10 µg of either P12 peptide or PLGA-NP-P12 nanovaccine 

during 48h. Then, the levels of IFN-γ were measured by ELISA. Cells from mice vaccinated with the 

PLGA-NP-P12 nanovaccine showed the highest response in all cases of stimulation, and especially 

those stimulated with PLGA-NP-P12 achieved the highest response compared with those stimulated 

with either PBS (p<0.05) or the P12 peptide (p<0.05) for this same vaccination group. Mice immunized 

with PBS showed no response, while vaccination with the P12 peptide achieved very low responses of 

which the highest was observed when the stimulation was performed with the PLGA-NP-P12 

nanovaccine (Figure 1.18, B). This indicates that the immunization with the nanovaccine works very 

well to elicit a strong immune response, and it is more effective as an immunogen than the peptide 

alone.  

To corroborate whether the reported IFN-γ measurements correlate with CD8+ cytotoxic T cell 

activation, splenocytes were collected from mice immunized with conditions C2, C3, and C4. The cells 

were then cultured and restimulated with 2, 10, or 20 micrograms of the P12 peptide. Subsequently, 

the splenocytes were stained with labeled anti-IFN-γ and anti-CD8 antibodies and flow cytometry was 

performed. The results demonstrate the presence of a cell population that expresses the CD8 surface 
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marker and also secretes the IFN-γ cytokine. This finding suggests that this splenocyte population 

corresponds to activated cytotoxic T cells. The percentage of CD8+ cells increased up to 4% in mice 

immunized with the PLGA-NP-P12 nanovaccine (C4) compared to immunization with either the PLGA-

NPs (C2) or the P12 peptide (C3) (Figure 1.18, C). These results provide substantial support for the 

immunogenicity of the P12 peptide-based nanovaccine in the preliminary screening. Furthermore, it 

was observed that the highest level of stimulation was achieved when 10 µg of the PLGA-NP-P12 

nanovaccine was utilized. 

Similarly, splenocytes from mice vaccinated with the PLGA-NP-P12 nanovaccine (C4) were collected, 

cultured, and re-stimulated in vitro with PBS, or with 2, 10, and 20 micrograms of the P12 peptide or 

the PLGA-NP-P12 nanovaccine. The results demonstrate that the supernatant of cells stimulated with 

the P12 peptide and the PLGA-NP-P12 nano vaccine exhibited elevated levels of IFN-γ in comparison 

to non-stimulated cells (PBS group) (Figure 1.18, D). These results are consistent with those observed 

in lymph node cell cultures and align with the preliminary screening performed on splenocytes. 

Furthermore, this assay validates that 10 µg represents the optimal quantity of peptide or nanovaccine 

to stimulate splenocytes from immunized mice, thus enabling the assessment of the generated 

immune response.  

Additionally, an assay was conducted to evaluate the effectiveness of the stimulated splenocytes in a 

tumor cell killing assay. Splenocytes from mice immunized with conditions C2 or C4 were re-stimulated 

in vitro with PBS or with 20 micrograms of the P12 peptide for 48 hours, and then added to KPC tumor 

cells in an effector-to-target ratio of 20:1. Following a 48-hour period of co-culture, the XTT assay was 

conducted to measure the proliferation of KPC cells. The data demonstrate that splenocytes stimulated 

with the P12 peptide were capable of inducing cytotoxicity in KPC cells, as evidenced by a statistically 

significant difference when compared to non-stimulated splenocytes (Figure 1.18, E). The 

immunization with the PLGA-NP-P12 nanovaccine did not result in a notable difference in the cytotoxic 

response compared to that observed in mice immunized with the PLGA-NP alone and both these 

responses are elevated. This outcome can be attributed to the nanoformulation's robust activating 

capabilities, even in the absence of immunogenic peptides, due to its incorporation of potent 

adjuvants that elicit non-specific cellular responses via TLR-related pathways. This non-specific 

response elicited by the PLGA-NPs cannot be differentiated from the specific response generated by 

the PLGA-NP-P12 nanovaccine by this assay alone. Therefore, an analysis of the supernatant from the 

co-culture was conducted. The results revealed that the P12 peptide-stimulated splenocytes from 

PLGA-NP-P12 vaccinated mice exhibited higher levels of IFN-γ compared to the P12 peptide-stimulated 

PLGA-NP-vaccinated mice (p<0.05) or the non-stimulated splenocytes (p<0.05) (Figure 1.18, F). This 

suggests that the nanovaccine is capable of stimulating a cytotoxic CD8+ T cell response whereas the 

PLGA-NP nanoformulation is not and that the latter’s antitumoral activity is due to non-specific cellular 

responses. This is further demonstrated by measuring the anti-MLSN immunoglobulin G (IgG) 

antibodies in the sera of mice vaccinated with conditions C2 and C4. The sera of mice vaccinated with 

the PLGA-NP-P12 nanovaccine (C4) exhibited higher levels of specific IgGs when compared to mice 

that received PLGA-NPs (C2), which demonstrated low or no presence of specific IgGs (Figure 1.18, A). 

These findings reinforce the assertion that the PLGA-NP-P12 nanovaccine is a promising vaccine 

candidate capable of eliciting a robust immune response and, furthermore, that this response is 

specifically directed towards MSLN, indicating a tumor-specific immune response. 
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A      anti-MSLN IgGs in serum B      IFN-γ in lymph node cells 

  
C      %IFN-γ+CD8+ co-expressing splenocytes D      IFN-γ in splenocytes 

  
E      Tumor Killing Assay F      IFN-γ production in tumor killing assay 

  
Figure 1.18 Immunogenic effect of MSLN nano vaccine in vitro. A: anti-MLSN IgG antibody production in the 

serum of mice after vaccination with the PLGA-NP control or the PLGA-NP-P12 nanovaccine B: IFN-γ measured 

in cells extracted from lymph nodes of PLGA-NP, P12 peptide or PLGA-NP-P12 nanovaccine immunized mice and 

stimulated with PBS, P12 peptide or PLGA-NP-P12 nano vaccine.  C: Flow cytometry of CD8 and IFN-γ co-

expressing splenocyte populations collected from PLGA-NP, MSLN4 or PLGA-NP-P12 vaccinated mice stimulated 

with different doses of P12 peptide. D: IFN-γ measured in splenocytes collected from mice vaccinated with the 

PLGA-NP-P12 nanovaccine and stimulated with PBS and different doses of the P12 peptide and the PLGA-NP-P12 

nanovaccin. E: Cytotoxic effect of P12 peptide-stimulated splenocytes from PLGA-NP and PLGA-NP-P12 

vaccinated mice on KPC cells. F: IFN-γ levels in the supernatant of the co-culture of KPC cells and stimulated 

splenocytes.  
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1.2.3.3 Efficacy of the PLGA-NP-P12 nanovaccine in PDAC tumors  

An in vivo assay to measure both the prophylactic and therapeutic capacity of the PLGA-NP-P12 

nanovaccine was performed in the C57BL6 murine model. For the prophylactic activity assay, mice 

received two doses of a mix of the R848 and poly(I:C) adjuvants (C1), PLGA-NPs (C2) or the PLGA-NP-

P12 nanovaccine (C3). Mice were then challenged with KPC cells after which they received two more 

boosters of the nanovaccine. Mice were euthanized 8 days after the last dose (Figure 1.19, A). Tumor 

size was measured by ultrasound after 10, 17 and 24 days of inoculation and no significant differences 

were found between the treatment groups (Figure 1.19, B). After euthanasia, no differences were 

found between the treatment groups (C1, C2 or C3) neither in the primary tumor size (Figure 1.19, C), 

the scar tumor size which grows at the incision site (Figure 1.19, D), nor in the number of metastases 

presented in the mice (Figure 1.19, E). Due to the low number of animals in each group, however, this 

experiment will be repeated. 

A       Immunization Schedule 

 
B       Tumor size measured by ultrasound C      Tumor size measured after euthanasia 

  

D      Tumor scar size measured after euthanasia E       Metastases measured after euthanasia 

  
Figure 1.19 Prophylactic effect of mesothelin nano vaccine in a mouse model of PDAC. A: Vaccination scheme of 

C57BL/6 mice prior and after challenge with KPC tumor B: Evaluation of tumor volume by ultrasound over the 
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course of the vaccination scheme. C: Primary tumor size, D: scar tumor size and E: number of metastases on the 

day of sacrifice (n=1-3 per group). 

To study the therapeutic capacity of the PLGA-NP-P12 nanovaccine tumor-bearing mice were 

orthotopically implanted with a tumor. After 10 days after implantation, mice were vaccinated with 

two doses of a mix of the R848 and poly(I:C) adjuvants (C1), PLGA-NPs (C2) or the PLGA-NP-P12 

nanovaccine (C3). Mice were euthanized four days after the last inoculation (Figure 1.20, A). The tumor 

volume was evaluated by ultrasound during the vaccination scheme. There was an increase in the 

tumor volume over time in all groups and this increase was similar between the treatment groups 

(Figure 1.20, B). All groups showed similar size of the primary tumors (Figure 1.20, C), the scar tumor 

(Figure 1.20, D), and in the number of metastases (Figure 1.20, E). 

A      Immunization Schedule 

 
B      Tumor size measured by ultrasound C      Tumor size measured after euthanasia 

  

D      Tumor scar size measured after euthanasia E      Metastases measured after euthanasia 

  
Figure 1.20 Therapeutic effect of the PLGA-NP-P12 nanovaccine in a mouse model of PDAC. A: Vaccination 

scheme of C57BL/6 mice after challenge with KPC tumor. B: Evaluation of tumor volume by ultrasound during 

vaccination. C: Primary tumor size, D: scar tumor size and E: number of metastases at the day of sacrifice (n=3-4 

per group). 
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The palmitoylated chimeric construct P12 containing three epitopes of the mesothelin antigen seems 

to be the best candidate for immune response at the in vitro level, where it shows remarkable 

capability of inducing a tumor-specific CD8+ cytotoxic T cell response that is able to eliminate model 

KPC tumor cells in a co-culture. However, in vivo assays show poor immune effectiveness on the KPC 

tumor, both in a prophylactic and in a therapeutic vaccination scheme. However, the assay must be 

repeated to corroborate these results with a greater number of mice and over longer periods of time. 

The likely cause for this discrepancy could be related to the accessibility of these effector T cells to the 

tumor cells in the tumor structure due to the complexity of its microenvironment, even though results 

show that the nanovaccine is very capable of generating a response against individual tumor cells in a 

culture.  

1.2.4 Preliminary screening assays for PLGA-NP-Px OCV peptide nanovaccines in murine model. 

Comparison with the PLGA-NP-P12 nanovaccine 

The PLGA-NP-Px nanovaccines containing the OCV peptides P15 to P18 (see Tables 1.1 and 1.5 were 

formulated with PLGA-NPs by Sana Sayedipour of the Translational Nanobiomaterials and Imaging 

group at the Leiden University Medical Center (LUMC). Biological assays were conducted by Daniele 

Ferrari from the Translational Molecular Imaging Group at the Max Planck Institute. Following the 

rationale of these peptides as components of a previously reported anticancer vaccine60 and noting 

the poor immunogenicity of short individual epitopes results in the MSLN screening, the single epitope 

OCV peptides (P15-P17) were tested as a mix of the three peptides in a nanovaccine (PLGA-NP-

OCVmix). This formulation was then compared with the activity of the PLGA-NP-P18 nanovaccine 

which is based in the multiepitope OCV P18 peptide, which is a linear multi epitope composed by the 

three OCV epitopes (OCV1-3). 

Nanovaccine formulations were injected into C57BL6 mice twice. Immunizations were performed 

seven days apart from one another (Figure 1.21, A). Mice were sacrificed two days after the last 

inoculation and splenocytes were collected, cultured and challenged with OCVmix (P15-P17) or the 

P18 multiepitope OCV peptide for 48h, after which IFN-γ in the culture supernatant was measured by 

ELISA.  Furthermore, to compare this assay to our PLGA-NP-P12 nanovaccine candidate, this scheme 

was also tested to the MSLN peptides, in which the single epitopes P3, P6 and P9 (palmitoylated 

MSLN1, 2 and 3 single epitopes) were combined as a mix in a nanovaccine formulation (PLGA-NP-

MSLNmix) and compared to the PLGA-NP-P12 nanovaccine, which carries the palmitoylated 

multiepitope P12 peptide. 

 

Figure 1.21 Preliminary screening of the activity of OCV and MSLN4 peptides as single epitope mixes and long 

multiepitope peptides 

PLGA-NP PLGA-NP
MSLN mix

PLGA-NP
P12

PLGA-NP
OCV mix

PLGA-NP
P18

0

5

10

15

20

IF
N

-
 (

p
g

/m
L

)

In vitro treatment



Peptides: From synthesis to biomedical application in two types of cancer 

57 

 

Preliminary screening results indicate that the PLGA-NP-P18 nanovaccine is able to induce activation 

of cytotoxic CD8+ T cells as measured by an elevated secretion of the IFN-γ marker (Figure 1.21, B), 

and that IFN-γ levels in this vaccination group are higher than in splenocytes from mice vaccinated 

with the PLGA-NP-OCVmix nanovaccine (p<005). A similar result is obtained with the MLSN 

formulations (Figure 1.21, B). Stimulated splenocytes from mice vaccinated with the PLGA-NP-P12 

nanovaccine secrete significantly higher levels of IFN-γ than the group vaccinated with the PLGA-NPs-

MSLNmix. Furthermore, the preliminary screening shows that the PLGA-NP-P18 nanovaccine (OCV 

multiepitope peptide) achieves IFN-y levels similar to the PLGA-NP-P12 nanovaccine, which makes it 

another potential candidate, although an extensive battery of in vitro and in vivo assays must be 

performed for this nanovaccine as it was done for the PLGA-NP-P12 nanovaccine. Considering that the 

OCV nanovaccine aims to target tumor proteins associated with the tumor microenvironment, these 

results are a promising starting point. These results further support the idea that in order to obtain a 

good vaccine candidate, a linear multiepitope format is a good strategy to generate novel peptide-

based vaccines.  

1.2.5 Multivalent antigen peptide constructs 

Considering the good results obtained with the MSLN4 P12 peptide-based nanovaccine, a new 

presentation of this multiepitope was planned by placing the three single epitopes (MSLN1, MSLN2 

and MSLN3) and the palmitic acid at different positions of a lysine-based MAP core (Figure 1.22). Due 

to the high hydrophobicity of these epitopes, before attempting this multiepitope MAP construction, 

we decided to test the feasibility of synthesis with two model constructs: a MAP with 4 copies of a 

carboxyfluroesceinated luciferase-1 peptide and a MAP with three different short peptides. 

 

Figure 1.22 Multiple antigen peptide construct based on the assembly of the three mesothelin epitopes (MLSN1 

to 3) and a palmitoyl group in a tri-lysine core. 

1.2.5.1 Synthesis of a fluorescent labelled luciferase-1 multiple antigen peptide as a tumor reporter 

At the suggestion of the Translational Molecular Imaging Group of the Max Planck Institute, we 

prepared a luciferase-1 peptide-based reporter for the antitumor activity of CD8+ T cells in the mouse 

model used for the biological assays. We decided that a multiple epitope MAP presentation might be 

the most appropriate to have a higher affinity to CD8+ T cells due to their ability to cross-present 

epitopes to more than one MHC I-TCR complex at any given time. In addition, the introduction of a 

fluorescent probe on each peptide copy can increase the intensity of the fluorescence signal and 

improve detection.  A murine luciferase-1 epitope (LUC1) LMYRFEEEL, which specifically binds to the T 

cell receptor of murine CD8+ T cells, was selected and synthesized as a carboxyfluoresceinyl-labeled 

peptide and assembled onto a tri-lysine core (compound 1, Figure 1.23), rendering a four-copy 

multiple antigen peptide construct which will be used for visualization of CD8+ T cell activity at the 

tumor site. The LUC1 peptide was synthesized as previously described, with a 5(6)-carboxyfluroescein 

coupled in the N-terminal amine and a C-terminal cysteine added (CF-LUC1-Cys) to incorporate the 

peptide into the MAP core via maleimide-thiol chemistry. A sequential coupling and protecting group 

removal scheme was performed to synthesize the MAP core (compound 1, Figure 1.23) using Fmoc-L-

Lys(Fmoc)-OH as the building block, yielding a core with four free amines upon final Fmoc elimination, 
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which are then coupled to 6-maleimidohexanoic acid, providing four maleimide functional groups 

(mal4-MAP core) to conjugate the CF-LUC-1-Cys peptide in a click reaction. 

Prior to conjugation of the CF-LUC-1-Cys peptide with the mal4-MAP core, both products were purified. 

The mal4-MAP core crude product showed a remarkable purity of 81% (Figure 1.24, A) and allowed for 

purification up to >99.9% with no procedural issues (Figure 1.24, B). Recovery for this product is high 

at 75% owing to its high crude yield and initial purity (Table 1.11) as well as the uncomplicated one-

step purification. The CF-LUC1-Cys P32 peptide crude, however, was very impure. Furthermore, this 

peptide showed two peaks at ~5.8 min and ~6.0 min with 21% and 29% of purity, respectively (Figure 

1.24, C) with the mass of the expected peptide product when were analyzed by LC-MS. These two 

products are obtained because the starting material 5(6)-carboxyfluorescein is a mix of two isomers 

carrying a carboxyl group in two different positions. Focus was put on the second peak and purification 

of this product was carried out up to 99% (Figure 1.24, D). Recovery of this peptide was low at 7% due 

to low crude purity (Table 1.11). However, there was sufficient pure P32 peptide to continue with the 

synthesis of the (CF-LUC1)4 MAP (compound 2, Figure 1.23).  

  

Figure 1.23 Synthetic route of the tetrameric CF-LUC-1 MAP construct production. 

Table 1.11 Summary of yield and purity of CF-LUC-1-Cys peptide and mal4-MAP core. 

Product ID N-terminal MW (Da) 
% Crude 

Purity 
% Crude 

Yielda 
% Final 
Purity 

% 
Recoveryb 

CF-LUC1-Cys P32 CF-NH- 1689.98 29c 26 99 7% 

mal4-MAP core Compound 1 (mal)4 1174.36 81 87 100 75% 
 

a% yield = (crude mmol x crude purity) / (theoretical mmol) 

b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100 

c%crude purity considers one of two possible P32 products.   
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A      Compound 1 mal4-MAP core crude B      Compound 1 mal4-MAP core pure 

  

C      P32 CF-LUC1-Cys peptide crude D      P32 CF-LUC1-Cys peptide pure 

  

Figure 3.14 RP-HPLC for A: CF-LUC1-Cys P32 peptide crude, B: CF-LUC1-Cys P32 peptide pure, C: mal4-MAP core 

crude and D: mal4-MAP core pure. Gradient used was 5-100%B (CF-LUC1-Cys crude) or 30-100% B in a C18 column 

(A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

The conjugation reaction was performed by dissolving the CF-LUC-1-Cys peptide (0.044 mmol, 1.1 eq.) 

and the mal4-MAP core (0.01 mmol, 1 eq.) in DMF and an equal volume of 10 mM NH4HCO3 buffer (pH 

8.0) with 1% p/v TCEP and allowed to react. After 2 hours, analysis by RP-HPLC revealed no end product 

and no starting material.  Diverse HPLC gradients and columns (C18 and C8) were explored to analyze 

the crude reaction, but none of them allowed us to detect the final product (CF-LUC1)4 MAP. It is likely 

that the end product was formed but was too large and hydrophobic to be seen on C18 or C8 columns. 

It was also not possible to assess whether the reaction is complete or whether there was a mixture of 

two, three and four peptide copies incorporated onto the MAP. Although a slight excess of peptide has 

been added to avoid such a scenario, it still needs to be confirmed by mass spectrometry. 

Considering this problem, a new approach was explored with a new core (compound 3, Figure 1.25) 

consisting of a Lys-Cys backbone with the amines modified with a shorter 3-malemidopropionic acid 

linker to anchor two peptide epitopes by thiol maleimide conjugation. The main objective was to 

facilitate the analysis of the final peptide conjugation product. After peptide incorporation onto the 

mal2-MAP, the resulting (CF-LUC1)2 Lys-Cys construct (compound 4, Figure 1.25) can be dimerized to 

obtain the tetrameric MAP (compound 5, Figure 1.25) through the formation of an intermolecular 

disulfide bridge. Following this synthetic scheme, we were able to synthesize and characterize the 

mal2Lys-Cys core. 
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Figure 1.25 Strategy for the synthesis of the (CF-LUC1)4 Lys-Cys MAP  
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A    Compound 3 mal2-MAP core crude B   Compound 3 mal2-MAP core pure 

  

Figure 1.26 RP-HPLC for A: mal2-MAP core crude, B: mal2-MAP core pure. Gradient used was 5-70%B in a C18 

column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

This core showed a crude purity of 59% (Figure 1.26, A) and was purified to reach up to 98% purity in 

a single step (Figure 1.26, B). Although the analysis by RP-HPLC of the pure mal2Lys-Cys core confirmed 

a high degree of purity, its 1H-NMR showed a duplicity of the CH of Cys, indicating that this residue 

was racemized in the synthesis process. In terms of the final tetravalent MAP synthesis, racemization 

makes no difference in the introduction of peptides at the mal2Lys-Cys and its dimerization, but it may 

complicate the characterization of the final bivalent and tetravalent MAPs. Furthermore, we did not 

consider it advisable to introduce a variable for subsequent bioassays, as we do not know if the loss of 

chiral integrity of the cysteine residues will affect the intended effects when tested in cells of animal 

models. At this point, we decided to abandon the synthesis of the fluorescence-labeled luciferase-1 

multiple antigen peptide.  

1.2.5.2 Synthesis of a mesothelin-based multiepitope multiple antigen peptide 

Since the linear multi-epitope peptide construct (MSLN4) was the only one to show immunogenic 

activity in the initial bioassays (OCV multiepitope peptide requires further confirmatory assays), it was 

considered to also attempt to create a novel multi-epitope presentation construct by incorporating the 

individual epitopes into a MAP core. In contrast to MAPs carrying the same type of epitope, the 

construction of a multimodal MAP carrying different epitopes cannot be prepared by thiol-maleimide 

conjugation, as this reaction does not discriminate between the different epitopes. Due to the large 

number of protecting groups described for amines, the sequential introduction of the peptide epitopes 

onto the MAP core can be accomplished through an amide bond. A lysine-based branched scaffold 

with an orthogonal protection scheme for the different amines was chosen, since lysine is 

commercially available with several different combinations of protecting groups on its − and 

− amines. In this work, we synthesized an orthogonally protected lysine scaffold bearing four different 

amino protecting groups: 2-nitrobenzenesulfonyl or nosyl (Ns), 9-fluorenylmethoxycarboxyl (Fmoc), 4-

methoxytrityl (Mmt), and allyloxycarbonyl (Alloc). These groups can be removed independently to 

introduce the different peptides sequentially on the MAP core. The Ns group is eliminated by 

treatment with thiols such as thioglycolic acid or 2-mercaptoethanol, the Fmoc group is usually 

removed with piperidine or 4-methylpiperidine, the Alloc group is removed by hydrogenolysis carried 

out with catalytic amounts of tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) in the presence of 

phenylsilane, and the Mmt group is removed by acidolysis at low percentages of acid, such as 1% TFA 

or CH3COOH in DCM.  

To produce this multimodal core, we used commercially available protected amino acids Fmoc-L-

Lys(Alloc)-OH, Fmoc-L-Lys(Mmt)-OH and H-L-Lys(Fmoc)-OH. The latter was used to synthesize the Ns-
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L-Lys(Fmoc)-OH building block following the scheme shown in Figure 1.27. Briefly, the carboxyl of this 

amino acid (5 mmol, 1 eq) was protected with methxoyl to generate H-L-Lys(Fmoc)-OMe after which 

the Ns group was incorporated to produce Ns-L-Lys(Fmoc)-OMe. Finally, the methoxy protecting group 

was removed with lithium iodide to obtain the Ns-L-Lys(Fmoc)-OH as the final product with 96% purity 

(80% yield)   

The multimodal core (compound 6) was then synthesized by SPPS as shown in Figure 1.28. As a proof 

of concept, three model peptides were selected to be incorporated onto the compound 6: 

adrenomorphin (P33), leu-enkephalin (P34), and endomorphin (P35). These were synthesized via SPPS 

as protected acetylated peptide models using a 2-chlorotrityl chloride resin, obtained by a very mild 

acydolisys treatment with 1% TFA, and then purified by semi-preparative HPLC. Synthesis performance 

for P33, P34, P35 and compound 6 are summarized in Table 1.12.  

Table 1.12 Summary of yield and purity of CF-LUC-1-Cys peptide and mal4-MAP core. 

Product ID N-terminal 
MW 
(Da) 

% Crude 
Purity 

% Crude 
Yielda 

% Final 
Purity 

% 
Recoveryb 

Adrenomorphin P33 Ac-NH- 1587.20 41 56 72 43 

Leu-Enkephalin P34 Ac-NH 653.65 66 77 93 71 

Endomorphin P35 Ac-NH- 809.27 85 90 95 83 

multimodal-
MAP core 

Compound 6 

Alloc-NH, 
Fmoc-NH,  
Ns-NH-,  

NH2-  

896.03 92 80 97 77 

 

a% yield = (crude mmol x crude purity) / (theoretical mmol) 
b% recovery = (purified mmol x purified purity) / (crude mmol x crude purity) x 100 

The strategy followed for the introduction of the different model peptides to compound 6 is 

summarized in Figure 1.28. The couplings were performed in liquid phase using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and 1-hydroxybenzotriazole (HOBt) as coupling reagents. A 

liquid phase coupling strategy is preferred to incorporate the peptides into the core, as it allows 

working with equimolar ratios of the different components with a relatively fast assembly, avoiding 

deletions due to increased steric hindrance and potential aggregation in the branched structure. 

 The MAP core scaffold was synthesized using Fmoc-L-Lys(Alloc)-OH, Fmoc-L-Lys(Mmt)-OH and Ns-L-

Lys(Fmoc)-OH as starting materials. The core was cleaved from the resin with TFA and TIS treatment 

which yielded compound 7 (Figure 1.28). Separately, the peptides were synthesized as described and 

cleaved from the solid support with 1% TFA in DCM and purified. These peptides did not show great 

difficulties in their synthesis and purification. However, adrenomorphin showed more impurities than 

the other two peptides (Figure 1.29, A).  The MAP core is a relatively uncomplicated molecule to 

synthesize as evidenced by its RP-HPLC characterization (Figure 1.29, D). 
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Figure 1.28 Strategy for the synthesis of the multivalent multimodal MAP carrying three peptides. 
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A      P33 Adrenomorphin peptide B     P34 Leu-Enkephalin peptide   

  

C      P35 Endomorphin peptide    D      Compound 6 MAP core    

  

Figure 1.19 RP-HPLC for A: P33 adrenomorphin peptide purified up to 72%, B: P34 Leu-enkephalin peptide pure, 

C: P35 endomorphin peptide pure, D: Compound 6 multimodal MAP core pure. Gradient used was 30-100%B in 

a C18 column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

We decided to perform the synthesis of the MAP by introducing the largest peptide first, 

adrenomorphin, with the rationale that it would be more difficult to couple it to the core if it already 

carried other peptides due to steric hindrance. This peptide was introduced by amide bond formation 

with a conversion of 80%, and the purity of the resulting α-N-Fmoc-lysyl(ε-N-Ns)-lysyl(ε-N-P33)-

lysine(ε-N-Alloc)-CONH2 intermediate (compound 7, Figure 1.28) is of 53%, which can be expected 

(Figure 1.30, A) given the purity of the P33 adrenomorphin peptide (Figure 1.29, A). The Fmoc group 

of compound 7 was removed with piperidine and the P34 Leu-enkephalin peptide was introduced to 

form the α-N-P34-lysyl(ε-N-Ns)-lysyl(ε-N-P33)-lysine(ε-N-Alloc)-CONH2 intermediate (compound 8, 

Figure 1.28) with a 64% conversion and purity remained at 53% (Figure 1.30, B). The Alloc group of 

compound 8 was then removed and the P35 endomorphin peptide was introduced to form the α-N-

P34-lysyl(ε-N-Ns)-lysyl(ε-N-P33)-lysine(ε-N-P35)-CONH2 intermediate (compound 9, Figure 1.28) with 

a conversion of the 60% and very low purity of 25% (Figure 1.30, C and D).  However, when we tried 

to remove the nosyl group of compound 9, this was unsuccessful. This may be due to steric hindrance 

and poor exposition of the Ns group to the reagents, because this protecting   group is generally readily 

removed in an hour upon treatment with thiols. Optimization of nosyl removal and purification of the 

starting material are necessary requirements to achieve the final compound.  
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A      Compound 7 α-N-Fmoc-lysyl(ε-N-Ns)-lysyl(ε-N-
P33)-lysine(ε-N-Alloc)-CONH2 

B      Compound 8 α-N-P34-lysyl(ε-N-Ns)-lysyl(ε-N-
P33)-lysine(ε-N-Alloc)-CONH2 

  

C      Compound 8 α-N-P34-lysyl(ε-N-Ns)-lysyl(ε-N-
P33)-lysine(ε-N-P35)-CONH2 

D      Compound 8 α-N-P34-lysyl(ε-N-Ns)-lysyl(ε-N-
P33)-lysine(ε-N-P35)-CONH2 

  

Figure 1.30 RP-HPLC monitoring for the coupling of A: P33 adrenomorphin peptide to the MAP core, B: P34 Leu-

enkephalin to the P33-MAP, C: P35 endomorphin peptide to the P33-P34-MAP and LC-MS monitoring of the 

coupling of D: P35 endomorphin peptide to the P33-P34-MAP. Gradient used was 40-100%B for A and 50-100%B 

for B and C in a C18 column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

Our results indicate that a multimodal MAP can be produced carrying up to three different epitopes 

and possibly, in future work, a fourth peptide sequence or other types of moieties (lipids, fluorophores, 

etc.) in a single molecule, which has interesting potential applications as vaccine components. 

However, the starting materials need to be thoroughly purified and different deprotection schemes 

need to be explored considering the difficulties encountered in removing the nosyl group. 
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Synthesis of neuroblastoma-targeting peptides for a 

quatsome delivery system   
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2.1 Introduction 

2.1.1 Neuroblastoma 

Neuroblastoma (NB) is a form of pediatric cancer that is highly aggressive. The survival rates are 

inversely related to age, reaching 50% in children aged five years and older.24 It is also difficult to detect 

in its early stages28,29, and the classical treatment options are ineffective because the tumor is 

heterogenous, phenotypically plastic and the immune response generated against it is 

counterproductive as it can aid tumor growth.31–33 As such there is marked interest in finding adequate 

alternative treatments for this disease. One alternative that has emerged from research as a potential 

treatment for complex cancers, including neuroblastoma, is the use of ribonucleic acids (RNAs) as 

therapeutic agents.128 This is due to the specificity with which they act. Specificity allows for targeted 

activity and fewer off-target effects, resulting in low toxicity. This is in stark contrast to traditional 

cancer treatments such as chemotherapy and radiation.  

2.1.2 Ribonucleic acid-based therapeutics for neuroblastoma treatment  

Ribonucleic acids (RNAs) are macromolecules composed of multiple copies of four base nucleotides: 

adenine, cytosine, guanine and uracil. These nucleotides are linked by  a 5’-3’phosphodiester bond 

between the ribose moiety of one nucleotide and the phosphate group of the following nucleotide.162–

164 RNAs have biological functions primarily in gene expression and regulation.162–165 Therapeutic RNAs, 

including small interfering RNAs (siRNAs) and microRNAs (miRNAs) have emerged as an attractive 

alternative in cancer research.88,166–168 These RNAs can selectively target the genes of cancer cells, 

thereby avoiding the toxic side effects on healthy cells seen with both chemotherapy and radiation 

therapy.128 

RNAs can target cancer cells in two main ways: 1) as interfering agents that block genes associated 

with cancer, and 2) as messenger RNAs that can induce gene expression of specific proteins. This can 

include expression of antigens to generate an immune response or expression of immunomodulators, 

such as cytokines, to increase the potency of the anti-tumor immune response (Figure 2.1).88,128,163–

165,168    

 

Figure 2.1 Alternatives for RNA-based therapies and their mechanism of action. Dicer: endoribonuclease, RISC: 

RNA-induced silencing complex. 

Despite these advantages, the implementation of RNAs as a treatment for cancer remains challenging 

due to several factors. First, RNAs are highly susceptible to enzymatic degradation by RNAases which 

can degrade RNA in the bloodstream within thirty minutes. Second, the accumulation of these 

macromolecules in the desired target cells is a significant challenge. Systemically, they accumulate in 

the liver and are rapidly metabolized and cleared.128,166 They can also induce Toll-like receptor (TLR)-
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mediated immune responses and consequently they can be degraded. Locally, RNAs have poor 

internalization capabilities because they are unable to cross the cell membranes due to their high 

molecular weight, hydrophilic nature, and negative charge. While they are highly specific for the genes 

they target, this selectivity is useless outside of the cell.128,166  

These limitations result in poor bioavailability and biodistribution, making their use in in vivo models 

and thus clinical application very challenging. This underscores the need for a delivery system that can 

encapsulate the RNA, protect it from enzymatic degradation, allow it to be internalized into the cell 

and nucleus, and enable it to reach its specific gene target while minimizing off-target effects such as 

activation of TLR pathways. Lipid-based nanovesicles represent an optimal delivery system that can 

maintain the integrity of the RNA cargo, be internalized into the cell via endocytosis, and thus allow 

delivery of the RNA cargo to its intracellular target. Within these lipid-based nanovesicles, liposomes 

are the most widely used type of lipid nanocarrier for nucleic acid loads. These spherical, bilayer 

phospholipid-based vesicles have been used in FDA-approved formulations. Recently, another type of 

non-liposomal nanocarrier based on sterols, called quatsome, has been developed with some 

interesting properties.102,103  

2.1.3 Quastome-based nanovesicles as delivery systems for miRNA 

Quatsomes (QSs) are non-liposomal lipid nanovesicles composed of sterols, primarily cholesterol or 

cholesterol derivatives, and stabilized by cationic surfactants, of which cetyltrimethylammonium 

bromide (CTAB) and myristalkonium chloride (MKC) are the most commonly used (Figure 2.2). These 

nanovesicles are capable of carrying drug loads, whether encapsulated or on their surface. QSs are 

thermodynamically stable, homogeneous in size, unilamellar, and have the ability to encapsulate and 

adsorb a wide range of small molecules and macromolecules. These physical properties are sometimes 

not present in liposomes. In addition, they exhibit remarkable stability under in vivo conditions.102,103 

 

Figure 2.2 Basic structural composition of a quatsome nanovesicle (created with BioRender.com).  

QSs can be prepared by sonicating a solution of the components, resulting in self-assembly of the 

nanovesicle, or they can be prepared in a more modulated manner using a compressed fluid-based 

method. In both cases, lipid vesicles require an external energy input for self-assembly. The second 

method, DELOS-susp (Depressurization of an Expanded Liquid Organic Solution into Aqueous Solution), 

involves dissolving the components in ethanol as a solvent, which is then expanded with CO2 in a 

pressurized chamber. Depressurization with N2 to water containing the surfactant yields the vesicle. 

The process is shown in Figure 2.3 and results in a set of nanovesicles that are homogeneous and 

stable. The vesicles can be characterized and functionalized as desired.102 
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Figure 2.3 Schematic representation of the stages of the DELOS-susp methodology for the preparation of 

quatsomes. Components dissolved in organic solvent are added to the chamber (a), which is then expanded by 

gas (b) and then depressurized into water with surfactant (c) to yield the nanovesicle.  

Lipid-based nanocarriers such as quatsomes and liposomes serve as potent systems that fulfill many 

of the requirements to protect and deliver therapeutic RNA. However, neither the RNA nor the lipid-

based nanovesicle can accumulate in a specific tissue or cell type. The lack of target tissue specificity 

is an important issue that needs to be addressed in order to fully exploit the advantages of RNA 

therapeutics and lipid-based delivery systems in the treatment of cancer. While in some cases this 

problem can be circumvented if the tumor is accessible and the formulation can be injected directly at 

the tumor site, this is not the case for other cancers such as neuroblastoma. In addition, lipid-based 

nanocarriers readily accumulate in the kidney and, once inside the cells, in the reticuloendothelial 

system, ultimately leading to rapid renal clearance. Therefore, systemic distribution via the 

bloodstream is necessary. However, relying on passive targeting of the tumor is not suitable, so the 

introduction of specific targeting moieties is crucial to direct the formulation to the target tumor and 

facilitate rapid internalization and accumulation of the nanovesicles in the specific tumor cells. At the 

same time, this increased specificity will result in fewer off-target effects and thus reduced toxicity. 

2.1.4 Targeting moieties for neuroblastoma 

A targeting moiety is a molecule that specifically interacts with a receptor present on the targeted cell 

type or tissue and is typically introduced with, directly linked to, or within the formulation of the 

bioactive compound. For tumor cells, these receptors are typically overexpressed in the cell 

membrane. Targeting moieties can include macromolecules such as immunoglobulins, or ligands such 

as peptides and smaller molecules. The addition of these moieties to a drug formulation allows active 

targeting of the tumor cells, thus solving many of the problems that can be expected with passive 

targeting schemes. The active targeting scheme is shown in Figure 2.4. 

The use of targeting peptide ligands represents an optimal option for incorporation onto the surface 

of the QS delivery system to facilitate the accumulation of therapeutic RNA in neuroblastoma cells. To 

select good targeting ligands for neuroblastoma, a bibliographic search was performed to localize 

receptors/proteins overexpressed on the surface of neuroblastoma tumor cells that have known 

specific ligands.  Several peptide ligands were identified that specifically bind three receptors/proteins 

overexpressed on neuroblastoma tumor cells, the diasilanglioside receptor (GD2), the tropomyosin 

receptor kinase B (TrkB), and the norepinephrine transporter (hNET). A total of five peptide ligands 

were selected because of their relatively short lengths and the absence of post-synthesis modifications 
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such as disulfide bridges, which can complicate final incorporation into the QSs. These sequences are 

shown in Table 2.1. Furthermore, a known ligand molecule for hNET, p-aminobenzylguanidine (PABG), 

was selected as an additional targeting moiety.169 PABG is an analogue of the meta-

iodobenzylguanidine (MIBG) a synthetic norepinephrine ligand, that selectively binds to hNET. MIBG 

labelled with radioactive iodine (123/131I-MIBG) is widely used for the diagnosis of NB.169 

Table 2.1 Neuroblastoma-targeting labelled peptide sequences. 

Peptide Sequence Target 

NB1 YSHSHSYWLRSGGGC GD2170 

NB2 SHSYWLRSGGGC GD2170 

NB3 WHWRLPSGGGC GD2171 

NB4 CSMAHPYFAR TrkB172,173 

NB5 GASNGINAYLC hNET174  

 

In the present work, the peptide ligands were synthesized by SPPS with an additional cysteine at the 

C-terminal of their sequence, except for peptide NB4, whose sequence naturally presented a cysteine 

at the N-terminal position. A thiol derivative of PABG was also synthesized. All selected targeting 

ligands were conjugated to a fluorescent probe to study their internalization ability on neuroblastoma 

cells in order to select the most suitable targeting ligand candidate to be incorporated on the surface 

of a QS-based delivery system. It is expected that the peptide and molecule incorporated into the QS 

delivery system will facilitate accumulation in neuroblastoma tumor cells.  

The work of this thesis chapter was done in collaboration with the Neural Tumors Laboratory of the 

Translational Research Group on Cancer in Childhood and Adolescence at the Vall d'Hebron Institut de 

Recerca (VHIR) and the Nanomol group at the Institut de Ciències dels Materials de Barcelona (ICMAB-

CSIC). My work focused on the synthesis of the targeting ligands and their derivatization with a 

fluorescent probe. Together with Júlia Piqué from the Nanomol group, I carried out the work related 

to the conjugation of two targeting ligands to the QSs, work that was carried out during a short stay at 

the ICMAB-CSIC.  Finally, the biological evaluation was carried out by the Neuronal Tumors Laboratory 

of the Translational Research Group on Childhood and Adolescent Cancer at the VHIR. 

 

Figure 2.4 Active targeting scheme in a quatsome delivery system for a therapeutic RNA aimed at neuroblastoma 

tumor cells.  
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2.2 Results and Discussion 

2.2.1 Synthesis of the selected targeting moieties and the corresponding 5-fluoresceinated- 

derivatives. Cellular uptake studies 

Neuroblastoma targeting peptides (Table 2.2) were synthesized using manual standard SPPS protocols. 

These peptides were selected for their optimal length for rapid synthesis and their ability to target 

both the neuroblastoma microenvironment and the tumor. Peptides without a cysteine in their 

sequence were synthesized with a C-terminal cysteine separated from the rest of the sequence by 

three glycine residues. The peptides were purified by semi-preparative HPLC, and all final products 

were characterized by RP-HPLC and LC-MS.   

The synthetic addition of cysteine provides a thiol function that allows conjugation to the nanovesicle 

via a cholesterol-PEG-maleimide moiety, which was also used to introduce a fluorescent probe onto 

the purified peptides by reaction of the thiol with fluorescein-5-maleimide. Both conjugation reactions 

are based on the Click-Michael addition reaction between thiol and maleimide functions (Figure 2.5), 

which is fast, clean and selective.175,176 As an example, Figure 2.6 shows the analytical HPLC of the final 

pure conjugated peptide ligands. 

  

 
Figure 2.5 The thiol-maleimide Michael addition reaction mechanism.  

 

Ten to twenty milligrams of each peptide was labeled with fluorescein-5-maleimide and then purified 

by HPLC to yield the corresponding 5-fluoresceinyl peptide. This process yielded five to ten milligrams 

of 5-fluoresceinyl peptides with purities ranging from 93% to >99.9%, which was sufficient for cell 

localization assays. 

Table 2.2 Synthetic performance of neuroblastoma-targeting peptides 

 

  

Peptide ID Cysteine Thiol MW 
% Crude 

Purity 
%Yield % Final %Recovery 

NB targeting peptide 1 
P36 -SH 1695.8 64 46 >99.9 46 

P37 -S-mal-Fl 2036.1 90 93 >99.9 92 

NB targeting peptide 2 
P38 -SH 1308.4 60 59 >99.9 59 

P39 -S-mal-Fl 1648.7 89 94 >99.9 97 

NB targeting peptide 3 
P40 -SH 1254.4 94 92 >99.9 92 

P41 -S-mal-Fl 1681.8 92 95 >99.9 95 

NB targeting peptide 4 
P42 -SH 1181.4 85 79 94 75 

P43 -S-mal-Fl 1608.8 96 85 94 89 

NB targeting peptide 5 
P44 -SH 1081.2 74 67 93 63 

P45 -S-mal-Fl 1508.6 89 90 94 85 
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A   P37 S-mal-Fl peptide  B   P39 S-mal-Fl peptide 

  

C   P41 S-mal-Fl peptide D   P43 S-mal-Fl peptide 

  

E   P45 S-mal-Fl peptide  

 

 

Figure 2.6 RP-HPLC of pure fluorescein-conjugated neuroblastoma-targeting peptides using a gradient of 5-100% 

B at r.t. in a C18 column (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).  

The thiolated-PABG derivative was synthesized (Figure 2.7) from 4-aminobenzylamine by first 

guanidylating the benzylamine with N,N'-DiBoc-1H-pyrazole-1-carboxamidine to give the intermediate 

N,N'-DiBoc-PABG (1) (96% yield). The thiol function was then introduced by the addition of 3-

(tritylthio)propanoic acid (3TTPA) to the aromatic amine of intermediate 1 through an amide linkage 

using the symmetrical anhydride method (2) to give intermediate 3 (85% yield). Boc and trityl 

protecting groups were chosen as acid labile groups to avoid unwanted secondary reactions. TFA 

treatment of the intermediate 3 quantitatively afforded the thiolated-PABG derivative (4), which was 

derivatized with fluorescein-5-maleimide by a maleimide-thiol reaction under basic conditions (pH 8) 

to afford the 5-fluoresceinyl-PABG (5) (49% yield).  
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Figure 2.7 Synthetic scheme of thiolated-PABG derivative and the corresponding fluoresceinyl conjugate.   

The fluorescently labeled peptides and the fluoresceinyl thiolated-PABG derivative were generated to 

facilitate cell uptake studies by confocal microscopy of these targeting moieties in neuroblastoma cell 

lines. This cell uptake assay was performed by Dr. Ariadna Boloix from the research group of Dr. Miguel 

Segura at the Vall d'Hebron Institut de Recerca. The results showed that the P41 peptide H-

WHWRLPSGGGC(s-mal-Fl)-NH2 has the strongest binding affinity for the CHLA-90 cell line after 1 h of 

incubation (Figure 2.8, A). The P39 peptide H-SHSYWLRSGGGC(s-mal-Fl)-NH2 ranks second, while the 

P37 peptide is not a promising homing candidate. In addition, the P43 and P45 peptides showed non-

specific binding to a non-neuroblastoma cell line, thus eliminating their potential use as targeting 

peptides. As expected, the fluoresceinyl thiolated-PABG derivative ligand also exhibits robust homing 

capability for CHLA-90 (Figure 2.8, B). Therefore, the P40 peptide and the thiolated-PABG (Figure 2.9) 

were the selected candidates for conjugation, while the P38 peptide was retained as a potential 

candidate if needed for further investigation.  
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A B 

  

Figure 2.8 Binding assay for Peptide 3 in CHLA-90 cell line at 1 and 24 h (A) and PABG in different neuroblasatoma 

cell lines (B). DAPI was used as a DNA intercalant reagent to dye cell nuclei.  

A    RP-HPLC thiolated-PABG derivative B    RP-HPLC P40 peptide 

  

Figure 2.9 RP-HPLC of A: thiolated-PABG and B: P40 peptide after purification in a C18 column using a 5-70%B 

gradient. Thiolated-PABG is detected at 254 nm while the P40 peptide is detected at 220 nm.    

2.2.2 Preparation of quatsome nanovesicles and optimization of thiolated-PABG derivative 

conjugation 

All the work on the formulation of QSs and the conjugation of synthetic ligands was carried out during 

a short secondment at the Institut de Ciències dels Materials de Barcelona (ICMAB-CSIC) in 

collaboration with Júlia Piqué, under the supervision of Dr. Mariana Köber and Professor Nora Ventosa.  

The components (Figure 2.10) for the formulation of QS nanovesicles include 3β-[N-(N',N'-

dimethylaminoethyl)-carbamoyl]cholesterol (DC-Chol), myristalkonium chloride (MKC) as a surfactant, 

and cholesterol-PEG2000-maleimide (Chol-PEG2000-mal). The positive charges of DC-Chol are critical for 

the incorporation of the therapeutic miRNA, while the PEG moiety of the Chol-PEG2000-mal carries the 

maleimide group onto which the thiol of the targeting ligands (thiolated-PABG derivative and P40 

peptide) is incorporated. QSs containing 2 µmol of cholesterol-PEG2000 maleimide (QS 001) were 

formulated by DELOS-susp method and characterized for particle size distribution and Z-potential 

determination in a Zetasizer ZEN 3600 (Malvern Panalytical Ltd., United Kingdom). The formulation 

was first diafiltrated to remove any excess reagents. The pH was then adjusted to 7.5 with 2-[Bis(2-

hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (Bis-Tris) buffer. This was done to ensure the 

formation of the nucleophilic thiolate. Among the available buffers, phosphate buffered saline (PBS) 

was excluded because it would have resulted in the addition of unnecessary sodium and potassium 

chloride salts. Tris(hydroxymethyl)aminomethane (Tris) was also excluded from consideration because 

it is a primary amine and there was uncertainty as to whether its nucleophilicity would result in 

competition with the thiolate for maleimide groups, as occurs with lysine ε-amino groups.175,177   



Peptides: From synthesis to biomedical application in two types of cancer 

77 

 

 

Figure 2.10 Strategy for the formulation of quatsomes composed of DC-cholesterol and Chol-PEG2000-maleimide 

for miRNA loading and conjugation of targeting PABG. This strategy is also valid for the incorporation of cysteinyl-

peptide.  

As a first conjugation assay (QS 001) 1.2 equivalents of thiolated-PABG derivative (compound 10, 2.4 

µmol) were added to a QS suspension and stirred for three hours. This equivalent value was 

determined considering the quantity of Chol-PEG-Mal formulated. Subsequently, sample aliquotes 

were taken at 1, 1.5, 2, and 2.5 hours, and ultracentrifugation was performed on each of them to 

eliminate the reagents that have not reacted from the QS. The estimation by HPLC of the non-reacted 

targeting ligand in the supernatant fraction permitted us to determine indirectly the targeting ligand 

incorporated to the QSs.  

The ultracentrifugation conditions tested were mild, with a force of 3,000 x G for 10 minutes. This 

method was not sufficient to completely remove the nanovesicles from the solution. The supernatant 

still contained 5.5 x 1011 particles per milliliter, as shown in Table 2.3. The supernatant was analyzed 

by RP-HPLC and compared to a PABG control. It was observed that the consumption of the available 

PABG stopped after one hour (Figure 2.11). By comparing the areas under the integrated peak of the 

PABG derivative in the HPLC traces, it can be observed that approximately 80% of the available PABG 

remains in solution. Consequently, the results indicate that initially there is a conjugation of 20% of the 

theoretical maleimide units present in QS. (Table 2.3). This inefficiency of the conjugation process can 

be explained by several reasons. First, it was observed that the thiolated-PABG derivative sample 

exhibited 24% bi-product due to dimerization by disulfide formation between two PABG derivative 

units, even when it was stored at -20°C. This reduced the amount of PABG derivative available for 

conjugation, indicating the need to treat this compound with a reducing agent, TCEP, prior to 

conjugation to QSs. Second, we considered the possibility that the availability of functional maleimides 

for conjugation in QS was limited. The underlying cause can be attributed to the high probability that 

the Chol-PEG2000-mal is incorporated into the nanovesicle on both sides of the bilayer of QS, the inner 

and outer layers, resulting in an immediate reduction in the functionality for QS surface conjugation. 

This problem cannot be controlled, but an attempt was made to circumvent this limitation by doubling 

the amount of Chol-PEG2000-mal, thereby increasing the surface density of maleimide functions. This 

should result in an increased conjugation rate. Another possible cause of the low conjugation 
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percentage may be due to prolonged storage at the basic pH of the nanovesicle suspension resulting 

from the diafiltration process, which may compromise the integrity of the maleimide. In this regard, 

the pH of the suspension prior to adjustment was 8.0, which may induce hydrolysis of the 

maleimide.177–180 It has been reported that maleimides can be hydrolyzed at pH values above 8.0. This 

hydrolysis process begins after seven days at 20°C and 20 days at 4°C.177,180 Therefore, diafiltration was 

performed after completion of the conjugation process to avoid maleimide hydrolysis caused by the 

basic pH and thus maintain the number of maleimides available for conjugation. 

Finally, it is of paramount importance to emphasize that ultracentrifugation must be performed at 

higher speeds to ensure complete pelleting of nanovesicles (Table 2.3, Figure 2.12).  Two 

ultracentrifugation conditions, 10,000 x G and 100,000 x G for 30 minutes at 4°C, were tested on a QSs 

batch formulated with 4 µmol Chol-PEG2000-mal content (QS 004), which is twice the amount of 

maleimide as in the previous assay. This new attempt resulted in an improvement in conjugation from 

19% to 38%, but the problem of high numbers of particles in the supernatant remained.  The optimal 

scenario would be to have the lowest possible number of particles, as this would ensure that the PABG 

detected by RP-HPLC does not originate from nanovesicles that have already been conjugated by a 

retro-Michael reaction or otherwise disrupted.180     

 

Figure 2.11 RP-HPLC Analysis of conjugation of PABG with batch QS 001 supernatant at 1, 1.5, 2 and 2.5h of 

reaction, showing PABG monomer (RT ~ 4 min) and dimer by-product (RT ~ 4.8min). conditions HPLCs. 

Two additional batches of QS were then formulated with 2 µmol (QS 006) or 4 µmol (QS 005) of Chol-

PEG2000-mal. In all cases, particle stabilization was allowed for 24 h prior to conjugation without 

diafiltration, then pH was adjusted to 7 and conjugation was performed for 2 h at room temperature 

with the addition of TCEP to reduce dimerization of the thiolated-PABG derivative in the reaction 

conditions. The results confirm the improvement in the conjugation efficiency previously observed for 

QS 004, because only when the QS nanoformulation process is performed with the double equivalents 

of Chol-PEG2000-mal the conjugation efficiencies increase (QS 005). Conjugation rates are 38-43% for 

QS 004 (Table 2.4) and 47-53% for QS 005 (Table 2.4), both formulated with 4 µmol of maleimide 

component, compared to 7-19% for QS006, which was formulated with 2 µmol of this component.  

At this point, three methods were investigated to separate the unconjugated PABG in solution from 

the PABG-derived QS to find the best separation procedure: ultracentrifugation, filtration through 30 

kDa MWCO AMICON® filter units, and Sephadex G-25 size exclusion chromatography. Both Table 2.3 

and Figure 2.12 summarize the efficiency of separation of QSs from the suspension by four different 

ultracentrifugation conditions. The results show that separation was improved only in the QS005 UCF 

batch where the centrifugation was performed at 600000 x G for 6 h at 4°C. In this case, the 
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supernatant carries 109 particles/mL, a 2-log reduction in the amount of suspended nanovesicles and 

representing 0.1% of the total nanovesicle content. No other setting could achieve this efficiency.  

Table 2.3 Ultracentrifugation of QS suspension, analysis of particle concentration by MADLS and estimation of 

conjugation by RP-HPLC after 2h of conjugation 

# Sample Conditions % Conjugation particles/mL 

1 QS001 UCF 1000 x G, 10 min 20 5.5 x 1011 

2 QS004 UCF 10000 x G, 30 min 43 8.0 x 1011 

3 QS004 UCF 100000 x G, 30 min 38 4.0 x 1011 

4 QS005 UCF 600000 x G, 6 h 47 1.0 x 109 

 

 

Figure 2.12 Quantification by MADLS of the particles in all ultracentrifugation conditions that were tested after 

2 h of conjugation (SN: supernantant, pellet: QS). 

AMICON filtration units work by molecular weight exclusion, using a dialysis membrane as a filter to 

separate all molecules above a certain molecular weight cutoff from all molecules below that cutoff 

during solution centrifugation. In this case, the thiolated-PABG derivative is filtered through the 

membrane and separated from the much larger nanovesicles, which are retained. The separation 

efficiency obtained with AMICON filters was then compared with the best ultrafiltration conditions 

(QS005 UCF). The results show that these give similar results to ultracentrifugation (Table 2.4), but one 

of the samples (QS 006 Amicon) contained 1 log more particles. This shows that ultracentrifugation is 

slightly better and more reproducible than separation with AMICON. However, the conjugation 

efficiency on each batch (QS 005 or QS 006) is slightly different depending on the separation method 

used, being higher when the AMICON filtration method is used. This suggests that the 

ultracentrifugation process may affect the integrity of the QS due to the harsh mechanical forces 

applied. 

Table 2.4 Comparison of ultracentrufugation (UCF)  and AMICON filtration (Amicon) separation methodologies. 

Sample % Conjugation particles/mL 

QS005 UCF 47 1 x 109 

QS005 Amicon 53 1 x 109 

QS006 UCF 7 1 x 109 

QS006 Amicon 19 1 x 1010 
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A third separation method is based on size-exclusion chromatography (SEC) methodology.  SEC is the 

simplest, fastest, and mildest (in terms of vesicle integrity) method for separating nanovesicles from 

solutes. A pre-packed Sephadex G-25 column, with an exclusion limit of approximately Mr 5000, was 

used to perform the separation of the thiolated-PABG derivative, which did not react with the QSs. The 

cutoff of this column allows the separation of QSs from molecules with molecular weights below 1000, 

as thiolated-PABG derivative (MW = 252 Da). This column is eluted by gravity, and as first choice we 

used miliQ H2O as eluent. In this case we did not detect any thiolated-PABG derivative in the elution 

fractions.  

Since the thiolated-PABG derivative is a positively charged compound due to the presence of a 

guanidinyl group, it can easily interact with the polysaccharide matrix of the Sephadex resin via 

hydrogen bonding, resulting in retention of the compound by the matrix and preventing its elution. 

Eluents other than miliQ H2O were investigated to minimize this problem. Different solutions with 

different percentages of CH3COOH in H2O were considered as eluents to overcome this problem. First, 

a solution of 10% CH3COOH in H2O (pH ~ 1) was selected as an eluent to perform the separation by 

Sephadex G-25 chromatography of a sample from QS 006 batch (despite the low conjugation efficiency 

results with this batch, it was selected as a more expendable sample). The sample was eluted with 3 

mL H2O (1 mL/fraction) and then with 10% CH3COOH in H2O in 10 fractions of 1 mL each. (Figure 2.13, 

Table 2.5). Indeed, the analysis of the fractions by RP-HPLC showed that the thiolated-PABG derivative 

elutes in the acidic fractions and is not present in any of the H2O fractions. In addition, the first acidic 

fraction contains 108 particles/mL (Table 2.5), which is 0.1% of the total particle population. The 2nd 

and 3rd aqueous fractions, immediately before, carry 1010 and 1011 particles/mL, so there is not 

complete separation between QSs and the thiolated-PABG derivative. This situation is not ideal. 

Table 2.5 Percentage of free thiolated-PABG derivative estimated by HPLC-PDA and number of particles/mL 

determined by MADLS in the acidic elution fractions of the separation of the QS 006 by G-25 Sephadex 

chromatography. 

Sample % Free PABG particles/mL 

QS 006 Fraction 4 36.2 1 x 108 

QS 006 Fraction 5 28.5 1 x 100 

QS 006 Fraction 6 15.9 1 x 100 

QS 006 Fraction 7 0.5 1 x 100 

 

 

Figure 2.13 RP-HPLC analysis of the thiolated-PABG derivative in the acidic elution fractions of the separation of 

the QS 006 by G-25 Sephadex chromatography. 
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 A new formulation, QS 007, was then prepared with 4 µmol Chol-PEG2000-mal content, its pH was 

adjusted to 7.5, and then it was used to perform the conjugation reaction with 0.6 (0.72 mg, 2.4 µmol) 

and 1.2 equivalents (1.43 mg, 4.8 µmol) of thiolated-PABG derivative and TCEP (0.6 and 1.2 mol 

respectively) for 2 h with gentle stirring at room temperature. The two conditions studied, which differ 

in the amount of the thiolated-PABG derivative added for conjugation, were chosen after noting in all 

of our previous assays the amount of free thiolated-PABG derivative that dimerizes after only 1-2 hours 

of reaction and for this reason an equivalent amount of TCEP with respect to the thiolated moiety was 

added to improve the conjugation. Due to the high pKa of the guanidinyl group (12.5 at 25°C), 

purification was performed by size exclusion chromatography on Sephadex G25 using miliQ water and 

a decreasing pH gradient of 4.5, 3.0, and 2.0. (Figure 2.14).  

Conjugation rates in these assays ranged from 40 to 60% when the reaction was performed with 1.2 

and 0.6 eq. of thiolated-PABG derivative, respectively (Table 2.6).  PABG-derivative was eluted in the 

pH 4.5 fractions. However, it is noteworthy that the MADLS analysis shows some overlap between the 

acid fractions and a residual amount of up to 1011 particles/mL, representing up to 90% of the particles 

loaded on the column. This suggests that it is essential to increase the length of the column and also 

to use a higher resolution Sephadex G-50.  

Table 2.6 Thiolated-PABG derivative percentage content and number of particles per mL of the fractions obtained 

by G-25 Sephadex size exclusion chromatography of QS007 conjugation crudes with 2.4 or 4.8 µmol of thiolated- 

PABG derivative. Estimated rate of conjugation of PABG based ligand to QS 007.  

Sample % Free PABG 2.4 µmol particles/mL % Free PABG 4.8 µmol particles/mL 

QS 007 pH 4.5 
Fraction 1 

3.5 1 x 1011 13.1 1 x 108 

QS 007 pH 4.5 
Fraction 2 

34.2 1 x 109 44.4 1 x 108 

QS 007 pH 3.0 
Fraction 1 

1.0 1 x 108 1.6 1 x 107 

QS 007 pH 3.0 
Fraction 2 

0.4 1 x 107 0.0 1 x 108 

% Conjugated 61.1 - 40.9 - 

 

  

Figure 2.14 RP-HPLC analysis of the thiolated-PABG derivative contained in the acidic elution fractions generated 

by Sephadex G-25 size-exclusion chromatography separation of the conjugation crude of QS 007 with the 

thiolated-PABG derivative. A: Elution fractions corresponding to the conjugation reaction using 2.4 mmol of 

thiolated-PABG derivative. B: Elution fractions corresponding to the conjugation reaction using 4.8 mmol of 

thiolated-PABG derivative. 
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2.2.3 Optimized Conjugation of P40 peptide and PABG into QSs 

A similar, optimized protocol was now used to conjugate the P40 peptide (H-WHWRLPSGGGC-NH2) 

and the thiolated-PABG derivative, using formulation conditions (batch QS 008) 4.8 µmol of Chol-

PEG2000-mal was used and after adjusting the pH of the final QS suspension to 7, conjugation was 

performed using 1.2 eq of both P40 peptide (4.8 µmol) and thiolated-PABG derivative (4.8 µmol).  After 

completion of the conjugation reaction, free ligands were separated from the QS suspension on a 

longer column with Sephadex G-50, to improve the resolution observed with G-25. In addition, controls 

of free P40 peptide and PABG (4.8 mol each) were loaded and eluted on the G-50 Sephadex column 

to determine their recovery on this column. Elution was performed with H2O followed by CH3COOH 

aqueous solutions at pH 5.5 and 4.5. This optimized protocol incorporates all that we have learned 

from previous assays such as the use of 4 µmol Chol-PEG2000-mal content, the conjugation once the 

QSs were stabilized, i.e. one day after their formulation, and the use of size exclusion chromatography 

as an effective separation technique that preserves the integrity of the nanovesicles. However, we 

introduce a new stationary phase in G-50 instead of G-25 and in a longer column to increase the 

resolution and to better separate the nanovesicles, which elute earlier with water, from the ligands, 

which elute later with weak acid solutions. The results of the control size exclusion chromatography 

give recoveries of 84% for the P40 peptide (Figure 2.15, A and Table 2.7) and 86% for the thiolated-

PABG derivative (Figure 2.15, B and Table 2.7). Although the recovery data are high, this technique 

does not allow a complete recovery of the ligands loaded on the stationary phase. This is taken into 

account when calculating the conjugation rates for both.  

Table 2.7 Estimation of recovered P40 peptide and thiolated-PABG derivative from size-exclusion 

chromatography in Sephadex G-50 

Sample P40 peptide PABG 

 Area % Recovery Area % Recovery 

Control 3029644 100 561071 100 

H2O F01 18750 0.62 0 0 

H2O F02 3483 0.12 0 0 

H2O F03 2236 0.07 0 0 

pH 5.5 F01 1589 0.05 0 0 

pH 5.5 F02 1740541 57.45 425253 75.79 

pH 4.5 F01 678519 22.39 58465 10.42 

pH 4.5 F02 35360 1.16 0 0 

Acetic 10% 60907 2.01 0 0 

Total 2541385 83.88 483718 86.21 
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Figure 2.15 RP-HPLC analysis of the control ligand elution fractions obtained by size exclusion chromatography 

on Sephadex G-50 eluting with acetic acid solutions of pH 5.5 and 4.5. (A) P40 peptide and (B) thiolated-PABG 

derivative.  

Conjugation results are approximately 59% for the P40 peptide (Figure 2.16, A and Table 2.8) and 63% 

for the thiolated-PABG derivative (Figure 2.16, B and Table 2.8). These are the best results to date and 

are close to conjugation rates reported in the literature.177,179 Whether higher loadings can be achieved 

is not certain, as it is not easy to know how much available maleimide is exposed, how much is directed 

toward the inside of the particle and thus not available, or whether the functional group is accessible 

enough. In addition, we achieved excellent separation as shown by MADLS, where the particles 

remaining in suspension after passing through the column were in the range of 105-107, representing 

less than 0.01% of the particles entering the column, most of which were eluted in the first H2O 

fractions. This is also the best removal of particles from the suspension that we have achieved, making 

Sephadex G-50 the ideal separation method.  

  

Figure 2.16 RP-HPLC analysis of the fractions obtained by size exclusion chromatography on Sephadex G-50 

eluting with acetic acid solutions of pH 5.5 and 4.5 of the conjugation crude of QS 008 with P40 peptide (A) and 

thiolated-PABG derivative (B).   

A B 

A A B 



Chapter 2 Synthesis of neuroblastoma-targeting peptides for a quatsome delivery system 

 

 

Table 2.8 Ligand percentage content and number of particles per mL of the fractions obtained by G-50 

Sephadex size exclusion chromatography of QS008 conjugation crudes with P40 peptide or thiolated-PABG 

derivative.   Estimated rate of conjugation of the two ligands to QS 008. 

Fraction % Free P40 peptide Particles/mL % Free PABG Particles/mL 

5.5 F01 0 107 1.1 100 

5.5 F02 21.8 106 21.6 107 

4.5 F01 8 105 2.3 107 

4.5 F02 0.1 100 0 100 

Total 29.9 2 x 107 25.1 1.1 x 107 

Conjugated 58.8  62.8  

 

2.2.4 Complexation of thiolated-PABG-functionalized quastomes with miR-323a-5p RNA and 

transfection assays 

Once the conjugation process was established, complexation of mi-RNA 5 with the modified QSs was 

performed.  These experiments were carried out by Julia Piqué from the Nanomol group (ICMAB-CSIC). 

Therapeutic RNA miR-323a-5p was complexed to three QS versions, the free QS (non-functionalized), 

QS functionalized with Chol-PEG2000-mal (QS-mal) and QS functionalized with PABG (QS-PABG). The 

three QS versions were prepared according to the previously described procedures (section 2.2.3). 

Complexation with miRNA was performed at RNA:QS ratios ranging from 1:6 to 1:0.4. Non complexed 

RNA was determined by electrophoresis in a 2% agarose gel (Figure 2.15).   

A   QS B QS-mal 

  

C QS-PABG  

 

 

Figure 2.15 Agarose electrophoresis of non-complexed RNA in QS (A) QS-mal (B) and QS-PABG (C) at different 

RNA:QS ratios.  

The results show that the minimum RNA:QS ratio at which all the added RNA is successfully complexed 

is 1:1.5 (Figure 2.15, A to C, lane 7). At this ratio and higher, complexation of RNA to the nanovesicle is 

complete. Below this level, free RNA is detected. The loading capacity of the nanovesicle is then about 

50% of its molar amount. There is no significant difference between the formulations. Thus, the 

addition of a maleimide function via a Chol-PEG2000-mal and its conjugation with a thiolated-PABG does 

not affect the complexation of RNA by the nanovesicle. A cell uptake assay was then performed in the 

SK-N-BE(2) neuroblastoma cell line, using a fluorescent miRNA that was complexed in each of the three 

formulations: QS (Figure 2.16, A), QS-mal (Figure 2.16, B) and QS-PABG (Figure 2.16, C). The 

1      2     3    4     5    6     7    8    9    10  11  12  13  14  15  16 
1      2     3    4     5    6     7    8    9    10  11  12  13  14  15  16 

1      2    3    4     5    6     7    8    9    10  11  12  13  14  15  16 
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fluorescent probe was visualized by confocal microscope (experiments carried out by Dr. Ariadna 

Boloix from VHIR). 

A B C 

   
Figure 2.16 Cell uptake assay in the SK-N-BE(2) neuroblastoma cell line with A: QS, B: QS-mal and C:QS-mal-PABG 

carrying a miRNA fluorescent reporter. 

The results clearly show that both QS formulations containing Chol-PEG2000-mal and Chol-PEG2000-PABG 

are inefficiently taken up by the neuroblastoma cell (Figure 2.16, B and C), indicating that the PEG 

moiety may interfere with the uptake of the nanovesicle. This may be due to the high molecular weight 

of the PEG and the hydrophilicity it confers on the surface of the nanovesicle, both of which are 

incompatible with an endocytic uptake process. Therefore, lower amounts of Chol-PEG2000-mal (1 and 

2 μmol) were considered and a shorter PEG (Chol-PEG1000-mal) was investigated.   

A   QS formulated with 1 µmol of Chol PEG2000-mal 

non conjugated and conjugated with thiolated-PABG 

B   QS formulated with 2 µmol of Chol PEG2000-mal 

non conjugated and conjugated with thiolated-

PABG 

  

C   QS Chol PEG1000-mal 1 µmol non conjugated and 

conjugated with thiolated-PABG 

D   QS Chol PEG1000-mal 1 µmol non conjugated 

and conjugated with thiolated-PABG 
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Figure 2.17 Agarose electrophoresis of non-complexed RNA in QS-PEG2000-mal 1 µmol (A) QS-PEG2000-mal 2 μmol 

(B) and QS-PEG1000-mal 1 µmol (C) QS-PEG1000-mal 2 μmol (D) from complexation experiments with decreasing 

RNA:QS ratios from 1:6.2 to 1:0.4 and showing free RNA controls. All cases are studied with (bottom gels) and 

without (upper gels) conjugation to thilolated PABG derivative. 

In all cases, both with 1000 and 2000 PEG and using 1 and 2 μmol, the results of RNA complexation 

remain the same as the previous experiment, with 1:1.5 of RNA:QS ratio as the minimal relation 

between the two for a successful complexation (Figure 2.17 A to D). Neither the modification of the 

PEG length nor its molar amount within the formulation affect the capacity of the nanovesicle to 

complex the RNA, as can be expected.  

For the uptake assay, IMR-90 cell line was chosen as a control as it does not express the target 

receptors, while IMR-32 does express the hNET and Trkb receptors and was chosen as the target tumor 

cell type for this assay 

 

Figure 2.18 Formulation uptake assay in the IMR-32 neuroblastoma cell line for QS formulation with or without 

conjugation with thiolated-PABG and with 1 or 2 μmol.  

The results of this assay show improved uptake activity for QSs formulated with Chol-PEG1000-mal 

(Figure 2.18, D and E) and conjugated with thiolated-PABG (Figure 2.18, I and J), compared with the 

same sample formulated with Chol-PEG2000-mal (Figure 2.18, B and C) and their conjugated with 

thiolated-PABG (Figure 2.18, G and H). Lipofectamine and a QS nanoformulation of DC-Chol/MKC (1:1) 

were used as non-specific RNA transfection controls (Figure 2.18, A and F). 

B 

G 

A C D E 

J I H F 
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These results indicate that the uptake of QS by the cell is affected by the length and amount of the 

PEGyl moiety and that the use of lower amounts and smaller sizes of PEG has increased this uptake 

activity when assessed in the IMR-32 cell line.   





 

 

 

 

 

Chapter 3 
 

Selection of a carbodiimide alternative to DIC to minimize the 

generation of HCN
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3.1 Introduction 

N,N’-diisopropylcarbodiimide (DIC) is a reagent that has been used for decades to form amide bonds114 

and has replaced the classic N,N’-dicyclohexylcarbodiimide (DCC)181 in solid-phase peptide synthesis 

(SPPS) mainly because the by-product of the coupling reaction, N,N’-diisopropylurea, is more soluble 

than N,N’-dicyclohexylurea in the common organic solvents used in this process.182 Consequently, DIC 

allows for much easier cleanup between steps and purification of the final product at the end. For this 

reason, DIC has been widely employed in combination with coupling additives for manual and 

automated solid-phase peptide synthesis.183 Coupling additives minimize the racemization in the α-

carbon of the amino acid upon activation.113 This undesirable secondary reaction is related to the 

acidity of the α-hydrogen of the amino acid and the high reactivity of the O-acylisourea intermediate 

(Figure 3.1).40  

 

Figure 3.1 Mechanism and side reactions of Nα-protected amino acid activation and coupling by a carbodiimide 

and HOBt. 

Oxyma is one such additive that has recently become established as one of the key reagents in SPPS158, 

replacing the classically used HOBt115 due to safety concerns regarding its potential explosive 

properties.117 Oxyma, and previously other additives, avoid the secondary reactions associated with 

the O-acylisourea intermediate that result in the loss of chiral integrity by reacting with it to produce 

a less reactive but still active ester that serves as a powerful acylating reagent without the problems 

associated with O-acylisourea (Figure 3.2).40  



Chapter 3 Selection of a carbodiimide alternative to DIC to minimize the generation of HCN 

 

 

Figure 3.2 Mechanism and side reactions of Nα-protected amino acid activation by carbodiimide and oxyma. 

The combination of DIC and oxyma as a coupling reagent mixture has been successfully used in SPPS 

for over a decade, both in manual and automated peptide synthesis, with particular relevance in the 

latter, where it is the main coupling reagent mixture suggested by the manufacturers (CEM Corp., 

Biotage, CSBio, Gyros Protein Techonologies). This combination allows synthesis in much shorter times 

under high temperature conditions (75 to 90°C) with minimal side reactions. The DIC/oxyma mixture 

can be used under these conditions even if the sequence contains the racemization-prone cysteine 

(Cys) and histidine (His) residues in their standard trityl side-chain protected variants.184–186 

However, this particular combination has recently been reported to have a drawback: the unwanted 

formation of hydrogen cyanide (HCN).120,121 HCN is a toxic gaseous compound that acts rapidly by 

binding ferric heme groups, including those present in the proteins hemoglobin and cytochrome c 

oxidase, resulting in disruption of electron transport chain activity, severe hypoxia, and ultimately 

death.122,187 The proposed mechanism for the formation of this dangerous by-product is illustrated in 

Figure 3.3. It begins with an acid-base exchange between oxygen and the carbodiimide (1 and 2), 

followed by the formation of an adduct (3), which then undergoes cyclization (4) to form an oxadiazole 

(5) with the concomitant release of HCN. 

It is therefore important to investigate alternatives to DIC that can minimize the generation of HCN 

while maintaining the excellent performance of DIC in obtaining high quality peptides. This is critical 

considering that peptides that show promise for bioactivity and pharmaceutical application require 

production scale-up.  

Given the effectiveness of oxyma as an additive, the objective of this chapter is to evaluate the 

performance of four additional carbodiimides when used in conjunction with oxyma in peptide 

synthesis in comparison to DIC. The chemical structure of these carbodiimides is believed to strongly 

influence the formation of the cyclic oxadiazole intermediate, thereby preventing the release of HCN. 
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Figure 3.3 Proposed mechanism of reaction for the release of HCN. Carbodiimide and oxyma undergo an acid-
base exchange (1 and 2) and form an adduct (3) which transitions into a cyclic compound (4). This product can 
then form an oxadiazole (5) releasing HCN.  

3.2 Results and Discussion 

3.2.1 Performance of five carbodiimides in the synthesis of model peptides  

The carbodiimides selected for this study were N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC*HCl), N,N'-di-sec-butylcarbodiimide (DSBC), N,N'-di-tert-butylcarbodiimide 

(DTBC), and N-tert-butyl-N'-ethylcarbodiimide (TBEC). (Figure 3.4), which were compared to N,N’-

diisopropylcarbodiimide (DIC) in the synthesis of two model peptides, to evaluate their to investigate 

peptide synthesis efficiency and propensity to generate oxadiazole intermediates and release HCN. 

 

 

 

Figure 3.4 Structure of the five carbodiimides studied 

 

The selected carbodiimides represent some contrasting properties: 1) symmetric vs. asymmetric (DIC, 

DSBC and DTBC vs. TBCE and EDC), 2) bulky/hindered substituents vs. unhindered/small substituents 

(DTBC, DSBC vs. DIC, EDC and TBEC), and 3) substituents with primary, secondary and tertiary carbons 

directly attached to the nitrogen (Cprimary-N: DSBC and EDC; Csecondary-N: DIC; Ctertiary-N: DTBC and hybrid 

Cprimary-N with Ctertiary-N: TBEC).  

 

The performance of the five commercially available carbodiimides in SPPS was evaluated using two 

model peptides: Ile2,3-Leu-enkephalin (H-YIIFL-NH2) and Leu-enkephalin (H-YGGFL-NH2), shown in 

Figure 3.5. Ile2,3-Leu-Enkephalin contains two β-branched residues in a row (Ile-Ile) as an example of 

challenging couplings. The peptides were manually synthesized by solid phase, following the Fmoc/tBu 

strategy using Rink Amide AM resin as solid support. The final crude peptides were released from their 

respective peptidyl-resins using standard acydolitic cleavage conditions (TFA:TIS:H2O, 95:2.5:2.5 , 
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v/v/v).  The peptide crudes were analyzed by high-performance liquid chromatography (HPLC) and 

liquid chromatography-mass spectrometry (LC-MS). 

 

      

Figure 3.5 Structure of the two model peptides synthesized, Leu-Enkephalin (A) and Ile2,3-Leu-Enkephalin (B)   

Figure 3.6 shows the different HPLC traces corresponding to the peptides synthesized using the 

different carbodiimides in the coupling mixture are shown. The results show that the different 

substituents attached to the nitrogen of the carbodiimide affect the quality of the final product. These 

results are summarized in Table 3.1. 

Table 3.1 Purity determined by HPLC-PDA of the peptides synthesized using different carbodiimides with 
oxyma. 

 

# Carbodiimide Leu-Enkephalin Ile2,3-Leu-Enkephalin 

  % Impurities % Impurities 

1 DIC > 99 - 97 -Y, -I 

2 EDC·HCl 90 - 80 -Y, -YI 

3 DTBC 73 -G, -F, -GF 40 -Y, -I, -F, -II, -YI 

4 DSBC 91 -Y, -G 83 -Y, -I 

5 TBEC 98 -G 97 -Y 

Both DIC and TBEC yielded excellent results, with final compound purities of approximately 99% for 
Leu-enkephalin and 97% for Ile2,3-Leu-enkephalin, which is a more synthetically challenging peptide 
(Figure 3.6 A, B, I and J; Table 3.1, #1 and #5). On the other hand, peptides synthesized with DSBC and 
EDC·HCl, yielded crude products of slightly lower quality, showing with 90-91% purity for Leu-
enkephalin and 80-82% purity for Ile2,3-Leu-enkephalin (Figure 3.6, C, D, G and H; Table 3.1, #2 and 
#4). 

The use of a sterically hindered DTBC gave the worst result, which is unacceptable in SPPS.  The purity 

of the crude peptides was approximately 40% for Ile2,3-Leu-enkephalin and 72% for Leu-enkephalin 

(Figure 3.6 E and F; Table 3.1, #3). This is a suboptimal quality product, considering the length of this 

peptide. The number of impurities present in these products is higher with this carbodiimide, as was 

evidenced by LC-MS characterization (Figure 3.8, C). It was observed that the use of DTBC leads to the 

highest number of truncated peptides resulting from different amino acid deletions due to incomplete 

couplings (Table 3.1, #3).  
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A      Leu-Enkephalin DIC B      Ile2,3-Leu-Enkephalin DIC 

  
C      Leu-Enkephalin EDC D      Ile2,3-Leu-Enkephalin EDC 

  
E      Leu-Enkephalin DTBC F      Ile2,3-Leu-Enkephalin DTBC 

  
G      Leu-Enkephalin DSBC H      Ile2,3-Leu-Enkephalin DSBC 

  
I      Leu-Enkephalin TBEC J      Ile2,3-Leu-Enkephalin TBEC 

  
Figure 3.6 Chromatograms of crude peptides Leu-Enkephalin (A, C, E, G and I) and Ile2,3-Leu-Enkephalin (B, D, F, 

H, and J) synthesized with DIC (A, B), EDC (C, D), DTBC (E, F), DSBC (G, H) and TBEC (I, J) in a 5-100% B gradient 

(A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%). 
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These results indicate that TBEC has the closest performance to DIC, with the least quantitative 

deletions in the sequence (Figure 3.6, I and J; Table 3.1). In general, it was observed that the alkyl 

groups of carbodiimides negatively affect the synthesis when they are more sterically hindered.  Bulkier 

groups make it more difficult to form the reactive O-acylurea, resulting in slower couplings and 

incomplete reactions after 30 minutes of reaction. This is clearly seen with DTBC (Figure 3.4; Figure 

3.6, E and F; Table 3.1, #3), which has tert-butyl substituents. This tertiary carbon directly attached to 

the nitrogen atom affects its reactivity by steric hindrance. The sec-butyl substituents of DSBC, which 

represent a secondary carbon attached to the nitrogen atom, work adequately (Figure 3.4; Figure 3.6, 

G and H; Table 3.1, #4). DSBC is structurally similar to DIC, but is slightly more hindered, which may 

explain its slightly lower performance in SPPS. Carbodiimides with primary carbon substituents such 

as the ethyl present in both EDC and TBEC also show high purity end products (Figure 3.4; Figure 3.6, 

C, D, I and J; Table 3.1, #2 and 5). It can be assumed that TBEC is rapidly converted to an active O-

acylurea by the nitrogen bound to the ethyl substituent, as it is less hindered than the tert-butyl 

moiety. This rapid reaction combined with the unreactive tert-butyl substituent results in a product 

comparable to that obtained with DIC. Similarly rapid conversion to the corresponding active O-

acylurea is expected for EDC, which has shown similar synthetic performance to DSBC. In addition to 

the adequate performance of EDC, this reagent is also the most commonly used carbodiimide in 

solution synthesis because of the water solubility of the urea by-product at the end of the reaction, 

which allows for easy extraction with aqueous solutions. However, it is not as inexpensive as DIC, and 

some care must be taken to prevent its hydrolysis to its urea by-product by ambient moisture.188  It 

also undergoes self-cycling to two tautomeric forms, one of which is non-reactive.189 This may be the 

reason for its synthesis performance being similar to that of DBSC but lower than that of DIC and TBEC. 

Therefore, from the perspective of synthesis performance, DSBC and TBEC could initially be considered 

as suitable candidates to replace DIC in SPPS.   

3.2.2 Formation of the oxadiazole in carbodiimide/oxyma mixture as indicator of HCN release  

For this study, we have considered oxadiazole formation as a marker of HCN release (see Figure 3.3). 

To determine which of the selected carbodiimides has the least capacity to generate the unwanted 

HCN by-product, we analyzed the formation of the carbodiimide-oxyma adduct and the corresponding 

oxadiazole when the five reagent mixtures were incubated in DMF at 25°C and 60°C for 24 hours and 

analyzed by LC-HRMS. In the absence of the protected amino acid in the solution, the oxadiazole side 

reaction was forced to occur.  

The results are summarized in Table 3.2 and in Figure 3.7. The results obtained with DIC are consistent 

with those reported by Eli Lilly and Polypeptide groups (Table 3.2, #1, 6, 11).120,121 When the reaction 

was performed with DSBC, which is structurally similar to DIC, no linear adduct is identified following 

the trend of DIC (Figure 3.7, D), and the cyclic oxadiazole formation occurs to a lesser extent. These 

results can be explained by the fact that DSBC is slightly more hindered than DIC due to its sec-butyl 

substituents, and therefore the reaction with oxyma is slightly less favorable.  At 60 °C the linear adduct 

is again not identified, but the amount of oxadiazole has increased slightly. The importance of the steric 

hindrance was confirmed by studying the reaction with DTBC, where the carbodiimide moiety is 

flanked by two tert-butyl groups. In this case, the carbodiimide remained unchanged even after 4 days 

at 25 °C (Figure 3.7, C; Table 3.2, #8) or 18 hours at 60 °C (Figure 3.7, C; Table 3.2, #13).  
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Figure 3.7 LC-MS traces of the crude reaction between oxyma with DIC (A), EDC (B), DTBC (C), DSBC (D) and TBEC 

(E) after 1d at 25°C (black line), 4d at 25°C (blue line) or 18 hrs at 60°C (pink line).     

   

When the reaction was studied with the much less hindered EDC·HCl (asymmetric carbodiimide with 

ethyl and 3-dimethylaminopropanyl groups flanking the carbodiimide moiety), no formation of the 

oxadiazole was detected, but the presence of the linear adduct was the most important in all the series 

(Table 3.2, #2, 7, 12). Due to the asymmetry of EDC·HCl, two peaks for the linear adduct appeared in 

the chromatogram (Figure 3.7, B).    

 
  

A      DIC and oxyma B      EDC and oxyma 

  
C      DTBC and oxyma D      DSBC and oxyma 

  
E      TBEC and oxyma  
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Table 3.2 LC-HRMS analysis results of the crude reaction of oxyma with the different carbodiimides 

Time Temperature # Carbodiimide Oxyma [%] Linear adduct [%] Oxadiazole [%] 

24 h 25 °C 

1 DIC 88.9 3.5 7.6 

2 
EDC·HCla  26.3 15.0 - 

EDC·HClb  - 58.7 - 

3 DTBC 100 - - 

4 DSBC 94.7 - 2.6 

5 TBEC 71.8 28.2 - 

4 d 25 °C 

6 DIC 87.7 2.6 9.7 

7 
EDC·HCla  38.9 15.8 - 

EDC·HClb  - 45.3 - 

8 DTBC 100 - - 

9 DSBC 93.2 - 3.4 

10 TBEC 75.8 23.7 0.6 

18 h 
 

60 °C 
 

11 DIC 78.6 2.4 18.9 

12 
EDC·HCla  

EDC·HClb 

47.2 

- 

13.3 

39.5 

- 

- 

13 DTBC 100 - - 

14 DSBC 78.5 - 10.5 

15 TBEC 83.5 10.4 6.1 

a, b   The EDC reaction with oxyma shows two products for the linear adduct because it can react via either of 

the nitrogen atoms. The asymmetry of the carbodiimide gives two adducts that are distinguishable by RP-HPLC.  

Finally, TBEC is a carbodiimide that combines the properties of DTBC and EDC, due to its substituents, 

the tert-butyl, which due to its steric hindrance induces low reactivity of the associated nitrogen and 

the less bulky ethyl group, which gives only the linear adduct, without progressing to the cyclic 

oxadiazole structure.  As such, it behaved as expected from the DTBC and EDC·HCl results, with some 

linear adduct formation but, crucially, negligible oxadiazole formation and thus little release of HCN 

(Figure 3.7, E; Table 3.2, #5, 10 and 15). Under the most energetic conditions (18 h at 60 °C) some 

oxadiazole formation was detected. However, the amount was three times lower than for DIC under 

the same conditions (Table 3.2, #11 and #15). 

 

All carbodiimides tested are less likely to release HCN than DIC at 25 °C after one and four days. EDC, 

DTBC and TBEC show no oxadiazole by-product at all. At 60 °C, all carbodiimides also have a lower 

tendency to release HCN than DIC, and EDC and DTBC do not release HCN under these conditions. In 

terms of peptide synthesis performance, only TBEC is fully comparable to DIC in the synthesis of the 

model peptides in SPPS.  Therefore, we can confidently say that TBEC is the best alternative to DIC. Its 

use at 25 °C produces no by-production of HCN and at 60 °C produces three times less by-production 

of HCN compared to DIC. This, along with its excellent performance in SPPS, makes TBEC the best 

candidate to replace DIC (Figure 3.8). 
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Figure 3.8 Schematic summary of the influence of the substituents on carbodiimide reactivity and its effects on 

synthetic performance of the model peptides and its ability to generate oxadiazole as a marker of HCN release.   

3.2.3 Synthesis of a MSLN peptide using TBEC 

In order to assess the viability of TBEC as a coupling reagent in a biologically relevant peptide, we 

selected the MSLN2 P6 peptide sequence and synthesized it using a microwave-assisted methodology 

using both TBEC and DIC as the carbodiimide for the coupling reaction. We chose this sequence as a 

the first candidate to be tested outside of the model peptides used in this study because it is a short 

sequence with a high density of hydrophobic residues, β-branched residues and repetitive motifs. As 

such, it represents a modestly challenging synthesis.  The HPLC and LC-MS characterization of the 

crude peptide product shows that TBEC is comparable to DIC as both crudes have purities above 95% 

(Figure 3.9) 

A      P6 MSLN2 peptide synthesized with DIC B      P6 MSLN2 peptide synthesized with TBEC 

  

Figure 3.9 RP-HPLC characterization of A: P6 peptide synthesized with DIC, B: P6 synthesized with TBEC, in a C8 

column using gradients of A: 90-100B%, B: 80-100B% (A: H2O + TFA 0.045%, B: CH3CN + TFA 0.036%).   
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3.2.4 TBEC urea solubility evaluation 

After selecting TBEC as the carbodiimide to replace DIC, the solubility of TBEC-derived urea in highly 

concentrated solutions was studied. For SPPS, this is an important property to study because the 

quality of the synthesis depends in no small part on the solubility not only of the reagents used, but 

also of the major reaction products that remain in solution, the most important of which is the 

substituted urea derived from the carbodiimide. Poorly soluble urea by-products are difficult to wash 

out in the cleaning steps between coupling cycles. It should be noted that N,N'-diclohexylcarbodiimide 

(DCC), long a staple for generating amide bonds in solution, has been discarded in favor of DIC for SPPS 

due to the insolubility of the corresponding urea.  In this context, 1M solutions of TBEC or DIC were 

prepared with Oxyma and Fmoc-L-Ala-OH and the urea precipitation was observed. By visual 

inspection, after 5 minutes of reaction, it was found that 1,3-diisopropyl urea (derived from DIC) 

precipitated quantitatively (Figure 3.10, left), while 1-ethyl-3-(tert-butyl) urea did not (Figure 3.10, 

right). This makes it easier to remove TBEC-mediated activation and coupling by-products by filtration 

than with standard DIC. This simple data further enhances its applicability in scaled-up peptide 

syntheses by facilitating by-product (urea) removal with less solvent consumption for washing the solid 

support.   

 

Figure 3.10 Solubility of ureas derived from the reaction of DIC (left) and TBEC (right) wIth Fmoc-L-Ala-OH at 1M. 
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4.1 Materials 

4.1.1 Reagents 

Reagent  Provider 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride Iris Biotech GmbH 

1-tert-butyl-3-ethylcarbodiimide Kemilab Organics 

1,2-ethanedithiol Merck KGaA 

2-chlorotrityl chloride resin (1.6 mmol/g, 100-200 mesh) Iris Biotech GmbH 

2,2,2-trifluoracetic acid Fluorochem 

3-(tritylthio)propanoic acid Fluorochem 

3β-[N-(N',N'-dimethylaminoethyl)-carbamoyl]cholesterol  Sigma Aldrich® 

4-aminobenzylamine Sigma Aldrich® 

4-dimethylamino pyridine Sigma Aldrich® 

4-(4-Hydroxymethyl-3-methoxyphenoxy)butyric acid  
Chemmatrix® resin (0.4 mmol/g, 35-100 mesh) 

Sigma Aldrich® 

5(6)-carboxyfluorescein  Sigma Aldrich® 

Acetic anhydride Sigma Aldrich® 

Amino acids: 
Fmoc-L-Ala-OH*H2O, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Asn(Trt)-OH, 
Fmoc-L-Asp(tBu)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Gln(Trt)-OH, 
Fmoc-L-Glu(tBu)-OH*H2O, Fmoc-Gly-OH, Fmoc-L-His(Trt)-OH, 
Fmoc-L-Ile-OH, Fmoc-L-Leu-OH, Fmoc-L-Lys(Alloc)-OH, Fmoc-L-
Lys(Boc)-OH, Fmoc-L-Lys(Fmoc)-OH, Fmoc-L-Lys(Mmt)-OH, Fmoc-
L-Met-OH, Fmoc-L-Phe-OH, Fmoc-L-Pro-OH*H2O, Fmoc-L-
Ser(tBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Trp(Boc)-OH, and 
Fmoc-L-Tyr(tBu)-OH, Fmoc-L-Val-OH, H-L-Lys(Fmoc)-OH 

Iris Biotech GmbH 

Benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium 
hexafluorophosphate (PyBOP) 

Fluorochem 

Chloranil Sigma Aldrich® 

Cholesterol-PEG2000-maleimide BroadPharm 

Ethyl 2-hydroximino-2-cyanoacetate (OxymaPure®) Iris Biotech GmbH 

Fluorescein-5-maleimide Sigma Aldrich® 

Fmoc-amino-PEG-propionic acid (n=23) Polypure AS 

Formic acid Merck KGaA 

Myristalkonium chloride TCI 

Hydroxybenzotriazole monohydrate Iris Biotech GmbH 

N,N-DiBoc-1H-pyrazole-1-carboxamidine Fluorochem 

N,N-diisopropylcarbodiimide Kemilab Organics  

N,N-diisopropylethylamine Sigma Aldrich® 

N,N-di-sec-butylcarbodiimide Kemilab Organics  

N,N-di-tert-butylcarbodiimide Kemilab Organics  

Ninhydrin Merck KGaA 

Palmitic acid Merck KGaA 
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Phenol Merck KGaA 

Phenylsilane Sigma Aldrich® 

Piperidine Merck KGaA 

Potassium cyanide Merck KGaA 

Rink Amide AM resin (0.71 mmol/g, 100-200 mesh) Iris Biotech GmbH 

Rink Amide ProTide™ resin LL (0.18 mmol/g, 100-200 mesh) CEM Corp 

Sephadex G-25 Cytiva 

Sephadex G-50 Cytiva 

Triisopropylsilane Merck KGaA 

Tris(2-carboxyethyl)phosphine hydrochloride Merck KGaA 

 

4.1.2 Solvents 

Solvent Provider 

Acetone CO(CH3)2 Merck KGaA 

Acetonitrile CH3CN Carlo Elba  

Dichloromethane CH2Cl2 Carlo Elba  

Diethylether Et2O Carlo Elba  

Dimethylsulfoxide Carlo Elba  

Ethanol EtOH Carlo Elba  

Methanol MeOH Carlo Elba  

H2O milliQ - 

pyridine Merck KGaA 

toluene Merck KGaA 

N,N-dimethylformamide Carlo Elba  

 

4.1.3 Instrumentation  

Instrument Provider Software 

Liberty Blue™ automated peptide synthesizer 
with a Discovery® microwave synthesizer.  

CEM Corp.  
Liberty Blue 
Application software 
v2.26929.26168 

Arc™ HPLC system with Sample Manager FTN-R, 
2998 PDA detector and Quaternary Solvent 
Manager R  

Waters 
Empower 3 Pro build 
3471 

Alliance™ HT LC-MS system with 2975 
Separations module, 2996 PDA detector and 
micromass ZQ mass spectrometer.  

Waters MassLynx v4.1 

PrepLC semi-preparative HPLC system Waters 
Empower 3 Pro build 
3471 

Hei-VAP Advantage rotary evaporator Heidolph  

CombiFlash® Rf flash chromatography system Teledyne ISCO  

Digicen 21 R centrifuge Orto Alresa  
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VirTis SP Scientific liophilizer Benchtop Pro  

 

4.2 General synthetic methods 

4.2.1 Microwave-assisted synthesis 

Peptide synthesis was conducted using low-loading resin Rink Amide ProTide LL (0.18 mmol/g, 100-

200 mesh) in a Liberty Blue™ automated peptide synthesizer. For each peptide, 0.556 g of resin were 

employed (0.1 mmol scale). The resin was placed in a polypropylene syringe and swelled using DCM 

(three washes of one minute each, with the solvent aspirated into a manifold after each wash). 

Thereafter, the resin was transferred to the reaction vessel of the Liberty Blue™ automated peptide 

synthesizer. 

The reagents were prepared as follows: All amino acids were prepared at a concentration of 0.2 M in 

DMF, the activator at 0.5 M in DMF, oxyma at 1 M in DMF, and piperidine at 20% v/v in DMF. The 

volumes of each solution were calculated using the Liberty Blue™ software, with the calculations 

dependent on the specific sequence in question. A synthesis method was then constructed for each 

peptide sequence using the Liberty Blue™ software, based on a standard method (see Table 4.1). The 

solvents and reagents were loaded into their respective recipients in the equipment, and the synthesis 

was initiated and monitored at designated intervals until completion to identify and address any 

potential issues. 

The standard coupling and deprotection methods employed in the Liberty Blue™ synthesizer are 

outlined in Table 4.1. Typically, these microwave methods remained unaltered and were utilized as 

the default setting for each single coupling and double coupling cycle. These cycles operated with 

fixed quantities of the reagent solutions to perform the deprotection and coupling cycles, and these 

are summarized in Table 4.2.  

Table 4.1 Microwave settings for Standard Deprotection and Coupling 

Step T (°C) Power (W) Hold Time (s)a 

Deprotection 
75 155 15 

90 30 50 

Coupling 
75 170 15 

90 30 110 

 

a Increased by 30% for the long peptide cycles 

Table 4.2 Reagent Mix for deprotection and coupling steps 

Step Reagent Stock Conc. Vol. (mL)a Final Conc. 

Deprotection Piperidine 20% v/v 4 20% v/v 

Coupling 

DIC 0.5 M 1 

0.125 M OxymaPure® 1.0 M 0.5 

Fmoc-amino acid-OH 0.2 M 2.5 

 
a Increased by 30% for the long peptide cycles 
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The method was modified depending on the sequence, with the introduction of cycles of double 

coupling that involved a 30% increase in both reaction times and reagent volumes when the peptide 

sequence consisted of more than 20 residues. A summary of the synthetic profile for each sequence 

is presented in Table 4.3.  

Table 4.3 General coupling Scheme for peptides synthesized in the Liberty Blue equipment 

Peptide ID Single Coupling Double Coupling 
Long Peptide 

Double Coupling  
Long Peptide 

Triple Coupling 

MSLN1 P1-P3 Val15 to Glu6 Val5 to Pro1   

MSLN2 P4-P6 Leu10 to Asp5 Leu4 to Ala1   

MSLN3 P7-P9 Leu9 to Phe7 Leu6 to Ser 1   

MSLN4 P10-P12 Leu38 to Phe36 Leu35 to Leu19 Ala18 to Pro1  

TT P13, P14 
Leu15 to Ile10, 

Tyr 2 
Phe9 to Ile3, Gln1   

OCV1 P15 
Leu10 to Pro8, 

Tyr3 to Lys1 
Arg7 to Leu4   

OCV2 P16 
Ile9 to Leu6, Tyr2, 

Ser1 
Leu5 to Gly3   

OCV3 P17 Ile9, Asn7 to Val3 Arg8, Phe2, Arg1   

OCV4 P18 
Gly28 to Val26, 

Trp19, Tyr14 

Arg30, Phe25, 
Glu20, Leu18 to 

Gly15, Ser13  
Lys12 to Lys1  

K-Ras1 P19, P23 Gln25 to Leu19 Ala 18 to Leu6 Lys5 to Met1  

K-Ras2 P20, P24 Gln25 to Leu19 Ala 18 to Leu6 Lys5 to Met1  

K-Ras3 P21, P25 Leu42 to Ile37 Phe36 to Leu23 
Gln22 to Tyr, 
Thr2, Met 1 

Glu3 

K-Ras4 P22, P26 Leu42 to Ile37 Phe36 to Leu23  
Gln22 to Tyr, 
Thr2, Met 1 

Glu3 

 

4.2.2 Manual synthesis protocol 

This protocol was used for the synthesis of neuroblastoma targeting peptides, the peptide fragments 

for the K-Ras convergent synthesis, the core of several MAP constructs, and the CF-LUC1-Cys, Ac-Leu-

enkephalin, Ac-endomorphin, and Ac-adrenomorphin peptides. The final use of the peptides 

determined the choice of solid support, depending on whether they were ultimately used as peptide 

fragments in a convergent synthesis (C-terminal: carboxylic acid) or as final peptides (C-terminal: 

amide). Table 4.4 shows the type of resin used for each peptide. 

Table 4.4 Resin type used for each peptide synthesized through a manual protocol. 

Peptide ID Resin 

K-Ras fragment 1 P27 HMPB 

K-Ras fragment 2 P28 HMPB 

K-Ras fragment 3 P29 Sieber 

K-Ras fragment 4 P30 2-CTC 

K-Ras fragment 5 P31 Sieber 

CF-LUC1-Cys P32 Rink Amide AM 

Ac-adrenomorphin P33 2-CTC 

Ac-leu enkephalin P34 2-CTC 
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Ac-endomorphin P35 2-CTC 

NB1-5 P36-P40 Rink Amide AM 

 

The synthesis was performed using a polypropylene syringe as reaction vessel fitted with a Teflon® 

rod and a Teflon® stopcock, which was assembled to a manifold connected to a vacuum pump (Figure 

4.1). In general, the working scale was 0.1 mmol and the different solid supports or resin were 

weighed to achieve this scale, following the formula: 

𝑔 𝑟𝑒𝑠𝑖𝑛 = 𝑠𝑐𝑎𝑙𝑒 (𝑚𝑚𝑜𝑙)/ 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑚𝑚𝑜𝑙/𝑔 𝑟𝑒𝑠𝑖𝑛). 

Then, the resin was placed in the syringe and swelled it using DMF (3 washes × 1 min), DCM (3 washes 

× 1 min), and DMF (3 × 1 min) aspirating the solvent into the manifold each time. 

 

 

Figure 4.1 Manifold vacuum ensemble for peptide synthesis in a syringe.  

After swelling, the introduction of the first residue varied depending on the type of resin used for each 

peptide. While those synthesized in a 2-chlorotrytil resin followed the procedure described in section 

4.2.2.1, peptides synthesized in a HMPB resin followed the protocol described in section 4.2.2.2, 

peptides synthesized in a high loading Rink Amide AM resin followed the protocol 4.2.2.4 and, finally, 

those synthesized in a Sieber resin followed the protocol described in section 4.2.2.5 to load the first 

amino acid.   

4.2.2.1 Introduction of the first residue in a 2-CTC resin  

A 2-CTC resin (1.6 mmol/g, 100-200 mesh) was used and placed in the synthesis reactor. 1 eq of amino 

acid was weighed and dissolved in 1-2 mL of DCM. If not completely soluble in DCM, DMF was added 

dropwise until the amino acid was completely dissolved. The protected amino acid was added to the 

synthesis reactor containing the 2-CTC resin, and 2 eq DIPEA was immediately added to the mixture, 

which was stirred intermittently for 10 minutes, after which another 3 eq of DIPEA was added, and 

the reaction was allowed to continue for 4 hours. After this time, 0.8 mL of methanol per gram of resin 

was added directly to the mixture and stirred for 15 minutes. The synthesis was continued from 

section 4.2.2.6. 
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4.2.2.2 Introduction of the first residue in a HPMB resin 

The HMPB resin (0.4 mmol/g, 35-100 mesh) was used and placed in the synthesis reactor. In this case, 

the introduction of the residue was carried out by the symmetrical anhydride method. This consisted 

of dissolving 2 eq of the amino acid in 1-2 mL of DCM and then adding 1 eq of DIC. The mixture was 

stirred thoroughly for 5 min and then the mixture was added to the resin placed in the synthesis 

reactor and 0.1 eq 4-dimethylaminopyridine (DMAP) dissolved in 100 L DMF was also quickly added, 

and the mixture was allowed to react overnight. This process was repeated a second time the 

following day, discarding the previous solution and adding a fresh one prepared as described. This 

time the reaction was carried out for 4 hours. The synthesis was continued from section 4.2.2.6.     

4.2.2.3 Fmoc removal 

To remove the Fmoc protecting group, 1-2 mL of 20% piperidine/DMF were added to the resin in two 

treatments (2 × 5 min) followed by washing three times with 1-2 mL DMF. In each treatment/wash 

solutions or solvents were aspirated into the manifold.  

4.2.2.4 Introduction of the first residue in a Rink Amide AM resin 

A Fmoc-Rink Amide AM (0.71 mmol/g, 100-200 mesh) was used and placed in a synthesis reactor. The 

Fmoc protecting group was removed following the method described in section 4.2.2.3. The first 

residue and the oxyma were weighed (1.5 eq each) and dissolved in 1-2 mL DMF, and 1.5 eq DIC was 

added to the mixture, which was then added to the synthesis reactor containing the resin. The 

reaction was allowed to proceed for 4 hours at room temperature with gentle stirring.  The solutions 

were discarded, then the resin was washed 2 x 1 min with DMF and 2 x 1 min with DCM and the 

washes were discarded. Finally, the remaining free sites were capped by acetylation. A solution of 135 

µL acetic anhydride (10 equiv. with respect to the full loading of the resin) and 247 µL DIPEA (10 equiv. 

with respect to the full loading of the resin) was prepared in 3 mL of DCM. Two treatments of 15 min 

were performed, discarding the solution each time. The resin was washed five times with DCM for 1 

min each, discarding each wash. The synthesis was continued from section 4.2.2.6.     

4.2.2.5 Introduction of the first residue in a Sieber resin 

A NovaSyn®TG Sieber resin (0.25 mmol/g, 130 µm) was used and placed in a synthesis reactor. The 

Fmoc protecting group was removed following the method described in section 4.2.2.3. The first 

residue and the oxyma were weighed (3 eq each) and dissolved in 2-3 mL DMF, and 3 eq DIC was 

added to the mixture, which was then added to the synthesis reactor containing the resin. The 

reaction was allowed to proceed for 4 hours at room temperature with gentle stirring.  The solutions 

were discarded, then the resin was washed 2 x 1 min with DMF and 2 x 1 min with DCM and the 

washes were discarded. The synthesis was continued from section 4.2.2.6.     

4.2.2.6 Peptide elongation  

Peptides were obtained after the introduction of the first residue in the solid support by adding the 

subsequent residues through two-step cycles consisting of first removing the Fmoc protecting group 

and then coupling the amino acid, as summarized in Table 4.5. The completion of the reaction was 

checked using the Kaiser tests for primary amine couplings (section 4.2.2.8) or the chloranil test when 

the residue is coupled onto a proline (section 4.2.2.9).  

Table 4.5 General elongation protocol for a manual peptide synthesis. 

Process Reagents Iterations Time 
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Deprotection Piperidine in DMF 20% v/v 2 5 min 

Wash 
DMF 3 1 min 

DCM 2 1 min 

Coupling 
Fmoc-amino acid-OH and coupling 

reagents in DMF 
1 1 h 

Wash 
DMF 3 1 min 

DCM 3 1 min 

Monitoring Kaiser or chloranil test 1 3 min 

 

4.2.2.7 Single Coupling 

Every new residue was added to the elongating peptide by activating 3 eq of the Fmoc-amino acid-OH 

with 3 eq of DIC and 3 eq of oxyma dissolving in 1-2 mL of DMF. The mix was added to the resin and 

reaction was carried out for 1 h under mild stirring. Reagents were discarded and resin was washed, 

after which the Kaiser or chloranil tests were performed.  

4.2.2.8 Kaiser test 

A small amount of dried resin was removed with a spatula and placed in a small 0.6 mL glass tube. To 

these resin beads, 11 drops of Solution A and 3 drops of Solution B (see below for the preparation of 

these two solutions) were added, and the mixture was incubated at 100°C for 3 minutes. If the solution 

and/or resin turns blue, the test is positive, confirming the presence of free amines, and the coupling 

reaction/capping is not complete. If the solution and resin remain unchanged, the test is negative, 

confirming the absence of free amines and the coupling reaction is complete. 

Solution A:  

a: 200 mM KCN in water, dilute 2 mL in 100 mL total of pyridine.  

B: 40 g phenol in 10 mL EtOH 

Mix a and b entirely or in proportions of a to b of 9:1  

Solution B:  

5% p/v ninhydrin in EtOH 

4.2.2.9 Chloranil Test 

The chloranil test is used to detect free secondary amines, more frequently the one from L-proline. A 

saturated chloranil solution was prepared in toluene. A very small amount of dried resin was removed 

with a spatula and placed in a small 0.6 mL glass tube. Then 10 drops of the saturated chloranil solution 

and 20 drops of acetone were added and incubated for 3 minutes at room temperature. A positive 

test (presence of free secondary amines) is seen when the resin beads turn green, and the coupling 

reaction is incomplete. A negative test is seen when the resin remains unchanged, and the coupling 

reaction is complete.  

4.2.2.10 Double couplings 

For positive Kaiser or chloranil tests, indicating incomplete reaction, the residue was recoupled 

preparing a mix in 1-2 mL DMF with 1.5/1.5/1.5/3 eq of Fmoc-amino acid-OH/PyBOP/oxyma/DIPEA 

for 30 min at room temperature. It is crucial not to let this reaction ongoing for more than 45 min 
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due to the increased probability of amino acid racemization at its α-carbon chiral center under the 

basic conditions provided by DIPEA.  After 30 min, the reagent mix was discarded and the resin 

washed and then the Kaiser or chloranil tests were performed. If negative synthesis was continued 

with the incorporation of the next amino acid. 

4.2.3 Final deprotection and N-terminal modification 

Either through automated or manual synthesis, once the peptide was finished, the Fmoc group of the 

final amino acid was removed following step 4.2.2.3. If the peptide was not further modified, it was 

cleaved. If not, the modifying group palmitoyl, PEG23-yl or 5(6)-carboxyfluoresceinyl were 

incorporated at the N-terminal peptide position with the same coupling reagents system (X-

COOH/DIC/Oxyma, 3:3:3) used in the elongation process, and the incorporation was monitored by the 

Kaiser test or the chloranil test.  

4.2.4 Cleavage 

The peptidyl resin was swollen with DCM. A system was assembled with a 250 mL round-bottomed 

flask containing a stirring magnet, a reduction adapter, a vertical aspiration adapter, and a straight 

septum inlet flow control adapter with a polytetrafluoroethylene (PTFE) stopcock and the syringe 

containing the resin, with a magnetic stirrer attached to the top (Figure 4.2).  

 

Figure 4.2 Glassware ensemble for peptide cleavage.  

4.2.4.1 High TFA cleavage and global deprotection 

To obtain the MSLN, TT, OCV, K-Ras, CF-LUC1-Cys and NB targeting peptides from the Rink Amide-type 

resins, the peptidyl resins were treated with a solution of TFA/H2O/TIS (95:2.5:2.5; v/v/v) for 30 min, 

with occasional stirring during this time. The mixture was then filtered and collected in the round-

bottomed flask of the system. The process was repeated once with fresh cleavage solution to ensure 

that all product was cleaved from the resin. The final acid solution was stirred for 1 hour to remove 

all side chain protecting groups from the peptide. The solution was then divided into 50 mL vials 

containing 20 mL of cold diethyl ether to promote peptide precipitation and centrifuged at 5000 rpm 

for 5 minutes. Alternatively, if the final peptides were highly hydrophobic, most of the TFA solution 

was removed under vacuum and the cleaved peptide precipitated onto 20 mL cold Et2O. The 
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supernatant was discarded, and the pellet was washed three times with 10 mL Et2O by centrifugation 

at 3500 rpm for 5 minutes each time. The pellet was dried under hood flow, dissolved in 10 mL 

H2O/CH3CN, frozen and lyophilized. If the peptide sequences contain cysteine or methionine, instead 

of using the previous acid mixture, the peptidyl resin was treated with a solution of TFA/H2O/TIS/EDT 

(92.5:2.5:2.5:2.5, v/v/v/v). 

4.2.4.2 Low TFA cleavage with no side chain deprotection 

To obtain fragments for MAP constructs or for a convergent synthesis from the 2-CTC, HMPB or Sieber 

resins, the peptidyl resins were treated ten times with 3 mL of a solution consisting of 1% TFA in DCM. 

This allowed to obtain the fragments from the resin carrying all side chain protecting groups. Each 

treatment was performed for 5 min and collected onto a round-bottomed flask with 100 mL of milliQ 

H2O. After collecting all treatments, DCM was eliminated by nitrogen flow to precipitate the peptides 

in the H2O. After all the DCM was eliminated, the sample was divided into 50 mL vials and lyophilized.    

4.2.5 Characterization by analytical RP-HPLC and HPLC-MS 

Characterization of the crude and purified products was carried out by RP-HPLC and HPLC-MS. The 

elution system for RP-HPLC was A: H2O (+0.045% CF3COOH) and B: CH3CN (+0.036% CF3COOH) and for 

HPLC-MS was A: H2O (+0.1% HCOOH) and B: CH3CN (+0.07% HCOOH). Columns used were either a 

Kinetex® C8 (4.6 x 100 mm, 5 µm, 100 Å) for palmitoylated products in RP-HPLC and a X-Select 

50x3.5some protected fragments or a XBridge® BEH C18 (4.6 x 100 mm, 3.5 µm, 100 Å) for the rest of 

the products with a 1 mL/min flow. Peptides were detected at 220 nm.  

4.2.6 Purification of peptides by semi-preparative HPLC 

Crude products were dissolved in either H2O/CH3CN (1:1), DMSO or TFA and purified in semi-

preparative HPLC by injecting 30-50 mg into either an XBridge® Prep C18 OBD™ column (19 x 100 mm, 

5 µm) or a Kinetex® C8 AXIA™ column (21.2 x 100 mm, 5 µm). The elution system was A: H2O (+0.1% 

CF3CHOOH) and B: CH3CN (+0.1% CF3COOH) at 16 mL/min and peptides were eluted at different 

gradients depending on the best resolution for each specific sequence. peptide detection was 

performed at 220 nm. Fractions containing the end product were manually collected immediately 

after detection. After collection and analysis of the fractions by analytical HPLC, the solvent was 

partially removed under vacuum and reduced to 20 mL, which was then lyophilized.      

4.3 Antigenic peptides for nanovaccines  

4.3.1 Synthesis of the antigenic peptides  

Peptides were synthesized by the protocol described in section 4.2.1. These peptides were cleaved 

from the peptidyl resin following the protocols described in section 4.2.4. All peptides that carry a 

palmitoyl N-terminal modification, as well as the PEGylated MSLN2 peptide required the evaporation 

of TFA in vacuum before precipitation in cold Et2O due to their highly hydrophobic nature.  

4.3.2 Characterization of antigenic peptides for nanovaccines  

Table 4.6 Characterization of anticancer nanovaccine candidate peptides 

Peptide N-terminal ID 
mg of pure 

peptide 
% Purity at 

220 nm 
MS 

MSLN1 
H-NH- P1 40 >99 

Calc.  [M+H]+ = 1600.0, [M+2H]2+ = 800.5 
Found [M+H]+ = 1600.6, [M+2H]2+ = 800.9 

H-PEG23-NH P2 44 >99 
Calc. [M+2H]2+ = 1364.3, [M+3H]3+ = 909.9 

Found [M+2H]2+ = 1364.7, [M+3H]3+ = 910.4 
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Palm-NH- P3 16 95 
Calc. [M+H]+= 1839.4, [M+2H]2+ = 920.2  
Calc. [M+H]+= 1839.1, [M+2H]2+ = 920.1 

MSLN2 

H-NH- P4 54 99 
Calc.  [M+H]+ = 1127.5, [M+2H]2+ = 564.3 

Found [M+H]+ = 1126.5 , [M+2H]2+ = 564.2 

H-PEG23-NH P5 104 96 
Calc.  [M+H]2+ = 1128.4, [M+3H]3+ = 752.7 

Found   [M+H]2+ = 1136.6, [M+3H]3+ = 758.2a 

Palm-NH- P6 17 99 
Calc [M+H]+ = 1365.9 

Found [M+Na]+ = 1386.8, [M+K]+ = 1402.8  

MSNL3 

H-NH- P7 4 95 
Calc.  [M+H]+ = 1052.4, [M+2H]2+  = 526.7 
Found [M+H]+ = 1051.5, [M+2H]2+ = 526.7 

H-PEG23-NH P8 30 95 
Calc.  [M+H]2+ = 1090.9, [M+3H]3+ = 727.6 

Found   [M+H]2+ = 1099.0, [M+3H]3+ = 733.2a  

Palm-NH- P9 17 98 
Calc. [M+H]+ = 1289.8 

Found [M+H]+ = 1290.8 

MLSN4 
H-PEG23-NH P11 107 >99 

Calc.  [M+3H]3+  = 1794.8, [M+4H]4+ = 1346.3 

Found [M+3H]3+  = 1795.7, [M+4H]4+ = 1347.0 

Palm-NH- P12 68 97 
Calc.  [M+3H]3+  = 1499.3, [M+4H]4+ = 1124.7 
Found [M+3H]3+  = 1498.8, [M+4H]4+ = 1124.4 

TT 
H-NH- P13 15 97 

Calc.  [M+H]+ = 1724.0, [M+2H]2+  = 862.5 
Found [M+H]+ = 1725.0, [M+2H]2+  = 862.8 

H-PEG23-NH P14 101 >99 
Calc.  [M+2H]2+  = 1426.3, [M+3H]3+  = 951.7 
Found [M+2H]2+ = 1427.2, [M+3H]3+ = 951.7 

OCV1 H-NH- P15 41 >99 
Calc.  [M+H]+ = 1255.8, [M+2H]2+ = 628.4 
Found [M+H]+ = 1255.6, [M+2H]2+ = 628.8 

OCV2 H-NH- P16 20 98 
Calc.  [M+H]+ = 1078.6, [M+2H]2+ = 539.8 
Found [M+H]+ = 1078.5, [M+2H]2+ = 540.3 

OCV3 H-NH- P17 28 >99 
Calc. [M+H]+ = 1072.6, [M+2H]2+ = 536.8 

Found  [M+H]+ = 1072.7, [M+2H]2+ = 537.2 

OCV4 H-NH- P18 13 >99 
Calc.  [M+3H]3+  = 1295.9, [M+4H]4+ = 972.2 

Found [M+3H]3+ = 1295.5, [M+4H]4+ = 972.0 

K-Ras4 Palm-NH- P22 3 91 
Calc.  [M+3H]3+  = 1612.6, [M+4H]4+ = 1209.7 
Found [M+3H]3+  = 1498.8, [M+4H]4+ = 1209.7 

a  The predominant signals correspond to a mono-hydration due to the PEG moiety. Weak signals can be 
detected with the correct peptide mass.  

4.3.3 PLGA nanoparticle synthesis for nanovaccine production  

PLGA NPs with encapsulating adjuvants were prepared using an oil-in-water emulsion and solvent 

evaporation-extraction method. Briefly, 50 mg PLGA was dissolved in 3 mL DCM along with 5 µL pIC 

and 2 mg R848 with or without the different antigenic peptides. The solution above was added 

dropwise to 20 mL of aqueous 2% (w/v) PVA and emulsified for 60 s with 5-sec rest each cycle using a 

sonicator (Sonifier 250, Branson, Danbury, USA). Following overnight evaporation of the solvents at 4 

°C, the NPs were collected by centrifugation (14800 rpm for 30 min) at 4 °C and redissolved in water. 

After, the nanoparticle solution was added dropwise to 20 mL of 1% homogenized chitosan 

oligosaccharide lactate solution and stirred at 4°C for 2 hrs. The coated NPs were finally collected by 

lyophilization.  

4.3.4 Biological assays  

4.3.4.1 Animals and immunization  

A total of 15 C57BL6 male mice (12 weeks old) were used in the experiment. Mice were obtained and 

kept at the animal facility of Max-Planck-Institute for Multidisciplinary Sciences under 12 h dark: light 

cycle with ad libitum access to food and water. All animal experimental procedures were performed 
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in compliance with the European (2010/63/EU) and German regulations on Animal Welfare and were 

approved by the administration of Lower Saxony (LAVES) (Nr. 33.19-42502-04-20/3527). Mice were 

immunized subcutaneously in the right flank once per week, for three weeks with nanoparticle 

containing the adjuvants polyinosinic:polycytidylic acid (polyI:C) and R848. The NPs were diluted in 

water and injected in a volume of 100 µL, in a concentration of 2.5 µg of polyI:C, and 3.75 µg of R848. 

The mice were sacrificed 2 days after the last vaccination and the spleen was excised.  

4.3.4.2 Stimulation of splenocytes and lymph node cells 

Single-cell suspensions from spleen were prepared in sterile condition by mincing the cells through 40 

and 100 μL cell strainers (BD Falcon), respectively. Erythrocytes in spleen samples were lysed with 1 

mL ACK buffer (150 mM NH4Cl, 10 mM KHCO3, 0,1 mM EDTA, pH = 7.2–7.4) per spleen for 5 min. The 

reaction was stopped with PBS and spun down. Cells were resuspended in RPMI 1640 medium 

supplemented with 10% Fetal Bovine Serum, 100 µg/mL penicillin, 100 µg/mL streptomycin. Cells 

were seeded in 96-well plates with a density of 500.000 cells per well respectively in duplicates or 

triplicates. Splenocytes were stimulated with different peptides in a concentration of 10 µg/mL. The 

supernatant was collected after 48 h of stimulation and kept frozen at -20 °C until cytokine analysis. 

After 48 h of stimulation, the cells were analyzed for viability.  

4.3.4.3 ELISA 

Cells were centrifuged and supernatants were collected and kept at -20 °C for further cytokine 

quantification. IFN-γ was quantified by ELISA (Thermoscientific, #88-7314-88). Briefly, the 96-well 

plates were incubated overnight at 4 °C with capture antibody. After washing and blocking, the plate 

was incubated at room temperature with samples for 2 h and then with detection antibody for 1 h. 

After that, the plate was incubated with avidin horseradish peroxidase (HRP) conjugate for 30 min. 

The color reaction was developed by adding TMB solution and the enzymatic reaction was stopped by 

adding 2 N H2SO4. Optical density (OD) was determined at 450 nm. 

4.3.4.5 Cell viability assay 

For cell proliferation and cytotoxicity assay CellTiter 96® Aqueous One Solution Reagent (Promega) 

was used. The reagent contains a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and phenazine 

ethosulfate; PES. After 48 h of stimulation with the peptides, 20 µL of the reagent was added to each 

well and the plate was incubated for 4 h. The absorbance at the wavelength of 490 nm was measured 

by a microplate reader.  

4.3.4.6 Statistical Analysis  

Results are expressed as the mean ± SEM (standard error of the mean). Data were analyzed and 

statistical analyses were performed using GraphPad Prism v9.2.0 software. Each experiment was 

performed three times with triplicates per assay. Data are presented as mean ± SEM. One-way analysis 

of variance (ANOVA) with Tukey’s test for multiple comparisons was performed. A p-value of <0.05 

was considered statistically significant. 

4.4 Targeting moieties for neuroblastoma  

4.4.1 Synthesis of peptides for neuroblastoma  

Peptides were synthesized by manual solid phase following the protocol described in section 4.2.2 

and cleaved from the resin following the protocol in section 4.2.4. 
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4.4.2 Characterization of neuroblastoma-targeting peptides 

Table 4.7 Characterization of naueroblastoma-targeting peptides 

Peptide Cys thiol ID 
mg of pure 

peptide 
% Purity at 

220 nm 
MS 

NB1 -SH P36 95 >99 
Calc. [M+2H]+2 = 848.9, [M+3H]+3= 566.2 

Found [M+2H]+2 = 848.7, [M+3H]+3= 566.3 

NB2 -SH P38 102 >99 
Calc. [M+2H]+2 = 655.2, [M+3H]+3= 437.2 

Found [M+2H]+2 = 655.8, [M+3H]+3= 437.2 

NB3 -SH P40 106 95 
Calc. [M+2H]+2 = 628.2, [M+3H]+3= 419.2 

Found [M+2H]+2 = 628.6, [M+3H]+3= 419.3 

NB4 -SH P42 84 99 
Calc. [M+2H]+2 = 591.7, [M+3H]+3= 394.8 

Found [M+2H]+2 = 591.9, [M+3H]+3= 395.0 

NB5 -SH P44 71 96 
Calc. [M+H]+ = 1081.7 [M+2H]+2= 541.6 

Found [M+H]+ = 1081.7 [M+2H]+2= 541.7 

 

4.4.3 Synthesis of fluoresceinated derivatives of the targeting peptides for neuroblastoma 

0.01 mmol of the purified peptides P36 to P40 (10 to 17 mg) were dissolved in 1 mL NH4HCO3 pH = 8.0 

and mixed quickly with 1.1 eq of Fluorescein-5-maleimide (0.011 mmol, 4.7 mg) in 1 mL DMF. Reaction 

was stirred for 2h under a nitrogen atmosphere. Solvent was eliminated and sample was lyophilized. 

Then peptides were purified by semi-preparative RP-HPLC as described above, after confirming the 

reaction was finished by RP-HPLC and ESI-MS.  

Table 4.8 Characterization of fluorescein-labeled neuroblastoma-targeting peptides 

Peptide Cys thiol ID 
mg of pure 

peptide 
% Purity at 

220 nm 
MS 

NB1 -S-mal-Fl P37 4.4 >99 
Calc. [M+2H]+2 = 1062.6, [M+3H]+3= 708.7 

Found [M+2H]+2 = 1062.6, [M+3H]+3= 708.8 

NB2 -S-mal-Fl P39 2.4 >99 
Calc. [M+2H]+2 = 868.9, [M+3H]+3= 579.6 

Found [M+2H]+2 = 868.9, [M+3H]+3= 579.7 

NB3 -S-mal-Fl P41 10.2 96 
Calc. [M+2H]+2 = 841.9, [M+3H]+3= 561.6 

Found [M+2H]+2 = 841.6, [M+3H]+3= 561.7 

NB4 -S-mal-Fl P43 5.5 94 
Calc. [M+2H]+2 = 805.4, [M+3H]+3= 537.2 

Found [M+2H]+2 = 805.3, [M+3H]+3= 537.4 

NB5 -S-mal-Fl P45 4.1 92 
Calc [M+2H]+2 = 755.8 [M+3H]+3= 504.2 

Found [M+2H]+2 = 756.1, [M+3H]+3= 504.4 

 

4.4.4 Synthesis of p-aminobenzylguanidine (PABG) derivatives  

4.4.4.1 Synthesis of DiBoc-p-aminobenzylguanidine (PABG) 

4-aminobenzylamine (1.64 mmol, 0.186 mL) was guanidinylated by reacting with N,N-DiBoc-1H-

pyrazole-1-carboxamidine (1.64 mmol, 0.51 g) in the presence of DIPEA (1.64 mmol, 0.285 mL) in DCM 

for 4h at room temperature with mild stirring, after which solvent was eliminated obtaining PABG as 

a solid (224 mg, 95%). Purity by HPLC >99% (220 nm). HPLC-MS: calculated mass for C18H28N4O4 [M + 

H]+ = 364.5  found by HPLC-MS (ESI): 365.8. 

4.4.4.2 Synthesis of thiolated-PABG derivative 

PABG was reacted with S-trityl-3-mercaptopropanoic acid via its aniline amine by a symmetric 

anhydride method. Thus, the S-trityl-3-mercaptopropanoic acid was turned into its anhydride by 
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mixing 2 eq (3.28 mmol, 1.12 g) with 1 eq of DIC (1.64 mmol, 0.254 mL) in DCM, stirring vigorously by 

vortex for 5 min and then adding to DiBoc-PABG (224 mg, 1.64 mmoles)   adding 1 eq of DIPEA (1.64 

mmol, 0.285 mL) and stirred at room temperature overnight to generate the protected thiolated-

PABG. After solvent elimination, this compound was then deprotected by treatment with 50% 

CF3COOH in DCM with 5% TIS as scavenger to generate the thiolated-PABG (106 mg, 75%), which was 

then purified by automated flash chromatography (65 mg, 62%). Purity by HPLC >99% (220 nm). HPLC-

MS: calculated mass for C11H16ON4S [M + H]+= 253.3 found by HPLC-MS (ESI): 253.4. 

4.4.4.3 Synthesis of the fluorescinyl-PABG derivative  

A portion of the thiolated-PABG (0.1 mmol, 25.2 mg) is then conjugated with 1.1 eq of fluorescein-5-

maleimide (0.11 mmol, 47 mg) by dissolving the fluorescent compound in 1 mL of DMF and mixing 

with the thiolated-PABG dissolved in 1 mL of NH4HCO3 10 mM buffer pH =7.5. Reaction was carried 

out for 2h at room temperature with mild stirring under inert atmosphere. Reaction was checked by 

RP-HPLC and then the crude was purified by automated flash chromatography. HPLC-MS: calculated 

mass for C35H29N5O8S [M + H]+ = 680.7 found by HPLC-MS (ESI): 680.4. 

4.4.5 Cell localization assays 

Briefly, neuroblastoma cell lines were selected by overexpression of mainly the GD2 surface protein 

as assessed by labeled antibody recognition and other target receptors via qRT-PCR. Specifically CHLA-

90, SK-N-BE(2) and SHSY-5Y were selected as positive cell lines for peptide localization assays while 

HEK293T was selected as negative control.  For a positive binding control, labelled RGD peptide 

prepared in our group was used. The binding was tested at 5 µM for 1 and 24 h and visualized by 

confocal microscopy. The best performing peptides/organic molecules were selected to perform 

conjugation assays in nanoparticles based on their ability to accumulate in the cell membrane of 

neuroblastoma cell lines.  

4.4.6 Formulation of QS nanoparticles by DELOS-susp 

Quatsome (QS) nanovesicles were produced by DELOS-susp (Depressurization of an Expanded Liquid 

Organic Solution into aqueous solution). This process is schematized in Figure 4.3. Cholesterol-

PEG2000-maleimide, and DC-cholesterol were weighed and dissolved in 3.2 mL ethanol by vigorous 

stirring and heating at 38°C, according to the quantities in Table 4.9 for 2 µmol or 4 µmol of maleimide 

content. This was added onto the high-pressure plant and incubated at 55°C.  

Table 4.9 Formulation of quatsome nanovesicles with a maleimide function 

Reagent 2 µmol maleimide 4 µmol maleimide 

DC-Chol 95.9 mg 95.9 mg 

Chol-PEG2000-mal 13.0 mg 26.0 mg 

MKC 13.0 mg 26.0 mg 

EtOH 3.2 mL 3.2 mL 

milliQ water 26.3 mL 26.3 mL 
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Figure 4.3 Schematic representation of the stages of the DELOS-susp methodology for the preparation of 

quatsomes. Components dissolved in organic solvent are added to the chamber (a), which is then expanded by 

gas (b) and then depressurizes into water with surfactant (c) to yield the nanoparticle  

The solvent was expanded by the addition of CO2 into the high-pressure plant. Expansion was carried 

out for 1h after which the contents of the plant were carefully bubbled by nitrogen flow into water 

with the surfactant MKC dissolved in it.  

4.4.7 Characterization of QS nanovesicles by Dynamic Light Scattering (DLS) and Multi-Angle 

Dynamic Light Scattering (MADLS) 

An aliquot of 1 mL of formulated sample was added into a spectrometer cuvette and analyzed in a 

ZetaSizer ZEN 3600 (Malvern Panalytical, United Kingdom) to characterize size distribution and then 

onto a Folded capillary Zeta cell (Malvern Panalytical, United Kingdom) to measure Z-potential.  

4.4.8 Isolation of the free PABG in supernatant  

Free PABG that was not conjugated was separated from the suspension of nanovesicles by three 

different methodologies. 

4.4.8.1 Ultracentrifugation 

1 mL of simples were loaded into an Open-Top Thickwall Polycarbonate Tube (Beckman-Coulter, 

Germany) and centrifuged in a Sorvall™ WX+ 2500 centrifuge (ThermoFischer Scientific, US). At 

600000 for 6 h at 4°C. Supernatant was quickly and carefully recovered for analysis.   

4.4.8.2 Filtration by AMICON® filter units  

4 mL of samples were loaded into 4 mL AMICON® centrifugal filter units (Merck Millipore, 30 kDa 

MWCO) and centrifuged at 4000 x G for 40 min. Flow-through was recovered.   

4.4.8.3 Size-Exclusion Chromatography in Sephadex G-25  

Pre-packed PD Midi Trap G-25 columns (Cytiva Life Sciences, United Kingdom) were equilibrated with 

20 mL water and 0.5 mL of sample was then loaded and eluted with 20 mL water, 20 mL water + 10 
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mL 10% v/v acetic acid or 30 mL water + 10 mL of an acetic acid gradient of pH = 5.5 and pH = 4.5. 

Depending on the expected eluate 5 or 10mL fractions were collected and analyzed.   

4.4.9 Optimized method for targeting units congutation to QS nanovesicles 

QS nanovesicles were prepared with 4 µmol maleimide content as previously described and after 

characterization, pH was adjusted to 7.5 with bis-tris buffer 25 mM. The following day, P40 peptide, 

the best candidate in cell localization assays, was conjugated to the nanovesicle (4.8 µmol, 7.66 mg) 

using 12 mL of QS suspension (10.8% ethanol, 89.2% miliQ water). The peptide was dissolved in 100 

µL of water and added dropwise. Conjugation was carried out in 3 h at room temperature with mild 

stirring, adding a spatula tip of TCEP to prevent disulfide bons between cysteine of neighboring 

peptide macromolecules. The same protocol was used to conjugate PABG (4.8 µmol, 1.43 mg) and 

compare to previous conjugation assays.  

4.4.10 Isolation of non-conjugated targeting units by Sephadex G-50 size-exclusion chromatography   

Immediately after conjugation 0.5 mL of the mix were loaded onto a Sephadex G50 with 8.3 mL of 

packed slurry (Cytiva Life Sciences, United Kingdom) and then an elution gradient was carried out first 

with 30 mL water, collecting 10 mL fractions, and then with 10 mL acetic acid solution at pH = 5.5 and 

4.5, collecting 5 mL each time. Control of recovery was performed by loading on to a clean column 

purified P40 peptide (4.8 µmol, 7.66 mg) in 0.5 mL of water and eluting as previously described. This 

control will be used to determine the amount peptide that is recovered from the column after it is 

loaded. The same protocol was carried out for PABG (4.8 µmol, 1.43 mg).  

4.4.11 Estimation of the conjugation efficiency by analytical RP-HPLC 

To estimate the amount of PABG or peptide conjugated to the nanovesicle, all elution fractions from 

the Shephadez G-50 were analyzed by RP-HPLC, injecting 25 µL and 50 µL for each sample, which were 

recovered as 5- and 10-mL fractions, respectively, to account for dilution. 2.5 µL of PABG or P40 

prepared in the same concentrations as they were loaded into the column, were injected, representing 

the fully unconjugated initial amount. Gradient used was of 5-70%B in the same elution system as 

described previously and the integrated area below the curve of the peak was used to estimate the 

amount of PABG or peptide. Peptide was monitored at 220 nm while PABG was monitored at 254 nm. 

4.5 Selection of carbodiimides to replace DIC as a coupling reagent 

4.5.1 Manual synthesis of Ile2,3-Leu-Enkephalin (H-YIIFL-NH2) and Leu-Enkephalin (H-YGGFL-NH2), 

model peptides with five different carbodiimides 

The peptides were manually synthesized in 141 mg of Rink Amide AM resin (0.71 mmol/g) for a 0.1 

mmol scale, weighed into a 2 mL syringe acting as a synthesis reactor, coupled to a manifold collection 

system and vacuum pump, allowing easy disposal of reagents and solvents into the manifold. Each 

peptide was synthesized five times, one for each different carbodiimide. The resin was swollen by 

washing six times for 1 min each, alternating DMF and DCM, discarding the solvents after each wash.  

Fmoc was removed from the Fmoc-Rink amide resin by treatment with 1 mL piperidine/DMF (20:80, 

v/v) twice for 5 min before introducing the first residues and for 1 and 7 min for each subsequent 

deprotection step. The resin was then washed 4 times with 1 mL DMF for 1 min each time. Fmoc-

amino acid/oxyma/carbodiimide coupling (5eq/5eq/5eq) was performed by first dissolving amino acid 

and oxyma in 0.8 mL DMF, mixing thoroughly by sonication and vortexing, adding to the resin and 

activating after 3 min with the corresponding carbodiimide, allowing to stand for 30 min at room 

temperature with gentle stirring. Then the coupling mixture was discarded, and the resin was washed 
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4 times with 1 mL DMF for 1 min each time. Deprotection and coupling were performed cyclically as 

described from C-terminal Leu to N-terminal Tyr until the sequence was complete and the last Fmoc 

was removed, after which the resin was washed as described and then swelled three times with 1 mL 

DCM. Acidolytic cleavage was then performed as described in section 4.2.10 and final peptides were 

characterized as described in section 4.2.11. 

4.5.2 Determination of the the oxadiazole formation in carbodiimide/oxyma mixture as indicator of 

HCN release  

The five carbodiimides (0.5 mmol) were dissolved in 2.5 mL DMF together with oxyma (0.5 mmol) to 

yield a 0.2 M solution. One set of solutions was stirred at 25 °C and another at 60 °C. The course of the 

reaction was analyzed by LC−HRMS performed on an Ultimate3000 with a Phenomenex C18 

(dimensions 4.6 mm x 150 mm) column. The elution system was comprised of A: H2O (+0.1% HCOOH), 

B: CH3CN (0.1% HCOOH), flow 1.0 mL/min, UV detection 220 nm). Aliquots of 2 µL were taken, diluted 

with 498 µL of CH3CN and analyzed. The solutions kept at 25°C were analyzed after 24 h and 4 days. 

Solutions kept at 60 °C were analyzed after 18 h. This study was performed in the University of 

KwaZuluNatal (Durban, South Africa) by the group led by Dr. Fernando Albericio.    

4.5.3 Solubility of urea in DMF  

To assess the solubility of concentrated urea resulting from the reaction first of carbodiimides and 

carboxylic acids (and amino acids by extension) to form a O-acylurea and then of oxyma with this O-

acylurea, solutions of 1M Fmoc-L-Ala-OH, 1M oxyma and 1M carbodiimide were prepared and let 

react for 5 min at room temperature. Precipitation was then assessed visually.  
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Conclusions associated to chapter 1 

- Eighteen synthetic epitopes extracted from PDAC overexpressed proteins with high antigenic 

potential, such as mesothelin (MSLN), K-Ras, tetanus toxoid (TT), were designed and synthesized. The 

different epitopes were synthesized as single epitopes (MSLN1-3, TT) and linear multiepitopes (MSLN4, 

K-Ras1-4) with different modifications at the N-terminal position (palmitoyl, PEG or unmodified). 

- Four synthetic epitopes based on the OCV-C01 cancer vaccine were also synthesized. Three of them 

are single epitopes (OCV1-3) and the fourth is a novel construct based on a linear multiepitope 

combining the three single epitopes (OCV4). 

From the synthesis point of view:  

The MSLN- and TT-based epitopes were successfully obtained despite the difficulties 

associated with some sequences. The difficulty in these syntheses was related to the length of 

the peptides, as the linear multiepitope peptide (MSLN4) has 38 residues, and the intrinsic 

hydrophobicity of the MSLN sequences, which was increased when the peptide carried a 

palmitoyl moiety. 

 

- K-Ras-based epitopes have been extremely difficult to obtain, mainly due to the aggregation 

tendency of their sequences, which complicates their purification. From the 4 epitopes 

designed, only the linear multiepitope K-Ras4 peptide was obtained, but small amounts with 

a purity of 90%.  

 

- OCV-based epitopes were successfully obtained without major complications 

 

- A multimodal and multivalent MAP has been explored as an alternative platform for 

multiepitope presentation. By combining different amino-protecting groups, a MAP core 

carrying up to three different peptides has been synthesized. Optimization is needed to 

improve the synthetic performance and to allow the introduction of a fourth moiety into the 

MAP core. 

From the point of view of biological evaluation: 

- The single epitope peptides synthesized in this study are not immunogenic, regardless of 

whether they carry self-adjuvant motifs. The combination of these peptides into a single multi-

epitope peptide confers greater immunogenicity. 

 

- Palmitoylation increases the immunogenicity of the peptide sequence. However, the mode of 

presentation of the epitopes that make up the nanovaccine has a greater impact on the final 

immunogenicity.    

 

- MSLN multiepitope linear peptides (MSLN4, palmitoylated and PEGylated) are the best 

presentation alternative for in vitro induction of CD8+ specific antitumor immune activity. 

 

- Among them, the mesothelin nanovaccine formulated with MSLN4, a multiepitope peptide 

containing three epitopes and a palmitoyl moiety at the N-terminal position, showed a good 

immunogenic response in an in vitro model and in killing assays, initially suggesting a 

promising approach for PDAC treatment. However, in vivo experiments showed little effect on 

tumor size and immune response with the chosen schedule. Extended prophylactic and 
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therapeutic vaccination protocols will be performed by the Translational Molecular Imaging 

Group of the Max Planck Institute to confirm the efficacy of the MSLN4 nanovaccine in the in 

vivo models of PDAC.  

 

- MSLN and OCV single epitopes (MSLN 1-3 and OCV 1-3) have been shown to activate an 

antitumor immune response when formulated as a mixture in a nanovaccine, but when the 

nanovaccine formulation is performed with a linear multiepitope composed of these single 

epitopes (MSLN4 and OCV4), the activation of the antitumor immune response is higher. 

 

- Therefore, the linear multiepitope peptide composed by three epitopes of an antigenic protein 

is the best mode of presentation to elicit strong immune responses based in antitumoral 

specific CD8+ cytotoxic T cells. 

Conclusions associated to chapter 2 

- Six targeting units and the corresponding fluoresceinyl conjugated were synthesized. Five of them 

were peptide ligands of surface receptors overexpressed in neuroblastoma phenotypes (TkrB, h-

NET and GD2) and one was a derivative of PABG, a ligand of the hNET protein. 

 

- Thiolated-PABG derivative (h-NET ligand) and P40 peptide (GD2 receptor ligand) were selected 

as potential targeting/homing unit candidates for their ability to internalize in neuroblastoma 

cells. These targeting units were used to be conjugated to QS derivatized with a maleimide 

function. 

 
- A procedure to conjugate these targeting/homing ligands to quatsomes functionalized with 

maleimide was set up, exploring different parameters, of which the most crucial for higher 

conjugation efficiency are the quantity of maleimide function incorporated to the QSs (Chol-

PEG-mal), the presence of a reducing agent during conjugation, the final pH of the 

nanovesicles suspension and the separation method used to isolate the final targeting ligand-

QS conjugates.  

 

- Both targeting/homing ligands can be incorporated into a quatsome nanovesicle via 

maleimide-thiol chemistry following the process developed with preliminary loadings ranging 

from 40 to 65% of the available material.  

 

- Size-exclusion chromatography on Sephadex G-50 using an elution system based on H2O and 

followed by a solution of CH3COOH at pH = 5.5 has been established as the best separation 

method to purify the quatsome formulation from unreacted targeting unit. The method allows 

the indirect estimation of the targeting unit conjugated to the quatsomes and the conservation 

of the final targeted quatsomes, which have a regular size below 100 nm with low dispersion 

(PDI less than 0.2), that remains stable over a long period of time. 

 

- This formulation has demonstrated the ability to complex miR-323a-5p therapeutic RNA and 

this nanoformulation has been shown to be taken up by the IMR-32 neuroblastoma cell line 

when the formulation carries 1 µmol of Chol-PEG1000-mal. Formulations carrying 4 µmol of 

PEGyl moiety and when this moiety is a PEG2000, RNA can be complexed to the QS but no 

transfection to a neuroblastoma cell line occurs. This work is being continued by the research 

group of Dr. Nora Ventosa and Dr. Mariana Köber at the Instituto de Ciencias de Materiales de 

Barcelona (ICMAB-CSIC) and their collaborating group of Dr. Miguel Segura at the Vall d'Hebron 
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Institut de Recerca. 

Conclusions associated to chapter 3 

-Two model peptides, Leu Enkephalin and Ile2,3-Leu Enkephalin, were synthesized manually using five 

different carbodiimides as coupling reagent in combination with oxyma. The carbodiimides used were 

DIC and four alternatives: TBEC, DSBC, DTBC and EDC. These carbodiimides represent varying 

substituents, with primary, secondary and tertiary carbons attached to the nitrogen atom in the core 

moiety of these reagents. The carbodiimides were evaluated in terms of their synthetic performance, 

compared to DIC ad well as their ability to generate the unwanted HCN by-product when reacted 

directly with oxyma in the absence of amino acids and in conditions that favor the reaction.  

- The carbodiimide DIC can be replaced by TBEC in peptide synthesis. This carbodiimide shows 

comparable synthetic performance to DIC when used in model peptides as well as in the 

synthesis of a hydrophobic short peptide, the palmitoylated single epitope MSLN2 peptide. 

 

- TBEC reduces the formation of HCN 6-fold compared to DIC. This is not the lowest value 

obtained, but it is the lowest of any carbodiimide with synthetic performance comparable to 

DIC. 

 

- TBEC combines the good performance of the tert-butyl substituent - no HCN formation at all - 

the ethyl substituent - only linear adduct formation - and that of a carbodiimide with two 

different substituents in which the nitrogen atom is attached to primary carbons, such as EDC-

HCl. 

 

- The asymmetric carbodiimide TBEC is therefore an effective replacement for DIC, as it ensures 

minimal formation of HCN and also performs fully comparable to standard DIC in SPPS for the 

model sequences studied and the MSLN2 palmitoylated peptide.   
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This work has produced three indexed publications in ACS journals, listed below.  

Publication 1:  

The work performed in this publication involved the synthesis and purification of two model 

peptides using five different carbodiimides and characterize their synthetic performance, the 

design of the experiments and the writing and editing of the draft.   
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Publication 2:  

The work performed in this publication involved the design of the experimental strategy and the 

writing and editing of the draft.    
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Publication 3:  

The work performed in this publication involved the synthesis, purification and characterization of 

all peptides, the writing and editing of this draft and the validation and curation of data.  
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